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Abstract

An abundance of astrophysical and cosmological data convincingly suggests that a large
fraction of the Universe is comprised of cold matter, which has no known interaction with
any of the forces of the standard model apart from gravity. This dark matter (DM) plays
a central role in a wide range of phenomena that span cosmic time, from the anisotropies
of the cosmic microwave background temperature to the formation of galaxies. Yet, despite
its fundamental significance in our Universe and approximately 50 years of theoretical and

experimental efforts, the source of this DM remains unknown.

Recently, many non-baryonic DM candidates have been proposed. One popular candidate,
the weakly interacting massive particle (WIMP), was thought to be the perfect DM candi-
date for the past four decades. To date, an enormous WIMP-detection program has found
nothing. Working under the guiding principle of “leave no stone unturned”, other, more
exotic candidates are now being explored. To that end, new detector technology must be
developed in order to probe the vast parameter spaces of many such DM candidates. This
dissertation describes the progress of the Dark E-field Radio (DER) experiment in searching
for one such candidate, the dark photon (DP). The DP is an extension of the Standard
Model (SM) of particle physics. It is a gauge boson of a new U(1), which could today have

a relic density from the early Universe.
To explore the DP DM scenario, the DER experiment was designed to efficiently probe
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a wide range of DP parameter space, leveraging a wide-bandwidth E-field antenna moved
to multiple positions in a shielded room and a low noise amplifier. Following this, a real-
time, wide-band spectrum analyzer serves as the data acquisition system. Borrowing from
the field of Electromagnetic Compatibility (EMC), the concept of statistical uniformity in a
reverberation chamber is introduced. Moving the antenna and averaging the spectra together
averages over the resonances of the system, allowing for a much more stable calibration. The
thermal noise emerging from the antenna results in a power spectrum that features prominent

variations with frequency. The source of these variations is explored and tested.

Detailed system characterization was performed, including characterization of the anten-
na/room response, noise contributions (primarily due to the blackbody radiation of the
room-temperature walls), shielding effectiveness of external radio frequency interference and
various tests of the spectrum analyzer. To verify system performance, a small signal injection
test was performed. The signal was detected after the predicted amount of averaging, con-
firming the effectiveness of the entire experiment — from the antenna/room system through

data analysis.

So far, Run 1A of the DER experiment has been completed. It has been peer-reviewed and
published (Levine et al. 2024). Many aspects of this data run and analysis are described
herein, including data acquisition, reduction, storage and analysis, followed by the necessary
calibration to process the null power spectrum into an exclusion limit on SM photon/DP

coupling € in the 0.2-1.2 ueV mass range (equivalent to the 50-300 MHz frequency range). A
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95% exclusion limit on & between 6 x 10715 and 6 x 10712 is reported, tracking the complex
resonant mode structure in the shielded room. Run 1A extends the results of our 2021
pilot experiment (Godfrey et al. 2021), which was designed to demonstrate the feasibility
of the DER technique. The pilot experiment was conducted over the same mass range as
the experiment reported here, but did not use the calibration techniques to approximate

statistical uniformity, nor did it fully account for the resonant enhancement of the cavity.

This detection technique can be applied at higher DP masses, with planned runs up to
60 peV. Statistical uniformity can be improved and automated using a mode stirrer, a com-
mon practice in the field of EMC. Additionally, a dual-conversion superheterodyne receiver
has been designed and tested, greatly extending the maximum frequency of the spectrum
analyzer. The estimated reach for these runs is described. New antennas and microwave
electronics could enable sensitivity at an additional order of magnitude in mass beyond this.
Additionally, smaller cryogenically cooled cavities and low noise amplifiers could improve
sensitivity to € by an order of magnitude. Considerations for designing these types of exper-

iments are described.

This work was supervised by Professors J. Anthony Tyson, S. Mani Tripathi, and Brian H.

Kolner.
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A note on organization of associated code and software

In preparing this work, I spent a lot of time in front of computers. That effort produced
lots of Python notebooks, analysis routines, Arduino sketches, COMSOL simulations, data
acquisition routines, hardware control scripts, etc. These are all located in a directory
called darkRadio, which I put under git control during my first year of graduate school. It
is currently hosted at https://github.com/josephmlev/darkRadio. Where appropriate
throughout this work, I have included links to the relevant code used to generate various
figures. They appear in footnotes, usually in the section title.

While easy to navigate, github is a private company and not suitable for archival pur-
poses. For this reason, I have uploaded the darkRadio directory in .zip format to zenodo. It
is available at https://zenodo.org/records/15066400. The github links show the path,

so after downloading the .zip, it should be simple to find the relevant location.
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Chapter 1

The Dark Matter Story

The real dark matter was the friends we made

along the way.

Dylan Smith

There are hundreds of dissertations written on dark matter (DM) every year, not to
mention the thorough reviews that are written every few years. The goal of this chapter is
not to address every possible aspect of such a wide topic but rather to set the stage for the

experiment outlined in the following chapters by answering the following questions:
e Why do we believe there to be DM in the first place? (Sec. —Sec.

e What could it be? What have we looked for so far? (Sec.

With that in mind, in this first chapter I have opted to prioritize narrative over com-

pleteness. There will be a few digressions along the way. However, the goal of this chapter



is simply to motivate what brought society to the point of paying young scientists to put
antennas in metal boxes and measure noise.

Section begins chronologically, giving an overview of the history leading up to the
general acceptance that there is some dark matter governing galactic dynamics. Section
describes the advances of the field in the era of “current events”, i.e. after the 1970s. A
digression into cosmology in Sec. helps set the stage for Sec. which covers evidence
that DM is a non-baryonic particle, beyond what is described by the Standard Model of
particle physics. Section [1.4] covers a few of these candidates.

The structure and content of this section were greatly inspired by several dissertations |1
3] (also Tyler Erjavec’s dissertation which is in preparation), review articles [4-8] plus Sec. 27
of 9], and textbooks [10, |I1]. I am grateful to these authors for their clear and concise

summaries of the field.

1.1 The History of Dark Matter

1.1.1 Early ideas in dark matter

The fundamental idea that things exist that can not be easily observed by human senses is
not a new one. Following a long history of discovery of previously unobserved phenomena,
the study of dark matter (DM) began to take shape around the end of the 19th century
with the discovery of dark regions among areas with a high density of stars [12]. It was Lord

Kelvin who began a dynamical study of the motions of stars in order to tease out the weight



of the luminiferous aether (who’s “existence is a fact that can not be questioned” as stated
in his 1901 lecture which is transcribed on page 260 of [13]). Eventually, the theory of the
aether would give way to special relativity, which ruled out a potential candidate for the
dark regions. This cycle of proposing DM candidates and their rejection continues to this

day, and is the topic of this dissertation.

1.1.2 Into the modern era

1905, known as Einstein’s miracle year, ushered in a new era of “modern physics”. The
aether that Lord Kelvin was trying to weigh was accepted as non-existent, but that didn’t
answer questions regarding galactic dynamics, which were posed by those who believed in
it. Fritz Zwicky is credited with the first “discovery” of DM in 1933 [14], though it was
not widely accepted at that time. This lack of acceptance was in part due to his technique
of morphological analysis, which is similar to arranging refrigerator magnets to arrive at
creative solutiond] The many “creative” solutions are simultaneously to the benefit and

detriment of this technique. To quote Stephen Maurer [15],

When researchers talk about neutron stars, dark matter, and gravitational lenses,
they all start the same way: “Zwicky noticed this problem in the 1950s. Back then,

nobody listened...”.

It even seems as if Zwicky himself didn’t believe his own result, writing [14] P

!This analogy is from a class I took from Andrew Wetzel at U.C. Davis. In researching it for this
dissertation, it is surprisingly accurate
2This quote has a few different translations from the German it was actually written in.



If this [experimental result] would be confirmed we would get the surprising result

that dark matter is present in much greater amount than luminous matter.

The next subsection will detail Zwicky’s work, which led to this conclusion.

1.1.2.1 Dispersion velocity of galaxies within a cluster

Zwicky’s insight came from analyzing data collected by Hubble and Humason, published as
The Velocity-Distance Relation Among Eztra-Galactic Nebulae in 1931 [16]. Since this work
represents such an important milestone (namely, that the universe is expanding) in science,

a brief discussion is needed.

Hubble et al. and the expanding universe As is often the case in science, when many
people are working on the same problem, credit is generally given only to one person for
simplicity. In the case of the expanding universe, Hubble usually gets the credit. For a more
detailed history of the discovery of the expanding universe, see Ch. 5 of [17]. Figure is
a comic from a Dutch newspaper providing some commentary from the public on this new
idea circa 1930.

Hubble’s 1931 data were collected following his seminal paper A Relation Between Dis-
tance and Radial Velocity Among Extra-Galactic Nebulae, published in 1929 [1§]. In this first
work, Hubble published his famous result that the universe is expanding.

