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Abstract

Cosmology is entering a new era as the number and precision of probes per-

petually increase. Long-standing probes, such as the cosmic microwave back-

ground (CMB) and galaxy surveys, are cultivating high-precision tests for a

wide array of cosmological models. Gravitational waves (GW), line-intensity

mapping (IM), and other more recent probes are beginning to yield intricate

astrophysical information about the creation of their distinct signals. In the

upcoming decade, potential probes, such as active galactic nuclei (AGN) and

neutrinos, will see favorable improvements in their characterizations. My re-

search interests span across the various theoretical analyses of these types of

probes, as each reveals a unique and complementary slice of information about

the Universe. These slices, together, further complete a picture of the entire

Universe, as well as cross-check the conclusions drawn from any single probe.

Thus far, I have tested astrophysical and inflationary signatures with CMB sec-

ondaries; constrained dark matter and the anomalous EDGES signal with IM;

characterized AGN variability with time-domain astronomy; and investigated
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the nature of astrophysical neutrinos with optical and neutrino telescopes.

Primary Reader and Advisor: Marc Kamionkowski

Secondary Reader: Emanuele Berti
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Chapter 1

Introduction

The current era of cosmology is equipped to tackle questions arising from

multiple sectors - from astronomy to particle physics - at high precision. This

era has been ushered in by the development of a multitude of experiments in

the electromagnetic, gravitational, and neutrino observational windows and,

moving forward, will continue to increase in scope. In this thesis, I will present

multiple different avenues of using current and future cosmological probes

to answer fundamental questions in the Universe. In particular, I will focus

on three different types of cosmological probes: line-intensity mapping, active

galactic nuclei, and neutrinos.

In Chapter 2 I discuss the use of line-intensity mapping in cosmology (IM).

The purpose of IM, an emerging tool for extragalactic astronomy and cosmol-

ogy, is to measure the integrated emission along the line of sight from spectral
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lines emitted from galaxies and the intergalactic medium. The observed fre-

quency of the line then provides a distance determination allowing the three-

dimensional distribution of the emitters to be mapped. In Sec. 2.1 I discuss

the possibility to use these measurements to seek monoenergetic photons from

dark-matter decay or possibly annihilation. The photons from decays or anni-

hilations (should such lines arise) will be correlated with the mass distribution,

which can be determined from galaxy surveys, weak-lensing surveys, or the IM

mapping experiments themselves. I discuss how to seek this cross-correlation

and then estimate the sensitivity of various IM experiments in the dark-matter

mass-lifetime parameter space. I find prospects for improvements of nine or-

ders of magnitude in sensitivity to decaying/annihilating dark matter in the

frequency bands targeted for IM experiments.

In addition, heat transfer between baryons and millicharged dark mat-

ter has been invoked as a possible explanation for the anomalous 21-cm ab-

sorption signal seen by the IM experiment EDGES. Prior work has shown

that the solution requires that millicharged particles make up only a fraction

(m�/MeV) 0.0115% . f . 0.4% of the dark matter and that their mass m� and

charge q� have values 0.1 . (m�/MeV) . 10 and 10
�6 . (q�/e) . 10

�4. In

Sec 2.2 I show that such particles come into chemical equilibrium before re-

combination, and so are subject to a constraint on the effective number Ne↵

of relativistic degrees of freedom, which we update using Planck 2018 data.
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I moreover determine the precise relic abundance f that results for a given

mass m� and charge q� and incorporate this abundance into the constraints on

the millicharged-dark-matter solution to the EDGES signal. With these two

results, the solution is ruled out if the relic abundance is set by freeze-out.

Moving onto the next probe, I show the prospects of learning about active

galactic nuclei (AGN) with the Vera C. Rubin Observatory (Rubin) in Chap-

ter 3. Over the next ten years, Rubin will observe ⇠10 million AGN with a

regular and high cadence. During this time, the intensities of most of these

AGN will fluctuate stochastically. Here, we explore the prospects to quantify

precisely these fluctuations with Rubin measurements of AGN light curves. To

do so, we suppose that each light curve is described by a damped random walk

with a given fluctuation amplitude and correlation time. Theoretical argu-

ments and some current measurements suggest that the correlation timescale

and fluctuation amplitude for each AGN may be correlated with other observ-

ables. We use an expected-information analysis to calculate the precision with

which these parameters will be inferred from the measured light curves. We

find that the measurements will be so precise as to allow the AGN to be sepa-

rated into up to ⇠ 10 different correlation-timescale bins. We then show that if

the correlation time varies as some power of the luminosity, the normalization

and power-law index of that relation will be determined to O(10
�4

%). These re-

sults suggest that with Rubin, precisely measured variability parameters will
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take their place alongside spectroscopy in the detailed characterization of indi-

vidual AGN and in the study of AGN population statistics. Analogous analyses

will be enabled by other time-domain projects, such as CMB-S4.

Lastly, I demonstrate the capability of current and future neutrino tele-

scopes to infer properties about neutrinos and their astrophysical sources in

Chapter 4. If neutrinos have self-interactions, these will induce scatterings

between astrophysical and cosmic neutrinos. Prior work proposed looking for

possible resulting resonance features in astrophysical neutrino spectra in order

to seek a neutrino self-interaction which can be either diagonal in the neutrino

flavor space or couple different neutrino flavors. The calculation of the astro-

physical spectra involves either a Monte Carlo simulation or a computationally

intensive numerical integration of an integro-partial-differential equation. As

a result only limited regions of the neutrino self-interaction parameter space

have been explored, and only flavor-diagonal self-interactions have been con-

sidered. In Sec 4.1, I present a fully analytic form for the astrophysical neu-

trino spectra for arbitrary neutrino number and arbitrary self-coupling matrix

that accurately obtains the resonance features in the observable neutrino spec-

tra. The results can be applied to calculations of the diffuse supernova neu-

trino background and of the spectrum from high-energy astrophysical neutrino

sources. I illustrate with a few examples.

In addition, active galactic nuclei (AGN) are a promising source for high-
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energy astrophysical neutrinos (HEANs).In Sec 4.2, I evaluate the capacity of

Rubin, in tandem with various current and upcoming neutrino telescopes, to

establish AGN as HEAN emitters. To do so, I assume that the neutrino lumi-

nosity from any given AGN at any given time is proportional to the electro-

magnetic luminosity. I then estimate the error with which this fraction can be

measured through spatial and temporal cross-correlation of Rubin light curves

with IceCube, KM3NeT, and Bakail-GVD. I find that it may be possible to de-

tect AGN contributions at the ⇠ 3� level to the HEAN flux even if these AGN

contribute only ⇠ 10% of the HEAN flux. The bulk of this information comes

from spatial correlations, although the temporal information improves the sen-

sitivity a bit. The results also imply that if an angular correlation is detected

with high signal-to-noise, there may be prospects to detect a correlation be-

tween AGN variability and neutrino arrival times. The small HEAN fraction

estimated here to be accessible to the entirety of the Rubin AGN sample sug-

gests that valuable information on the character of the emitting AGN may be

obtained through similar analyses on different sub-populations of AGN.

Moreover, cosmic strings that couple to neutrinos may account for a por-

tion of the high-energy astrophysical neutrino (HEAN) flux seen by IceCube.

In Sec 4.3 I calculate the observed spectrum of neutrinos emitted from a pop-

ulation of cosmic string loops that contain quasi-cusps, -kinks, or kink-kink

collisions. I consider two broad neutrino emission models: one where these
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string features emit a neutrino directly, and one where they emit a scalar par-

ticle which then eventually decays to a neutrino. In either case, the spectrum of

cosmic string neutrinos does not match that of the observed HEAN spectrum.

I thus find that the maximum contribution of cosmic string neutrinos, through

these two scenarios, to be at most ⇠ 30% of the observed flux. However, I also

find that the presence of cosmic string neutrinos can lead to bumps in the ob-

served neutrino spectrum. Finally, for each of the models presented, I present

the viable parameter space for neutrino emission.
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Chapter 2

Line-Intensity Mapping (LIM)

2.1 Decaying and Annihilating DM

Measurements of the cosmic microwave background (CMB) temperature

and polarization angular power spectra agree at the percent level with the

predictions of ⇤CDM, a six-parameter phenomenological model [3, 4]. How-

ever, the nature of the cold dark matter required by the model remains a

mystery. It could be primordial black holes [5–7], axions [8–12], sterile neu-

trinos [13], weakly interacting massive particles [14–16], something related to

baryons [17], or any of a rich array of other possibilities [18]. There is, how-

ever, no prevailing frontrunner among this vast assemblage of ideas, and so

any empirical avenue that might provide some hint to the nature of dark mat-

ter should be pursued.
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In some scenarios a feeble, but nonzero, electromagnetic coupling of the

dark-matter particle allows it to decay to a photon line. For example, the

axion undergoes two-photon decay, and there are ideas (e.g., axion-mediated

dark-photon mixing [19–22]) in which the standard axion phenomenology may

be extended. Monoenergetic photons may be emitted in the decay of sterile-

neutrino dark matter [13], and there are other ideas (e.g., exciting dark mat-

ter [23]) in which two dark-matter states are connected by emission of a photon

of some fixed energy. It is also conceivable that monoenergetic photons might

be produced in dark-matter annihilation. These possibilities have fueled an

extensive search for cosmic-background photons from dark-matter decays or

annihilations at an array of frequencies through an array of techniques, among

them searches in the extragalactic background light [24–26].

In this work, we propose to use line-intensity mapping (IM) [27–29], an

emerging technique in observational cosmology, to seek radiative dark-matter

decays/annihilations in the extragalactic background light. Intensity-mapping

experiments measure the brightness of a given galactic emission line as a func-

tion of position on the sky and observer frequency (which provides a proxy for

the distance) to infer the three-dimensional distribution of the emitters. A

considerable intensity-mapping effort with neutral hydrogen’s 21-cm line is al-

ready underway [30], and efforts are now afoot to develop analogous capabili-

ties with CO and CII molecular lines, hydrogen’s H↵ line (e.g., with SPHEREx
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[31], now in a NASA Phase A MidEx study), and others. If dark matter decays

or annihilates to a line, the resulting photons will be correlated with the mass

distribution, which can be inferred from galaxy surveys, weak-gravitational-

lensing maps, or from the intensity-mapping surveys themselves.

Our work follows in spirit Refs. [32, 33], who sought a cross -correlation of

an axion decay line with the mass distribution within a given galaxy cluster,

but substitutes the cosmic mass distribution for the mass distribution within

an individual cluster. We extend on Ref. [34] which sought angular infrared-

background-light fluctuations from dark-matter decay, by our inclusion of fre-

quency dependence and cross-correlation with the three-dimensional mass dis-

tribution. We take here a theorist’s perspective, initially exploring possibili-

ties limited only by astrophysical backgrounds and assuming perfect measure-

ments. Doing so, we find the potential for improvements over current sensitiv-

ities of up to nine orders of magnitude, in frequency bands targeted by forth-

coming IM efforts. We then show that the improvements in sensitivity are still

dramatic even after taking into account the effects of realistic instrumental

noise.

This section is organized as follows: In Section 2.1.1 we discuss the ba-

sic idea and make some simple estimates. Section III then adds several ad-

ditional ingredients required to make connection with realistic experiments.

We moreover provide here quantitative estimates for several representative
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experiments. The results are discussed in Section 2.1.3. We discuss briefly

particle-physics models the search may be relevant for and show, for example,

that SPHEREx has potential to probe hitherto unexplored regions of the axion

coupling for axion masses ⇠ eV.

2.1.1 Calculation

Consider a Big Bang relic of mass m� that decays with a rate � to a final

state with a photon of energy E� = h⌫0. We assume here the particle to be

long-lived compared with the age of the Universe (i.e., � . H0 ' 10
�18 sec�1) so

that the density of the decaying particles is ⇢�(t) = ⇢�0a
�3 with the scale factor

a(t) (normalized to a(t0) = 1), given as a function of time t. Here ⇢�0 = ⇢�(t0),

and t0 is the time today. It is also conceivable that the Big Bang produced some

other relic particle that decays with a lifetime ⌧ = �
�1 . H

�1

0
and IM can be

used to seek such short-lived particles as well, although we do not consider this

possibility here.

2.1.1.1 Isotropic specific intensity

We now calculate the isotropic specific intensity of decay photons today. The

specific luminosity density (energy density per unit time per unit frequency

interval) due to decays is ✏⌫(t) = ⇣�⇢�(t)✓(⌫ � ⌫0), where ⇣ = (h⌫0/m�c
2
) is the

fraction of energy transferred away to photons, and ✓(⌫) is the line profile of

10
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the signal.1 We take ✓(⌫) to be the Dirac delta function. The specific intensity

observed at frequency ⌫ and z = 0 is given by the solution [35,36],

I⌫ =
1

4⇡

Z 1

0

dz
c

H(z)

✏⌫(1+z)(z)

(1 + z)4
, (2.1)

to the radiative-transfer equation, where H(z) is the Hubble parameter at red-

shift z, and we have used z as a proxy for t. For dark-matter-decay photons,

this expression evaluates to

I⌫ =
c

4⇡⌫0

�

H0

⇢�(z)

E(z)(1 + z)4

����
z=

⌫0
⌫ �1

, (2.2)

where H(z) ⌘ H0E(z), and for ⇤CDM, E(z) = [⌦m(1 + z)
3
+ (1 � ⌦m)]

1/2, with

⌦m the matter-density parameter today. Using ⇢�0 = f⌦c⇢c, where ⇢c is the

critical energy density of the Universe, ⌦c the fraction of critical density in

dark matter, and f the fraction of dark matter today in decaying particles, the

specific intensity evaluates, using Planck 2015 parameters, to

⌫I⌫ = 2.4 ⇥ 10
�3

W m
�2

sr
�1

⌫

⌫0

�

H0

f⇣

E(z) (1 + z)

����
z=

⌫0
⌫ �1

. (2.3)

The intensity is nonzero only for frequencies ⌫  ⌫0.

The specific fluence (number flux of photons, over all directions, per unit
1If the particle, like the axion, decays to two photons, this expression is multiplied by 2.

Thus, two-photon decays can be accommodated in all subsequent expressions by replacing
⇣ ! 2⇣.
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frequency interval) is F⌫ = 4⇡I⌫/(h⌫), and the total fluence (over all photon

directions) is F =
R

F⌫ d⌫. For example, for f = 1, m�c
2

= 1 eV, ⇣ = 1/2, and

� = H0, the total fluence evaluates to 2.9 ⇥ 10
17 m�2 sec�1.

2.1.1.2 Cross-correlation with mass distribution

Photons from dark-matter decay must be distinguished from a huge back-

ground of photons in the extragalactic background. We propose here to use the

cross-correlation of these decay photons (which trace the dark-matter distribu-

tion) with some tracer of the large-scale mass distribution to distinguish decay

photons from those in the extragalactic background.

We now calculate the smallest number of decay photons that need to be

detected to establish their correlation with large-scale structure. To do so,

we assume that we have sampled the distribution of mass over a cosmologi-

cal volume V with a matter-tracer population (e.g., galaxies) that has a mean

number density n̄g and bias b. The fractional mass-density perturbation is �(~x)

with Fourier transform �̃(~k) =
R

d
3
x �(~x)e

i~k·~x, so that the matter power spec-

trum P (k) is then obtained from �̃(~k)�
⇤
(~k

0
) = (2⇡)

3
�D(~k �~k

0
)P (k), with �D(~k) the

3-dimensional Dirac delta function. The power spectrum for the tracer popu-

lation is b
2
P (k) + n̄

�1

g , where we have added a Poisson contribution due to the

finite number density of the tracer population [36].

The same matter-density field is also sampled in the IM experiment by the
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photons observed from dark-matter decay. We surmise that there are N� = ⇠N�

such photons that appear in the experiment, in addition to Nb = (1 � ⇠)N�

photons from the extragalactic background light (EBL), the integrated light

from galaxies. Here N� is the total number of observed photons, and the

EBL has a frequency spectrum described in Refs. [26, 37, 38]. The galaxies

that give rise to this EBL are a biased tracer of the mass distribution and

so will also be clustered. However, the light from a given galaxy is broadly

distributed over frequencies and so the EBL-photon distribution in the IM

angular-frequency space is smoothed. We therefore suppose that the back-

ground photons are uniformly distributed throughout the volume. We also

add to the EBL, for measurements at frequencies ⌫ . 100 GHz, Galactic syn-

chrotron radiation, which we model roughly in terms of a brightness tempera-

ture TB = 1000 K (⌫/100 MHz)
�2.5.

The fractional luminosity density perturbation in the observed photon pop-

ulation is then �� = N�/(N� + Nb)� = ⇠�̃. It follows that the cross-correlation

between the observed photons and tracers is

�̃g(
~k)�̃

⇤
�(
~k

0
) = (2⇡)

3
�D(~k � ~k

0
) ⇠bP (k); (2.4)

i.e., the photon-tracer cross-correlation has a power spectrum Pg�(k) = b⇠P (k).

To seek this cross-correlation, we take the Fourier amplitudes �̃g(~k) (from
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the tracer survey) and �̃�(
~k) (from the IM experiment, for some nominal decay

frequency ⌫0) for each wavevector ~k. Their product then provides an estimator

for Pg�(k) with variance,

[Pg�(k)]
2
+
⇥
P��(k) + n̄

�1

�

⇤ ⇥
Pgg(k) + n̄

�1

g

⇤
. (2.5)

Here, n̄� = N�/V is the number of photons collected divided by the volume

surveyed, and P��(k) = ⇠
2
P (k). If we write P (k) = Ak

ns [T (k)]
2, in terms of

the scalar spectral index ns ' 0.96, the ⇤CDM transfer function T (k), and am-

plitude A, then the estimator from this Fourier mode for Pg�(k) provides an

estimator for the product ⇠b, and thus (if b is known) for ⇠. The minimum-

variance estimator for ⇠ is then obtained by adding the estimators from each ~k

mode with inverse-variance weighting.

Since the signal for each Fourier mode is ⇠bP (k), the squared signal-to-noise

with which the cross-correlation can be measured with the minimum-variance

estimator is

✓
S

N

◆2

=

X

~k

[⇠bP (k)]
2
/2

[⇠bP (k)]
2
+
�
⇠2P (k) + n̄�1

�

� �
b2P (k) + n̄�1

g

� . (2.6)

To distinguish a detection from the null hypothesis ⇠ = 0, we evaluate the

noise under this null hypothesis and then estimate the sum by approximat-

ing b
2
P (k)/

⇥
b
2
P (k) + n̄

�1

g

⇤
= 1 for b

2
P (k) > n̄

�1

g and b
2
P (k)/

⇥
b
2
P (k) + n̄

�1

g

⇤
= 0
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for b
2
P (k) < n̄

�1

g . Doing so, we find that the cross-correlation between decay

photons and the tracer population can be measured with a signal to noise

(S/N) = ⇠

q
Nb�

2

k/2, (2.7)

where �2

k ' (2⇡
2
)
�1
R kmax

k
2
P (k) dk is the variance of the mass distribution on

a distance scale k
�1

max
determined from P (kmax) = (b

2
n̄g)

�1. Fig. 2.1 shows the

dependence of �k on the tracer number density n̄g and its bias b.

Since the scheme suggested here involves cross-correlation of a putative de-

cay line with a tracer of the matter distribution, the measurement is limited

not by the number of Fourier modes of the density field that can be well sam-

pled, but only by the fidelity with which the density field can be sampled and by

the number of photons observed. Moreover, the factor �2

k in any measurement

is really the variance of the density field, as determined by the tracer survey,

in the volume surveyed.

The condition for a & 2� detection of a decay-line signal is

⇠ & ⇠min ' 2(Nb�
2

k/2)
�1/2

. (2.8)

Since the intensity I⌫ from dark-matter decay and the EBL intensity I
CB
⌫ both

vary smoothly with frequency, we approximate ⇠ = N�/(N� + Nb) ' N�/Nb as

⇠ ' I⌫/I
CB
⌫ . We then require, for detection of a signal, I⌫0 & ⇠minI

CB
⌫0 , with I⌫
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taken from Eq. (2.3), and evaluated at the frequency ⌫0 at which (for � . H0) it

peaks. A cross-correlation can then be detected if the decay lifetime is

⌧ ⌘ �
�1 . f⇣H

�1

0
c

8
p

2⇡

q
Nb�

2

k


⌦c⇢c

⌫0I
CB
⌫0

�

' 7.5 ⇥ 10
32

f⇣�k(Nb/10
20

)
1/2

(⌫0I
CB
⌫0 /10�8 W m�2 sr�1)

sec. (2.9)

Here, Nb is the number of EBL photons from the fraction fsky of the sky ob-

served with frequencies ⌫1  ⌫  ⌫2 that cross a detector area A in time T ;

i.e.,

Nb = 4⇡fskyAT

Z ⌫2

⌫1

d⌫ I
CB
⌫ /(h⌫). (2.10)

2.1.1.3 Order-of-magnitude estimates and scalings

We now work out some order-of-magnitude estimates. Consider a tracer

survey that samples galaxies in a volume to redshift z ⇠ 1, over fsky of the sky.

If the galaxy density is & 0.01 Mpc�3, then we will have, kmax & 0.1 Mpc�1,

for which �k & 1 (and we take b ⇠ 1). We consider an intensity-mapping ex-

periment with a frequency range broad enough to detect decay photons over

the redshift range 0  z  1, and at frequencies ⌫ ⇠ 10
14 Hz (roughly optical,

probed by SPHEREx). From Fig. 9 in Ref. [38] we ballpark (conservatively) the

EBL intensity as ⌫ICB
⌫ ⇠ 10

�8 W m�2 sr�1 and fluence (over all photon direc-
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tions) as 10
12 m�2 s�1. We imagine a detector of area Am m2 and observation

time Tyr yr. From Eq. (2.7), we then estimate the smallest detectable fraction

of decay photons ⇠ to be ⇠min ⇠ 5 ⇥ 10
�10

(fskyAmTyr)
�1/2 (at 2�). Comparing the

EBL fluence with our prior result, ⇠ 3 ⇥ 10
17 m�2 s�1, for the fluence from

dark-matter decay with h⌫0 ⇠ eV, f⇣ = 1/2, and � = H0, we infer the largest

detectable lifetime for such a measurement to be

⌧max ' 10
33

f⇣(fskyAmTyr)
1/2

sec. (2.11)

Note that this is ⇠�1

min ⇠ 10
9 times better than the limit inferred by simply re-

quiring the decay-line intensity to be smaller than the observed EBL inten-

sity at ⌫0 and ⇠ 10
8 times better than the strongest current bounds from null

searches for decay lines from galaxy clusters [33].