In this paper, he lists 24 objects, which he calls Nebulaef] but they are now understood

3Hubble was working with a definition similar to the following (From Encyclopedia Britannica): “The
term [Nebula] was formerly applied to any object outside the solar system that had a diffuse appearance
rather than a pointlike image, as in the case of a star”.
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Figure 1.1: Public commentary on the new theory of the expanding universe in the form
of a Dutch newspaper comic, circa 1930. The quote is translated as “What, however,
blows up the ball? What makes the universe expand or swell up? That is done by the A.
Another answer can not be given.” The comic was found in the archives of the Leiden
Observatory and provided by H. van der Laan to P. J. E. Peebles, where he published
it in his Principles of Physical Cosmology .

to be galaxies. For each of these galaxies, Hubble lists the radialﬁ velocity and distance for

each of these objects. From these data, he produced the plot that is reproduced here in

Fig. [[.2

Figure|l.2 suggests a linear fit with a constant of proportionality, which would come to be

4Today we would call this the “line-of-sight” velocity, i.e. velocity calculated by the redshift.
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Figure 1.2: Hubble’s plot of distance vs. line-of-sight velocity for 24 objects (black
dots), reproduced from [18]. Note that the Y-axis should have dimensions of km/s. The
line of best fit to these dots is shown as the black line. Also shown are 9 white dots,
which show the 24 objects compressed into smaller groups according to similar velocity
and distance. The best fit for the groups is shown as a dashed line. The slope of this
plot gives the Hubble Constant H,, where the 0 subscript indicates the present value,
i.e. at a redshift of 0. The fit here gives Hy ~ 500 km/s/Mpc, close to a factor of 10
higher than the modern accepted value. A plot of this type is now known as a Hubble
plot.

known as the Hubble Constant H,. The simple equation which seems to govern line-of-sight

velocities to galaxies is



Equation is known as the Hubble-Lemaitre law’} A positive value of Hy implies that
the further an object is, the faster it is receding. In other words, the Universe is expanding!
Hubble found Hj to be 500 km/s/Mpc, significantly higher than the modern accepted value
(either 67.27 £ 0.6 or 73.04 £ 1.04km/s/Mpc. See Sec. 8.4.1 of [4] for a discussion on the
so-called Hubble tension).

An expanding universe implies a beginning at some point in the past where the Universe
was all at a singular point. In the modern view, this singularity is thought to have been the
start of the universe and is known as the Big Bang. There are a few interesting quantities

that can be pulled out of Hy ~ [1/time] through dimensional analysis.

e Time: 1/Hy The most obvious manipulation of an inverse time is to take 1/Hy, the
Hubble time. Using a modern accepted value of Hy = 67.8 km/s/Mpc, the Hubble
time is about 14.5 Gyr. Assuming a constant rate of expansion, one Hubble time in
the past, all objects would have 0 distance between each other. This would be the time
since the Big Bang (i.e. the age of the Universe), but due to a non-constant expansion,

the accepted value for the age of the universe is currently 13.8 Gyr.

e Length: c¢/Hy By incorporating the speed of light ¢ we find the Hubble length to
be ¢/Hy. This is the distance at which an object is currently receding at the speed of
light. Its value is about 4.5 Gpc or 14.5 billion light years. Note that the observable
universe is significantly larger than this (~ 30 Gpc) because the furthest light we would

be able to see started traveling when the universe was much smaller.

°It was called the Hubble law, until the International Astronomical Union (IAU) voted to recommend
the change.



Zwicky and the virial theorem Following Hubble and Humason’s 1933 paper, Zwicky
noticed an interesting anomaly in the data. Seven of the galaxies are in the Coma cluster
and have a significant variation in velocity about the that predicted by Eq.[I.1 This is called
the dispersion velocity. While the whole cluster is receding, the individual galaxies are flying
around relative to their center of mass. Qualitatively, one would expect a cluster’s dispersion
velocity and total mass to correlate; if a cluster didn’t contain much mass, a fast-moving
galaxy would possess enough kinetic energy to escape the gravitation of the clusterﬂ.

This intuition is quantified by the virial theorem (for a derivation, see Chapter 3 of
Goldstein [19]). It was formalized 1870 by Rudolf Clausius (English translation can be
found here [20]). The name wvirial was coined by Clausius. Kinetic energy was, at the
time, referred to as wis viva, latin for “living force”. The plural of vis is virias, and since
the theorem is concerned with many particles, each with their own wis vita the name virial
theorem was chosen.

The theorem is derived briefly here (following chapter 3 of Goldstein|19]) since it is
informative. However, the reader can skip to Eq. for the result as it applies to galactic
dynamics.

The “virial” of the system is defined as

N
=1

Where r; is the position of the ith particle and p; is it’s momentum, m;v;.

5The hidden assumptions here are that the galaxy is bound to the cluster and that the cluster has had
time to reach equilibrium. Both of these assumptions came under scrutiny. See [5] for a discussion.



By the product rule, the time derivative of G is

G:Z(fi-pijtri-pi). (1.3)

=1
Since the first term is really m;v; - v; it can be seen as twice the kinetic energy, 27". The

second term can be simplified by Newton’s second law, F = p. So,
. N
G=2T+) (r-Fy). (1.4)
i=1

Solving for the time-averaged, time-derivative of G,

(;:1/ dt G
T Jo

G(r) — G(0)

T

Where 7 is the period the average is taken over.
In the case that the system is bound together (i.e. r;,p; < o0), G is finite and as 7
approaches oo, G approaches 0

Returning to Eq.[1.3] we can now say

B
T = —§; (r; - Fy), (1.5)
A familiar statement of the virial theorem, where the term on the right hand side is
known as the virial of Clausius.
While incredibly general (one can pull the ideal gas law out of this in just a few steps,
see again Ch. 3 of Goldstein [19]), we are concerned not with a jar filled with gas in some

lab, but with a “gas” of galaxies (among which all labs are contained!).



To specify the equation to that of galactic dynamics, recognize for a conservative central

force, F = —VU and r-F = rF. If U is in a power law, i.e. of the form kr"*!

, it can quickly
be seen that the virial of Clausius of Eq. can be written ”T“U.

For a problem involving an inverse square force as we are concerned with, n = —2, and
we arrive at the well-known result, which is usually just called “the virial theorem”, though
as we have seen, it reaches much deeper than a simple statement of kinetic vs. potential
energies for galaxies:

1—

T = —5U (1.6)

Finally, following Edingtion’s 1916 paper |21] we can form a useful formula which ulti-
mately gave a clue to the existence of DM. By setting T = 1/2Mv? and U = GM?/2R where
M is the total mass of a cluster or galaxy, v is it’s velocity, and R is it’s radius, we arrive at

2 Rv?
G

M =~ : (1.7)

While at first glance, this appears nearly identical to the solution of circular orbits, it is
important to recognize this is a statistical statement. There is a rough analogy here; Eq.
is to simple circular orbits as any statistical, quantum mechanical observable is to its classical
analog, a la Ehrenfest’s theorem.

Using this resultﬂ, Zwicky attempted to weigh the Coma cluster. Assuming, as Zwicky

did [14], the Coma cluster has a radius of 10° light years, contains 800 nebulae, each with

"Zwicky actually assumed a sphere of uniform density instead of a clustering of particles, which results
in the prefactor of 5/6 in place of the 2 on the right-hand side of Eq.

10



10° M, and a mass to light ratio My /L. = 1, he computed an expected velocity dispersion
of 80km/s, a factor of nearly 400 less than the observed 1000 km/s.

Zwicky would return to the Coma cluster in 1937 [22] where he would update some of
his assumptions. Debates about this missing mass problem continued, as detailed in [5]. An
interesting argument in favor of the existence of DM is known as the timing argument. It
was derived by Kahn and Woltjer in 1959 [23]. The basic idea is that given the negative
red-shift (i.e. blue-shift) of the Andromeda galaxy, it and our Milky Way are approaching
(at 125 km/s), an indication that they are bound system. Given that the period of this
system must be less than the age of the universe (assumed to be 10'° yr), a lower bound can
be set on the reduced mass of the system (since orbital period T is inversely proportional
to the reduced mass). This value was a factor of 6 lower than the accepted reduced mass of
the system.

In the years following the arguments described above, WWII brought unprecedented
destruction, the reconstruction of which slowed the progress of all science that was not
essential to the war effort, especially in Europe. The focus of astronomy and astrophysics
largely shifted to stellar structure and evolution, largely due to the work and understanding
of nuclear reactions around this time. The war also brought with it advances in radar
technology. At the end of the war, the German occupation forces left large amounts of radar
equipment strewn about Europe. This included a large number of 7.5 m Wiirzburg antennas
designed to 54 cm aircraft radar, but were also sensitive to the famous Hydrogen 21 cm line

[24]. This would play a major role in what was to come.
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1.1.2.2 Galactic rotation curves

The next chapter in the story utilizes data on much smaller length scales than the clusters
of the previous section. Clusters are on the order of several Mpc, while individual galaxies
are closer to several tens of kpc. Similar to the cluster dynamics outlined in the previous
section, galactic rotation curves rely on measurements of the dynamics of galaxies, in this
case, their rotation. By measuring the redshift of the atomic lines of different elements
across the radius of an edge on galaxy, the rotation velocity can be calculated. A brief toy
calculation of the expected velocity profile is in order. For a more rigorous treatment, see
Ch. 2 of Galactic Dynamics by Binney and Tremaine [25]. This reference includes several
realistic mass distributions (disks!) and, importantly, computes gravitational potentials,
which are far more useful for solving real problems in galactic dynamics. Nevertheless, this
toy calculation will lay a foundation for the remainder of this section.

From introductory physics, equating the centripetal and gravitational forces yields a

particle’s velocity in a simple circular orbit around a mass M,

(1.8)

Newton has two useful theorems which simplify the problem in the case of spherically
symmetric mass distributions. First, a body inside a spherical shell of mass experiences no
net gravitational force due to this shell. Second, a body outside a spherical shell of mass
experiences a net gravitational force that is equivalent to that of a point mass at the center

of the shell with the same mass as the shell. These are informally referred to as the shell

12



theorems.

Using the first shell theorem means we are only interested in mass contained within a
sphere of radius equal to the orbit of the test mass (again, assuming a spherically symmetric
mass distribution). Any mass outside of this sphere can be decomposed into shells, and shells
exert no net force on points inside of them. By the second shell theorem, all mass contained
within this sphere acts as a point mass at the center. The mass M contained within a sphere

of radius r for a spherically symmetric mass distribution of density p(r) is given by

M(r) = 47‘[‘/ p(r )’ dr’. (1.9)
0
Now, if luminous stars contributed all of the mass to a given galaxy, the measurement of

the surface brightness I (flux per area) would be a good indication of the mass distribution.

Surface brightness profiles can be modeled by the Sérsic profile |10} 26],

(RLe)l/n _ 1] } (1.10)

where R, is the half-light radius (within which 50% of the total flux is contained, usually

I(r) =1, exp {—b(n)

on the order of 1-5kpc for spiral galaxies), I, is the surface brightness at this radius, n is
the Sérsic index and b(n) = 2n — 1/3 4+ 4/(405n). For spiral galaxies, using n = 1 generally

provides a good fit, leading to the exponential profile,

I(r) oc Ie /%, (1.11)
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Working under the assumption that I(r) and p(r) are proportional, one would expect at
a large distance from the center (r >> R.), nearly all of the mass of the galaxy would be
interior to a sphere of radius r, and M (r) would reach an asymptotic value. In other words,
the orbital velocity predicted by Eq. is expected to fall off like r—1/2.

Observations, however, did not agree with this prediction. A cartoon overlaying a photo
of the spiral galaxy M33 with the predicted and observed rotation curves is shown in Fig. [I.3]

The original data that Fig. is based on are reproduced from Vera Rubin and Kent Ford’s

seminal 1970 paper [27] in Figs. [1.4] and [1.5]

Observations

from starlight Observations from

21 cm:_hydrogen

Velocity

O (km s 1)
ks ; ' Expected from
the visible disk

110,000 - 20,000 30,000 40,000

Distance (light years)

Figure 1.3: Image of M33 overlayed with a plot showing the expected and observed
rotation velocities. At large radii, the rotation curve is predicted to fall off like 7.
Radio telescopes allowed for the measurement of the 21 cm hydrogen line (blue points)
to much greater distances than optical measurements of luminous stars (yellow points).
Observations of both indicate a discrepancy between theory and observation, which
can be explained by non-luminous DM. Note that 10,000 light years ~ 3kpc, so the

horizontal scale extends to roughly 15kpc. Figure reproduced from Wikipedia [2§]
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Figure 1.4: Photograph of the Andromeda galaxy. Black dots indicate locations where
spectra were measured and used to compute the rotation velocities that are shown in
Fig.[L.F] Note that 30’ (arcminutes) is the approximate angular size of the full moon as
viewed from earth. Reproduced from Vera Rubin and Kent Ford’s seminal paper [27].
Credit for the photograph is given to Dr. S. van den Bergh.
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Figure 1.5: Rotation velocity measurements of 67 individual regions of the Andromeda
galaxy. The locations of the point are shown in Fig. . Reproduced from [27].
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A compilation of 25 rotation curves published in 1978 |29] from various galaxies (measured
using 21 cm line radio observations) is reproduced in Fig. . This figure shows most of these
galaxies have very flat rotation curves. While not immediately apparent from this figure,
the peaks in velocity (when present) are further out than R., the half-light radius.

A modern compilation of rotation curves is shown in Fig. [I.7] This figure is reproduced
from [4] and includes Rubin and Ford’s original 1970 curve of M31 [27], through a 2023
rotation curve of our Milky Way [30].

While Rubin and Ford are generally credited with this discovery, the actual narrative
takes many twists and turns between mid-1960s through the early-1980s. The reader is
encouraged to reference [5] for a thorough explanation of this history, leading to the results
reproduced here.

We now return to our toy model with empirical evidence of flat rotation curves. While
the exponential profile of Eq. predicted a r~! velocity profile for r >> R,, we know
this is not observed. From Eq. and the shell theorems, we can see that a flat velocity
profile suggests the enclosed mass scales with the radius. By Eq. , the mass density p(r)
must scale with 7=2. The conclusion is that galaxies seem to contain a significant
amount of spherically symmetric, non-luminous mass, with density profiles that
fall off like r~2 and extend to radii past the stars. The 1979 review by Faber and
Gallagher [33] presents a detailed outline of the DM problems and presents a fascinating look
through the lens of what was known at the time.

The next section will move from the historical setting to the modern understanding of
the Universe and our place in it.
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Figure 1.6: Rotation curves of 25 galaxies, measured using 21 cm line radio observations.
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Figure 1.7: 2024 compilation of galactic rotation curves, reproduced from . Top left:
rotation curve of M31, published by Rubin and Ford in 1970 . Top right: Rotation
curve of our Milky Way, adapted from , including several older measurement. Cen-
ter left: 50 rotation curves from 1999 . Center right: 175 rotation curves from the
SPARC catalog color-coded by surface brightness (red is brighter, blue is dimmer) [32].
Bottom left and right: two plots comparing contributions to the rotation curve from
the observable starlight (decomposed between the disk and central bulge) and gas the
rotation velocity. These plots also show the additional contribution that would be re-
quired to match the observed rotation See Sec. 4.3.4 of for a discussion of this mass
decomposition. These plots were prepared by the authors [4].
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1.2 From “History” to “Current Events”

As pointed out by Trimble, “Practicing scientists will normally put the cut between history
and current events at the time when they started reading the literature for themselves,
probably early in graduate school.” [6]. While that puts my personal cut-off around 2020,
the cut-off of the Dark E-field Radio group is closer to the mid-1960’s, a fruitful time for
research into dark matter (DM) as we have seen.

A characteristic shift in the DM problem occurs in this era of current events, namely the
1980s. Instead of asking “is there DM (and if so how much)”, we ask “what is this stuff?!”.
To be sure, the first question is still relevant today, and the ever more precise answer will be
outlined in Sec. [1.3] This section is a bridge between the early observations hinting at the

existence of DM and the modern understanding of our Universe.

1.2.1 The modern picture of the Universe

Cluster dynamics and rotation curves can be understood without much more than a semester
of introductory physics. In order to set the stage for the evidence presented later in this
section, this subsection will outline the modern picture of the Universe — how it began, where
it is going and what it is made of, as well as some tools and conventions used to describe
this complex dance. The main references used in this subsection are [10} |17} |34].

In short, the framework that describes our Universe is called Standard Cosmology. In
this picture, our Universe emerged from a singularity of space-time with nearly infinite

temperature and density approximately 13.8 billion years ago. Following a brief period of
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rapid inflation, its evolution has been governed by the distribution of energy among a few
components. Today, the composition of the universe is 4.9% baryonic matter, 26.5% cold
DM and 68.5% dark energy (plus a tiny fraction of radiation) [7].

There are four main assumptions of Standard Cosmology [17]:

1. The Universe is expanding as was described by Eq.[L.1] the Hubble-Lemaitre law.

2. On “large” scales, the universe is homogeneous and isotropic. This is known simply as
the cosmological principle. Obviously, this is not valid locally, for you and I and our
earth and sun are quite different than the six protons per cubic meter at 2.7 K that,
on average, fill the Universe! “Large” in this context is on the order hundreds of Mpc
or ~1% of the Hubble length; that is, when averaging over volume elements around

this size, the universe appears homogeneous and isotropic.

3. The laws of physics are the same everywhere at all times. This assumption breaks down
at the Planck scale, which would have occurred during the singularity that preceded
the Big Bang [35]. However, for most epochs following this brief 1073 s period of rapid

exponential inflation (see Sec.[1.2.2.2)), this is a reasonable assumption.

4. Immediately following this singularity, the mass-energy of the universe was contained
principally in blackbody radiation. This radiation would continue to outweigh the

matter for the first 50,000 years of the Universe.

The physics of a smooth expanding universe can be described by the kinematics of the

dimensionless scale factor a(t). This is the scale of the universe relative to today. It is
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conventional to denote parameters at their present value with a 0 subscript, so the scale
factor of the universe is ag = a(ty) = 1. An overview of the basics of this theory is given in
the remainder of this subsection, roughly following [10].

The so-called Hubble flow relates the relative velocity of two observers in an expanding
universe separated by a distance r, so v(t) = [a/a]r(t). This is the Hubble-Lemaitre law/|1.1,

where H(t) = a/a. a is related to the redshift z by

1
a= )
1+2

(1.12)

The kinematics of a is given by the two Friedmann equations [36], derived from the
Einstein equation [37][]
1 8rG

R;M/ — §g,uVR = _7TNV + Aguy’ <113)

where R, and R are the Ricci tensor and scalar, G is Newton’s gravitational constant, 7}, is
the energy-momentum tensor and A is the cosmological constant. An insightful description
of this equation is provided in [39]. Neglecting the final term (Ag,,), Eq. relates the
geometry of space-time on the left with the energy content contained within space-time on

the right. The addition of the A term introduces a “vacuum-energy”, inherent to empty

8The equation shown here is not exactly as was derived in Einstein’s 1916 paper [37]. The notation is
slightly different and the final term was not included at this point. Historical context through review of
Einstein’s letters with colleagues is provided in [38].
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space-time regardless of matter contentf]

To derive the Friedmann equations, we assume the Universe obeys the cosmological
principle defined above; it is homogeneous and isotropic. In other words, the Universe
is filled with a uniformly distributed cosmological fluid composed of a mixture of a few parts
(matter, radiation, dark energy, described below).