As Eq. (2.11) indicates the sensitivity scales with the square root of the

area on the sky, the area of the detector, and the duration of the experiment—

i.e., with the square root of the the total number of background photons—

as expected. There is also a dependence on �k, although this is weak. As

Fig. 2.1 shows, the dependence of �k with kmax is roughly linear for values

kmax ⇠ 0.1 Mpc�1, and ⌧max depends linearly on �k: a greater density contrast

makes a cross-correlation more easily detectable.

The linear-theory calculation here may be seen as conservative, given that
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nonlinear evolution enhances the power spectrum on smaller scales. On the

other hand, as one goes to smaller scales, the fidelity with which a population

traces the mass distribution decreases. The numerical estimate above, which

used a value �k ⇠ 1, makes the conservative assumption that only information

from the linear regime is used.

Figure 2.1: The dependence of the mass-density root-variance �k on the tracer-
population spatial density n̄g and its bias b.
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2.1.2 Forecasts for experiments

To make the next step in connection to realistic experiments, we now con-

sider the spatial resolution of the experiment and, moreover, the anisotropy in

the spatial resolution of the cosmic volume probed. This anisotropy arises be-

cause the spatial resolution of the experiment in the radial direction is fixed by

the frequency resolution; this most generally differs from the spatial resolution

in directions transverse to the line of sight, which are fixed by the angular reso-

lution. To account for these effects, we define wavenumbers kmax,|| and kmax,? in

the line-of-sight and transverse directions, respectively. These are fixed by the

frequency and angular resolutions of the experiment. If these wavenumbers

are larger than kmax from the finite tracer number density (discussed above),

then the effective resolution is fixed by finite tracer number density. If they

are smaller, then the resolution is fixed by the survey resolutions. That is, we

replace the kmax we derived above by

k̃max,|| ⌘ min


kmax, kmax,||

q
1 � (k?/kmax,?)2

�
,

k̃max,? ⌘ min [kmax, kmax,?] , (2.12)
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and then model the Fourier-space volume as an ellipse with the corresponding

principal semi-axes. Explicitly, this is

�
2

k =
1

2⇡2

Z k̃max,?
Z k̃max,||

k?P

⇣q
k

2

|| + k
2

?

⌘
dk?dk||.

(2.13)

The maximum parallel and perpendicular wavenumbers are most generally

redshift-dependent, and if so, then we need an integration in Eq. (2.7) also over

cocentric ellipsoidal shells with thickness given by the spectral resolution and

parametrized by redshift. However, given the rough nature of our calculation,

we approximate the wavenumbers as constant in redshift as

kmax,|| = RH(z)/[c(1 + z)] ⇡ RH0/c,

kmax,? = [rc(z)✓res]
�1 ⇡ [rc(0)✓res]

�1
, (2.14)

where rc(z) is the comoving size of the Universe at redshift z, R the spectral

resolution, and ✓res the pixel resolution of the experiment.

The last step is to estimate the effects of instrumental noise on the measure-

ment. We do so by supposing that instrument noise distributes Nn photons, in

addition to the Nb EBL photons, uniformly in the survey volume. The frac-

tion ⇠ of decay photons from the sky now gets replaced by a fraction ⇠
obs

=
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N�/(N� +Nb +Nn) = ⇠(N� +Nb)/(N� +Nb +Nn) of the observed (decay plus EBL

plus instrumental-noise) photons that come from decays. Following the same

reasoning as above, the smallest detectable ⇠obs is ⇠obs

min
= 2

p
2
p

Nb + Nn/(Nb�k).

The expression, Eq. (2.8), for the smallest detectable ⇠, then becomes,

⇠min ' 2(Nb�
2

k/2)
�1/2

p
1 + (Nn/Nb), (2.15)

after taking into account the Nn additional noise photons. We can estimate the

ratio (Nn/Nb) ' (I
n

⌫ /I
CB
⌫ ) in terms of an instrument-noise intensity I

n

⌫ which can

be parameterized in terms of the Planck function B⌫(Te↵) at a given effective

system temperature Te↵ . As Eq. (2.15) indicates, if I
n

⌫0 . I
CB
⌫0 , then instrument

noise does not degrade the sensitivity. If I
n

⌫0 & I
CB
⌫0 , then instrument noise

reduces the smallest detectable ⌧ , given in Eq. (2.9), by a factor (I
CB
⌫0 /I

n

⌫0)
1/2.

We now use Eq. (2.9), the cosmic background photon distribution in Ref. [38],

and the experimental parameters shown in Table 2.1 to forecast lifetime sensi-

tivities for an array of intensity-mapping experiments that are being pursued

or under consideration. The array of experiments is chosen to illustrate the

different frequencies (and the principal target astrophysical emission lines)

being targeted by current intensity-mapping efforts. The representative ef-

forts are CHIME [30], CCAT-prime [39]; COMAP [40]; STARFIRE [41]; and

SPHEREx [31]. There are, however, a number of other projects, and several
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other lines, in other frequency windows, that may be targets for IM efforts—

see Ref. [29] for a more comprehensive list. We also caution that the planning

for some experiments is not yet complete, and so the detailed parameters may

change.

The results are shown in Fig. 2.2. The experimental parameters we use for

these estimates are the survey exposure, the frequency ranges probed, the sky

coverage, and the angular/frequency resolutions. We include the dependence

of the redshift range probed via the emitted photon’s energy and observed fre-

quency range. We assume that that �k = 2.3 for some tracer population (cor-

responding to kmax = 1.2 Mpc�1), but take into account the (possibly direction-

dependent) modification of kmax determined by the angular and frequency res-

olution of the experiment. For each experiment, we show two curves, one that

includes the estimated effects of instrumental noise, and another, more opti-

mistic, curve that indicates the limit, from the EBL, for an experiment with

similar exposure and sky and frequency coverage, but with no instrumental

noise. We also plot in Fig. 2.2 a current conservative lower bound to ⌧ inferred

simply by demanding that the decay-line intensity be less than the observed

EBL intensity at ⌫0.
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Figure 2.2: The largest lifetime ⌧ for which a decay signal can be detected for
the experiments shown. Here, f is the fraction of the dark matter composed
of the particle that undergoes decays, m� the mass of the decaying particle,
E� the decay-photon (rest-frame) energy, and ⌫0 the decay-photon rest-frame
frequency. The line labeled “Flux” is the largest lifetime consistent with the
requirement that the intensity from particle decays does not exceed the extra-
galactic background light (EBL) intensity. The shaded regions are those not
yet ruled out by current EBL measurements that will be accessible, given our
estimates of the instrumental noise, with each experiment. The curves above
each experiment (except for SPHEREx, which is limited by the EBL, not in-
strument noise) show the best sensitivity achievable with an experiment with
similar specifications, but no instrumental noise, the sensitivity being limited
in this case by the EBL. The experimental parameters assumed for each exper-
iment are listed in Table 2.1.
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Experiment target [⌫1, ⌫2] (GHz) A (m2) fsky R ✓res Te↵ K
CCAT [CII] (high z) [185, 440] 28 3.9 ⇥ 10

�4
300 1

0
148

CHIME 21-cm [400, 800] ⇥ 10
�3

8000 0.75 ⌫/(0.39 MHz) 20
0

100

COMAP CO [26, 34] 85 2.4 ⇥ 10
�4

800 4
0

44

STARFIRE [CII] (low z) [714, 1250] 4.9 2.4 ⇥ 10
�5

250 1
�

11

SPHEREx H↵ [60, 400] ⇥ 10
3

0.031 1 41.4, 135
⇤

6.2
00

0
†

Table 2.1: The experiment parameters used in Fig. 2.2. The survey duration in
each case was chosen to be one year. ⇤SPHEREx has two spectral resolutions,
one for the low-frequency channels and another at high frequencies. †The noise
in SPHEREx is limited by zodiacal light and turns out, for our purposes, to be
negligible compared with that contributed by the EBL.

2.1.3 Discussion

As Fig. 2.2 indicates, IM experiments have the potential to dramatically

increase our ability to seek radiatively-decaying dark matter in several photon

energy windows, even with current-generation experiments. Our discussion

above supposed that the cosmic mass distribution, against which the decay-

line signal is to be cross-correlated, is obtained from a tracer survey of number

density n̄g. However, the mass distribution is likely to be obtained, over the

relevant cosmic volumes, by the intensity-mapping experiment itself. If so,

then the relevant value of �k is that at which the contribution Pn(k) of the

measurement noise (which may come from shot noise in the emitting sources

and/or instrumental noise) to the power spectrum overtakes the tracer power

spectrum b
2
P (k); i.e., Pn(kmax) = b

2
P (kmax). If the decay-line signal is sought by

cross-correlation with a given galactic/IGM emission line, then our proposed

search algorithm resembles that, proposed in Ref. [42], to seek a faint 13CO

line through cross-correlation with the brighter 12CO line.
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We neglected residual correlations in the EBL photons due to clustering of

their sources, since the smoothing of the galaxy distribution along the line of

sight, due to the broad galaxy spectrum, will suppress these. We believe that

these residual correlations will be most generally be small, since the dynamic

range of the frequency coverage for most IM mapping experiments is not too

much greater than the width of the galaxy frequency spectrum. There may also

be spectrum-mapping techniques, where emission from different frequencies of

a characteristic galaxy spectrum are correlated, that can be used to mitigate

the contamination from EBL clustering. The precise sensitivity is likely to be

frequency dependent and weakened considerably if the decay-line frequencies

coincides with that of a strong galactic emission line.

Let us now apply our results to the case of an axion that decays to two

photons. To do so, we set ⇣ = 1/2 and replace ⇣ ! 2⇣ due to there being two

decay photons. For axions, there is a constraint ⌧ & 1.9 ⇥ 10
26

(mac
2
/eV)

�3 sec,

from horizontal-branch stars, over the mass ranges considered here. While

this is stronger than the sensitivities forecast here for 2E� = mac
2 . 0.1 eV,

it is considerably weaker than the sensitivity with SPHEREx we anticipate

for mac
2 ⇠ eV. The horizontal-branch constraint will not, however, necessarily

apply more generally to other particles that undergo radiative decay. Scenar-

ios where a heavier particle decays to a lighter state (e.g., as in exciting dark

matter [23]) have appeared, motivated by a variety of problems, with a variety
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of dark-matter masses, decay-photon energies, and detailed implementations;

see, e.g., Refs. [43–49]. For example, suppose, following these references, that

the dominant dark-matter component is a doublet (�1,�2) of mass m� that con-

sists of two different mass states with a mass splitting �m ⌧ m� which is

then equal to the energy of the resulting decay photon. If, for example, we sur-

mised m�c
2 ⇠ GeV and required that ⌧ & 10

18 sec, then Fig. 2.2 indicates that

the signal from ⇠ 10
�5 eV decay photons could be detected by CHIME even if

the decay lifetime were as large as ⌧ ⇠ 10
24 sec. We leave the identification,

exploration, and development of such models to future work.

We have assumed in our analysis that the particles undergo vacuum decay

with a rate �. The entire discussion applies mutatis mutandis, however, for an-

nihilations. In this case, � may have some slow redshift evolution which must

be taken into account, and the annihilation-rate density fluctuation may be

biased relative to the fluctuation in the dark-matter density. We leave further

elaboration of these details, as well as investigation of detailed particle-physics

models with such a signature to future work.

To close, we have suggested that lines from dark-matter decay and annihi-

lation can be sought by cross-correlating a line signature in intensity-mapping

experiments with some tracer of the mass distribution. We have sketched how

such a cross-correlation can be performed and presented simple forecasts for

the sensitivities that can, in principle, be achieved. Since intensity mapping is
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only now getting underway, with long-term experimental capabilities yet to be

specified in detail, our estimates are for hypothetical experiments limited only

by the unavoidable noise presented by extragalactic background light. The

potentially extraordinary improvements to the sensitivity to lines from dark-

matter decay or annihilation we have shown motivates more careful feasibility

studies and adds to the already strong scientific motivation, from more tradi-

tional astrophysics and cosmology [29,31], to pursue intensity mapping.

2.2 Direct millicharged DM and EDGES

The global 21-cm signal centered at 78 MHz was reported by the Experi-

ment to Detect the Global Epoch of Reionization Signature (EDGES) [50] to

be more than twice as deep than allowed by the standard cosmological model.

This anomaly has been explained in terms of heat transfer between baryons

and an interacting component of dark matter (DM) [51], as anticipated in

Refs. [52, 53]. This explanation requires, though, that such an interaction in-

crease in strength at lower baryon-DM relative velocities to evade constraints

from the cosmic microwave background (CMB) [54–57]. Currently, the only

viable particle-physics models are those in which the interacting dark-matter

component has a millicharge [58–62].

Millicharged dark matter is constrained by accelerator experiments [63],
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big bang nucleosynthesis (BBN) [64, 65], stellar cooling [66], and SN1987A

[67]. References [68–71] explored the implications of these constraints for

EDGES, concluding that millicharged dark matter can explain EDGES if only

a small component of the dark matter interacts with baryons. Refs. [57,72] im-

proved and updated the CMB constraints, carefully treated the strong-coupling

regime at low DM fractions, and identified a minimum millicharged-DM frac-

tion required to explain the EDGES signal. As a result, the current viable

millicharged-dark-matter parameter space is limited to masses 0.1 . (m�/MeV) .

10, charges 10
�6 . (q�/e) . 10

�4, and fractions (m�/MeV)0.0115% . f . 0.4%,

with e the electron charge. Moreover, the millicharged particles must obtain

their charge from the Standard Model photon, a scenario we call direct mil-

licharged dark matter.

In this work, we first determine the millicharged-DM abundance by thermal

freeze-out for a given mass and charge, and consider the implications for the

parameter space of Ref. [72]. We moreover verify the chemical equilibrium

assumption used in the recombination constraint to light millicharged-DM [65]

and update it with current Planck 2018 data [73]. We find with these new

results that if the millicharged-DM abundance is fixed by thermal processes,

and no additional interactions (such as involving neutrinos) are present, then

the millicharged-DM explanation of the EDGES signal is ruled out.

This work is organized as follows: In Sec. 2.2.1, we verify analytically and
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numerically the validity of the assumption that the millicharged particles are

in chemical equilibrium within the relevant parameter space. Then, in Sec. 2.2.2

we relate the fraction f of DM today to the mass and charge of the particle

through freeze-out. Finally, in Sec. 2.2.3 we reproduce the calculations done

in Ref. [65] with Planck 2018 data. We discuss and conclude these results in

Sec. 3.1.4 and Sec. 3.1.3.

2.2.1 Thermalization

Consider a particle with mass m� and electromagnetic charge q�. For sim-

plicity, we will take the particle to be a Dirac fermion, but discuss the scalar

case in Appendix 2.2.6. We assume that the particle initially has zero occu-

pation at a photon temperature higher than the particle mass. However, elec-

tromagnetic interactions with charged elementary particles increase the occu-

pancy, which can be obtained from detailed balance of the pair-production cross

section �
↵ ⌘ ���̄!↵↵̄. At tree level, this cross section is given by

�
↵

(s + 2m2
↵)(s + 2m2

�)
= N

2

c

q
2

↵q
2

�

12⇡s3

s
1 � 4(m2

↵/s)

1 � 4(m2
�/s)

, (2.16)

where m↵ and q↵ are the mass and charge of another charged Dirac fermion

↵, s the center-of-mass energy squared, and Nc the number of colors (three

for quarks, one for all others). We neglect photon annihilation as the cross
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section is two orders higher in q�. The relevant quantity for the production of

a population of millicharged particles however is the thermally-averaged cross

section h�vi =
P

↵h�↵
vi [74],

h�↵
vi =

1

8m4
�TK

2

2
(m�/T )

Z 1

4 max(m�,m↵)

ds
p

s(s � 4m
2

�)�
↵
K1(

p
s/T ), (2.17)

with T the photon temperature, and Ki(x) the modified Bessel function of order

i. We plot Eq. (2.17) in Fig. 2.3 after summing over all charged Dirac fermions

in the Standard Model.

Millicharged particles are created by the annihilation of Dirac fermions and

depleted by the inverse reaction. The abundance n� of millicharged particles is

thus governed by the Boltzmann equation

dY�

dx
= ��

⇥
Y

2

� � (Y
eq

� )
2
⇤
, (2.18)

written in terms of Y� = n�/s, and its equilibrium counterpart Y
eq

� = (n
eq

� )/s.

Here, � = sh�vi/(dx/dt) with dx/dt = xs
p

3⇢/(Mplc) and Mpl is the reduced

Planck mass. In addition, ⇢ = (⇡
2
/30)g⇢(T )T

4 is the energy density, s = (2⇡
2
/45)

gs(T )T
3 the entropy density, and c = T (ds/dT ) = (2⇡

2
/15)gcT

3 the heat-capacity

density [75]. We use the dimensionless inverse temperature x = m�/T to track
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Figure 2.3: The sum of thermal cross sections between all charged Dirac
fermions in the Standard Model and a millicharged particle with mass m� 2
{1 MeV, 10 MeV, 100 MeV} and charge q� = 10

�6
e. For temperatures higher than

the electron mass this expression follows the expected Coulombic scaling rela-
tion x

2 ⇠ T
�2, while exponentially cutting off at lower temperatures. There is

a period, however, below the millicharge mass, where the thermal cross section
is constant, though only when the millicharge mass is larger than the electron
mass. The discrete jump is due to the change in particle content at the QCD
crossover.

time, and the values from Ref. [76] for gs, g⇢, and gc, where gi is the relativistic

degrees of freedom for the corresponding density i.

We now investigate if millicharged particles reach chemical equilibrium by

determining when pair production is efficient. That is, if the number of mil-

licharged particles dY� created in some fraction of a time dx/x is greater than
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or equal to Y
eq

� , the chemical equilibrium number, then this process is effi-

cient and chemical equilibrium is reached instantaneously. Otherwise, chem-

ical equilibrium is not reached. Since the last particle in the Standard Model

to go nonrelativistic is the electron, the latest time (or lowest photon tempera-

ture) that chemical equilibrium could be obtained is at Tmin ⇡ max(m�, me). At

smaller temperatures, either the equilibrium abundance or the thermal cross

section exponentially cuts off and production of millicharged particles is sup-

pressed.

For millicharged particle masses 0.1 . (m�/MeV) . 100, the minimum tem-

perature is approximately the millicharged particle mass, Tmin ⇡ m�, and the

only relevant thermal cross section is with electrons, h�vi ⇡ h�e
vi. There-

fore, as long as reheating, or any other particle-production mechanism, pro-

duces a thermal bath containing at least photons and electrons at temperature

T � Tmin, it is possible to attain chemical equilibrium with this bath. Moreover,

at such a temperature the thermal cross section simplifies as h�vi ⇡ h�e
vi ⇡

q
2

�e
2
/(16⇡

2
T

2
). We then evaluate and rearrange the aforementioned condition

(dY�/d log x)/Y
eq

� & 1. Assuming we have not reached chemical equilibrium,

Y
2

� ⌧
�
Y

eq

�

�2, the temperature of equilibration has an upper bound,

Teq . 100 GeV

⇣
q�

10�6e

⌘2
✓

gc(Teq)

gs(Teq)

◆✓
10

g⇢(Teq)

◆ 1
2

. (2.19)
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Evaluating Eq. (2.19) at the minimum temperature Teq = Tmin allows us to

characterize equilibration only in terms of the millicharged particle’s mass m�

and charge q�,

q�

e
& 10

�8.5

✓
g⇢(m�)

10

◆ 1
4
✓

gs(m�)

gc(m�)

◆ 1
2 ⇣ m�

1 MeV

⌘ 1
2
. (2.20)

It follows that an initial millicharged abundance of zero will still reach chem-

ical equilibrium within the allowed region of masses and charges. In order to

verify the above conditions, we now perform a numerical check using Eq. (2.18),

which involves all relevant Standard Model particles.

First, we check that the equilibration time specified by Eq. (2.19) is correct.

Then, we check that the boundary between equilibration and nonequilibration

in Eq. (2.20) is correct. Finally, we double check that in our region of parame-

ter space chemical equilibrium is achieved. However, we only check that this

equilibration occurs for a particle with the smallest permissible charge, as all

other points have higher production efficiencies at Tmin. We demonstrate all

three checks in Fig. 2.4 and find they all clear. Although it is not plotted, the

same conclusion holds for millicharged particles that are complex scalars.

We conclude that in the relevant region, millicharged particles reach chem-

ical equilibrium and undergo freeze-out.
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Figure 2.4: The abundance of a m� = 1 MeV millicharged particle with charge
q� 2 {10

�6
e, 10

�8.3
, 10

�10.1
e}, evolved with Eq. (2.18). For the q� = 10

�6
e case, the

particle thermalizes at around 100 GeV. Otherwise, it never reaches chemical
equilibrium, represented by Y

eq

� . For the q� = 10
�10.1

e scenario the abundance
is set by freeze-in, and can achieve the same relic abundance as freeze-out with
q� = 10

�6
e. However such charges are too small to produce the EDGES signal.
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Figure 2.5: The numerically calculated freeze-out abundances ⌦� of a Dirac
fermion with mass m� = 1 MeV and charge q� 2 {10

�6
e, 10

�5
e, 10

�4
e}. Its equi-

librium abundance Y
eq

� is plotted for reference.
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2.2.2 Relic Abundance

If no depletion branches exist, the number of millicharged particles at freeze-

out uniquely determines the amount today. More specifically, as the coupling

with the thermal bath increases, the number of millicharged particles after

freeze-out decreases; see Fig. 2.5, as the particles are in chemical equilibrium

for a longer period of time. Neglecting the equilibrium term at freeze-out due to

its exponential decrease, and treating the thermal cross section to be constant,

we integrate Eq. (2.18) from the time xf of freeze-out until today (which we

take to be x = 1). Note that the number of particles at the onset of freeze-out

is much larger than the sum total today; see Fig. 2.4, and so its inverse can

be neglected postintegration. The present photon temperature Tcmb is much

smaller than the millicharged particle mass today, and so the population of

millicharged particles is nonrelativistic. Therefore, we convert the relic num-

ber of millicharged particles Y�(x = 1) into an energy density by multiplying

both by its mass and the current entropy density. This multiplication leads us

to express the energy density today in units of the critical energy density as

⌦� =
⇡

9

xf

h�vi

✓
g⇢(m�)

10

◆1/2
gs(Tcmb)

gc(m�)

T
3

cmb

M
3

pl
H

2

0

, (2.21)

with H0 the Hubble constant today. This equation holds for both Dirac fermions

and complex scalars. Reference [72] reported this abundance comprises a frac-

36



CHAPTER 2. LINE-INTENSITY MAPPING (LIM)

tion between (m�/MeV) 0.0115% . f . 0.4% of the entire DM content in order

to both explain the EDGES 21-cm signal and evade the CMB constraints on

the model.