The first of the Friedmann equations is known simply as the Friedmann equation,

2
a2 = §ff§£9; — ke, (1.14)

where ¢ is the speed of light (usually set to 1, but I have retained it here), p is the total
mass density of the cosmological fluid and k is the curvature. The curvature describes the
geometric structure of the Universe, with k£ > 0 indicating a closed spherical geometry, k =0
a flat Fuclidean geometry, and k£ < 0 an open hyperbolic geometrym.

The second Friedmann equation is known as the acceleration equation,

a e 3P
a_ , 1.15

By combining the time derivative of Eq. with Eq.[1.15] we get a continuity equation,

a P
p+35(p+§):0. (1.16)

9The comparison of observations of the vacuum energy with theoretical predictions represents a problem
in modern cosmology. The problem is known as the cosmological constant problem (now the old cosmological
constant problem), or the fine tuning problem. The theoretical value of A is around 120 orders of magnitude
higher than its observational value. There are some contributions to this density that can partially cancel.
Instead, the cancellation is not quite complete, but accurate to 120 decimal places. This is the topic of
Weinberg’s 1989 paper [40].

10This can be roughly understood in terms of projectiles on parallel trajectories. The projectiles would
either converge, remain parallel or diverge for £ > 0, k£ = 0 and k < 0, respectively. The two-dimensional
analog is that of a sphere where k > 0; parallel projectiles will eventually converge
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The equation of state relates pressure of one component of the fluid P; to the density of

that component through a dimensionless parameter w;,

P, = w;p;c*. (1.17)

It can be seen from this equation how the sign of w; characterizes the behavior of different
components. For example, in the equation of state for dark energy, wp = —1 corresponding

to a negative pressure.

For a flat Universe with k = 0, a critical density can be defined from Eq. [1.14]

po(t) = ngg) (1.18)

This density at the present time is p§ = 1.9 x 10-2h%g/cm®, where h (“little h” is the
dimensionless Hubble constant, so that Hy = 100 hkm/s/Mpc, and the currently accepted
value is ~ 0.7. For reference, pf is about 6 protons per cubic meter, as alluded to earlier in
this subsection with the introduction of the cosmological principle.

Given this natural density scale, it is customary to represent dimensionless densities of

the various constituents,

() = 2. (1.19)

In units of p°¢, Eq can be written

UFor the history and current usage of little h see Damn you little h! by Darren J. Croton |41]
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S =, (1.20)
a

from which it can be seen the total density €2 is only 1 for a flat universe (i.e. k = 0)

We can now define the three components of the cosmic fluid, classified by their equations

of state, Eq.[L.I7

1. Matter: Most matter is characteristically non-relativistic, i.e. its rest mass is much
larger than its momentum (with the proper factors of ¢ inserted). In the context of the
cosmic fluid, the equivalent statement is that P << pc?. Inserting this relationship
into the equation of state, we see w,, = 0. Matter can be broken down into baryons

and non-baryonic cold DM.

2. Radiation: As opposed to non-relativistic matter, radiation is ultra-relativistic. From
statistical mechanics considerations (counting states in a relativistic gas), we can show
w, = 1/3. Radiation obviously includes photons, but at earlier cosmic times when
the universe was hotter, it included neutrinos. Radiation could also include hot DM,

though it is generally accepted there is no such thing.

3. Dark Energy: Dark energy is a rather generic term and includes many models. The
important feature common to these models is that wy = —1, i.e. negative pressure.
From the second Friedmann equation, Eq.[I.I5 we can see that @ > 0 would require
w < —1/3. In order to account for the observed acceleration, dark energy is introduced.
While much is unknown about dark energy, it is modeled as the energy associated with
the cosmological constant A of Eq.[1.13]
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Furthermore, we know the relative contributions of the relevant components today [42]

(matter, baryons, dark energy, respectively), normalized to the critical density, Eq.|1.19}

Qo = 0.3153 + 0.0073 (1.21)
Qyo = 0.04924 + 0.00033 (1.22)
Q) = 0.6847 + 0.0073 (1.23)

In other words, the universe is currently 68% dark energy, 31% matter and negligible radia-
tion. Only 4.9% of the matter is baryons, and the rest is DM.
Having defined w for the three components, we can now describe how their density scales

with a through the continuity equation, Eq. [1.16}

P = Pmo @ (1.24)
pr=proa”" (1.25)
PA = PAO (1.26)

In other words, matter and radiation dilute in an expanding universe, while dark energy
density appears to remain constant. This is shown in Fig. |1.§]
With this picture of a diluting and cooling Universe in mind, the next subsubsection will

focus on the thermal history of the universe.
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Figure 1.8: Evolution of the components of the universe as a function of the scale
factor a. The three components are matter, radiation and dark energy, shown as blue,
orange and green curves, respectively. They are shown here as density parameters
(Eq. [1.19), meaning they have been normalized to the critical density (Eq. [1.18). The
density of these components scale with a as shown in Egs. - [I.260 The three
components each dominate at different times, shown as the shaded regions. Radiation
was dominant until @ = 2.95 x 107* [42]. Today, dark energy has a slight edge over
matter. As the universe expands, energy density dilutes, and the universe cools.

1.2.2 The history of the Universe

As far as we know, the Universe began as a singularity where the laws of nature as we know
them were not valid. From this point onward, it expanded and cooled, and it’s energy diluted.

This is summarized in Table [I.1], as well as Fig. This section will provide background
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on a few epochs important for understanding the evidence for DM. The remainder of this

chapter will assume a basic understanding of this history, outlined in this sub-section.

Cosmic Time | Temp. [K]| | Redshift [z] Era
1078 s 10%2 1032 Planck time
10735-1073% s 10%-10% 10%-10% Inflation
1s 10%° 10%° Neutrino decoupling
10-1000 s 10%-10” 10%-10° Big Bang nucleosynthesis
5 x 10% yr 9 x 103 3400 Matter-radiation equivalence
0.4 Myr 3 x 103 1000 Recombination/photon decoupling
0.5-1 Gyr 19-30 6-10 Reionisation
9.5 Gyr 3.5 0.30 A—matter equivalence
13.8 Gyr 2.7 0 Present time

Table 1.1: Thermal history of the universe in the standard cosmological model. Repro-
duced from [10]
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Figure 1.9: Fermilab’s famous “history of everything” poster. This is an excellent
visual companion to Table [[.I] Figure reproduced from Michael Turner’s 2022 review
on precision cosmology , where he attributes it to a collaboration between himself
and Angela Gonzalez of Fermilab, circa 1984.

1.2.2.1 Planck Scale

Shortly after the Big Bang, the universe was so hot and dense that our current understanding
of physics breaks down. This can be roughly understood by finding the wavelength corre-
sponding to the Schwarzschild radius (ry = 2GE/c*) of an energetic particle. At such a high
energy, the particle’s self-gravity would form a black hole with itself . Planck units can
be constructed through combinations of fundamental constants. The Planck scale in SI units

are:
e Length: [, = /% =1.62 x 107%m
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Time: t, = /% =5.39 x 107*s

Mass: m, = /% =2.18 x 10~%kg

Energy: E, = m,c* = \/% =1.96 x 10°J

e Temperature: T, = f—;’ = (?1252 =1.42 x 102K
B
e Density: p, = "2 = ;< =5.16 x 10% kg/m?
p

1.2.2.2 Inflation

Inflation is introduced to the cosmological picture to solve a few puzzles - the horizon,
flatness and monopole problems, outlined in [44, 45]. The favored solution to these problems
is known as inflation. In this model, there is a brief period (between approximately 10736

and 1073* seconds after the Big Bang) where the scale factor increased exponentially,

a(t) = a.e™t=t) <+, (1.27)

where t, and a, are the time and scale factor at the end of inflation, and H is the Hubble
constant (assumed to be constant throughout inflation in this model). Inflation is generally
thought to be driven by a scalar field ¢ trapped in a false vacuum state [46, 47]. This field
is frequently referred to as the inflaton.

It is important to keep in mind that, at this point, the temperatures are far too hot to

allow neutral atoms to form, so the Universe is an ionized plasma. The Universe is opaque to
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radiation since the photons couple to the free charges and scatter. Thus, we can not directly

observe any radiation until recombination (z, ~ 10?).

1.2.2.3 Big-bang nucleosynthesis

Big-bang nucleosynthesis (BBN) is the period in which the hot plasma cooled enough to allow
the light elements to form. Light elements in the context of BBN generally include (in order
of abundance) *He, *H (usually notated as D for Deuterium), *He, and “Li. Understanding
BBN requires understanding the conditions preceding it. Furthermore, the actual useful
predictions of BBN require numerically solving complex nuclear reaction networks to predict
the elemental abundance. See for example [48]. The takeaway of what is presented here is

that:

e The universe is cooling and expanding, reducing the temperature and density of nu-
cleons. Furthermore, free neutrons are unstable. The net effect is a reduction of the

reaction rate with time. BBN is a race against the clock.

e Once the clock runs out, we can compute the relative abundances of light elements.
This can be compared to observations of abundances, confirming our understanding of

the conditions of this period of the universe.

e Determining when the clock ran out is a good indicator of the baryon/photon ratio
7. This can be independently confirmed from measurements of the cosmic microwave

background (see Sec. [1.3.1)).
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Excellent overviews of the topic are given in [11, 46| 49], and up-to-date (2020) values are
computed in [50].
Before BBN, the temperatures were high enough to keep neutrons and protons in equi-

librium via the reactions

n+v.erp+e (1.28)

n+et < p+ .. (1.29)

These reactions can continue as long as their rate I' oc ¢~ is large compared to the Hubble
expansion rate H o< a—2. The reaction rate’s dependence on a is determined because the cross
section falls with T2, which itself is inversely proportional to a, and the number density falls
like a=3. The Hubble constant’s dependence on a comes from Eq. in a flat, radiation-
dominated Universe.

The number densities of neutrons and protons are given by the Boltzmann equation, and

their ratio is given simply by

In g (mp—ma) /KT (1.30)

where my,,) is the mass of a proton (neutron). Note that (m,—m,) = @, = 1.29 MeV. Thus,
when T' >> @, n,/n, = 1. As the temperature falls below @),,, however, the ratio quickly
falls off. Before n,, can fall to zero, the reactions and freeze out as the expansion

rate dominates the reaction rate. This happens at Ty = 0.8 MeV, resulting in n,/n, ~ 1/5.
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The free neutrons, however, are unstable and decay with a half-life 7,, = 879.4 £ 0.6 ﬂ Any
nuclei that are going to form need to do so at times less than a few half-lives (and while
there is sufficient temperature and density). If not for this time restriction, nuclear reactions
would proceed until everything was ®?Ni as it has the highest binding energy per nucleon.

The first step in the true BBN period is the production of deuterium. With a binding
energy of 2.22 MeV (2.25x 10 K), one would naively expect this is the temperature at which
BBN begins. However, the universe is still dominated by radiation, and the photons have a
blackbody spectrum with a long tail, and the deuterium must wait until ~ 10° K.

After a significant amount of deuterium has formed, a large network of reactions is
possible, and as these elements and isotopes form, the network grows even more. Reactions
proceed as the neutrons are used up and the Universe is expanding, reducing temperature
and number density. Most of the reactions that can occur in this time lead to *He. The mass
ratio of *He to the total baryon mass is defined as Y,. For useful predictions, this reaction
network must be solved numerically, resulting in relative abundances as a function of the
baryon/photon ratio 1, shown in Fig. . n is so important here because fewer photons
allow for an earlier start to deuterium synthesis, resulting in a more efficient synthesis of

heavier nuclei. The current accepted Valuﬂ for n and the light elemental abundances are [50]

12Gimilar to the Hubble tension, there is some tension in 7,, depending on how it is measured. I quote
this value (the world average) following|50|, which contains a discussion and many references related to the
topic.

13 Assuming 3 neutrino flavors.
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n = (6.129 4 0.039) x 1071?, (1.31)

Y, = 0.24465 4 0.00410, (1.32)
D/H = (2.53 +0.15) x 1077, (1.33)
*He/H = (9.97 £0.91) x 107°, (1.34)
"Li/H = (4.76 4 0.74) x 10717, (1.35)

in good agreement with observed values with the exception of lithium, which differs by a
factor of ~ 5. This disagreement is well known and may be due to the burning of lithium

in stars. Even so, the agreement is considered excellent and a confirmation of the theory

underlying BBN.
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Figure 1.10: Schramm plot showing the relative primordial abundances of the light
elements compared to the baryon/photon ratio n predicted by standard BBN. The “He
density is given in ratio to the total baryon density Y,, while the other elements are
given as a number density relative to H. The curves assume 3 neutrino flavors and a
neutron half-life 7,, = 879.4 + 0.6s. The shaded area around the curves are lo errors.
Figure reproduced from [50]
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1.2.2.4 Matter—Radiation Equivalence

Once matter began to take over after z., = 3402+£26 [42] E, the negligible pressure of matter
allowed small perturbations to begin to collapse under gravity. These over-dense structures
contain the baryons that would eventually become you and I, as well as our Sun which fuels

us.

1.2.2.5 Recombination/Photon Decoupling

As time goes on, the Universe continues to expand and cool. While the temperatures have
dropped far below the nuclear energy scales (10s of MeV), they are still above ionization en-
ergy scales (10s of eV). Photons still possess sufficient energy and number density to prevent
electrons from binding to nuclei, resulting in a universe that is full of an electron/light-
nucleus plasma. Similar to the freeze-out of the reactions described by Egs. and [1.29]
the high-energy tail of the blackbody photon spectrum means that the temperature must
drop below 10s of eV that we naively expect. The photons decouple from the plasma, allow-
ing electrons to combine with the nuclei, forming natural atoms. This recombination occurs
at z, = 1098.92 £ 0.25[42], corresponding to an energy of about 0.3eV or a temperature of
about 3000 K.

An important consequence of this temperature-dependent decoupling of recombination is

that the opaque Universe becomes transparent at the same moment throughout. No early-

14The Planck collaboration reports 12 different values for 2., in [42] for fits to different likelihoods (Camp-
Spec or Plik) and data sets (TT, TE, EE, etc.). The values given here are from the Plik likelihood of the
TT,TE,EE+lowE+lensing data, which “represent the legacy results on the cosmological ACDM parameters
from the Planck satellite, and are currently the most precise measurements coming from a single CMB
experiment.”
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universe photons exist today since they were absorbed and remitted by the plasma, and so
we can’t directly observe anything before recombination. However, the blackbody photons
of the 3000 K Universe decouple and free stream through expanding space. As the space
expands, the photons redshift, but they reach us all the same. We observe them today
as a bath of blackbody photons corresponding to 2.72548 4+ 0.00057 K [51]. These photons
are known as the cosmic microwave background (CMB), shown in Fig. |1.11] Because the
Universe was opaque before recombination, the CMB contains the oldest photons, and so it

is the farthest back that we are able to observe directly using electromagnetic radiation.
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Figure 1.11: Temperature map of the cosmic microwave background across the sky.
The color corresponds to the temperature variation about the mean, 2.7248/ K. The
temperature has been corrected for the dipole contribution due to the motion of the
instrument relative to the CMB. This includes the motion of the satellite around the
Earth, the Earth around the Sun, the Sun around the Galaxy and the Galaxy around
the Local Group. The gray lines indicate the temperature mask where the galactic
synchrotron radiation has been subtracted. Figure reproduced from .

1.2.2.6 Reionization through modern times:

Following recombination, structures that were seeded from small perturbations continue to
collapse under gravity. Some of these over-dense regions form stars and galaxies that would
produce high-energy photons, causing regions to reionize. The dynamics of collapse are
difficult to explain if the matter can self-interact, as baryons would. This will be discussed

in the following section
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1.3 Modern Evidence and Observations of Dark

Matter

This section is concerned with modern evidence for dark matter (DM), which tends to point

to non-baryonic models, which the Dark E-Field Radio Experiment is searching for.

1.3.1 The cosmic microwave background

The cosmic microwave background (CMB, see Sec. is a blackbody spectrum corre-
sponding to a nearly uniform temperature everywhere we look in the sky. It is shown in
the previous section, though with significant processing to bring out very tiny fluctuations
in temperatures (67/T ~ 107°). A consequence of this uniformity is that it took about 28
years and a space mission between the initial 1964/1965 discovery of the CMB [53] and the
1992 detection of any anisotropies [54] (the dipole contribution caused by our own motion
was measured from an airplane in 1977 [55]). These fluctuations offer a probe into the frac-
tional composition of the Universe during recombination. They provide extremely powerful
evidence for the existence of DM, not to mention confirmation of the spatially-flat ACDM
model and determination of its parameters. For a review of the subject see [56].

The information is contained in the statistics of the angular size of the temperature
variations. To quantify this, the temperature map of Fig. is expanded in spherical

harmonics,
¢

oT(0,9) _ i S anmYi(0,0), (1.36)

T
=1 m=—/4
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where ¢ and m are integers associated with @ and ¢ respectively, and Y are the usual
spherical harmonic functions. Note that the angular scale is related to ¢ approximately by

7/l E Using this, the CMB power spectrum is defined,

4
1 2
S — E . 1.
Cg 2€ 1 :_£|6Lgym| ( 37)

Finally, this is normalized so that

e+ 1)C,

DIT =
¢ 27

(1.38)

Here, the T'T" superscript indicates that this is a temperature power spectrum, however,
there several spectra for different polarizations. We will focus on the 1T spectrum here. For
more details, see [52].

Plotting D7 as a function of ¢ reveals several peaks, the positions and amplitudes of
which reveal a great deal about the conditions of the Universe at the time of recombination.
This power spectrum is shown in Fig. [1.12]

These angular fluctuations are the result of the red(blue)shift of photons traveling from a
point of low (high) gravitational potential. Since the CMB photons decoupled from the cos-
mic plasma at roughly the same time, the temperature distribution tells us the gravitational
potential 0® as it was during recombination. The temperature is related to the potential

as [57]

0T 0P

- 1.
T 3c? (1.39)

15For reference, £ = 200 is about 1°.
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Figure 1.12: Top: Observed temperature power spectrum of the cosmic microwave
background. The fit is for base ACDM, assuming a flat universe. Bottom: residuals
between the fit and data. Note that the horizontal axis has a logarithmic scale for £ < 30
and linear scale for ¢ > 30. Also note that ¢ = 1 (the dipole term) is suppressed due
to the motion of the instrument relative to the CMB. Figure reproduced from Planck
collaboration 2018 [42].