In Fig. 2.6 we plot the millicharged fraction f = ⌦�/⌦c, with ⌦c the cold

dark matter energy density in units of the critical density. Overlaid on top

are the aforementioned EDGES compatibility requirements. Since Eq. (2.21)

is linear in the onset of freeze-out we do not worry about its exact timing and

take xf = 10.

Even after imposing the compatibility requirements, there remains a nonzero

amount of parameter space that is still viable to explain the EDGES signal. In

order to constrain this remaining amount, we calculate the effect of an addi-

tional particle on the effective number of relativistic degrees of freedom during

recombination. To this end, we use our earlier result that this region is in

chemical equilibrium. As a result, we can use the equations of Ref. [65] that

detail such an effect for particles in chemical equilibrium, only updating their

calculations using Planck 2018 parameters.

2.2.3 Ne↵ Bound

The addition of a new particle whose nongravitational interaction is solely

electromagnetic and decoupling period is during or after neutrino decoupling

TD further enhances the photon temperature relative to the neutrino tem-
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Figure 2.6: The DM fraction f of millicharged particles with mass m� and
charge q� for Dirac fermions (DF). At fixed mass, the abundance decreases
with increasing charge. At fixed charge the abundance minimizes at the elec-
tron mass due to a peak in the cross section with electrons and increases on
either side otherwise. The sudden jump at the electron mass is due to an as-
sumed discrete change in temperature after e

± annihilation. The black region
is unphysical due to DM overproduction.
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perature T⌫ due to entropy conservation. As a result, the measured effec-

tive number Ne↵ of relativistic degrees of freedom at recombination is shifted

downward. In the context of n particles with masses and degrees of freedom

{mi, (g⇢)i}, i 2 {1, ..., n} and instantaneous neutrino decoupling, we use Eq. (10)

of Ref. [65] to express Ne↵ as

Ne↵ = N⌫

"
1 +

7

22

nX

i=1

(g⇢)i

2
F

✓
mi

TD

◆#�4/3

,

F (x) ⌘ 30

7⇡4

Z 1

x

dy
(4y

2 � x
2
)

p
y2 � x2

ey ± 1
, (2.22)

with N⌫ the number of relativistic neutrinos at recombination, and the plus/minus

for fermionic/bosonic statistics. Realistically, the additional particle not only

imposes changes in Ne↵ but also in the helium mass fraction YP, due to inter-

actions during big bang nucleosynthesis (BBN). Although we do not calculate

this mass fraction here, a proper treatment of constraining Ne↵ requires us to

use the joint analysis on both Ne↵ and YP from Planck 2018, which allowed both

variables to vary freely. In this analysis they inferred a conservative 95% confi-

dence level constraint on the effective number of relativistic degrees of freedom

Ne↵ = 2.97
+0.58

�0.54
[73]. Since the effect of an additional particle is to lower Ne↵ , we

consider the Planck 2018 lower bound when inferring the CMB limit.

In order to derive constraints on our millicharged particle [(g⇢)1 = 2 or 4],

we plot in Fig. 2.7 both this lower bound as well as Eq. (2.22), taking TD = 2.3
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MeV and N⌫ = 3.046. In addition, we show via the same plot that it is possible

to evade the Planck 2018 lower bound constraint if the Universe has two extra

neutrinos at the time of recombination for a Dirac fermion (DF). Finally, for

reference we show the Planck 2018 upper bound on Ne↵ .

Since any value of Ne↵ below the Planck value is ruled out, we impose a

lower bound on the millicharged particle mass at m� = 8.62 MeV. We show

this bound, along with the most recent upper bound on the charge of the mil-

licharged particle from SLAC [63], in Fig. 2.8. Combined with our prior relic

abundance constraints, and those of Ref. [72], the millicharged particle is com-

pletely ruled out.

2.2.4 Discussion

There are a few caveats when applying our bounds. First, if there exist at

least two (but no more than three) extra neutrinos, it is possible to evade the

aforementioned Ne↵ constraints for Dirac fermions.

One way to generate these extra degrees of freedom is by considering that

the millicharged particle comes along with a kinetically mixed massless hid-

den photon. Reference [69] already claimed to rule out this model; however

this was only for large dark couplings g
0 between the hidden photon and mil-

licharged particle. This constraint [66] arises because large dark couplings

overshoot the value of Ne↵ during BBN. If the dark coupling was identically
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Figure 2.7: The effective number Ne↵ of relativistic degrees of freedom as a
function of the millicharged particle mass m�, assuming N⌫ relativistic neu-
trinos at recombination for a Dirac fermion (DF). The solid reddish brown
line is the 95% confidence level lower bound from Planck 2018. The dashed
counterpart is the resulting lower bound on the millicharged particle mass for
N⌫ = 3.046.
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Figure 2.8: The dark matter fraction f of millicharged particles with mass
m� and charge q� for Dirac fermions (DF). The region between the dashed and
solid red line is the range of relic abundances that are compatible with CMB
and EDGES constraints. The region above the solid grey line is ruled out due
to SLAC measurements. Finally, the region to the left of the reddish brown
vertical line is ruled out due to Ne↵ constraints. The viable regions between the
SLAC and relic abundance regions have nonzero overlap, but this overlapped
region does not intersect with the region permitted by Ne↵ .
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zero, however, only the millicharged particle would be thermalized and the

value of Ne↵ would be undershot, see Fig. 2.7. Thus, we ask if the increase of

Ne↵ by the hidden photon can be balanced by a corresponding decrease from

the millicharged particle.

However, it is expected that the kinematic mixing parameter � = q�/g
0 is

less than 10
�2. In addition, only charges q� & 10

�6
e are viable to explain

EDGES. Taken together, this leads us to conclude that g
0 & 10

�4
e. For such

values, Sec. 4.2 of Ref. [66] shows that their bounds on Ne↵ , which exclude the

parameter space of interest, still apply.

Secondly, atomic dark matter, a scenario where a residual free dark electron

fraction follows a dark recombination, may still be viable [77–79]. The remain-

ing ionized DM could provide the fractional millicharged DM component that

is required to explain the EDGES signal2.

Moreover, an additional interaction could exist between neutrinos and the

millicharged particle that is efficient during millicharged particle annihilation.

In this case, the heat from annihilation would not only go to photons, but also

to neutrinos, producing no change in Ne↵ . However, such a case would induce

a coupling between charged particles and neutrinos through loop effects. As

a result, it faces strong constraints from bounds on the electric charge of the

neutrino [80].
2Curiously, the ionized fraction of the baryonic gas around cosmic dawn is of order 10�4,

similar to the values required to explain EDGES via millicharged DM (see Ref. [22]).
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It could also be the case that millicharged particles receive an electronic

charge not only through kinetic mixing, but also through the Standard Model

photon by some higher-energy physics. If the Standard Model photon charge is

larger than the charge generated through kinetic mixing, so that q� 6= g
0
�, then

the dark coupling g
0 evades the q� & 10

�4
e requirement. Thus, the Ne↵ change

due to millicharged particles could be offset by this hidden photon.

At larger Ne↵ confidence intervals than 95%, the corresponding Ne↵ bound

may decrease significantly from the current value of m� = 8.62 MeV. As a

result, there would remain an unconstrained region of parameter space. In

this case, it is possible to use indirect detection of millicharged particles via

keV and MeV gamma-ray observations to ipossibly rule out this remaining

region [81–83]. However, such bounds would be dependent on the final states

of the annihilation.

Finally, millicharged particles could have their abundance set not thermally,

but through reheating that occurs at a temperature above BBN but below the

millicharged mass [84–86]. As a result, not only are annihilations severely

suppressed so that any change in Ne↵ is small, but also the relic abundance

formula we wrote down does not hold.
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2.2.5 Conclusion

We have considered the prospects of a millicharged particle directly charged

under the Standard Model photon to explain the anomalous EDGES 21-cm

signal. Specifically, we had three tasks in mind. First, we wished to verify that

millicharged particles that have their abundances set thermally reach chemical

equilibrium regardless of initial conditions. If so, we then wanted to calculate

the millicharged-DM abundance set by thermal freeze-out for a given mass and

charge in order to consider its implications for the parameter space of Ref. [72].

Lastly, we sought to improve on the Planck Ne↵ constraint from Ref. [65] with

Planck 2018 data.

We found that regardless of the initial abundance, millicharged particles

reach chemical equilibrium and then undergo freeze-out. This evolution occurs

as long as there exists a thermal photon and electron bath at a temperature

higher than the millicharged particle mass. Using the Boltzmann equation,

we then calculated both numerically and analytically the millicharged relic

abundance and found a reduced, but still viable, portion of parameter space

remaining to explain the EDGES signal.

In order to cut down on this space further, we considered the effect of en-

tropy dumping on the effective number Ne↵ of relativistic degrees of freedom.

We found that this number decreases due to the increase in photon tempera-

ture after the millicharged particle decouples postneutrino decoupling. This de-
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crease was severe enough such that the remaining amount of parameter space

was completely ruled out.

Barring the caveats mentioned in the Sec. 3.1.3, we therefore conclude that

a millicharged particle cannot produce the 21-cm signal observed at EDGES.

2.2.6 Complex Scalars

In this additional section, we consider the millicharged particle creating

the anomalous EDGES 21-cm signal to be a complex scalar (CS). Its pair-

production cross section �
↵
CS

⌘ �
CS

��̄!↵↵̄ with a Dirac fermion ↵ is then

�
↵
CS

(s + 2m2
↵)(s � 4m2

�)
= N

2

c

q
2

↵q
2

�

48⇡s3

s
1 � 4(m2

↵/s)

1 � 4(m2
�/s)

. (2.23)

As we remarked in Sec. 2.2.1, the complex scalar also reaches thermalization

with the thermal bath of Standard Model particles. Thus, we can use Eq. (2.21)

in conjunction with Eq. (2.23) to calculate the freeze-out relic abundance of

these particles today, plotted in Fig. 2.9. We find that the largest allowable relic

abundance by the CMB, f ' 0.4 [57], corresponds to masses m� and charges

q� already ruled out by SLAC. Therefore, we conclude that a complex scalar

millicharged particle cannot create the anomalous EDGES 21-cm signal.
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Figure 2.9: The dark-matter fraction f of millicharged particles with mass m�

and charge q� for complex scalars (CS).
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Chapter 3

Active Galactic Nuclei (AGN)

3.1 AGN variability in the age of Rubin

The intensity of most active galactic nuclei (AGN) is observed to vary on

timescales from minutes to decades and in frequency bands ranging from ra-

dio to gamma ray [87–90]. X/Gamma-ray variability is thought to arise from

the innermost part of the AGN [91–93], while optical/UV variability from the

outer accretion disk as the result of instabilities or X-ray reprocessing [94–96].

However, there can be additional contributions in the optical/UV band from

the broad-line region and dust torus either due to intrinsic variability [97, 98]

or X-ray reprocessing [99, 100]. In addition, radio variability can also be in-

trinsic, and if so comes from the inner core of the AGN [101]. The variabil-

ity from higher frequency light can occur on timescales between minutes and
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years [102–104], while lower frequency light tends to occur on the scales of

months to years [105]. At the higher end of the variability timescale are

changing-look AGN, whose intensity can fluctuate over time periods of decades [106–

108]. Despite their prevalence in AGN physics, the relationship between AGN

type and variability timescale, or even the causes of variability have still not

been fully characterized. With the advent of the Vera C. Rubin Observatory

(Rubin), the flux measurements of over 10 million AGN will be made over the

course of 10 years, with first light slated for the end of 2022 [109]. The huge

number of sources, coupled with a vast increase in the number of regular high

frequency observation epochs, Rubin will allow for unparalleled precision in

variability analyses.

The rich and ubiquitous property of AGN variability has been exploited

not only to classify [110, 111] but also to identify AGN [112–116]. However,

attempts to connect variability measurements to physical mechanisms have

lacked sufficient data, leaving such connections mostly tenuous [117,118]. More

success has been found in modelling the stochastic nature of these processes [119].

Such modelling has seen that most AGN exhibit variability that is well de-

scribed by a damped random walk (DRW), as shown by analyses involving

structure functions, autocorrelation functions, and power spectra [120–124],

although, some examples of non-DRW AGN have been found [125–127]. The

DRW model has been used to extract the variability timescale through the
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use of the structure function [128]. In addition, numerical investigations have

been used to model AGN variability across multiple timescales [129, 130]. Re-

cently,the variabilities of 67 AGN were characterized to follow a power law with

an index measured to one part in ten [131].

In this work, we explore the prospects for studying AGN variability with

Rubin. Previous analyses of AGN variability have been limited due to small

AGN sample size or infrequent visit times, both of which will be remedied with

the dawn of Rubin. For a single AGN, we forecast that Rubin will measure

both the variability amplitude and timescale up to 10
3
�. With such precise

measurements, we then model a power law relationship between an AGN’s

bolometric luminosity and its variability with index �b in Rubin frequency band

b. We find that this index will be measured possibly to one part in a million.

Therefore, these results suggest that the next decade of observations will lead

to a wealth of knowledge in AGN variability.

This work is structured as follows. In Sec. 4.2.1 we present the formalism

for measuring the variability amplitude and timescale in the context of a single

AGN and a population of AGN. We then follow up this formalism in Sec. 4.2.3

and present estimators in order to quantify variability. Moreover, using these

estimators we make an expected information forecast to Rubin’s sensitivity

in measuring both variability parameters for a single AGN, along with their

covariance. Then, we present the analogous calculation for the theoretical best
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sensitivity to measuring a power law relationship between AGN bolometric

luminosity and variability. We discuss these results and conclude in Secs. 3.1.3

and 3.1.4, respectively.

3.1.1 Formalism

Assume the intensities from a population of AGN have been measured over

time. We pursue a description of the variability of these intensities through

the use of the two-point correlation of their intensities. In this vein, we first

present the autocorrelation function for a single AGN. Then, for a population

of AGN, we extend the presentation of a single AGN and model a relationship

between the bolometric luminosity of an AGN with both its variability param-

eters through a power law.

3.1.1.1 Single AGN

Let I
j
b (t) be the observed intensity of AGN j in frequency band b and Ī

j
b

be its time average . With these two quantities, define �j
b(t) = I

j
b (t)/Ī

j
b � 1 to

be the observed variability of AGN j in frequency band b. We describe the

statistical properties of the observed variability of AGN j in frequency band b

in terms of the observed two-point variability correlation function h�j
b(t1)�

j
b(t2)i.

If the underlying mechanism creating the observed signals is independent of

time for the duration of observation, then the two-point correlation function is
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homogeneous in time (i.e. stationary) and thus only a function of the time lag

t = |t2 � t1|, h�j
b(t1)�

j
b(t2)i = h�j

b(t
0
+ t)�

j
b(t

0
)i.

With this assumption, we model the observed two-point variability correla-

tion function for a single AGN as

⌦
�

j
b(t

0
+ t)�

j
b(t

0
)
↵

= ⇠
j
bb(t) + �tb�

2

jb�(t), (3.1)

⇠
j
bb(t) ⌘ A

2

jbe
�|t|/t̄ojb , (3.2)

with ⇠
j
bb(t) the two-point variability correlation function taking the form of a

damped random walk [120, 122, 132], Ajb the variability amplitude and t̄
o
jb the

variability timescale of AGN j in the observer’s frame, �tb the temporal res-

olution of the experiment, and �(t) the Dirac delta function. Moreover, �2

jb

is the variance of a white noise process representing photometric error in an

AGN’s intensity measurements. We assume this noise does not correlate with

any AGN’s variability. Note that the observed two-point variability correlation

function contains instrumental noise, while the two-point variability correla-

tion function does not. Due to either AGN physics or instrument properties, all

quantities mentioned depend on the observing frequency band b. Furthermore,

due to cosmic redshifting, the variability timescale t̄
r
jb of an AGN located at

redshift z as measured in its rest frame is related to the observer frame analog

through the expression t̄
o
jb = (1 + z)t̄

r
jb.
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With this expression of the observed correlation function, its Fourier trans-

form is

1

2⇡

Z
d!

0
D
�̃

j
b(!)�̃

j⇤
b (!

0
)

E
= P

j
bb(!) + �tb�

2

jb, (3.3)

P
j
bb(!) ⌘

2A
2

jbt̄jb

1 + (!t̄jb)
2
, (3.4)

with P
j
bb(!) the variability power spectrum for AGN j in frequency band b. Here

and in what follows, we use Fourier convention f(t) = (2⇡)
�1
R

d!e
�i!t

f̃(k) and

f̃(!) =
R

dte
i!t

f(t). We plot an example variability power spectrum for a single

AGN in Fig. 3.1.

3.1.1.2 AGN Population

In addition to modelling each AGN individually, we also model the two-

point variability correlation function of a single AGN from a set of population

parameters. Define ⇠bb(t, z, L) to be the variability correlation function for an

AGN located at redshift z with bolometric luminosity L,

⇠bb(t, z, L) = A
2

b(L) exp [�|t|/t̄ob(z, L)] . (3.5)

In writing this expression, we implicitly assume that AGN variability is only

characterized by two parameters: its redshift and bolometric luminosity. In
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Figure 3.1: The dimensionless variability power spectrum !P
j
bb/(2⇡) for an

AGN with variability amplitude Ajb = 1 using Eq. (3.4). The peak of this power
spectrum occurs at ! = t̄

�1

jb , with amplitude A
2

jb/(2⇡). For frequencies smaller
than this peak it rises as !, and for frequencies larger it falls as !�1. Since we
plot the angular frequency in units of t̄

�1

jb , its value is arbitrary.
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addition to this correlation function, we define the power spectrum Pbb(!, z, L)

analogously.

Typically, AGN with higher bolometric luminosities are more massive. Since

variability on timescales smaller than the light crossing time of the emitted

object is suppressed, the larger an AGN, the larger its expected variability

timescale. Thus, we model the relationship between AGN variability and bolo-

metric luminosity as

Ab(L) = Ab, (3.6)

t̄
o
b(z, L) = t̄

r
b(1 + z)

✓
L

Lb

◆�b

, (3.7)

with Lb = Lbol(m
b
lim

, zmin) a normalization constant chosen to be the dimmest

expected observed AGN. In this expression, we assumed all AGN to have the

same variability amplitude for simplicity. Thus, a population of AGN is de-

scribed by the three parameters Ab, t̄
r
b, and �b. Recently, 67 AGN were found to

follow a similar variability timescale relation, with the mass of the AGN as the

the only dependent parameter, and the index � ⇠ 0.23 [131].

Let dNAGN/dzdL be the redshift and bolometric luminosity distribution of

this population of AGN. Then these AGN are distributed throughout the Uni-
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verse according to

dNAGN(z, L)

dzdL
=

dV (z)

dz

dn(z, L)

dL
, (3.8)

with dn(z, L)/dL the AGN luminosity function, dV (z)/dz = 4⇡fskyr(z)
2
dr(z)/dz

the comoving volume observed over a fraction fsky of the sky, r(z) =
R z

0
|dr/dz|dz

the comoving radial distance to a redshift z, dr/dz = �c/(1+ z)H(z) its redshift

derivative, c the speed of light, and H
2
(z) = H

2

0
[⌦m(1 + z)

3
+ (1 � ⌦m)]

�1/2 the

Hubble parameter. We use Planck 2018 ⇤CDM parameters H0 = 2.18⇥10
�18

s
�1

and ⌦m = 0.315 [73], along with the “Full AGN” luminosity function in Table 3

from [133].

Given a cosmological distribution of AGN, only those that appear bright

enough will be observed. More specifically, given a limiting apparent magni-

tude m
lim

b in a band b, the distribution of observed AGN in that band is

dN
b
AGN

dzdmb
= ⇥(m

lim

b � mb)
dLbol

dmb

dNAGN[z, Lbol(z, mb)]

dzdLbol

, (3.9)

with ⇥(x) the Heaviside theta function, Lbol(z, mb) = Kb(mb)4⇡dL(z)
2
�⌫bFAB10

�(2/5)mb

the bolometric luminosity for an AGN with apparent magnitude mb in fre-

quency band b located at redshift z, and dLbol/dmb = �(2/5) log(10)Lbol(mb, z)

its apparent magnitude derivative. Moreover, Kb(mb) is the bolometric correc-

tion function to convert from the emitted luminosity in band b to bolometric
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luminosity of the source, dL(z) = (1 + z)r(z) the luminosity distance, �⌫b the

frequency bandwidth of band b, and FAB = 3.631 ⇥ 10
�23

WHz
�1

m
�2. Note that

in this expression for the bolometric intensity, we assume the observed inten-

sity is roughly constant across the entire bandwidth, and that the redshifted

frequency does not alter the intensity in each band significantly. In general,

the bolometric correction within the optical range is a function of the bolomet-

ric luminosity of the source. However, across all bolometric luminosities the

correction changes only up to 20%, and inversion of this expression can only

be done numerically. Thus, for simplicity, we adopt that Kb(mb) = 10 for all

magnitudes and bands [133]. We plot the observed AGN distribution, without

the theta function, in Fig. 3.2.

3.1.2 Forecasts

One may measure both the variability amplitude and timescale of an AGN

from measuring only its variability correlation function at different lag times.

However, the relation between the observed correlation function at any lag time

and the true underlying stochastic process becomes increasingly inaccurate for

variability timescales smaller than the cadence and larger than the observa-

tional period. On the other hand, the observed power spectrum is accurate for

all Fourier modes well within these limits.

In this section, we use the expected information from the power spectrum
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Figure 3.2: The distribution dN
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AGN

/dmbdz of AGN as a function of the ap-
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Eq. (3.9). In order to show the full range of this distribution, we do not include
the theta function factor.
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estimators for a single AGN and a population of AGN to forecast Rubin’s abil-

ity to measure various variability parameters. The analysis, discussed below,

leads to the signal-to-noise results for the variability amplitude in Fig. 3.4.

Furthermore, we show the covariance between the variability amplitude and

timescale in Fig. 3.5 and the variability index and timescale in Fig. 3.6. All

figures are done for a representative sample of Rubin’s frequency bands.