On angular scales larger than the Hubble distance at the time of recombination (65 £ 1°
or £ 5 200 as viewed today from Earth), different regions of the Universe have not been in
causal contact since inflation and density fluctuations are imprints from this extremely early
phase of the Universe.

At smaller angular scales (¢ > 200), the peaks of the power spectrum can be understood

by considering the dynamics of the photon-baryon fluid prior to recombination. Recall the
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equation of state (Eq. — For radiation w, = 1/3, while for matter w,, = 0. There-
fore, a coupled photon-baryon fluid has a 0 < w,}, < 1/3. The non-zero pressure-density
relationship means that pressure will oppose the increase of density. Non-baryonic DM re-
mains uncoupled to the photons and retains wg,, = 0. It does, however, interact with the
fluid through gravity. The net result is a fluid that can behave as a harmonic oscillator;
the gravitational potential and pressure combine to play the role of a sort of spring. Sound
waves propagated through this system until the brief moment of recombination when the
photons were released. The density waves have left a lasting imprint on the temperature
fluctuations of the CMB via Eq. as we observe today. The peaks in the CMB power
spectrum are sound waves and their harmonics. Modeling this system reveals that the CMB
we observe is extremely sensitive to cosmic parameters and, therefore, tells us a great deal
about our Universe. The details of the dynamics of this system are beyond the scope of this
dissertation, but an excellent review is provided by Hu and Dodelson [56]. Figure is
taken from this review and gives a sense of how different ratios of components would modify
the power spectrum.

One further point is that the CMB power spectrum is sensitive to (25,7, and Y}, which
can be independently predicted from the physics of Big Bang nucleosynthesis (Sec. |1.2.2.3]).
The excellent agreement between two independent probes of the physics of very different

epochs greatly improves confidence in our understanding of both of these eras.
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Figure 1.13: Cosmic microwave background temperature spectra as cosmic parameters
are varied. The parameters are varied around a fiducial model for a flat universe (X; =
Qior = 1) with Qy = 0.65, Qh? = 0.02 and 2,,h* = 0.147. The redshift of reionization
zi = 0 and the inflation energy scale E; =0. Figure reproduced from , where the
choices of those parameters are explained.
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1.3.2 Gravitational lensing and mapping extragalactic dark
matter

Einstein’s field equation (Eq. relates mass-energy to the curvature of space-time. This
provides an important probe into our universe. Observing apparent distortions of distant
galaxies allows us to construct maps of mass in the foreground. A cartoon of this process
is shown in Fig. [[.14] This effect was famously used as a confirmation of Einstein’s general
theory of relativity during the total solar eclipse of 1919 [58]. When the sun was eclipsed
by the moon, faint stars were observed to be in positions a few arcseconds away from their
known positions due to the curvature of space-time by the sun’s mass.

Figure shows a galaxy cluster that is being strongly lensed such that it appears
there are many copies of the same galaxy. Images such as this allow for the reconstruction
of detailed DM mass maps [59, [60]. Observations of DM warping space provide very strong
evidence for its existence.

An interesting consequence of this detailed knowledge of DM mass distributions is the
ability to predict the delay in arrival time of light from a distant supernova that takes multiple
paths through the warped space-time. Supernova Refsdal was first observed in November
2014 [62] through the gravitational lens provided by galaxy cluster MACS J1149+2223 in
the foreground. Another image of the supernova was predicted to reappear the following

year, and it did in the correct position and time [63]. Three images of the same region of

the sky at different times are shown in Fig. [1.16]
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sheared image

/ o = 4GM/bc?

Figure 1.14: Cartoon depicting simple gravitational lensing of a background galaxy
(blue, upper left) around a massive compact object (black, center). Light leaves the
galaxy on the left, which is shown as a blue ellipse. As the light travels past the mass in
the center of the image, it bends. When it reaches an observer (lower right), it appears
distorted into a “banana” (labeled “sheared image”) and displaced by an angle . Image
reproduced from [59].
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Figure 1.15: Galaxy cluster CL0024+41654 (yellow) acting as a gravitational lens and
distorting a more distant galaxy (blue). Image reproduced from |61].
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F125W+F160W (Jan 2011)

Figure 1.16: Three sequential images of supernova Refsdal showing the time delay of the
received light that has been lensed through galaxy cluster MACS J11494-2223. The first
panel is before the supernova. In the second, it appears four separate times (S1-S4). In
the final panel, it is seen several months later (SX), and the previous four images have
begun to fade. Figure reproduced from [63].
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1.3.3 The bullet cluster and MOND

The bullet cluster is generally regarded as the smoking gun for the existence of DM. It was
originally published in a paper confidently titled “A Direct Empirical Proof of the Existence
of Dark Matter” [64]. The single figure from this paper is reproduced in Fig. . This
figure is important because it shows a clear spatial separation between the mass density and
the X-ray emissions from hot gas in two colliding clusters. This indicates that clumps of
DM are able to pass through each other, while gas is not. This places strict limits on the

self-interaction of DM.

56'
56'

57'
57'

-55'58'
-55'58'

6158M42° 36° 30° 243 18° 12°

Figure 1.17: The bullet cluster. Two galaxy clusters colliding, shown in optical and
X-ray, with contours showing mass density. The majority of the baryonic mass of the
system is contained in hot gas, which emits X-rays and is imaged with the Chandra space
telescope (heat map, right panel). The characteristic “V” shape of the right cluster’s
gas indicates a shock wave caused by the interaction of the gas. However, as can be
seen from the mass contours, the dark matter is spatially separated in the two clusters
and remains mostly round, indicating a lack of DM/DM and DM /baryon interactions.
This is regarded as the smoking gun for the existence of dark matter. Figure reproduced
from [64].

At the time of publication, it was expected this observation would eliminate the theories of
modified Newtonian gravity (MOND), which attempt to explain gravitational effects without
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involving DM. However, since then updated MOND theories have popped up. The history
of these theories and their trajectories through 2018 is reviewed in 5] and references therein.
A 2023 analysis of wide binary stars observed by the GAIA satellite is consistent with

Newtonian gravity and excluded MOND at 160 [65].

1.3.4 Dark matter galactic dynamics

In order to understand how clumps of DM (known as halos) in the context of galaxies, it
is important to consider how gas behaves when collapsing under gravity. The ability of gas
to self-interact means the gas is able to radiate some of its energy away and cool. While
this cooling means energy is lost, angular momentum is conserved. This process is known
as dissipative collapse, and results in the disk-like structures of galaxies that we observe. A
schematic of the Milky Way is shown in Fig.[1.18 The study of galaxy formation is complex
and many details are omitted here. See, for example |10} 25] for an overview of the subject.

In contrast to the process of dissipative collapse, DM is effectively collisionless, at least
on scales relevant to galactic dynamics. Clumps of dark matter (known as halos) conserve
both angular momentum and energy, leading to DM halos which are roughly spherically

symmetric. A review of this process and an excellent summary is provided in Ch. 2.1 of [4];

In summary, the classical theory of collapse of isolated, spherical, collision-less
and dissipation-less systems predicts equilibrium DM halos that are singular
isothermal spheres with exactly Maxwell-Boltzmann speed distributions. This

is often called the Standard Halo Model (SHM).
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Figure 1.18: Schematic diagram of the Milky Way. The critical feature is the main disk
formed by the gas and stars in contrast to the spherically symmetric halo formed by the
DM. Figure reproduced from

This SHM is helpful in determining the properties of our own dark matter halo, which
are critical in direct detection experiments. The local energy density provides insight as
to how much DM we can expect an experiment to have the opportunity to interact with.
DM exclusion limits from direct detect experiments rely heavily on the density. Figure [1.19
shows estimates of the local dark matter density at our position in the Galaxy between 1922
and 2021. At the time of writing, common values of the local DM energy density pp); range
between 0.3 and 0.45GeV/cm3. Tt is understood that exclusion limits all depend on their
assumed value of ppy;, and the scaling of the limit with ppy; is provided to update limits
as improved measurements of pp,; become available. In this work, I will follow [67] and use

ppy = 0.45 GeV /cm®
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The SHM also predicts a Maxwell-Boltzmann speed distribution. This provides a known,

relative motion between our detectors and the halo resulting in a distribution of kinetic

energies about the rest energy. The result is a small spread in observed energy of one part

in 10% with a Rayleigh distribution.
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Figure 1.19: Estimates of local dark matter density at our position in the Galaxy ppm
from 1922 to 2021. Figures are reproduced from and , but are combined here.

1.4 MACHOs, WIMPs and WISPs, oh my!

With the evidence in strong support of the dark matter theory laid out in the previous

sections, this section will provide a roadmap through a few dark matter (DM) candidates of
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interest. Figure[l.20| provides an overview of the possible mass scales relevant to many of the
candidates under investigation. This section focuses on weakly interacting massive particles
(WIMPs) and weakly interacting slim particles (WISPs). Within the WISP paradigm, only
Axions and Dark Photons are discussed. For a detailed review of the vast DM landscape,

see [4, [8]. For a review specific to particle-like DM see [7 [39]. Similarly, for wave-like DM

see [70].

Dark Sector Candidates, Anomalies, and Search Techniques
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Figure 1.20: Mass ranges for various dark matter candidates (blue), experimental
anomalies (red) and search techniques (green). The mass range covers 36 orders of
magnitude before the scale break. Figure reproduced from .

The bounds on dark matter mass can be understood through the smallest observed

structures known to contain DM; dwarf galaxies. These objects are roughly 1 kpc in diameter,
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10km/s velocity and 5 x 10° M, [4]. They are an excellent laboratory for DM since they
contain few stars, and their mass is mostly made of DM. The lower bound on DM mass is set
such that the de Broglie wavelength of a DM particle must fit within a dwarf galaxy. This
lower bound has traditionally been estimated to be m Z, 107*2eV, but has been recently
calculated more rigorously as m > 2 x 1072'eV (95% CL)|71]. The upper bound is set
slightly lower than the mass of a dwarf galaxy so that there would be a few DM particles in
the halo; m < 10*Mg or m S 107 eV.

This enormous mass range of ~ 92 orders of magnitude (!!) can be conveniently split into
three regimes: waves, particles and composite objects. The local wave-particle boundary is
at approximately 1eV assuming ppy; = 0.45 GeV /ecm?3. At lower masses, the number density
would be higher than ~ 1 per de Broglie wavelength at our local DM density, and the particles
would condense into a field. At the particle-composite object boundary, DM particles are
so massive and sparse that they no longer behave as a “cloud” of individual particles but
instead as single massive particles like black holes or dense clusters. These latter objects are
generically referred to as massive compact halo objects (MACHOs), though they are generally
disfavored candidates since the rates of discrete microlensing events should be higher than
we observe. The upcoming Vera Rubin Observatory survey will probe this parameter space
further [72].

In the following subsections, various candidates and constraints will be explored from all

three mass regimes outlined above.
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1.4.1 WIMPs

For the past four decades, weakly interacting massive particles (WIMPs) were thought to
be the most promising class of DM candidates|73]. WIMPs initially appeared to be an
ideal solution, as particles with masses at the weak scale (roughly 10 GeV to 1 TeV) would
naturally be produced in the early Universe with the correct relic abundance [39]. The big
idea is thermal production, and is similar to Big Bang nucleosynthesis (BBN, see Sec.
in that a freeze-out occurs when the reaction rate drops below the Hubble rate. While
the BBN freeze-out occurs around 10°eV, the WIMPs must freeze out around 100 GeV.
Additionally, WIMPs offered a potential resolution to the long-standing supersymmetry
motivated hierarchy problem [74], a central focus of particle physics over the same period.
However, despite extensive experimental efforts, no new particles beyond the Standard Model
(SM) Higgs boson have been conclusively detected at the weak scale.

WIMP direct detection is a class of experiments that attempt to observe the scattering of
WIMPs off of target nuclei. Many such experiments have been completed, probing extremely
small cross-sections over the predicted mass rage. Figure|l.21|is reproduced from the Particle
Data Group’s (PDG) 2024 review [9] and presents the exclusion limits of spin-independent
(SI) WIMP cross section vs. mass as reported. An excellent review of the history and current
progress of these experiments is given in [7]. An important consideration of these direct-
detection experiments is the so-called neutrino fog, labeled Neutrino coherent scattering in
Fig. [1.21] Solar neutrinos have a very small cross section, and are therefore not shielded;

the mean-free-path of solar neutrino in lead is famously on the order of 1light-year. In a
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normal experiment, this tiny cross section means a neutrino will pass through the detector.
Unfortunately, these experiments are not "normal”; their exposures are measured in tonne-

years, and a given run will have a few thousand radioactive background events that can not

be vetoed .
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Figure 1.21: 2023 exclusion limits on spin-independent (SI), WIMP-nucleon cross section
vs. mass. This figure was published by the particle data group in 2024, but the most
recent limit is 2023. Figure reproduced from [9].
Figure [1.21] provides a big-picture view; however, recently, a few more limits have been
published. These are shown in Fig Planned experiments will push these limits lower
in the coming years [7, [76].

The lack of direct detection of a WIMP (not to mention the lack of supersymmetry at

accelerators) raises the possibility that natural WIMPs may have been an appealing but

55



!‘.
. -
ot -
. -
.
.
.

. -

WIMP-nucleon og; [cm?]

48 Nt - ++=+  Median 3o discovery potential
---- Median expected upper limit
== Power constrained upper limit

==+ Unconstrained upper limit
1 | - I 1 1 1 | I - I 1 | 1 1 | I

10° 10° 10°

WIMP Mass [GeV/c?]

—_
o

Figure 1.22: 2024 exclusion limits on spin-independent (SI), WIMP-nucleon cross section
vs. mass. This figure shows a zoomed-in section of Fig. [1.21] and is a few years more
recent, showing the improved LZ, PandaX-4T and XENONIT limits. Figure reproduced

from

ultimately misleading hypothesis. A 2010 review of the field predicted an absence of
evidence for WIMPs would lead to them falling out of favor within the next 5-10 years, which
appears to be the current state. As experiments continue to close in on the neutrino fog, the

chances of directly detecting a WIMP continue to fall.
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1.4.2 WISPs

Weakly interacting slim particles (WISPs) are weakly interacting, massive AND particles.
Yet WISPs are distinct from WIMPs because of their significantly lower mass and their
non-thermal production.

The three main classes of WISPs are axions, axion-like-particles (ALPs) and dark photons
(also known as hidden photons). This subsection will focus on axions and dark photons.

ALPs are a generalization and will be briefly described in the axion section.

1.4.2.1 Axions

Axions were originally proposed by Peccei and Quinn in 1977 as a solution to the strong
Charge-Parity (CP) problem of quantum chromodynamics (QCD) [7§]. In the early 1980s,

Axions were shown to be a nice solution to the dark matter problem [79-81].

Strong CP problem A gentle overview of the strong CP problem by way of analogy is
given by Pierre Sikivie in [82]. In this analogy, a pool player who lived his life on the pool
table and believes the symmetry of pool balls to have no preferred side of the table represents
a universal symmetry S. One day, our hero jumps off the table only to learn the floor is not
horizontal. He is shocked to find that S is broken! But why should the pool table be flat
(respect S) when the rest of the world does not? After measuring the pool table’s angle to
one part in 10%, he finds the table’s angle is 0 to within the precision of his experiment. The
situation here is analogous to the strong CP problem. It was shocking in 1964 to learn that

CP symmetry was not obeyed [83]. If it’s not obeyed, why is the neutron’s electric dipole
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moment constrained to be < 107°? The analogy continues, inventing a pendulum-based
mechanism to level the pool table, whose oscillations can be measured (analogous to the
axion) that was set in motion by the pool table’s deceleration during its delivery to Mars on
a rocket (analogous to the switch-on of non-perturbative QCD effects when the temperature
of the Universe was ~GeV).

A more mathematically rigorous (yet approachable) explanation is provided in Anson
Hook’s lecture notes [84], and the reader is encouraged to consult them to connect the pieces
provided below (which follow [85]).

The QCD Lagrangian Lgy\ contains a term which violates CP symmetry such that

2

0g; ., ~
»CQCD = Lsu + 3972 G@G, (140)

where Lg\r is the standard model Lagrangian, G is the gluon field strength tensor so that
GG = G,,G", with the dual G* = %EWWG,,U, and g, is the strong coupling constant.
Peccei and Quin’s solution [78] is to introduce a new U(1) symmetry, making 6 a dynamic
parameter. The spontaneous breaking of this Peccei-Quinn (PQ) symmetry means that 6 will
naturally relax to 0. The particle associated with this breaking of PQ creates a new pseudo-
Nambu-Goldstone boson, independently shown by both Weinberg [86] and Wilczek [87] in
1978. The name axion was coined by Wilczek [88]. Axion is the name of a popular dish
soap, and since axion particles “clean up” both the DM problem and strong CP problem,

the name stuck.
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Axion Dark matter Axions nicely respect the requirements of cold, non-interacting DM.
Astronomical bounds restrict their mass to 107 < m < 1073eV. They could have been
produced in the early universe via the misalignment mechanism [89]. This is a non-thermal
production mechanism, in contrast to the WIMP.

The axion has an electromagnetic interaction governed by the Lagrangian

Loy = GayyaE - B, (1.41)

where a is the axion field, E and B are the electric and magnetic fields, respectively of
two photons and g¢,,, is the axion-photon-photon coupling (see Fig. |1.23). The mass and
coupling are linearly related, and the constant of proportionality is either 0.38 or 0.14 for
the KSVZ (Kim-Shifman-Vainshtein-Zakharov) [90, 91] and more conservative DFSZ (Dine-

Fischler-Srednicki-Zhitnitskii) [92, |93] models respectively. In other words,

Mg

g3 ~ 038 (1.42)
gPFS% 5 014 G?\“ﬂ. (1.43)

Panel B of Fig. hints that axions in our own galactic DM halo may be visible with a
strong enough magnetic field. This class of experiment is called a haloscope. The predicted
couplings of Eq. and provide a target for axion haloscope experiments, and appear
as red lines surrounded by yellow in Fig. [1.24] These targets assume that axions are all of

the DM.
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Figure 1.23: Feynman diagrams showing an axion decaying into two photons. Panel A
shows the decay in vacuum, with the coupling g,,. Panel B shows the conversion in
a static magnetic field Bg. In the presence of By, one of the photons is replaced by a
virtual photon via the inverse Primakoff effect [94} |95]. Figure reproduced from [85].