We model the individual band errors as a sum of Poissonian shot noise from

source, Poissonian shot noise from the sky, Gaussian instrumental noise, and

systematic error. More specifically, for Rubin we use the fit given by 0912.0201

and propagate the error from apparent magnitude to variability,

�
2

jb =
2

5
log(10)

h
�

2

sys
+
�
�

rand

jb

�2i
, (3.10)

�
�

rand

jb

�2
= (0.04 � �b)xjb + �bx

2

jb, (3.11)

with xjb = 10.0
(2/5)(mjb�mb

5), mjb the apparent magnitude of AGN j, and m
b
5

the

5� depth for point sources, both defined in frequency band b. The fitted pa-

rameter �b depends on sky brightness, readout noise, and other factors. We

show the relevant experimental parameters for each band in Table. 3.1 and

plot the photometric error in Fig. 3.3. For all bands we take the limiting ap-

parent magnitude to be the 5� point source depth, m
b
lim

= m
b
5
. Moreover, define

n
b
vis

= T/�tb + 1 to be the number of visits to AGN j in frequency band b and
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nvis =
P

b n
b
vis

the total number of visits. Note that we assume that all AGN are

visited an equal number of times across all frequency bands.

b u g r i z y

�b 0.038 0.039 0.039 0.039 0.039 0.039
m

b
5

23.78 24.81 24.35 23.92 23.34 22.45
n

b
vis

70 100 230 230 200 200
�tb [days] 52.90 36.87 15.94 15.94 18.34 18.34

Table 3.1: The experimental parameters for Rubin.

3.1.2.1 Single AGN

For notational simplicity, we assume all AGN are observed for the same

duration Tj = T and sampled at the same times. However, we allow for differ-

ent sampling between different frequency bands b. Under the null hypothesis,

AGN undergo no variability and thus the noise for the power spectrum estima-

tor of AGN j in band b is

h
�

jb
null

(!)

i2
= 2

⇥
�tb�

2

jb

⇤2
. (3.12)

We also combine the information of all bands through the use of bolometric

corrections. First we calculate the bolometric correlation function as given by a

particular band. Since the bolometric intensity is approximately linear in the

band intensity, their fractional errors are the same. Then, we inverse-variance

weigh each band to obtain an estimate of the actual bolometric correlation func-
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tion. Therefore, the error �jbol

null
in measuring this correlation function is

h
�

jbol

null
(!)

i�2

=

X

b

h
�

jb
null

(!)

i�2

. (3.13)

Since the bolometric band is a combination of measurements done in different

bands with different temporal resolutions - the bolometric band has unequal,

but periodic, temporal spacing in measurements. Moreover, not every temporal

spacing has an equal number of measurements. Rather than model this spac-

ing, we take an equal-time temporal resolution �tbol = T/(nvis � 1), with the

condition that null-hypothesis forecasts using this resolution are upper bounds.

Moreover, we note that given the bolometric correlation function, we can

invert the bolometric corrections in order to translate the bolometric error into

the error in any particular band b. Thus, through inverse variance weighing,

the bolometric band represents the optimal sensitivity for any particular band.

With the null-hypothesis power spectrum noise in hand, we use the ex-

pected information matrix to infer the covariance matrix for our AGN parame-

ters. We plot the signal-to-noise of measurements for the variability amplitude

for a single AGN under the null hypothesis in Fig. 3.4.

To calculate the covariance between the variability amplitude Ajb timescale

t̄jb once a signal is detected, we must include the correlations from the signal.
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Therefore, the noise for the power spectrum P
j
bb(!) estimator is now

h
�

jb
P (!)

i2
= 2

⇥
P

j
bb(!) + �tb�

2

jb

⇤2
. (3.14)

Under the non-null hypothesis, there is a covariance induced in the Fourier

amplitudes inferred between different bands. Therefore, in order to asses the

ability of Rubin to synthesize information from different bands, we assume

that all measurements are now done with a cadence �tb = T/(nvis � 1) and a

single intensity error. Using this resolution, we plot the covariance between the

variability amplitude and timescale in Fig. 3.5. In practice, the AGN shown in

Fig. 3.5 are not affected by these assumptions given that we assume that only

AGN that are detected at high signal to noise are included in the analysis.

3.1.2.2 AGN Population

Given a set of individual AGN measurements comprising an AGN popula-

tion, we also infer the precision with which we can measure the variability-

timescale relation in Eq (3.7). Thus, we again carry out an expected informa-

tion analysis using the power spectrum, but now parametrized by population

parameters Ab, t̄
r
b, and �b and present the results in Fig. 3.6. Since we assume

each AGN in this population is described by the same population parameters,

the expected information is now the integral over the expected information
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gained from each of these AGN.

3.1.3 Discussion

Five assumptions are worth clarifying. First, we assumed that the AGN

variability correlation function between two temporal measurements at t1 and

t2 is only a function of the time lag t = |t2 � t1|, i.e. variability is a stationary

process. While this is often the case, non-stationarity has been found to exist

under certain circumstances. If non-stationarity is a property of a particular

class of AGN, then statistics such as the structure function or Wigner function

may be utilized instead of the correlation function.

Second, we modeled the correlation function using a damped random walk

model, which as we stated previously, is not accurate for all AGN classes. How-

ever, for any two parameter model the forecasts presented should be accurate

to within orders of unity. Models that include a third parameter, such as a

damped random walk with an additional break in the corresponding power

spectrum between the white and red noise regimes, will only reduce the fidelity

of measurements of the variability amplitude and timescale and are outside the

scope of this work.

Third, we assume that the relationship between an AGN and its observed

variability timescale can be described by two parameters: its redshift and bolo-

metric luminosity. In reality, we expect other AGN parameters, such as its
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color, to also play an important role in determining the timescale within a class

of AGN. Such a description of an AGN’s variability timescale, while important

and necessary for a complete description, is outside the scope of this work.

Fourth, we assumed that the observed frequency of light in a given band is

the result of emitted light in the same frequency band. In reality, it is possible

that light emitted in a higher frequency band will redshift across lower bands

- leading to the final signal be a sum over different frequency bands. As a

result, the autocorrelation of a single observed band will be the result of a

cross correlation of emitted bands. Moreover, while we focused on variability

two-point functions within a given band, the cross correlation between bands

of Rubin, as well as between Rubin and other experiments will yield even more

information about the structure of the AGN. Time lag measurements between

UV/optical light and X-rays have already been used to measure the size regions

such as the dust torus and broad-line region. We leave all such calculations for

future work.

Lastly, we assumed that the true power spectrum can be recovered through

measurements of the power spectrum in a finite box with finite resolution per-

fectly. For an actual experiment, we expect that measurements of the true

power spectrum at Fourier modes close to either limit to be degraded. This

degradement can be added in our expected information analysis through the

introduction of an additional source of error. However, such error only has an
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effect on our final result when the variability timescale of an AGN becomes

close to either limit. For a population of AGN, a bulk of them will most likely

have variability timescales greater than a few days and less than a few years.

As a result, we expect such degrading to not have a drastic impact on our re-

sults.

3.1.4 Conclusion

In this work we presented a general framework for measuring the variabil-

ity amplitude and timescale of any AGN. First, we measured the variability for

each AGN and from there construct estimators for the variability correlation

function.

Since each timescale estimator was created using the power spectrum at

two distinct modes, this introduced covariance between each timescale esti-

mator. However, despite this covariance matrix being non-diagonal, we were

able to calculate its inverse. Then, with each timescale estimator and the cor-

responding covariance matrix, we created a single estimator for the variabil-

ity timescale using inverse covariance weighting. With an estimator for the

variability amplitude and timescale, we then used linear error propagation to

calculate the covariance matrix between these two parameters from the initial

variability two-point functions. Using this covariance matrix, we forecasted

the sensitivity of a Rubin to measuring these parameters. We found that both
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the variability amplitude and timescale will be able to be measured up to 10�

across all bands.

Finally, we calculated the theoretical best sensitivity to a Rubin-like ex-

periment measuring a relationship between the luminosity of an AGN and its

variability amplitude and timescale. Namely, we used a logarithmic power law

model between the luminosity of the AGN and its variability parameters. We

found its index to be measured with at least 10
4
� fidelity.

68



CHAPTER 3. ACTIVE GALACTIC NUCLEI (AGN)

10
�3

10
�2

10
�1

1

Variability Amplitude Ajbol

1

7

30

365

3650

V
a
r
ia

b
il
it
y

T
im

e
s
c
a
le

t̄
jb

ol
[d

a
y
s
]

[��
jbol

(0)]
1/4

=0.0058

�t
bol = 3.547 days

T =10.0 yrs

1

10

10
2

10
3

10
4

A
jb

ol
S
N

R
,
m

jb
ol
=

2
2
.1

(c)

Figure 3.4: The signal-to-noise-ratio (SNR) in measuring the variability am-
plitude Ajb of AGN j in Rubin frequency band b as a function of the measured
variability amplitude and timescale. This forecast is made using the dimmest
AGN to be observed Ī

j
b = Ibol(m

b
lim

, z) with noise �jb, temporal resolution �tb,
and observation run T = 10 years. The three bands presented are Rubin’s (a)
u (b) i and (c) inferred bolometric bands. When the variability amplitude drops
below the noise threshold, as indicated by the dot-dash line, the error becomes
too large and the measurement fidelity significantly drops. If the variability
timescale is larger than the observation time, as indicated by the dotted line,
then all intensity measurements are maximally correlated and the SNR sat-
urates to a constant signal. On the other hand, if the variability timescale
is smaller than the temporal resolution, as shown by the dashed line, then
each measurement is maximally independent and thus the SNR saturates once
more.
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Figure 3.5: The covariance between the variability amplitude Aji and ob-
served timescale t̄

o
ji in Rubin’s i band for an AGN with apparent magnitude

mi = 22.3, corresponding to the average AGN apparent magnitude in the i

band. We show the covariance assuming fiducial parameters Aji 2 {10
�2

, 4.6 ⇥
10

�2
, 2.2 ⇥ 10

�1
, 1} and t̄

o
ji = {3 days, 14.87 days, 73.66 days, 365 days}. The black

circles indicates 1� (68%) confidence, and the yellow 2� (95%). We note that
these results hold for most AGN magnitudes and Rubin frequency bands, as
the AGN included in this analysis are all assumed to be detected at high signal
to noise. For low amplitude and variability timescale, only modes in the white
noise regime, P / (A

2
t̄)!

0, of the power spectrum are probed, and so there
is negative correlation between the two parameters. As the two parameters
increase, the red noise regime , P / (A

2
/t̄)!

�2, leads to a positive correlation.
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Figure 3.6: The covariance between the variability timescale index and
norm in Rubin’s i band in terms of the fractional differences (� � �fid)/�fid

and (t̄
r � t̄

r
fid

)/t̄
r
fid

. We take fiducial parameters �i 2 {0.1, 0.23, 0.37, 0.5} and
t̄
r
i = {30 days, 100 days}. The black circles indicate 1� (68%) confidence, and the

yellow 2� (95%). We note that these results hold for all Rubin frequency bands,
as Rubin is limited not by instrumental noise. We take Ai = 1. Since increases
in both the index � and the norm t̄r increase the observed variability timescale,
they are anti-correlated.
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Neutrinos

4.1 Neutrino Self-Interactions

While the interactions between neutrinos is extraordinarily feeble in the

Standard Model, there are a number of reasons to entertain the possibility

that new physics may introduce stronger neutrino self-interactions [134–137].

Astrophysical neutrinos may provide a powerful probe in the search for such

self-interactions (⌫SI) [138]. Strong features, such as dips and enhancements,

can be imprinted on astrophysical-neutrino spectra, which when analyzed can

yield ⌫SI parameter values. In particular, there is the diffuse supernova neu-

trino background (DSNB) and a collection of high-energy astrophysical neu-

trino (HEAN) sources. The DSNB is the isotropic time-independent flux of neu-

trinos and antineutrinos around tens of MeV emitted by distant core-collapse
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supernovae [139]. These diffuse sources come from distances around 10 Mpc [140,

141] up to a redshift of 5 with a peak around a redshift of 1 [142]. Moreover,

the DSNB has a thermal energy spectrum. In comparison, although HEAN

sources have no identified production mechanism, the neutrino’s energy spec-

trum is observed by IceCube to follow a power law [1].

If there are neutrino self-interactions, then interactions of DSNB and/or

HEAN neutrinos with low-energy (approximately 0.001 eV) cosmic-background

neutrinos can appear in the observed DSNB and/or HEAN spectra as absorp-

tion features or enhancements at lower energies. The calculation of the ob-

served flux is straightforward but, most generally, involves solving a series of

coupled integro-differential equations that evolve the energy and flavor distri-

bution of neutrinos. These equations describe the injection of neutrinos from

sources, the redshifting of neutrinos, the absorption from self-interactions, and

the reinjection of lower-energy neutrinos after such interactions. The solu-

tions to these equations require either a Monte Carlo simulation or a straight-

forward, but computationally intensive, numerical integration of the equa-

tions. This thus limits the regions of ⌫SI parameter space that can be inves-

tigated. For example, previous work assumed a universal self-coupling ma-

trix [143–147], a diagonal [148] self-coupling matrix, no flavor dynamics [149,

150], or particular values for the mediator mass, coupling constant, and neu-

trino mass [151–153].
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In this work, we present an analytic approach to resonant astrophysical-

cosmic-neutrino scattering for arbitrary self-coupling matrix and neutrino num-

ber. Here and onward, cosmic neutrinos will refer to cosmic-background neutri-

nos. This solution is built on the observation that most of observable effects ex-

plored in DSNB/HEAN studies arise from resonant neutrino self-interactions.

To illustrate the utility of the approach, we then use this solution to explore

the discovery space for a model of ⌧ self-interactions (relevant for the DSNB)

and another for sterile-neutrino self-interactions (relevant for the HEAN).

This work is organized as follows. In Sec. 4.1.1, we review the general for-

malism of neutrino mixing and transport. In doing so, we present three formal

solutions: first in the case of no interactions, second in the case of only ab-

sorption interactions, and third in the case of both absorption and reinjection.

We formulate explicit solutions in Sec. 4.1.2 where we specify the nature of

neutrino self-interaction. We begin by considering only a single species of neu-

trino. Then, we generalize this result and present a solution for arbitrary neu-

trino number and self-coupling matrix. Finally, in Sec. 4.1.3, we use our new

solution to identify regions of parameter space that can be accessed. Specif-

ically, we consider DSNB probes of self-interactions with Super-Kamiokande

and HEAN probes with IceCube. We discuss and conclude these results in

Secs. 4.1.4 and 4.1.5.
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4.1.1 General Formalism

4.1.1.1 Neutrino mixing

Neutrinos can be represented in either the mass basis or the flavor basis.

In what follows, greek indices are reserved for flavor states, and latin indices

are reserved for mass states. In order to switch between the two bases, the

neutrino mixing matrix U must be used according to

⌫↵ =

X

i

U↵i⌫i, (4.1)

where the sum is over all mass states and with U unitary. Unitarity implies

that for any flavor state ↵,
P

i |Ui↵|2 = 1, and so |U↵i|2 is interpreted as the

probability that flavor ↵ is observed as mass state i, or vice versa.

4.1.1.2 Neutrino transport

The specific flux �i(t, E) of astrophysical neutrinos ⌫i (number of astrophys-

ical neutrinos per unit conformal time per unit comoving area per unit energy)

at cosmic time t and observed energy E obeys the Boltzmann equation

@�i

@t
= H�i + HE

@�i

@E
+ Si(t, E)

� �i(t, E)�i + Stert,i(t, E), (4.2)
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where H(z) = H0
eE(z) is the Hubble parameter at redshift z, with z as a

proxy for t, and for a Lambda cold dark matter (⇤CDM) cosmology, eE(z) =

[⌦m(1 + z)
3
+ (1 � ⌦m)]

1/2, with ⌦m the matter-density parameter today. When

an explicit change of variable is necessary, t(z) =
R1

z dz
0|dt/dz

0| with dt/dz =

�1/[H(z)(1 + z)]. In addition, Si is the production rate of astrophysical neutri-

nos ⌫i, �i is the absorption rate of astrophysical neutrinos due to neutrino scat-

terings, and Stert,i is the tertiary source term accounting for the possible rein-

jection of astrophysical neutrinos postscattering. Note that by this definition

of the specific flux, the comoving number density of astrophysical neutrinos is

(1/c)
R

dE �i(t, E), different from Refs. [154,155] where they considered �i to be

defined to reproduce the physical number density. Since neutrino decoherence

time scales are smaller than any other relevant timescale, the transformation

�↵(t, E) =
P

i |U↵i|2�i(t, E) can be performed to switch back to the flavor basis

at any point. Moreover, if the source terms are given in the flavor basis S↵,

then the mass basis source term is Si =
P

↵ |U↵i|2S↵.

In the absence of interactions, Stert,i = �i = 0, the solution of Eq. (4.2) is

obtained by identifying the total time derivative as d/dt = @/@t + (dE/dt)@/@E,

with dE/dt = �HE, leading to

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]Si{t

0
, [a(t)/a(t

0
)]E}, (4.3)
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with a(t) the scale factor at time t. The factor of [a(t)/a(t
0
)] inside the source

term accounts for the redshifting of the energy from t
0 to t, while outside the

source term it accounts for the redshifting of the differential energy from t
0

to t. The addition of a nonzero sink term while neglecting any reinjection,

�i 6= 0, Stert,i = 0, does not complicate things much further as then

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E)
Si{t

0
, [a(t)/a(t

0
)]E},

⌧i(t
0
, t, E) =

Z t

t0
dt

00
�i{t

00
, [a(t)/a(t

00
)]E}, (4.4)

with ⌧i(t
0
, t, E) the optical depth of a neutrino ⌫i of energy E between times t

0

and t. As a result, astrophysical neutrinos at time t
0 not only go through the

previous redshifting, but now travel through a medium of optical depth ⌧i from

the emission time t
0 to the observed time t.

Formally, if neutrino reinjection is taken into account, Stert 6= 0, a solution

is easily written down,

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E) eSi{t
0
, [a(t)/a(t

0
)]E},

⌧i(t
0
, t, E) =

Z t

t0
dt

00
�i{t

00
, [a(t)/a(t

00
)]E},

eSi(t, E) = Si(t, E) + Stert,i(t, E). (4.5)

However, since the tertiary source is a function of the specific flux itself, the
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solution is in general not closed. Therefore, if we are to move forward, a partic-

ular model must be specified.

4.1.2 Analytical Results

4.1.2.1 Single neutrino species

The particular neutrino model we consider at first is that of a single species

of self-interacting neutrinos ⌫ of mass m⌫ whose self-interactions are mediated

by a scalar particle �with mass m� and coupling strength g. We ignore the exis-

tence of other neutrino species, and as such we suppress any indices present in

relevant equations. That is, we initially consider the interacting Lagrangian,

L
1�⌫
int

= g�⌫⌫. (4.6)

If this is the case, then astrophysical neutrinos will scatter with cosmic neu-

trinos, causing depletion of astrophysical neutrinos at a resonant energy ER =

[m
2

�/(2m⌫)]c
2 at a rate �(t, E) = n⌫(t)�(E)c. We define n⌫(t) to be the physical

number density of our single cosmic neutrino species, �(E) to be the scattering

cross subsection of the process ⌫⌫ ! ⌫⌫, and c to be the speed of light. Af-

ter depletion, neutrinos are then reinjected at energies E < ER. We take the
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scattering cross subsection to have a Breit-Wigner form,

�(E)

(~c)2
=

g
4

4⇡

s

[s � (m�c)
2]2 + (m�c

2)2�
2

�

, (4.7)

where ~ is Planck’s constant, s = 2Em⌫c
2, and �� = g

2
m�c

2
/(4⇡) is the decay

width. If the width of the resonance is small enough, resonant scattering can

be approximated by a Dirac delta function. We now quantify when this oc-

curs. The width of the resonance is where [s � (m�c
2
)
2
]
2

< (m�c
2
)
2
�

2

�, or stated

in terms of energies when |E � ER[1 ± ��/(m�c
2
)]| < 0, so that the width is

2ER��/(m�c
2
). For a detector with resolution �E, a width cannot be resolved

and thus is a delta function if 2ER��/(m�c
2
) . �E. Therefore, the coupling

must satisfy

g .
p

2⇡(�E/ER)
1/2

. 0.5


�E/(1 MeV)

ER/(25 MeV)

�1/2

, (4.8)

where �E ⇡ 1 MeV for a detector such as Super-K [156], and ER ⇡ 25 MeV for

masses m�c
2

= 1 keV, m⌫c
2

= 2⇥10
�2

eV. We conclude that, unless the coupling

is of order unity, which is most of the available parameter space [149], a de-

tector will not be able to resolve the resonance, and we approximate the cross

subsection as a delta function. A nascent delta function in the Breit-Wigner
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form is �(x) = lim✏!0(1/⇡)✏/(✏
2
+ x

2
), so that the resulting cross subsection is

�(E) = �RE� (E � ER) , (4.9)

with �R = (~c)2
⇡g

2
/(m�c

2
)
2. Note that Eqs. (4.7) and (4.9) will only yield exactly

the same expression once integrated. Resonant scattering is isotropic when

the mediator is a scalar field, and therefore the differential cross subsection

d�(E1, E3)/dE3, where an incoming neutrino with energy E1 scatters to an out-

going neutrino of energy E3, has a flat distribution d�(E1, E3)/dE3 = �(E1)/E1.

With this form, we now evaluate the tertiary source for neutrino production in

Eq. (4.2).

In our case of cosmic neutrino upscattering, two neutrinos are reinjected af-

ter an initial neutrino is taken from the sink term, and cosmic neutrinos have

energies much smaller than supernova neutrinos, so their relative velocity is

the speed of light. Thus, the tertiary term takes the following expression, con-

verting our initial differential equation into an integro-differential equation:

Stert(t, E) = n⌫(t)c

Z 1

E

dE1�(t, E1)

⇥

d�(E1, E)

dE
+

d�(E1, E1 � E)

dE

�
. (4.10)
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With our delta-function approximation, this term is now evaluated as

Stert(t, E) = 2�R(t)�(t, ER)⇥(ER � E), (4.11)

with �R(t) = n⌫(t)�Rc and ⇥(x) the Heaviside function with ⇥(0) = 0. Moreover,

we simplify the optical depth as

⌧(t
0
, t, E) = ⌧R(t, E)⇥[zR(t, E) � z]⇥[z

0 � zR(t, E)], (4.12)

with z
0 a proxy for t

0, ⌧R(t, E) = [�R(zR)/H(zR)][(1 + z)/(1 + zR)], and zR = (1 +

z)ER/E �1 the absorption redshift of a neutrino with energy E. Plugging these

expressions into Eq. (4.5) leads to

�(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧(t0,t,E) eS{t
0
, [a(t)/a(t

0
)]E},

eS(t, E) = S(t, E) + 2�R(t)�(t, ER)⇥(ER � E). (4.13)

Thus, for E � ER the spectrum is the same as a no-interaction Boltzmann

equation, and so is solved in the same manner. However, when E < ER, neu-

trinos are reinjected at twice the rate of their depletion at the resonant energy.

As such, the expression for neutrino reinjection still requires solving for the

specific flux at E = ER and plugging it back in for evaluation at lower energies,

which at first makes Eq. (4.13) seem not closed. However, Eq. (4.2) has a delta
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function via the absorption term �(t, E)� = n⌫(t)�(E)c� at the resonant energy,

and so we must obey the boundary condition at this point. In order to satisfy

this condition, we integrate Eq. (4.2) around the resonant energy from below

the resonance E
�
R ⌘ ER � ✏/2 to above the resonance E

+

R ⌘ ER + ✏/2 and take

the line width E
+

R � E
�
R = ✏ to zero. Explicitly, this results in

H(t)
⇥
�(t, E

+

R ) � �(t, E
�
R )
⇤

= �R(t)�(t, ER). (4.14)

Again, above the resonant line the optical depth of free-streaming with no in-

teractions is zero, while below, it is ⌧(t0, t, E�
R ), so that the resulting expression

for �(t, ER) is

�(t, ER) =
H(t)

�R(t)

Z t

�1
dt

0
[a(t)/a(t

0
)]
⇥
1 � e

�⌧R(t,E)
⇤

⇥S{t
0
, [a(t)/a(t

0
)]ER}. (4.15)

As a result, Eq. (4.13) has a closed form expression. Since cosmic neutrinos

are low energy, astrophysical-cosmic neutrino scattering does not add nor re-

move energy from the astrophysical neutrino spectra but only redistributes it.

We have checked both analytically and numerically that Eq. (4.13) obeys this

condition.

There are two differences in the expression for � between Eqs. (4.13) and (4.15).
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First is the presence of the factor 1 � e
�⌧ rather than e

�⌧ . This factor can be

understood as follows: after an astrophysical neutrino redshifts through a res-

onance over a short period of time, the specific flux at the resonant energy

only has a fraction e
�⌧ remaining of the original flux. It follows then that the

amount that is injected at lower energies must be the complementary fraction,

1�e
�⌧ . The second difference is the factor of H(t)/�R(t), which changes the rate

of injection from �R(t) in Eq. (4.5) to H(t). This change in the rate of injection

is due the resonance line redshifting in time. If the scattering rate is faster

than Hubble, then the flux of neutrinos at the resonant energy is suppressed.

Conversely, if the rate is slower, then the scatterings have little effect.

4.1.2.2 Multiple neutrino species

In the presence of multiple neutrino species, the previous equations do not

hold. Here we present the analogous calculation with additional neutrinos,

taking the mass of each neutrino species to be mj with corresponding cosmic

physical number density nj. The interaction Lagrangian term for the most

general mass-basis interaction with a scalar mediator � of mass m� is given by

L
mass

int
= �

X

ij

gij⌫i⌫j, (4.16)
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with gij the self-coupling matrix. In this model, astrophysical neutrinos scatter

off of one of any of the cosmic neutrino species, causing depletion of astrophys-

ical neutrinos at corresponding resonant energies Ej = [m
2

�/(2mj)]c
2 at a rate

�i ⌘
P

j nj�ijc. The cross subsection �ij ⌘
P

kl �ijkl is the sum of scattering cross

subsections for the processes ⌫i⌫j ! ⌫k⌫l. We take �ijkl to have the Briet-Wigner

form

�ijkl(E)

(~c)2
=

|gij|2|gkl|2

4⇡

sj

[sj � (m�c)
2]2 + (m�c

2)2�
2

�

(4.17)

with sj = 2Emjc
2 and �� =

⇣P
ij |gij|2

⌘
m�c

2
/(4⇡) the decay width. Note that

the decay width has changed since there now exists multiple decay branches

for �. After depletion, the neutrinos are reinjected at a rate according to

Stert,i(t, E) =

X

jkl

nk(t)c

Z 1

E

dE1�j(t, E1)

⇥

d�jkil(E1, E)

dE
+ �il

d�jkil(E1, E1 � E)

dE

�
, (4.18)

with �il the Kronecker delta function that accounts for the possibility of up-

scattering into two astrophysical neutrinos of the same state rather than just

one. That is, compared to the single neutrino species case, this expression

accounts for production of neutrinos of type i from an astrophysical flux �j

hitting a cosmic neutrino density nk, with i, j, k not necessarily all being the
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same. Once again, the differential cross subsection takes a flat distribution

d�ijkl(E1, E3)/dE3 = �ijkl(E1)/E1. Moreover, using our delta function limit,

the cross subsection takes the form �ijkl(E) = �
ijkl
R E�(E � Ej) with �

ijkl
R =

(~c)2|gij|2|gkl|2/[4(m�c
2
)��]. As a result, the tertiary source term is

Stert,i(t, E) =

X

jkl

(1 + �il) �
jkil
R (t)�j(t, Ek)⇥(Ek � E),

with �
jkil
R (t) = nk(t)�

jkil
R c. In addition, the optical depth is

⌧i(t
0
, t, E) =

X

j

⌧
ij
R (t, E)⇥[zj(t, E) � z]⇥[z

0 � zj(t, E)], (4.19)

with ⌧
ij
R (t, E) = [�

ij
R(zj)/H(zj)][(1 + z)/(1 + zj)], �

ij
=
P

kl �
ijkl
R , and zj = (1 +

z)Ej/E � 1. Analogous to before, we satisfy the boundary condition around

each resonance by the conditions

H(t)[�i(t, E
+

j ) � �i(E
�
j )] = �

ij
R(t)�i(t, Ej). (4.20)

85



CHAPTER 4. NEUTRINOS

Now, it is true that only above the highest resonant line, the optical depth is

zero. Thus, the general solution is

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E) eSi{t
0
, [a(t)/a(t

0
)E]},

eSi(t, E) = Si(t, E) +

X

jkl

(1 + �il) �
jkil
R (t)�j(t, Ek)⇥(Ek � E),

�i(t, Ej) =
H(t)

�
ij
R(t)

Z t

�1
dt

0 a(t)

a(t0)
e

�⌧i(t0,t,E)

h
1 � e

�⌧ ij
R (t,E)

i

⇥ eSi{t
0
, [a(t)/a(t

0
)]Ej}. (4.21)

Then, when we want to convert back to the flavor basis we use the neutrino

mixing matrix once again. Equation. (4.21) is our main result that describes

the propagation of multiple astrophysical neutrinos species that self-interact

arbitrarily with cosmic neutrinos. If a flavor self-coupling matrix is given in-

stead, the identification gij =
P

↵� Ui↵Uj�g↵� leads to an easy substitution. We

present the analogous equations with this substitution in Appendix 4.1.6.

Note, however, that in order to solve Eq. (4.21) in a closed manner, the high-

est resonant boundary condition must be solved for first, as it is a function of

only the source Si and scattering rate �i. This is to be contrasted with the

boundary conditions for lower resonant energies, which depend not only on

these quantities but also the flux at higher resonances. This dependence arises

because a neutrino can be absorbed at a resonance Ej, downscattered to an en-
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ergy E > Ek, with Ek < Ej some other resonance, and then be redshifted down

to Ek. In this way, astrophysical neutrinos may cascade down the resonance

pipeline until they reach energies below the lowest resonant energy.

4.1.3 Numerical Results

Given these analytic results, a wealth of neutrino self-interactions can be

explored and constrained. However, due to the large dimensionality of the gen-

eral problem, we narrow our scope to two specific models. Moreover, many

factors aside from neutrino self-interactions can affect the resulting spectrum,

such as detector backgrounds and energy thresholds. Such a detailed analysis,

however, is outside the scope of this work. That is, we consider only a sin-

gle source of neutrinos with shot-noise error. Specifically, first we consider the

standard three-neutrino model, adjoined with a ⌧ self-interaction coupling con-

stant g⌧⌧ . Interactions of this form have been proposed to resolve the Hubble

tension [157,158], although our analysis does not rely on this explanation.

Second, we add a sterile neutrino to the three-neutrino model, along with

a sterile s self-interaction coupling constant gss. This case is motivated by

the LSND, MiniBooNE and reactor anomalies which suggest mixing with eV-

scale sterile neutrinos [159–167]. While such mixing would be in tension with

Planck, self-interactions of the sterile neutrino by a mediator of mass m� .

MeV would bring results back into harmony [168, 169]. In both models, we
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consider all other neutrino self-coupling constants are taken to be zero.

In order to apply Eq. (4.21) to the four-neutrino case, we need to choose def-

inite values for the mixing matrix elements. We use a standard parametriza-

tion [170],

U = R
1
(3, 4)R

0
(2, 4)R

1
(1, 4)R

0
(2, 3)R

1
(1, 3)R

0
(1, 2), (4.22)

with R
c
(a, b) a 4⇥4 rotation matrix with matrix elements R

c
(a, b)ij and a mixing

angle ✓ab. The matrix elements are those of the 4 ⇥ 4 identity except for the

following submatrix,

0

BB@
R

c
(a, b)aa R

c
(a, b)ab

R
c
(a, b)ba R

c
(a, b)bb

1

CCA =

0

BB@
cab sabe

�ic�CP
ab

�sabe
ic�CP

ab cab

1

CCA , (4.23)

where sab = sin(✓ab) and cab = cos(✓ab), and �
CP

ab is a complex CP violating

phase. In general, there are also Majorana phases associated with the mixing

matrix, but since we are considering lepton-conserving processes, we neglect

them [171].

In the limiting case of no mixing between active and sterile neutrino states,

✓14 = ✓24 = ✓34 = 0, each of R
1
(3, 4), R

0
(2, 4), and R

1
(1, 4) is the identity, and

we obtain the standard three-neutrino mixing matrix [172] plus a decoupled

sterile state. Note that in this model, we consider self-interactions only among
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sterile neutrinos, so in this no-mixing limit, our astrophysical spectra will re-

turn to the standard expectation, regardless of the value of gss. Motivated by

the short-baseline anomalies, we take ✓14 = ✓34 = 0 and sin
2
(✓24) = 0.1, so

✓24 = 0.161.

In addition to the mixing matrix, the neutrino mass spectrum ~m is also

constrained. We first review the constraints on the lightest three neutrinos.

Oscillation experiments give the value of two mass-squared differences [173].

As a result, it is unclear whether the neutrino mass spectrum follows a normal

hierarchy (NH) m1 < m2 < m3 or inverted hierarchy (IH) m3 < m1 < m2.

However, a lower bound on the neutrino masses is obtained by setting m1 = 0

in the NH and m3 = 0 in the IH. In addition, an upper bound is obtained

from Planck [73], as it constrains the sum of neutrino masses to be such that
P

j mjc
2

< 0.12 eV. As a result, the following table of neutrino mass constraints

can be made:

m1c
2 (eV) m2c

2 (eV) m3c
2 (eV)

NH [0, 0.030] [0.0087, 0.031] [0.050, 0.059]

IH [0.050, 0.052] [0.051, 0.053] [0, 0.015]

. This table implies that, no matter the hierarchy, we know there exists a neu-

trino with mass mc
2 2 [0.050, 0.059] eV. Thus, there is at least one cosmic neu-

trino that is cold today. As an exemplar case of multiple resonances, we choose
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our three-neutrino mass spectrum to be the heaviest normal hierarchy allowed

~mHNHc
2

= [0.030, 0.031, 0.059] eV. When considering sterile self-interactions, we

add to the heaviest normal hierarchy an eV-mass neutrino, leading to a sterile

normal hierarchy ~mSNHc
2

= [0.03, 0.031, 0.059, 1.0] eV.

The mass of the mediator is chosen to correspond to the energy ranges dic-

tated by the sources we choose. That is, for an experiment that measures spec-

tra between neutrino energy ranges [Emin, Emax], the range of mediators that

can be be probed is Emin  [m
2

�/(2mj)]c
2  Emax for each neutrino mass mj 2 ~m.

In order to simplify our analysis, we only compare the null hypothesis with our

model at the resonant energies, and not the entire spectrum. Finally, we choose

a fixed bin size for each constraint.

We denote the event count under the null hypothesis gij = 0 by Nnull. Thus,

assuming only Poisson shot noise error, we find that the number of events

Nevents in each bin can be measured away from the null hypothesis with a signal

to noise

✓
S

N

◆2

=
(Nevents � Nnull)

2

Nevents + Nnull

. (4.24)

Therefore, the number of events needed to distinguish from the null hypothesis
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Nevents = Nnull is

N± = Nnull + (S/N)
2
/2 + (S/N)±

p
2Nnull + (S/N)2/4, (4.25)

with (S/N)± = ±|(S/N)|. N± is also known as the (S/N)-� uncertainty in the

measurement of Nnull, with N+ the upper and N� the lower uncertainty. Again,

for our analysis, we only use N� when looking for depletions.

4.1.3.1 DSNB

The production rate of neutrinos per comoving area per unit time per unit

energy from core-collapse supernovae (CCSN) is Si(t, E) = cRCCSN(z)dNi(E)/dE [174],

with RCCSN the CCSN rate per comoving volume and dNi/dE the number spec-

trum of neutrinos of type i emitted by one supernova explosion. For RCCSN,

we use the parametrization of Ref. [142] with the lower bound of the Salpeter

initial mass function. Moreover, we assume equipartition of energy among neu-

trino species and thus approximate the spectrum of one neutrino species by a

Fermi-Dirac distribution with zero chemical potential [175],

dNi

dE
=

120

7⇡4

Etot

6

E
2

(kBTSN)4

1

1 + eE/(kBTSN)
, (4.26)

with Etot = 3⇥10
46

J the total energy in neutrinos emitted by the supernova and

4 MeV  kBTSN  8 MeV the supernova temperature [139]. We plot two possible
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flux spectra �e of electron antineutrinos from the DSNB in Fig. 4.1 for T . While

a supernova temperature kBTSN = 8 MeV is disfavored, it does not heavily al-

ter our conclusions. For the heaviest normal neutrino mass hierarchy, three

resonances are potentially observable when flavor self-interactions are consid-

ered. While not observed yet, the addition of gadolinium sulfate to large water

Cerenkov detectors would allow for the discrimination, and thus detection, of

DSNB events from spallation and atmospheric neutrino events [176,177].

Electron antineutrinos in the DSNB are in the correct energy regime to be

detected through inverse beta decay scattering at Super-Kamiokande [156].

Specifically, through the process ⌫̄ep ! e
+
n, DSNB antineutrinos collide with

water molecules in Super-Kamiokande, producing a positron that emits Cherenkov

radiation that is detectable. As a result, the colliding antineutrino must have

minimum energy E
min

⌫ = mec
2
+ � = 1.806 MeV, with � = (mn � mp)c

2. In the

following, we use Eq. (25) of Ref. [178] for the inverse beta decay cross sub-

section �IBD. The number Nevents of events detected in a positron energy bin

[Ee+ , Ee+ + �E] is then

Nevents = TNp

Z Ee++�E

Ee+

dE�e(E + �)�IBD(E), (4.27)

with T the time of observation and Np the number of scattering targets. Note

that in this expression, E + � is the neutrino energy, while E is the positron
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energy.

We show the event counts and uncertainties corresponding to Fig. 4.1 in

Fig. 4.2. Comparing our null hypothesis to our model at the resonant energies,

we obtain the forecasted 1� constraints in Fig. 4.3.

4.1.3.2 High-energy astrophysical neutrinos

The production rate of high-energy astrophysical neutrinos per comoving

area per unit time per unit energy is L(z, E) = W(z)L0(E), with L0 the dif-

ferential number luminosity for each source and W the redshift evolution of

the source density. We take the redshift evolution to follow the star-formation

rate, W(z) = RCCSN(z). Moreover, following IceCube’s 6 year data analysis [1],

we take the differential number luminosity to be a power law L0 / (E/E0)
��.

We plot two possible flux spectra �e of electron antineutrinos in Fig. 4.4. The

number of events observed by IceCube is [179]

Nevents = T

Z Ecasc+�E

Ecasc

dE�e(E)Ae↵(E), (4.28)

with T the time of observation, Ecasc the cascade energy, and Ae↵(E) the Ice-

Cube effective area, which we take from Ref. [180]. When a neutrino hits a

nucleon in IceCube, the relevant process is via charged current interactions

whereby a hadronic cascade and an electron or positron are produced. The pro-
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Figure 4.1: The DSNB specific flux of electron antineutrinos �e. The for-
est green line indicates the minimum energy E

min

⌫ = 1.806 MeV needed for
neutrinos to undergo inverse beta decay. The black line gij = 0 has no self-
interactions. For ⌧ self-interactions g⌧⌧ three resonances are visible, while for s

self-interactions gss four are visible. In both cases, there is a nearly degenerate
pair of resonances. In addition to the dips, an enhancement is present for en-
ergies E⌫ . 4 MeV for g⌧⌧ = 0.01, as there is no dip from a fourth neutrino. The
mass spectrum is ~mHNH (~mSNH) for the three-(four-)neutrino model. The media-
tor mass is m�c

2
= 1 keV, and the supernova temperature is kBTSN = 8 MeV.
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Figure 4.2: DSNB event counts Nevents vs positron energy Ee+ at Super-K with
gadolinium after T = 10 years with �E = 1 MeV energy bins. The upper and
lower uncertainties on the gij = 0 event count are shown for (S/N)± = ±1. In
both alternative models, self-interactions are ruled out as the resonant energy
count is below the 1� uncertainty. However, they cannot be distinguished from
one another due to their similar profiles. The model parameters are the same
as in Fig. 4.1.
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(a)

0.7
(b)

Figure 4.3: Forecasted 1� constraints on flavor self-interactions from a cosmic
neutrino mass spectrum (a) ~mHNHc

2
= [0.030, 0.031, 0.059] eV and (b) ~mSNHc

2
=

[0.031, 0.031, 0.059, 1.0] eV interacting with the DSNB observed at Super-K with
gadolinium for T = 10 years. Each neutrino mass mj corresponds to a different
constraint region, denoted by the filled in regions. The jagged edges are due to
numerical error.
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duced lepton then leads to an electromagnetic cascade. Both of these cascades

approximately have a spherical distribution and are detected by phototubes in

IceCube. IceCube can then recover the initial neutrino energy with high accu-

racy. Therefore, we approximate the cascade energy to be the neutrino energy.

We show the event counts and uncertainties corresponding to Fig. 4.4 in

Fig. 4.5.

Comparing our null hypothesis to our model at the resonant energies, we

obtain the forecasted 1� constraints in Fig. 4.6.

4.1.4 Discussion

Several points are worth examining in further depth. First, Eq. (4.21) only

holds when each cosmic neutrino species is cold. However, we know there ex-

ists at least one cold neutrino species. Therefore, in the case where one or more

cosmic neutrino species are not cold, this equation is modified so that any sum

over neutrino scattering cross subsections is only over all cold species. More-

over, interactions with the lower-mass neutrinos should be suppressed relative

to that of the heavier cold species due to thermal broadening.

Second, the spectra shown all have three resonances, and this not need

be the case. The heaviest allowed normal neutrino mass hierarchy is special

in this case, since the nearly degenerate pair have masses much larger than

any neutrino mass splitting. In the inverted scenario, this cannot be the case,
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Figure 4.4: The specific flux per steradian �e/(4⇡) of high-energy astrophysi-
cal electron antineutrinos. The forest green line indicates the minimum energy
E

min

casc
= 10

5
GeV needed to be above the atmospheric neutrino background. The

black line gij = 0 has no self-interactions. For the ⌧ self-interactions g⌧⌧ , two
resonances are visible, while for s self-interactions gss, one is visible. In the
g⌧⌧ case, there is a degenerate pair of resonances that cannot be resolved. For
gss = 0.01, three resonances are below the threshold for strong absorption. No
enhancement is present for low energies as the spectrum monotonically decays.
The mass spectrum is ~mHNH (~mSNH) for the three-(four-)neutrino model. The
mediator mass is m�c

2
= 10 MeV. We take the power law index to be � = 2.53

and E0 = 100 TeV. In addition, we normalize the final flux at energy E0 so that
E

2

0
�e(E0)/(4⇡) = C0�0, with C0 = 3 ⇥ 10

�18
GeV

�1
cm

�2
s
�1

sr
�1 and �0 = 1.66 in

accordance with IceCube [1].
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Figure 4.5: High-energy astrophysical neutrino event counts Nevents vs cascade
energy Ecasc at IceCube after T = 988 days with � log

10
[E/(1 GeV)] = 0.1 log-

energy bins. The upper and lower uncertainties on the gij = 0 event count are
shown for (S/N)± = ±1. The g⌧⌧ = 0.01 self-interaction model is ruled out as
the resonant energy count is below the 1� uncertainty. The model parameters
are the same as in Fig. 4.4.

and so at most, two resonances could be seen in any spectrum that does not

have a large energy range. If a single resonance is seen, it is unclear how to

disentangle the two scenarios, but such distinction is outside the scope of this

work.

Third, while we made our constraints by looking for absorption features,

one in principle could also look for enhancements in spectra. In experiments, it
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(a)

(b)

Figure 4.6: Forecasted 1� constraints on flavor self-interactions from a cos-
mic neutrino mass spectrum (a) ~mc

2
= [0.030, 0.031, 0.059] eV and (b) ~mc

2
=

[0.031, 0.031, 0.059, 1.0] eV interacting with HEAN observed at IceCube for T =

988 days. Each neutrino mass mj corresponds to a different constraint region,
denoted by the filled in regions. The jagged edges are due to numerical error.
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is simple as one needs to look for when the signal surpasses some threshold for

statistical significance, Nevents > N+. However, it is less obvious theoretically

what bins or how many bins one should look at in order to create a forecasted

constraint from enhancements in a time-efficient manner. It depends on the

number of resonances, the shape of the null hypothesis spectrum, and the de-

tection method. For example, in the DSNB, the enhancements are much more

pronounced at low energy compared to HEAN sources, since at low energies

the DSNB spectrum falls off while the HEAN source spectrum grows.

Fourth, we wrote down our formulas assuming a single scalar �; however,

it is straightforward to generalize to multiple scalars �k with self-coupling ma-

trices g
k
ij. The only possible subtlety is if degeneracies in the resonances occur,

in which case the resonant condition needs to be altered accordingly by a sum

over degenerate resonances.

Fifth, while this work is focused on neutrino self-interactions, it is also

straightforward to incorporate arbitrary resonant scattering between any species.

The most obvious other cold species to generalize to would be cold dark matter.

Sixth, when constraining self-interactions, we only took information about

the shape of the flux of one neutrino flavor at a time. Combining multiple

flavors will lead to stronger constraints if the detection of them is feasible.

Finally, we took the noise to be only Poissonian and assumed fiducial as-

trophysical parameters. In a realistic experiment, other backgrounds must be
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taken into account as well as degeneracies with their parameters. However,

such a proper treatment, similar to Refs. [150,181,182], is outside the scope of

this work.

4.1.5 Conclusion

In this work, we have have considered the consequence of beyond the Stan-

dard Model neutrino self-interactions on various astrophysical neutrino spec-

tra. We began by presenting the necessary formalism for neutrino mixing and

transport. We did this not only to establish notation but also in order to demon-

strate that neutrino reinjection is a problem that is generally not closed.

In order to overcome this hurdle, we then took the limit where the scattering

cross subsection goes to a delta function and found that the former partial

integro-differential equations turn into a standard partial differential equation

with simple boundary conditions. As a result, we then presented the solution

for astrophysical neutrino spectra for a single neutrino species, following with

one for an arbitrary number of neutrino species. These solutions were specified

in either the mass basis or the flavor basis.

From this, we then demonstrated the utility of the analytic solution by con-

sidering our astrophysical sources to be either the diffuse supernovae back-

ground or high-energy astrophysical neutrinos. From there, we established

forecasts and constraints on a normal three-neutrino hierarchy with ⌧ self-
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interactions, as well as a four-neutrino hierarchy with sterile self-interactions.

None of these calculations took a significant amount of time, and they were

routine in their implementation.

It will be interesting to implement this calculation in future work to explore

the effects of neutrino self-interactions on DSNB and HEAN spectra for a wider

range of models that involve new neutrino interactions.

4.1.6 Flavor basis interactions

We consider the most general flavor interaction for a single scalar mediator

� of mass m�,

L
flavor

int
= �

X

↵�

g↵�⌫↵⌫�

= �

X

↵�ij

g↵�U↵iU�j⌫i⌫j. (4.29)

The identification of gij =
P

↵� Ui↵Uj�g↵� allows us to use Eq. (4.21). We reparametrize

the scattering rate

�
jkil
R =

X

↵���

|U�i|2|U↵j|2|U�l|2�k,↵���
R , (4.30)

with �
k,↵���
R = |U�k|2nk(t)�

↵���
R c and �

↵���
R = |g↵�|2|g��|2/[4(m�c

2
)��]. We choose

such a reparametrization in order to separate the neutrino conversion probabil-
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ities from the scattering cross subsections. In doing so, and invoking unitarity,

we obtain the result

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E) eSi{t
0
, [a(t)/a(t

0
)E]},

eSi(t, E) = Si(t, E) +

X

��

|U�i|2
�
1 + |U�i|2

�

⇥
X

↵�k

�
k,↵���
R (t)�↵(t, Ek)⇥(Ek � E),

�i(t, Ej) =
H(t)

�
ij
R(t)

Z t

�1
dt

0 a(t)

a(t0)

h
e

�⌧i(t0,t,E
+
j ) � e

�⌧i(t0,t,E
�
j )

i

⇥ eSi{t
0
, [a(t)/a(t

0
)]Ej}, (4.31)

with �
ij
R(t) =

P
↵ |U↵i|2

⇣P
��� �

j,↵���
R

⌘
. While we have presented here these

equations in the flavor basis for analytic insight, we note that in general it

is easier numerically to use Eq. (4.21) with the appropriate substitution, as it

contains fewer summations.

However, for a single-flavor ↵ interaction, where the flavor self-coupling
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matrix is gµ⌫ = g�µ↵�⌫↵, there is a decidedly simpler form in the flavor basis,

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E) eSi{t
0
, [a(t)/a(t

0
)E]},

eSi(t, E) = Si(t, E) + |U↵i|2
�
1 + |U↵i|2

�

⇥
X

k

�
k,↵
R (t)�↵(t, Ek)⇥(Ek � E),

�↵(t, Ej) =
H(t)

�
j,↵
R (t)

Z t

�1
dt

0 a(t)

a(t0)

h
e

�⌧i(t0,t,E
+
j ) � e

�⌧i(t0,t,E
�
j )

i

⇥ eSi{t
0
, [a(t)/a(t

0
)]Ej}, (4.32)

with �
j,↵
R (t) = |U↵k|2nk(t)�Rc and �R = (~c)2

⇡g
2
/(m�c

2
)
2.

4.2 Neutrinos and AGN

High-energy astrophysical neutrinos (HEANs) comprise a diffuse isotropic

extragalactic background of neutrinos observed with energies between a few

TeV to a few PeV [1,183–185]. There is some evidence of an association of some

these neutrinos with the blazar TXS 0506+056 [186,187], but the source of the

vast majority of the HEAN background remains a mystery. Various classes of

bright AGN population have been constrained to contribute no more than a

fraction of the total observed HEAN flux [188–193], but there is little known

about the possible contribution of the many lower-luminosity AGN. With the

advent of the Vera Rubin Observatory in 2024, at least 10 million AGN will be
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observed in the southern sky with high cadence for the following 10 years [109].

In addition, neutrino telescopes KM3NeT and Baikal-GVD will soon be com-

pleted in the northern hemisphere with comparable volume and better angu-

lar resolution than IceCube [194, 195]. Due to their locations, these telescopes

will detect HEAN from upgoing tracks originating from the southern sky with-

out contamination from the atmospheric neutrino background. Thus, over the

next decade of AGN and neutrino observations, we expect a large increase in

sensitivity in the determination of AGN as HEAN emitters.

AGN are hypothesized to emit high-energy neutrinos through either hadronu-

clear [196,197] or photohadronic [198,199] processes. Therefore, one avenue of

examination is the modelling of these processes under various AGN environ-

ments. High-energy neutrinos can be produced from radio-quiet AGN [200–

202], radio-loud AGN jets [203–205], blazar inner cores and jets [190, 206],

and AGN coronae [207–210]. They may also have nothing to do with AGN—

e.g., they may be associated with choked supernova jets [211], tidal disrup-

tion events [212–215] and even cosmic strings [2, 216]. Even without theoret-

ical modeling, information about the source of neutrinos may be sought with

the coincidence of neutrino events with various source events through data

alone [192,193,217–226].

In this work we present a statistical framework to determine whether HEANs

are produced by AGN and assess its potential in the context of Rubin, IceCube,

106



CHAPTER 4. NEUTRINOS

KM3NeT, and Baikal-GVD. More specifically, we propose to cross-correlate tem-

poral and spatial data from AGN variability and neutrino events. To evaluate

the prospects to detect such a cross-correlation, we make the simplest assump-

tion that the neutrino flux from any given AGN at any given time is propor-

tional to the electromagnetic flux at that given time. We then use state-of-the-

art information on the AGN redshift/luminosity distribution and variability

parameters to forecast the detectability of this cross-correlation. We find, with

the AGN population assumed, that a correlation can be established even if the

AGN in Rubin contribute as little as a few percent to the HEAN flux. Most of

the sensitivity comes from angular information; the temporal information con-

tributes approximately 10% of the signal to noise. Our estimates suggest that

the better angular resolution (⇠ 0.2
�) expected for Baikal-GVD and KM3NeT,

relative to the ⇠ 0.5
� for IceCube, will give them roughly twice the sensitivity

to an AGN-neutrino cross-correlation for equal exposure.

This work is organized as follows. In Sec. 4.2.1 we present the formalism

of the AGN/neutrino cross-correlation. We discuss our model for the AGN red-

shift/luminosity distribution and the variability properties of AGN in Sec. 4.2.2.

We provide and discuss numerical results in Sec. 4.2.3. We discuss these results

and conclude in Secs. 4.2.4 and 4.2.5, respectively.
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4.2.1 Formalism

Our aim will be to determine the fraction f of neutrinos that come from

AGN in the sample under the hypothesis that the neutrino flux from any given

AGN at any given time is proportional to the electromagnetic flux from that

AGN at that given time. To begin, we will simplify by neglecting AGN variabil-

ity and then generalize later.

4.2.1.1 Angular information only

The optimal estimator to determine the fraction f of neutrinos that come

from AGN in the sample will be the unbinned maximum-likelihood estimator

[193,227–230],

L(f ; data) = ⇧i [fSi + (1 � f)Bi] , (4.33)

where the product is over all neutrino events. Here, Si = S(~✓i)d
2~✓ is the prob-

ability that a given source neutrino will be found in a differential area d
2
✓

centered at the position ✓i of the ith neutrino, and Bi = B(~✓i)d
2
✓i the analogous

quantity for a background neutrino. We normalize both distributions such that

their integral over the area 4⇡fsky of the survey (where fsky is the fraction of

the sky surveyed) is equal to 1. We assume that background events follow a

uniform sky distribution, i.e., Bi = (4⇡fsky)
�1, which we justify in Sec. 4.2.6.

108



CHAPTER 4. NEUTRINOS

Finally, we take the signal probability to be

Si =

X

↵

w↵
1

2⇡�2
exp

 
�(~✓i � ~✓↵)

2

2�2

!
. (4.34)

The sum on ↵ is over all AGN in the sample; ~✓↵ is the position of the ↵th AGN;

and � is the error in the neutrino angular position. Here, w↵ is the probability

that a given signal neutrino comes from the ↵th AGN, and so
P

↵ w↵ = 1.

Even if there is no signal, the likelihood will most generally be maximized

at a value of f selected from a distribution with a variance �2

f determined from

1

�
2

f

=

*✓
@ lnL(f ; data)

@f

◆2
+

, (4.35)

where the derivative is evaluated at f = 0, and the average is taken over all

realizations of the data under the null hypothesis. We use

✓
@ lnL

@f

◆

f=0

=

X

i

✓
Si

B
� 1

◆
. (4.36)

We then evaluate the expectation value

*✓
S

B
� 1

◆2
+

=
4 fsky

�2 NAGN

hw2

↵i
hw↵i2

(4.37)

from the zero-lag correlation function for a collection of NAGN randomly dis-
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tributed AGN. Here, the angle brackets denote an average over all AGN in the

sample. Our hypothesis here is that the neutrino flux from AGN ↵ is propor-

tional to its electromagnetic F↵, and so the correlation of N⌫ neutrinos with

AGN can be established with a signal-to-noise,

S

N
' 2

f

�

s
N⌫

NAGN

hF 2
↵i

hF↵i2
fsky. (4.38)

The result has the expected scalings with fsky, �, N⌫ , and NAGN. That is,

Eq. (4.38) depends on the ratio of the number of neutrinos to the number of

AGN in a neutrino’s angular resolution bin NAGN[(⇡�
2
)/(4⇡fsky)]. If this ratio

is small, one neutrino spatially overlaps with so many AGN that it is hard to

detect a signal even when all neutrinos are taken into account. The signal to

noise is also weighted by the ratio hF 2

↵i / hF↵i2 of the second moment of the AGN

flux distribution to the square of the first moment (i.e., average flux).

4.2.1.2 Including AGN variability

The derivation above can be easily generalized to include the additional

information provided by cross-correlating the neutrino arrival times with AGN

luminosity at any given time. If the neutrino luminosity at any given time is

correlated with the AGN luminosity at that same time, then the probability to

detect a neutrino when a given AGN is, say, twice as bright, should be twice as
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large, as illustrated in Fig. 4.10.

To incorporate this correlation into the likelihood analysis above, we simply

assume that the flux F↵ for any given AGN in the likelihood function is the

apparent flux at the neutrino arrival time. The signal-to-noise contributed by

each AGN is then enhanced by a factor,


hF 2

(t)i
hF (t)i2

�1/2

, (4.39)

where here hF (t)i is the time-averaged flux and hF 2
(t)i the time-averaged squared

flux. Thus, for example, if an AGN has a sinusoidal flux variation, F (t) =

F0 + F1 cos!t, the contribution of this AGN to the total signal-to-noise is en-

hanced by a factor [1 + (F1/F0)/2]
1/2.

Of course, AGN variability is complicated and poorly understood. Below

we describe a model for AGN variability but here note that the signal-to-noise

with which f can be inferred will be enhanced by a factor [1+h�2

var
i /2]

1/2, where

h�2

var
i is an appropriately weight rms fractional flux variation.
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4.2.2 The AGN Population

4.2.2.1 The flux distribution

Here we model the flux distribution we expect for AGN in Rubin. Let

dNAGN/dzdL be the redshift and bolometric luminosity distribution of AGN.

Then AGN are distributed throughout the Universe according to

dNAGN(z, L)

dzdL
=

dV (z)

dz

dn(z, L)

dL
, (4.40)

with dn(z, L)/dL the AGN luminosity function, dV (z)/dz = 4⇡fskyr(z)
2
dr(z)/dz

the comoving volume observed over a fraction fsky of the sky, r(z) =
R z

0
|dr/dz|dz

the comoving radial distance to a redshift z, dr/dz = �c/(1+ z)H(z) its redshift

derivative, c the speed of light, and H
2
(z) = H

2

0
[⌦m(1 + z)

3
+ (1 � ⌦m)]

�1/2 the

Hubble parameter. We use Planck 2018 ⇤CDM parameters H0 = 2.18⇥10
�18

s
�1

and ⌦m = 0.315 [73], along with the Full AGN luminosity function in Table 3

from Ref. [133].

However, given a cosmological distribution of AGN, only those that appear

bright enough will be observed. More specifically, given a limiting apparent

magnitude mlim, the distribution of observed AGN in that band is

dNAGN

dzdm
= ⇥(mlim � m)

dLbol

dm

dNAGN[z, Lbol(z, mb)]

dzdLbol

, (4.41)
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with ⇥(x) the Heaviside theta function, Lbol(z, m) = Ko(m)4⇡dL(z)
2h�⌫biFAB10

�(2/5)mb

the bolometric luminosity for an AGN with apparent magnitude m averaged

over frequency bands b located at redshift z, and dLbol/dm = �(2/5) log(10)Lbol(m, z)

its apparent magnitude derivative. Furthermore, Ko(m) is the bolometric cor-

rection function to convert from the emitted luminosity in the optical band to

the bolometric luminosity of the source, dL(z) = (1 + z)r(z) the luminosity dis-

tance, �⌫b the frequency bandwidth of band b, and FAB = 3.631⇥10
�23

W Hz
�1

m
�2.

Moreover, we assume that the observed intensity is roughly constant across the

entire frequency bandwidth, and that any redshifting effects on the frequency

do not alter the intensity in each band significantly. While the bolometric cor-

rection is typically a function of the apparent magnitude, it only varies up to

20% within the optical band across the magnitudes considered. Thus, for sim-

plicity, we adopt that Ko(m) = 10 for all magnitudes and bands [133].

We define dFAGN/dzdL to be the AGN flux luminosity distribution, and dF
b
AGN

/dzdm

⌘ FdN
b
AGN

/dzdm its magnitude counterpart. We plot the flux luminosity distri-

bution in Fig. 4.7 and the magnitude distribution in Fig. 4.8.

In Fig 4.9 we plot the bolometric-luminosity distribution of AGN in the fore-

cast Rubin sample and also the bolometric-luminosity weighted by the luminosity—

this latter quantity is then proportional to the probability, under our assump-

tions, that a given neutrino comes from an AGN of some given luminosity.
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Figure 4.7: The flux distribution of AGN as a function of an AGN’s bolometric
luminosity at redshifts z 2 {0.3, 1.0, 2.0, 3.0, 4.0}, as given by Eq. (4.40).
.
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Figure 4.8: The flux distribution of AGN as a function of an AGN’s apparent
magnitude in an optical band b at redshifts z 2 {0.3, 1.0, 2.0, 3.0, 4.0}, as given
by Eq. (4.41). In order to show the full range of this distribution, we do not
include the theta function factor.
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Figure 4.9: The observation probability P associated with neutrinos and AGN
in each bolometric luminosity bin between redshifts 0.3  z  6.7. Over the
range of luminosities presented, 33 base-10 logarithmic bins are taken. The
solid black line is the probability that an AGN emitting neutrinos has bolo-
metric luminosity L, while the dashed black line is the probability of that an
observed AGN has bolometric luminosity L. Both curves are normalized by
the set of observed AGN and are computed assuming a limiting magnitude of
mlim = 24.0. At large luminosities both curves follow the expected flux distribu-
tion curve of Fig. 4.7, however at small L the limiting magnitude restricts the
total number of AGN observed.
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4.2.2.2 AGN Variability

The study of AGN variability is in its infancy when compared to how it will

appear in the Rubin era [231]. We thus have far less in the way of precise

current knowledge to make forecasts for the possibility to detect the cross-

correlation between AGN variability and neutrino arrival times. To do so,

though, we assume AGN light curves undergo a damped random walk [120–

124, 128–131], a model that provides a reasonable description of most light

curves. In this case, the intensity I↵(t) of AGN ↵ undergoes fluctuations de-

scribed by a stationary random process with two-point correlation function,

hI↵(t + t
0
)I↵(t)i = A

2

↵e
�t/t̄↵ , or equivalently, a power spectrum P↵(!) = 2A

2

↵t̄↵/[1+

(!t̄↵)
2
]. We assume that AGN all have the same variability amplitude A↵ = 1

and an observer-frame variability timescale t̄↵ = t̄0(1 + z)(L/Lb)
� for an AGN

of luminosity L at redshift z, as suggested by recent measurements [131]. We

take t̄0 = 1 month, Lb = 2 ⇥ 10
35

W, and � = 0.23. Our calculation then discards

Fourier modes with periods longer or shorter than those accessed by Rubin.

Given this population of AGN, we can write the fractional flux variation as

�
2

var
=

1

⇡

1

hF 2
↵i

Z !max

!min

d!
⌦
F

2

↵P↵(!)
↵
, (4.42)

where only modes between !min = 2⇡/T and !max = 2⇡/�t are included, with

�t = 3.5 days the temporal resolution of the experiment and T = 10 years the
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duration of the observation.

4.2.3 Forecasts

We now forecast the ability of the neutrino telescopes IceCube, KM3NeT,

and Baikal-GVD, along with optical telescope Rubin, to determine the fraction

f of neutrinos that come from AGN in the survey.

4.2.3.1 Angular information only

With our model for the AGN luminosity/redshift distribution and Rubin’s

apparent-magnitude cutoff, we forecast NAGN ' 2.8 ⇥ 10
7 AGN in the survey

and hF 2

↵i / hF↵i2 ' 15. We then find from Eq. (4.38),

S

N
' 5.7 f

✓
(N⌫/10

4
)

(�/0.5�)(NAGN/2.8 ⇥ 107)

◆1/2

⇥
 

hF 2

↵i / hF↵i2

15

!1/2✓
fsky

0.5

◆1/2

. (4.43)

4.2.3.2 Angular information and timing

With our models for AGN variability and the AGN luminosity/redshift dis-

tribution, we infer an rms fractional flux variation of h�2

var
i ' 0.54. The estimate

in Eq. (4.43 is thus enhanced by approximately 12%.

This calculation can also be understood in a different way. It suggests that
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Figure 4.10: An example of the variability �j(t) of AGN j shown in solid black,
plotted against the variability �j(t↵) evaluated at the neutrino arrival times
t↵, depicted by solid orange arrows. The dashed orange line indicates the zero
point, �j = 0. In the top figure the neutrinos arrive randomly, and thus a cross
correlation between these two quantities would become zero. In the bottom
figure the neutrinos are sourced from AGN and thus are biased towards ap-
pearing when the intensity is higher, leading to nonzero correlation.
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if AGN are determined from angular information to contribute a fraction f of

the observed neutrinos, then a correspondence between instantaneous AGN

luminosity and neutrino luminosity can be established with a signal-to-noise

of [h�2

var
i /2]

1/2 times the value in Eq. (4.43).

4.2.3.3 IceCube, KM3NET, and Baikal-GVD

We now present numerical results including the sky-averaged effective ar-

eas for IceCube, KM3NET, and Baikal-GVD for the regions of sky that overlap

with those surveyed by Rubin—to a first approximation, though, they are all

comparable. We take the angular resolution of IceCube to be 0.5
� and those for

KM3NET and Baikal-GVD to be 0.2
�. The total exposure time is taken to be

10 years. We plot the SNR from angular information alone, from timing, and

from the total, in Fig. 4.11. The green curve there shows the signal-to-noise

for a measurement where f is inferred only from a correlation of the neutrino

arrival time with AGN variability, assuming our canonical value for hF 2i / hF i2.

4.2.4 Discussion

We clarify four assumptions and present three comments. First, our main

assumption is linearity between neutrino number and AGN bolometric lumi-

nosity. Even if linearity holds true, various AGN may have different propor-

tionality constants due to some additional specification of AGN class (e.g. this
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Figure 4.11: The signal-to-noise ratio (S/N)f for measuring the HEAN neu-
trino fraction f using both temporal and spatial data from Rubin’s i band, Ice-
Cube, KM3NeT, and Baikal-GVD. Since pure spatial correlation dominates the
SNR, the result is not very sensitive to the underlying AGN variability pa-
rameters. IceCube contributes ⇠ 8% of the total SNR, while KM3NeT and
Baikal-GVD each give ⇠ 46%.
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scenario already occurs with redshift). This will then be encoded in a change

to hF 2i / hF i2. Additional classes in the variability properties will change the

value of h�2

var
i relative to the value obtained in our canonical model. It is also

possible that the number of neutrinos is not linear in the AGN’s bolometric lu-

minosity, but some power �, with 0  �  2 [191]. We leave the investigation of

both these cases for future work.

Second, we chose a specific form (the damped random walk) for the intensity

autocorrelation function for AGN. This form, while applicable to a majority of

AGN, has some exceptions. Changes in the slope, break, as well as additional

slopes and breaks, are all required to encapsulate a greater range of AGN mor-

phologies. However, for our forecast analysis, such changes will only result in

a rescaling of the scaled variance hF 2i / hF i2. In particular, if the change in

the variability properties shifts the variability timescales outside of the mea-

surable window allowed by the Rubin cadence, then the prospects to detect a

neutrino-AGN temporal correlation will decrease, while if more power is con-

centrated in this window, they may become stronger.

Third, we set the time delay between the neutrino signal and AGN vari-

ability to zero. This was done for simplicity, and in reality there should be an

expected delay depending on where within the AGN the neutrino was created

and where the variability is sourced. We leave formalizing this description for

future work.
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Fourth, we assumed that neutrinos travel along the line of sight unimpeded.

The presence of neutrino self-interactions [232] can change this description,

altering the spatial and temporal coincidence presented here [233, 234]. We

also leave exploration of this scenario for future work.

In our analysis, we consider cross-correlating the entire Rubin catalog with

several high-energy neutrino maps. Cross-correlating only a sub-population of

the Rubin catalog, instead, could yield a higher signal-to-noise, as given by our

estimation in Eq. 4.38. If possible, certain sub-populations would then be able

to be detected or ruled out as definitive sources at higher significance. It is

worth noting, however, that for a given source model of high-energy neutrino

production the expected signal also decreases with a smaller sub-population (if

that smaller population removes sources in the model of interest). Therefore,

reducing the number of AGN in a cross-correlation study will not always yield

more promising results. Regardless, we have shown here that, even without

maximizing the signal-to-noise for a given source model, future AGN/neutrino

cross-correlations will still be able to detect signals even if the Rubin catalog

only contributes to a tenth of the entire HEAN flux.

Measurements of the neutrino fraction f have covariance with measure-

ments of AGN variability parameters. Therefore, in principle the error in mea-

surements of f should be larger than that presented here. However, given

Rubin’s precise measurements of an AGN’s variability parameters, we expect
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such degradation of measurement fidelity to be slight and our forecast to hold.

Finally, we choose to neglect energy dependence in our analysis in order

to obtain conservative sensitivity estimates that are model-independent. In

general, it is expected that sources with a harder spectrum are easier to detect,

and prior work shows that inclusion of such model-dependency improves the

sensitivity by a factor of ⇠ 2 (depending on the source spectrum assumed) [229].

We expect that most of the AGN that will be detected by Rubin will be radio-

quiet.

4.2.5 Conclusion

In this work, we investigated the prospects to detect an angular cross-

correlation between AGN surveyed by Rubin and energetic neutrinos. We then

discussed further the prospects to detect a cross-correlation between AGN vari-

ability and neutrino arrival times.

With this aim, we first modelled the spatial cross-correlation between a sin-

gle AGN and a population of neutrinos and found a neutrino-counting measure.

More specifically, the contributions to this correlation were from counting neu-

trinos sourced by that AGN and from counting neutrinos with other sources

that have nonzero overlap with that AGN due to angular error.

AGN may emit electromagnetic radiation along with HEANs, and to ac-

count for this possibility, we also modelled a temporal-and-spatial cross-correlation.

124



CHAPTER 4. NEUTRINOS

For simplicity, we assumed that, for each AGN, the number of neutrinos emit-

ted is proportional to the electromagnetic intensity of that AGN.

Using both of these correlations, we then forecasted their individual and

total abilities to measure the fraction f of HEAN from Rubin-observed AGN.

The HEANs are detected by a combination of IceCube, KM3NeT, and Bakail-

GVD, and we assumed an IceCube-like sky-averaged effective area for each

experiment. In accordance with previous work, we took all AGN in the Rubin

sample to be measured with high signal-to-noise. We thus found that, given 10

years of observation time, temporal and spatial cross-correlations will be able

to establish an association between energetic neutrinos and the AGN in Rubin

even if such AGN contribute only ⇠ 10% of the neutrino background. Finally,

given that the background noise scales with N
�1/2

AGN
, it should be possible to

establish a correlation between neutrinos and some specific subclass of AGN,

even if those AGN contribute less than ⇠ 10% of the neutrino background.

4.2.6 Assumption of uniform background

In this subsection, we justify that the assumption of uniform distribution

for the background events (i.e., Bi = (4⇡fsky)
�1) does not affect our forecasted

sensitivity.

We simulate 5000 sources with their sky locations drawn from a uniform

distribution on a 2D sphere. Then, following the procedures in Ref. [193],

125



CHAPTER 4. NEUTRINOS

we calculate the limit/sensitivity that can be set by evaluating the maximum-

likelihood estimator (Eq. (4.33)). The limit is calculated for two different cases.

First is using IceCube’s 10 years of data (track events) and the realistic back-

ground PDFs which are derived from the data [193]. The second is using

the simulated data which consists of the same number of track events with

arrival directions drawn from uniform distributions of right ascension and

cos(zenith angle) and the corresponding background PDF, Bi = (4⇡fsky)
�1. The

95% limit (sensitivity) is set by a deviation of lnL from when f = 0 by 3.84,

i.e., � lnL = �3.84. Note that f = 0 means all the events come from the back-

ground.

Figure 4.12 shows the result. The likelihood curves are close for the two

cases and the 95% upper limits on ns are within a factor of two, where ns =

f ⇥ N⌫ is the total number of neutrinos coming from the sources.

4.3 Cosmic Strings

IceCube routinely detects high-energy astrophysical neutrinos (HEANs) with

TeV-PeV energies that follow a power law flux spectrum with spectral index

� = 2.53 [235]. Explanations for the source of this flux have ranged from

gamma-ray bursts [236–242], FR0 quasars [205], blazars [191,243,244], radio-

bright AGN [193,224,245], choked jet supernovae [213,214], pulsar wind neb-

126



CHAPTER 4. NEUTRINOS

Figure 4.12: Forecasted sensitivities to a catalog of simulated 5000 source
from numerical calculations of the maximum-likelihood estimator (Eq. (4.33)).
Solid line uses IceCube’s 10 years of data and the corresponding background
PDF. Dashed line uses the same number of simulated events with arrival direc-
tions drawn from uniform distributions of right ascension and cos(zenith angle)

and the corresponding background PDF, Bi = (4⇡fsky)
�1.

ulae [246], and more. However, none of these propositions have been succesful

at explaining the majority of the observed spectrum [247]. One additional pos-

sibility is that cosmic string loops source these neutrinos. More concretely,
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the actual mechanism of emission could be due to the radiation of particles

from string features, known as quasi-cusps, -kinks, or kink-kink collisions, that

generically occur during the evolution of cosmic string loops. These particles

could either be the neutrinos themselves (direct neutrino emission) or a parent

particle which then decays into neutrinos (indirect neutrino emission).

The emission of neutrinos due to the decay of a real scalar radiated from

cusps and kinks has previously been considered in the ultra-high energy range [2,

216]. Moreover, the energy spectrum of various Standard Model (SM) particles

near the string has been extensively computed in the context of dark strings

coupling through Higgs portal operator [248–250]. More generally, the pro-

gram of calculating emission from cosmic strings also includes the radiation of

gravitational waves, cosmic rays, and more [251–256].

In this work we extend and refine these calculations in several manners.

First, we calculate the optical depth of HEANs using all seven channels of

Standard Model neutrino self-interactions and thus including the energy de-

pendence of the neutrino horizon. Then, we perform this calculation for all

three types of string features: quasi-cusps, -kinks, and kink-kink collisions.

Prior work has only considered the first two in the scenario of neutrino emis-

sion. In addition, we calculate the emission from a real scalar not only in

the scenario of a cascade of particles, but also the direct decay into neutrinos.

Moreover, we present the first calculation for the emission of neutrinos directly
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from cosmic strings via a 2-body decay interaction and the Aharonov-Bohm

coupling. Finally, we incorporate the shrinking of loops due to particle radi-

ation into the loop distribution function, a factor ignored in earlier neutrino

emission papers. Using these calculations, we present the viable parameter

space for neutrino emission for each of the models chosen. Moreover, we find

that for these models, cosmic strings can only contribute at most around 45% of

the observed HEAN flux. Since the models represent a wide selection of possi-

ble emission mechanisms, we conclude it is unlikely that a single population of

cosmic strings can create the entirety of the HEAN background. However, as a

subdominant component, cosmic strings may still contribute enough to create

a bump in the spectrum.

This work is organized as follows. In Sec. 4.4 we present the general formal-

ism in order to calculate the differential flux of neutrinos observed at IceCube

from an arbitrary source and then particularize to the case of a cosmic string

loop population. For this population, we introduce four interaction terms be-

tween cosmic strings and neutrinos using an effective field theory approach in

Sec. 4.5. These interactions cover both direct and indirect neutrino emission,

each of which is split into two further cases. We use these interaction terms to

then calculate the energy spectrum of neutrinos emitted at the locality of the

string in Sec. 4.6. We follow up this calculation and then specify the form of

the cosmic string loop number density in Sec. 4.7. Ultimately, we combine both
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the energy spectrum of neutrinos with the cosmic string loop number density

to calculate the observed differential flux of neutrinos through the formalism

presented in the beginning, shown in Eq. (4.80). Using this flux, we constrain

both the fraction of neutrinos attributed to emission from cosmic strings in

the IceCube spectrum and the phenomenological parameter space for neutrino

emission in Sec. 4.8. We discuss and conclude in Sec. 4.9 and 4.10.

4.4 Neutrino Specific Flux

The specific flux �i(t, E) of neutrinos ⌫i (number of astrophysical neutrinos

per unit conformal time per unit comoving area per unit energy) at cosmic time

t and observed energy E from a source Si is [232]

�i(t, E) =

Z t

�1
dt

0
[a(t)/a(t

0
)]e

�⌧i(t0,t,E)
Si{t

0
, [a(t)/a(t

0
)E}, (4.44)

where a(t) is the scale factor and ⌧i(t
0
, t, E) is the optical depth of a neutrino ⌫i

of energy E between times t
0 and t.

For a single cosmic string loop, the spectrum of emitted neutrinos is a func-

tion of the loop length L, and so the source function is the integral over all loop

130



CHAPTER 4. NEUTRINOS

contributions,

S
e
i,a(t, E) =

X

a

c

Z 1

0

dL
dṄ

e
i,a(t, L, E)

dNloopdE

dnloop(t, L)

dL
, (4.45)

with dnloop(t, L)/dL the number of cosmic string loops per comoving volume per

loop length, and dṄ
e
i,a/dNloopdE the number of neutrinos ultimately produced

from string feature a and emission model e per unit time per loop per neu-

trino energy E. The string features we consider are quasi-cusps, quasi-kinks,

and kink-kink collisions, shown in Fig. 4.13, so that the label a takes values

a 2 {qc, qk, kk}. We present the different emission models in Sec. 4.5. In gen-

eral, a loop can contain multiple features at once (e.g. a string could have 4

quasi-kinks and quasi-cusp). Here, for simplicity, we assume that only a single

feature exists on every loop. We then write the emitted neutrino spectrum as

dṄ
e
i,a(t, L, E)

dNloopdE
=

1

[(L/2)/c]

Z
dEp

dN
e
i (E, Ep)

dN e
adE

dN
e
a(Ep, L)

dEp
, (4.46)

with [(L/2)/c] the period of oscillation for a cosmic string loop, dN
e
i /dN

e
adE the

number of neutrinos emitted per parent particle per unit neutrino energy E,

and dN
e
a/dEp the number of parent particles emitted from string feature a per

unit parent particle energy Ep.

If neutrinos are emitted directly from the cosmic string and there is no par-

ent particle, we set dN
e
i (E, Ep)/dN

e
adE(E, Ep) = �(E � Ep)�

i
e with �(x) the Dirac
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quasi � cusp quasi � kink kink � kink collision

Figure 4.13: Picture of quasi-cusps, quasi-kinks, and kink-kink collisions.

delta function and �
j
i the kronecker delta function that determines if the neu-

trino i is the same as the emitted particle in emission model e.

Roughly speaking, the cosmic string phenomenology is then encoded in the

emitted neutrino spectrum, and the cosmic string population dynamics in its

number density.

Neutrino self-interactions (⌫SI) in the Standard Model (SM) induce scat-

tering between HEANs and cosmic background neutrinos and thus a nonzero

HEAN optical depth. We evaluate the total HEAN optical depth following

Ref. [154], including all seven channels of SM ⌫SI. These channels lead to a

sharply defined neutrino horizon at redshift z⌫i . That is, an observer located

at redshift z(t) will not see neutrinos of a given energy E originating from a

redshift z(t
0
) > z⌫,i(t, E). Therefore, in order to simplify our expressions, we
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Figure 4.14: The HEAN damping factor D⌫i . The solid lines indicate the com-
plete damping factor, the dashed the approximation given by Ref. [2], and the
dotted are given by our approximation in Eq. (4.47)

will take the following approximation

D⌫i(t
0
, t, E) ⌘ e

�⌧i(t0,t,E)
= ⇥[z⌫i(t, E) � z(t

0
)], (4.47)

for the damping factor, with z⌫i defined by the expression D⌫i{t
0
[z⌫,i(t, E)], t, E} =

exp(�1). We show both the complete HEAN optical depth and our approxima-

tion in Fig. 4.14 for some typical energies.
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4.5 Cosmic String Phenomenology

Cosmic strings are topological defects formed after a U(1) symmetry-breaking

phase transition occurs in the Universe and are characterized by their tension

µ. Then there are two broad phenomenological categories by which neutrinos

may be emitted from this string. First, the string may directly couple to neutri-

nos. Second, it may indirectly couple to neutrinos; i.e. it may emit some inter-

mediary particle which then eventually converts to some number of neutrinos.

In either case, we model the free string loop action using the Nambu-Goto ac-

tion for a infinitely long straight string, as locally the string loop is straight,

regardless of any features

Lstr = � µ

~c

Z
d

2
�
p

���4
[x

µ � X
µ
(�, ⌧)], (4.48)

where ~ is Planck’s constant, g ⌘ det gµ⌫ is the determinant of the spacetime

metric gµ⌫ , and � the analogous quantity for the induced worldsheet metric

�ab = gµ⌫X
µ
,aX

⌫
,b with worldsheet coordinates (�, ⌧). We take the background

metric to be flat gµ⌫ = ⌘µ⌫ = diag(�1, 1, 1, 1).

This string then has stress-energy tensor

T
str

µ⌫ (x
µ
) =

�µp
�g

Z
d

2
�
p

���abX
,a
µ X

,b
⌫ �

4
[x

µ � X
µ
(�, ⌧)] (4.49)
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with trace

Tstr(x
µ
) = �2µ

Z
d

2
�
p

���4
[x

µ � X
µ
(�, ⌧)] , (4.50)

where we neglect any backreaction of interactions onto the string as for the

models we consider they are small. When considering interactions with this

string we take an effective field theory approach and remain agnostic to any

particular ultraviolet theory constraints.

4.5.1 Direct Coupling

For simplicity, we consider only a single neutrino species of mass m⌫ =

~/(c�⌫) and take it to be a Dirac fermion. Thus its free Lagrangian is

L
⌫
free

= �⌫̄
�
i�

µ
@µ � �

�1

⌫

�
⌫, (4.51)

with �
µ the gamma matrices. There are two versions of direct cosmic string

coupling we consider. First, the neutrinos may couple directly to the string

worldsheet through a two-body interaction, so that its interaction is

L
(2)

int
=

g
(2)

2

✓
~c
µ3

◆1/2

⌫̄⌫Tstr, (4.52)
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with g
(2) the two-body interaction coupling. Second, neutrinos may couple

through some gauge flux that permeates through the string in an Aharonov-

Bohm (AB) fashion [257]

L
AB

int
= g⌫ ⌫̄�

µ
Vµ⌫, (4.53)

with g⌫ the charge of the neutrino under Vµ, Vµ a classical background field

induced by the flux � = (2⇡/g⌫)✓q the string carries, and ✓q the AB phase around

the string. In the Lorentz gauge, this background field is writen as [258]

Vµ = � i�

2

Z
d

4
k

(2⇡)4

p
⌫

p2

Z
d�µ⌫e

�ik·[xµ�Xµ
(�,⌧)]

, (4.54)

with d�µ⌫ = d
2
�✏

µ⌫↵�
✏
ab

X
↵
,aX

�
,b the worldsheet area element and ✏

i..j the Levi-

Civita symbol. Note that this field has support outside of the string, unlike the

purely local interaction considered above.

4.5.2 Indirect Coupling

For indirect emission of neutrinos, we consider the intermediary particle to

be a real scalar � of mass m� = ~/(c��). As a result, there is only one cosmic
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string Lagrangian to write down

L = Lstr + L
�
free

+ L
�
int

, (4.55)

L
�
free

= �
✓

1

2
@µ�@

µ
�+

1

2
�

�2

� �
2

◆
, (4.56)

L
�
int

=
↵

(4µ~c)1/2
�Tstr, (4.57)

with, ↵ is the scalar coupling constant.

In order to obtain neutrinos indirectly we consider two scenarios. First, the

scalar particle decays directly into neutrinos via a Yukawa interaction

LYu = gYu⌫̄�⌫. (4.58)

Alternatively, the scalar particle couples to some gauge boson - either a hid-

den sector gauge boson or the gluon, and these gauge fields have interactions

which lead to a cascade of particles being emitted which end in neutrinos. For

example, if it is the gluon, hadronic cascades produce pions which then lead to

neutrino emission. For concreteness, we write down an example Lagrangian as

Lcasc = ↵`P�Gµ⌫G
µ⌫

, (4.59)

with `p the Planck length and Gµ⌫ the gluon field strength tensor.
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4.6 Particle Emission

Given a model for cosmic string interactions with neutrinos, we now write

the number spectrum of particles emitted from cosmic string loops. However,

this spectrum depends not only on the phenomenology of the interactions, but

also the feature of the string that emits the particle. Thus, in what follows, for

each interaction considered we specify the type of feature as well.

In order to calculate the spectrum of emitted particles we take the leading-

order S-matrix approach. Thus, we calculate the probability of creating a state

hk1, s1; . . . ; kN , sN | with N particles with momenta ki and spin si out of the vac-

uum |0i given an interacting term,

Ae(k, s) = i

Z
d

4
x hk1, s1; . . . ; kN , sN |Le

int
|0i (4.60)

dN
e
a =

NsX

i=1

X

sai

NY

j=1

d
3
kj

(2⇡)2!j
|Ae(k, s)|2, (4.61)

with Ns the number of particles with non-zero spins, N the number of particles,

ai the map from spin particle number to particle number (e.g. a particle could

be the 1st particle with spin but the 5th overall particle in a list) and the sum sai

goes over the possible spin values of particle ai. Lower bounds on the energy

of the resulting spectrum arise from integrating over the worldsheet. Upper

bounds on the energy of the spectrum arise from the requirement that the

energy of the particle is smaller than the string energy scale. For more details
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we refer the reader to Ref. [249]. While both of these cutoffs in reality have a

slight softening, they still decay rapidly and so here we approximate them as

sharp discontinuous transitions.

The average power emitted from a cosmic string over one period of oscilla-

tion is therefore

dP
e
a =

1

[(L/2)/c]

NsX

i=1

X

sai

NY

j=1

d
3
kj

(2⇡)2!j

 
NX

k=1

!k

!
|Ae(k, s)|2. (4.62)

In order to complete the description of the string feature, several quantities

must also be defined detailing the shape of the string feature in question.

Rather than defining these quantities precisely, here we simply tabulate the

numerical constants that encode their behavior, assuming that shape effects

are O(1). Following this procedure, these constants then take a range of val-

ues: ⇥ 2 [0.42, 3.6] and  2 [0.047, 0.23]. We define the rest of these constants in

Table 4.1. For a first-principle definition of these parameters and their values

we refer the reader to Ref. [249].

a qc qk kk

Sa [0.2, 10] [0.1, 20] [1, 500]

Ta [0.5, 50] [1, 200] [0.2, 200]

Table 4.1: Range of values for cosmic-string shape-dependent variables, as-
suming the shape parameters are O(1).

139



CHAPTER 4. NEUTRINOS

4.6.1 Direct Coupling

First, we present the spectrum of neutrinos directly emitted from cosmic

string loops with quasi-cusps, quasi-kinks, and kink-kink collisions.

4.6.1.1 Two-Body

For both quasi-cusps and quasi-kinks, the momenta of both emitted (nearly

massless) fermions are parallel to one another, and thus the emission is helicity

suppressed. For kink-kink collisions that emit relativistic neutrinos,

dN
(2)

kk

dE
= �̃

(2)

kk

E

µ~c

"
1 +

✓
E

2

µ~c

◆1/2
#�3

, (4.63)

P
(2)

kk = �
(2)

kk

µc

L/`(2)

, (4.64)

with m⌫c
2 ⌧ E  (µ~c)1/2 and �̃

(2)

kk = 4
⇥
g

(2)
⇤2
Skk/(3⇡

2
), �

(2)

kk = (37/5)�̃
(2)

kk and

`(2) = (~c/µ)
1/2.
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4.6.1.2 Aharonov-Bohm

In AB emission, there are no obvious suppressions, and so we write down

the spectrum and power for all emission types in the relativistic limit,

dN
AB

a

dE
= �̃

AB

a

✓
~c
L

◆qAB
a

(4.65)

⇥
"

1

(E + E
AB,a
min

)1+qAB
a

� 1

(E + E
AB,a
max )1+qAB

a

#
,

P
AB

a = �
AB

a

µc

(L/`AB)pAB
a

, (4.66)

with �̃
AB

qc = (2⇡✓q)
2
 

�4/3
⇥

2
/[32(2⇡)

4
]Tqc, �̃

AB

qk = [3Tqk/(4Tqc)](2/⇥)�̃
AB

qc , �̃
AB

kk =

(Tkk/Tqc)(2⇥
2
)
�1
 

4/3
�̃

AB

qc , and `AB = (~c/µ)
1/2. We define all other variables in

Table 4.2.

a qc qk kk

q
AB

a 0 1/3 0

p
AB

a 1/2 4/3 1

�
AB

a log(16)�̃
AB

qc 18(1 � 2
�1/3

)�̃
AB

qk log(16)�̃
AB

kk

E
AB,a
min

 m⌫c
2
p

m⌫cL/~  m⌫c
2
p

m⌫cL/~ m⌫c
2

E
AB,a
max

[(µ
2
L

2
)(µ~c)]1/4

(µ~c)1/2
(µ~c)1/2

Table 4.2: AB variable definitions

4.6.2 Indirect Coupling

Now, we present the spectrum of neutrinos indirectly emitted from cosmic

string loops. More concretely, we first present the spectrum of real scalar parti-
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cles directly emitted from string loops with quasi-cusps, quasi-kinks, and kink-

kink collisions. Then, we write the spectrum of neutrinos emitted from a real

scalar.

Once again, there are no obvious suppressions, and so the string feature

spectra and emitted power are

dN
�
a

dE�
= �̃

�
a

✓
E�L

~c

◆q�a
µ~c
E

3

�

, (4.67)

P
�
a =

�
�
aµc

(L/`�)
p�a

, (4.68)

with E� the lab frame energy of the � particle (different from the neutrino

energy E) and `� = `Yu = `casc = ��. All other variable definitions are placed

in Table 4.3. After the real scalar is emitted, we assume it emits neutrinos

instantaneously.

a qc qk kk

q
�
a 2/3 1/3 0

p
�
a 1/2 1 1

�̃
�
a ↵

2
S

�
qc⇥

2
/[2(2⇡)

2
] ↵

2
S

�
qk⇥/[2(2⇡)

2
] ↵

2
S

�
kk/(2⇡)

2

�
�
a 6 

�1/3
�̃

�
qc 6 

�2/3
�̃

�
qk 2�̃

�
kk

E
�,a
min

 m�c
2
p

m�cL/~  m�c
2
p

m�cL/~ m�c
2

E
�,a
max

[(µ
2
L

2
)(µ~c)]1/4

(µ~c)1/2
(µ~c)1/2

Table 4.3: Variable definitions for the real scalar �
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4.6.2.1 Yukawa

Through a Yukawa coupling, two neutrinos are emitted from the heavy real

scalar � with an isotropic (i.e flat energy) spectrum

dN
Yu

dE
=

1

E�
, (4.69)

with m⌫ ⌧ E  E�.

Therefore, the total number of neutrinos emitted from a cosmic string loop

is also independent of the neutrino energy,

dN
Yu

a

dE
= �̃

Yu

a

✓
��

L

◆qYu
a µ�

2

�

~c
1

m�c
2
, (4.70)

with all variable definitions in Table 4.4.

a qc qk kk

q
Yu

a 1/2 0 0

�̃
Yu

a (3/7) 
�7/3

�̃
�
qc (3/8) 

�8/3
�̃

�
qk (1/3)�̃

�
kk

E
Yu,a
min

m⌫c
2

m⌫c
2

m⌫c
2

E
Yu,a
max

E
�,qc
max

E
�,qk
max

E
�,kk
max

Table 4.4: Yukawa variable definitions

4.6.2.2 Cascade

After the heavy scalar decays, a cascade of particles decays ensues, of which

neutrinos are one of the end products. In according with previous studies [259–
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262], we assume that the decay spectra follows a power law with index ⇠ �2

and that approximately all of the energy is transferred to pions, which then

decay to give half of their energy to neutrinos. After imposing conservation of

energy in the decay between neutrinos and the heavy real scalar we obtain

dN
casc

dE
=

b⇤

2

E�

E2
, (4.71)

with b⇤ = log (E
casc

max
/E

casc

min
)
�1. As a result, the total number of neutrinos emitted

from a cosmic string loop is

dN
casc

a

dE
= �̃

casc

a b⇤

✓
��

L

◆qcasca
µ��

E2
, (4.72)

with all variable definitions in Table 4.5.

a qc qk kk

q
casc

a �1/2 0 0

�
casc

a (1/4)�
�
qc (1/4)�

�
qk (1/4)�

�
kk

E
casc,a
min

(1/2)
p

m�c
2Qh (1/2)

p
m�c

2Qh (1/2)
p

m�c
2Qh

E
casc,a
max

0.1E
�,qc
max

0.1E
�,qk
max

0.1E
�,kk
max

Table 4.5: Cascade variable definitions, with Qh = 1 GeV the hadronization
energy scale.
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4.7 String Loop Population

A loop of initial length Li at time ti will contract as it radiates energy from

various string features. For the string interaction models presented here, this

energy may either be in the form of gravitational waves, neutrinos, or real

scalar fields. However, we do not consider emission via all these channels at

once. Instead, in order to determine the evolution of the loop distribution func-

tion, we consider emission in a pair of channels: first, from gravitational waves

and second, from a single specified particle model. This choice is done because

cosmic string loops are always expected to radiate gravitationally and our mod-

els are an addition beyond the standard framework. As a result, the center of

mass energy µL of a loop decrease over time according to

µ
dL

dt
= ��gGµ

2
c
�3 � P

e
a , (4.73)

with �g 2 [50, 100]. The first term encodes loop emission of gravitational waves,

while the second term specifies the emission e from string feature a. Moreover,

loops with length L > L
e
a = `e [(�

e
a/�g)/(Gµc

�4
)]

1/pea emit more energy in the

form of gravitational waves than from emission e from string feature a.

In general, Eq.(4.73) does not have an analytic solution for arbitrary initial

loop length. However, loops with Li < L
e
a will always emit more particles than

gravitational waves, and those with Li � L
e
a more gravitational waves than
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particles. Therefore we solve for the evolution of loop length with these two

conditions. Moreover, in practice, the conditon Li � L
e
a is relaxed to Li > L

e
a, so

that there are only two regimes:

L(ti, t, Li) =

h
L

1+pea
i � (L

e,a
min

)
1+pea

i 1
1+pea

⇥ (L
e
a � Li) (4.74)

+
⇥
Li � �gGµc

�3
(t � ti)

⇤
⇥ (Li � L

e
a) ,

which can be piecewise-inverted to solve for Li as a function of L. Here, L
e,a
min

=

h
(1 + p

e
a)�

e
ac(t � ti)`

pea
e

i1/(1+pea)

.

While some cosmic string loops are present at the initial U(1) phase transi-

tion, most are formed after string segments intersect and commute, breaking

off into smaller loops. Here, we assume this string loop population has re-

laxed to a steady-state self-similar solution. As a result, we neglect terms that

involve string collision and string self-interactions. While these loops are pro-

duced both during periods of radiation and matter domination, those produced

during matter domination are less abundant [263]. Therefore, we write the
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loop distribution as dn
loop

/dL = dn
loop

r /dL, with

dn
loop

r (t, L)

dL
=
⇣r

2

a
3

eq

[a(teq)�(teq)]
3/2L

5/2

0

✓
L

L0

◆p

(4.75)

⇥

8
>>><

>>>:

⇥
�
�r � L

2ct

�
t  teq

⇥

⇣
�r � Leq

2cteq

⌘
t > teq

the distribution of loops created during radiation-domination at a time t. More-

over, teq is the time of matter-radiation equality, � the comoving horizon dis-

tance, ⇣r = 1.04 a normalization factor, �r = 0.05 the typical scale of loops

produced radiation domination relative to the size of the horizon. Finally,

L0 = Li(0, t, L) and Leq = Li(teq, t, L) are the lengths of a loop at t = 0 and

teq. We show some example distributions for cosmic string loops in Fig. 4.15

and Fig. 4.16.

4.8 Results

Given the emission spectra of neutrinos from a single cosmic string loop, as

well as the distribution of cosmic string loops, we now present both the source

function and flux for each phenomenological case. We then use the dominant

flux to place an upper bound on the fraction f
e
a of HEAN sourced by cosmic

string loops. The bounds are obtained in the following manner.

147



CHAPTER 4. NEUTRINOS

10
�6

10
�3

10
0

10
3

10
6

10
9

10
12

Loop Length L [km]

10
56

10
62

10
68

10
74

10
80

10
86

10
92

D
i↵

e
r
e
n
t
ia

l
L
o
o
p

N
u
m

b
e
r

L
d
N

lo
op

/
d
L

g

qc

qk

kk

Lg

Lqc

Lqk

Lkk

Figure 4.15: The differential loop number dNloop/dL = �
3
dnloop/dL, with � the

size of the comoving horizon, evaluated at z = 0. The solid black line is the
number assuming only gravitational emission, while the solid orange (blue)
[green] line is due to both gravitational emission and AB emission from quasi-
cusps (quasi-kinks) [kink-kink collisions]. The vertical dotted lines indicate the
length L
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.
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First, evaluating Eq. (4.45), we obtain

S
e
a(t, E) = cA

e
a

dN
e
a [E, L

e,a
min

(t)]

dE

dnloop[0, L
e,a
min

(t)]

dL
, (4.76)

A
e
a ⌘ 4

1 + pe
a

�

⇣
5+2qea
2+2pea

⌘

�

⇣
7+2pea+2qea

2+2pea

⌘ (4.77)

⇥2 F1


1 +

3

2 + 2pe
a

,
5 + 2q

e
a

2 + 2pe
a

,
7 + 2p

e
a + 2q

e
a

2 + 2pe
a

, �1

�

with �(n) the Gamma function, and 2F1(a, b, c, d) a hypergeometric function. In

this expression, we remind that a 2 {qc, qk, kk} and e 2 {(2), AB, Yu, casc}.

We define the index of the local energy spectrum through the expression

dN
e
a/dE / E

��e
a . Using Eq. (4.47) and Eq. (4.76), we evaluate Eq. (4.44), after

changing variables from time to redshift via dt/dz = �1/[H(z)(1 + z)], to obtain

�
e
a(t, E) = I

e
a(t, E)

c
2

H0

dN
e
a [E, L

e,a
min

(t)]

dE

dnloop[0, L
e,a
min

(t)]

dL
(4.78)

I
e
a(t, E) ⌘ A

e
a

Z z⌫(t,E)

z(t)

dz

E(z)
(1 + z)

��e
af(z)

�(qea+
5
2 )/(pea+1)

, (4.79)

with H(z) = H0E(z) the Hubble parameter, H0 Hubble’s constant, E(z) =

[⌦m(1 + z)
3
+ (1 � ⌦m) + ⌦r(1 + z)

4
]
1/2 for ⇤CDM, ⌦m the matter-density param-

eter, ⌦r the radiation-density parameter , and f(z) = t(z)/t. We present the

values for I
e
a(t0, Emin) in Table 4.6 using Planck 2018 parameters [73].

To make easy connection with observation, we reparametrize the neutrino
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Figure 4.17: Spectra of HEAN emitted from cosmic strings using Eq. (4.80)
compared to the observed HEAN spectrum (in solid black) using Eq. (4.82).
The orange (blue) [green] {red} line indicates HEAN emission via the (2) (AB)
[Yu] {casc} model. Moreover, solid (dashed) [dotted] lines indicate that the
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6

GeV. For large enough amplitude values, the spectrum may
appear as a bump before the sharp cutoff.
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I
e
a qc qk kk

(2) N/A N/A 4.35 ⇥ 10
10

AB 94900 15.2 241

Yu 3.25 ⇥ 10
11

2.40 ⇥ 10
6

2.40 ⇥ 10
6

casc 2.56 2.04 2.04

Table 4.6: Tabulated values for I
e
a(t0, Emin), Emin = 16 TeV, with a specified by

the column and e by the row. For emission of type (2), quasi-cusps and -kinks
are helicity suppressed and so we do not consider them here.

spectrum �
e
a(t0, E) today as a power law with a sharp cutoff,

�
e
a(t0, E) ' C0B

e
a(E/E0)

��e
a⇥ (E � E

e,a
max

) ⇥ (E � E
e,a
min

) , (4.80)

with C0 = 2 ⇥ 10
�18

GeV
�1

cm
�2

s
�1

sr
�1 and E0 = 100 TeV. Note that, for most

cosmic string parameter values, E
a,e
min

is much smaller than observed HEAN

energies and so the low-energy cutoff can be ignored. We write this equation

as an approximate equality as the spectral index �
e
a has a nonzero running

with energy, d�
e
a/dE 6= 0. However, this running is small and so we average

its value over the observed energy range. Moreover, note that �e
a 6= �

e
a as the

energy dependence of the neutrino horizon shifts the spectral index, which we

show in Table 4.7. We show the dependence of the amplitude B
e
a on our model

parameters in Table 4.8. In order to save space in the table, we include a

scaling of the b⇤ parameter in Eq. (4.81). Using the new parametrization of

Eq. (4.80), we plot some example spectra in Fig. 4.17
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�
e
a qc qk kk

(2) N/A N/A �0.27

AB 1.37 1.38 1.14

Yu 0.855 0.439 0.439

casc 2 2 2

Table 4.7: Tabulated values for �e
a, with a specified by the column and e by the

row.

B
e
a qc qk kk

(2) N/A N/A 1.09 ⇥ 10
�4
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�̃
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�
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�̃
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qk

⌘�1/4 ⇣
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kk
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Table 4.8: Tabulated values for B
e
a, with a specified by the column and e by the

row. The scaling of b⇤ is shown in Eq. (4.81). Fiducial values are chosen so that
they are not ruled out by HEAN spectra observations.

exp (b⇤) = 1640

✓
Gµc

�4

4.5 ⇥ 10�24

◆1/2✓
m�c

2

107 GeV

◆1/2

(4.81)

We now identify the viable parameter space of cosmic string HEAN emis-

sion subject to the constraint that it not greater than the observed HEAN spec-

trum, �
e
a(E)  �HEAN(E), for all energies. We model the observed HEAN spec-

trum as a power law with spectral index � = 2.53 [235],

�HEAN(E) = C0�0 (E/E0)
��

, (4.82)

with �0 = 1.66. We take the observed HEAN energy range to be Emin =
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16 TeV  E  Emax = 2.6 PeV. As a result, the three equations

B
e
a  �0 (E

e,a
max

/E0)
�e
a��

, (4.83)

Emin  E
e,a
max

 Emax, (4.84)

E
e,a
min

 E
e,a
max

(4.85)

define a region in the cosmic string parameter space that is viable to contribute

to the HEAN flux and whose upper bound we show in Fig. 4.18. Parameters

that are above this upper bound are ruled out, as they would lead to a HEAN

spectrum larger than what we observe. In order to relate these equations to

the original parameters, one can use the formulas listed in Tables 4.7 and 4.8,

along with the definition of E
e,a
max

listed in the Tables in Sec 4.6.

The fraction f
e
a of observed neutrinos associated with a cosmic string spec-

trum given by emission model e and string feature a is then

f
e
a =

R Emax

Emin
dEAe↵(E)�

e
a(t0, E)

R Emax

Emin
dEAe↵(E)�HEAN(E)

, (4.86)

with Ae↵(E) the effective area of IceCube for muon neutrinos, which we take

from Ref. [180]. We plot the maximum contribution of cosmic string loops [i.e.

when �
e
a(t0, E

e,a
max

) = �HEAN(E
e,a
max

)]in Fig. 4.19.
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Figure 4.18: The maximum amplitude B
e
a of HEANs that come from a popu-

lation of cosmic string loops using Eq. (4.83). The orange (blue) [green] {red}
line indicates HEAN emission via the (2) (AB) [Yu] {casc} model. Moreover,
solid (dashed) [dotted] lines indicate that the string population contains quasi-
cusps (quasi-kinks) [kink-kink collisions]. All lines intersect at E

e,a
max

= E0 by
construction of our parameterization. Values of B

e
a above a given line are ruled

out. Table 4.8 translates these amplitudes into cosmic string parameters.
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(quasi-kinks) [kink-kink collisions].
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4.9 Discussion

We clarify five assumptions and present six comments. First, in each model

of neutrino emission we assume a single neutrino. If there are multiple neu-

trino species coupled to the string, then energy extracted from the loop will be

a sum over all neutrino emission channels. Moreover, since cosmic strings are

distant objects, then the observed spectrum of neutrinos will be a sum of the

spectrum of each neutrino channel weighed by the corresponding probability of

oscillating into that neutrino. Note that even if there is only one neutrino cou-

pled, then flavor oscillations will decrease the spectral amplitude in that flavor.

Regardless, the effects of oscillations can always be absorbed into a redefintion

of �̃ and so our results can be scaled appropriately to include them.

Second, if the neutrino is a Majorana fermion instead of a Dirac fermion,

then ⌫̄ = ⌫
T
C with C the charge conjugation matrix. This replacement will not

change the spectral index, and should not change the amplitude of emission by

more than an O(1) coefficient.

Third, for the indirect emission models, we assume the heavy real scalar

instantaneously decays into neutrinos.

Fourth, we did not consider cosmic string loop populations with multiple

features (e.g. loops that have both quasi-kinks and -cusps). Since cusps extract

more energy from the string than kinks and quasi-kinks, but typically have
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smaller amplitudes, we expect that the presence of cusps would decrease the

expected amplitude in the HEAN energy range (or alternatively, the presence

of kinks to increase the amplitude). Thus, our results safely represent an upper

limit on the possible contribution of cosmic strings to the HEAN spectrum.

Fifth, we assume that the population of cosmic string is characterized by

a single string tension value. Instead, it is possible that there exists multiple

varieties of cosmic strings in the Universe, with each cosmic string character-

ized by a different string tension, and thus the resulting spectrum would be

the sum of these two types of strings. In addition, the string tension may have

some time dependence [264], leading to a HEAN spectrum that would be aver-

age over the distribution of tension values. Both of these cases are beyond the

scope of this work.

While we do consider a wide variety of emission models here, the list is not

exhaustive. For example, we did not consider 2-body emission of real scalars

from cosmic strings than then decay in HEAN. In the case of 2-body emission of

real scalars, this model would not change the spectrum index of emission rela-

tive to its 1-body counterpart. This similarily is because the index is controlled

by the Yukawa and cascade decays. Therefore, while the precise values for the

amplitude �̃ may change, the maximum contribution to the HEAN spectrum

will not. In other cases, unless the spectral index of emission just so happens

to match the one of the observed spectrum, we expect our limit, of no more than
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45% of HEANs to come from cosmic strings, to hold.

In addition to emission models, it is also possible that cosmic strings collide

and annihilate with one another into neutrinos. However, cosmic strings are

very thin and so their annihilation cross-section is very small. Thus, we do not

expect such a process to contribute greatly.

Even though we find that the models presented are a subdominant por-

tion of the total spectrum, the presence of a sharp cutoff implies that HEANs

from cosmic strings may present as a distinct bump in the observed HEAN

spectrum, opening up the possibility for their detection. Moreover, if cosmic

strings exist, their gravitational wells would alter energies of traversing pho-

tons. Hence, in principle, cross correlations of HEAN maps with the cosmic

microwave background would be able to distinguish cosmic strings from other

subdominant contributions, although we expect such a signal to be very small.

In each of our plots in Sec. 4.8, the region to the right of the orange dashed

line requires either values of the coupling constant or string feature parame-

ters that are greater than O(1). It is both difficult to create such a theory and is

at odds with the perturbative approach we took to calculating the spectra. De-

spite this, we leave this region in our plots as it may be the case other models

with similar effective parameters and spectral indices are viable.

Moreover, in these plots, we only consider the constraints on the effective

parameters describing HEAN emission from cosmic strings. At higher neu-
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trino energies, where current and future experiments like ANITA [265] and

POEMMA [266] can observe neutrinos, there will be additional constraints.

The future upgrade of IceCube-Gen2 [247] will also allow detections of HEANs

at lower energies, thus extending the range of our plots. In addition, in the

cascade case, there will be an emission of gamma rays that go along with the

neutrinos. Treatment of both of these effects are a work in progress and beyond

the scope of this work.

Finally, we note that since we took an effective field theory approach to our

problem, the parameter spaces we have identified may be constrained once

linked to a corresponding UV completion. However, it is not inconceivable

that these UV completions will still have unconstrained parameter spaces for

HEAN emission. Regardless, such an investigation is beyond the scope of this

work.

4.10 Conclusion

In this work we quantified the possible contribution of cosmic strings to the

HEAN spectrum for a wide variety of models. First, we presented the general

formula for calculating neutrino emission from distant sources and updated the

calculation for the HEAN optical depth compared to previous works on cosmic

string emission. In doing so, we both employed a more accurate numerical
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approach and included all seven channels of Standard Model neutrino self-

interactions.

Then, in order to classify possible models, we took an effective field theory

approach and delineated two avenues of HEAN production: direct and indirect.

In direct emission, the cosmic string emits HEANs through a direct coupling

of neutrinos to the cosmic string, while in indirect emission the cosmic string

emits a particle which then decays into HEANs. For both direct and indirect

emission we consider two models each. That is, we considered direct emission

of HEANs via a two-body emission and a Aharonov-Bohm coupling. For indi-

rect emission, we considered the emission of a heavy real scalar which then

decays into HEANs either from a Yukawa coupling or through a hadronic cas-

cade. Aside from the cascade case, all other calculations have not been done

before.

In addition to the particular cosmic string phenomenology, the energy spec-

trum of HEANs is also determined by the geometry of the string. In particular,

efficient cosmic-string particle emission must come either from quasi-cusps,

quasi-kinks, or kink-kink collisions on the string. Previous work has not con-

sidered emission from kink-kink collisions. Therefore, for each emission model

and string feature, we then calculated the local energy spectrum of HEANs

emitted from the cosmic string.

Next, we calculated the distribution of cosmic string loops that emit both
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gravitational waves and a given neutrino emission model that specifies a string

feature. These loops are created during radiation domination and then shrink

as they emit energy. We note again that the shrinking due to non-gravitational

emission has not been considered in previous works. In doing this calculation,

we then also identified the dominant forms of energy emission in cosmic string

loops and delineated their corresponding regimes.

With the local energy spectrum and cosmic-string loop distribution spec-

ified, we then calculated the HEAN energy spectrum today using the Boltz-

mann equation for each emission model and string feature and obtained a sim-

ple power law in with a sharp cutoff in Eq. (4.80). With these spectra, we then

required each one must be less than the observed HEAN spectrum. This re-

quirement led us to identify and constrain the corresponding parameter space

of HEAN emission. As a result, we found that, with the models presented,

cosmic strings can contribute no more than ⇠ 45% of HEANs.
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[127] O. González-Martı́n and S. Vaughan, “X-ray variability of 104 active

galactic nuclei. XMM-Newton power-spectrum density profiles,” , vol.

544, p. A80, Aug. 2012.

[128] S. Kozłowski, “A Method to Measure the Unbiased Decorrelation

Timescale of the AGN Variable Signal from Structure Functions,” , vol.

835, no. 2, p. 250, Feb. 2017.

[129] L. F. Sartori, B. Trakhtenbrot, K. Schawinski, N. Caplar, E. Treister, and

C. Zhang, “A Forward Modeling Approach to AGN Variability–Method

Description and Early Applications,” , vol. 883, no. 2, p. 139, Oct. 2019.

[130] V. P. Kasliwal, M. S. Vogeley, and G. T. Richards, “Extracting information

from AGN variability,” , vol. 470, no. 3, pp. 3027–3048, Sep. 2017.

184



BIBLIOGRAPHY

[131] C. J. Burke, Y. Shen, O. Blaes, C. F. Gammie, K. Horne, Y.-F. Jiang,

X. Liu, I. M. McHardy, C. W. Morgan, S. Scaringi, and Q. Yang, “A char-

acteristic optical variability time scale in astrophysical accretion disks,”

Science, vol. 373, no. 6556, pp. 789–792, Aug. 2021.
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