ALPs ALPs are a generalization of the axion. Similar to axions, ALPs are pseudo-scalars
and make interesting dark matter candidates. ALPs, however, do not help with the strong
CP problem. While the axion-photon coupling g, o m, (Egs. and , this coupling
is relaxed for ALPs. This means mass and coupling are independent for ALPs, such that
a search for an ALP is not constrained to a band in the mass-coupling plane (such as the

KSVZ or DFSZ models, seen on Fig. |1.24))

1.4.3 Dark photons

Dark photons (DP) are another DM candidate first proposed in [97]. They could be detected
using electromagnetic experiments similar to axions, though they do not require a magnetic

field to convert. Instead, they convert to SM photons via a process known as kinetic mixing.
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Figure 1.24: Exclusion limits on axion-photon coupling g,,,. The haloscope limits (red,
center. ADMX, ORGAN etc.) assume that axions are all of the DM and that the local
DM density ppy = 0.45 GeV/em?®. Figure reproduced from

They are an example of the growing interest in a dark sector in order to solve the DM
problem. There are many dark sector theories, but the common theme is a new sector of
physics that interacts with the SM through gravity and hopefully through some “portal”
such as kinetic mixing. This portal phenomenology is discussed, for example, in [98]. If
there is only gravitational interaction, we would have little hope of directly observing the
dark sector.

DPs are low-mass gauge bosons. Similar to axions, they could have been produced from
the misalignment mechanism . However, they also could have been produced through
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quantum fluctuations of the inflaton field [99]. The latter case is interesting since the power
spectrum of a vector is peaked at intermediate length scales (not scale-invariant like a scalar
or tensor), and falls off at large scales, allowing agreement with the CMB measurements,
namely a lack of large-scale correlations as in Fig. As discussed in the introduction
of Sec. , if the DP represented all of the local DM and had sufficiently low mass < 1eV,
the local number density would be much greater than 1 per de Broglie wavelength, and the
DP would oscillate coherently, behaving as a wave. The frequency of this field would be set
by the mass, with a small dispersion due to the Maxwell-Boltzmann velocity distribution
predicted by the standard halo model (see Sec. . Converting the free space DP energy
density ppp to the amplitude of an electric field is very similar to its classical counterpart,

but with suppression by &,

[2
|E| ~ey/—ppu- (1.44)
€0

Where € is the dimensionless coupling and ¢, is the permittivity of free space.

This section closely follows Ben Godfrey’s dissertation [1]. I am grateful to Ben for leaving
such an accessible summary of the field. A 2021 review of the DP, including production
mechanisms and phenomenology, can be found in |[100]. Finally, the notation used to denote
the different bases is influenced by Peter Graham et al.[101, [102], specifically Appendix A

of [101].
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1.4.4 Dark photon physics

The DP arises from an extension of the SM whereby an additional U(1) is introduced [103],
denoted here as U’(1). There are two main components to this. First, a Lagrangian repre-
senting the massive DP must be described in light of U’(1). This is written in the so-called
kinetically mized basis. After this, a rotation of this Lagrangian into the mass bassis is
performed to diagonalize the mass term such that the interaction of the DP with SM charge-
current JEM is clear.

For two Abelian gauge bosons associated with the gauge groups U(1) and U’(1), the most

general form of the kinetic terms in the Lagrangian are [100, [103]

_4£K,kinetic - FMVFHV + F'L/WF,“V + 26FHVF/MV7 (145)

where FI(&V = 8MA(V,) - &,Ag) is the field strength tensor of each boson in the kinetically
mixed basis (indicated by the K subscript), and ¢ is the small (<< 107%) dimensionless
coupling between the fields. For clarity, the K subscript is supressed on the right-hand side,
here and wherever the basis is specified by the left-hand side.

If U(1) is associated with the SM photon Ak ,, we know that in the kinetically mixed
basis, the interaction term of the Lagrangian is eJEMA’f{, where e in the coupling constant,
in this case, the electron charge. Therefore, it is natural that the Lagrangian contains an

interaction term

EK, interaction — eJEMAN + e/JlllA/uy (146)
for the DP A", dark coupling ¢’ and dark charge-current J),.
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Finally, a mass term can be added such that the DP acquires a mass m’ by the Stueckelberg

mechanism[|

_QLK, Stueckelberg :mg,AuA’u + m/2A;LA/“ + 2m;AﬂA’# (1 47)

=m/? AL A

In the second line, the terms containing the SM photon mass m., have been set to zero.

Now, an electromagnetic Lagrangian can be constructed as a sum of the kinetic, interac-

tion and Stueckelberg mass terms (Egs. —1.47)),

1 v 1 v € v
EK - —ZFMVF“ - ZF;LVF/H - §FMVF/H
kinvetic
_1 /ZA/ A/“
——

mass

/
we

J/

—eJiyA, —€eJ*A

vV
interaction

As written, Ag),u interact only with their own SM (dark) charge-currents. However, the
kinetic terms contain a mixing term between the dark sector and SM fields e F),, F"*". For
this reason, this basis is denoted as the kinetically mixed basis, again denoted by the K
subscript. When considering an experiment to search for DPs, one needs to consider inter-
actions between the DP and matter described by the SM. This is achieved by diagonalizing
Eq. into the so-called mass basis (also sometimes referred to as the vacuum or vacuum
mass basis [101]). In this basis, A1(\;1),H are the massless (massive) propagating eigenmodes

in vacuum. Furthermore, linear combinations of these modes can be formed, which either

16 A review of the subject can be found in [104]. Also see Sec. 1.3.2 of [1].
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JEM or are sterile. These are not propagating eigenmodes, however, and will

interact with
evolve into each other. This is discussed further in [102].

Now, Lk will be rotated into the mass basis £y;. The rotation is reached by a non-unitary

field redefinition 13

AM 1 19 AK
Ay 0 v1—¢? Ay
Applying this transformation to Lk yields
1 1
,CM - - ZF/M/FMV - ZF,;VFIMV
m/2
—— Al A 1.
2(1 —e2) " * (1.50)
et [A + ;A'] S C———
IRV R VA
or, neglecting O(g?) terms,
1 v 1 14
'CM %—ZFMVFM _ZFI/U/F/M
_lmsz;A/u (1.51)

2
—edby [Ay+eA)] — e JreAl
From Egs. and [1.51] it is clear that the Lagrangian (written in the mass basis)

contains a term that describes the interaction of Ay , and J, EM,

ee
BOAl A~ oAl
\/1—_7€2JEMA,U, ~ _e‘gJEMA,u' (152)
Tn the more general case of the massless DP, this involves a mixing angle 6, and there would be a
rotation matrix R =( %% 519 applied to the Ak vector. By simultaneously diagonalizing the mass terms,
0 is fixed to 0, so R is the identity matrix, and this rotation is neglected (see |1} {100l |101]).
8Note that the column vectors have the unprimed term on top. This follows [101], but is opposite of |1,

100).

ﬁMD—
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From here the connection back to the experiment becomes more clear. The equations of

motion follow from Eq. [102]

(82 — VAV = ppu, (82 — V) A = Jpu, V+V-A=0, (1.53)

(8152 — V2 + m/Q)V/ = EPEM, (83 - V2 + m'2)/f' é‘jEM, V/ + V- f_l'/ =0. (154)

Where Egs. [1.53|are Maxwell’s equations, and Egs. are Proca’s equations in the Lorentz
gauge with ¢ = 1. Here, the scalar potential is V', vector potential fY, charge density pgy and
current density fEM Note that the normal, classical definitions of E and B in the Lorentz

gauge apply nicely to the dark fields and potentials,

EO — _ vy — A0

(1.55)
B v x 40
The Lorentz force can be modified simply to account for the dark fields,
ﬁ:q[(ﬁ+sﬁ’>+ﬁx (E—l—aé’)] (1.56)

For a DP density p/, the free space electric field looks just like its classical counterpart

for a photon density, but with € suppression

€ 2 2
El=—— /=0 rey/—0. 1.57
| ‘ V1—g? eop eop (1.57)

Note that € is the dimensionless coupling introduced in Eq. [1.48] and ¢; is the permittivity

of free space.
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1.4.5 Searching for dark photon dark matter

The relic density of dark photons with density ppy; can interact with charge-currents in an
experiment as shown above. This is the principle behind the Dark E-field Radio experiment.
The two unknowns m’ and e define a parameter space that can be probed by sensitive

electromagnetic experiments. m' and ¢ are analogous to m and g, of the axion. However,

in the axion case, they are related by Eqs. [1.42| and [1.43] whereas for the DP, they are

both free parameters and the unconstrained m, € parameter space must be probed. Current
constraints on dark photon dark matter are shown in Fig. [1.25]

Figure shows DP exclusion limits resulting from many sources, including direct
detection and astrophysical observations. Various limits have been processed to appear on
the same plot as discussed in [105]. Furthermore, uncertainty is not shown, leading to a
slightly misleading view. However, this plot has become standard in the literature, so it is

included here.

67



Hz kHz MHz GHz THz eV keV

2
5
L
N

nebula

—
o
AR

Jupiter

EHHHHHHHH
199999999
B\DOO\IO\U‘ID-PUJN

12 DPDM Hell
10— Reijonisation
(Caputoetal,

10*13 Trostetal.)

DRDM
(Witte etal))

Kinetic mixing

10-15 Haloscopes

_16 SuperCDMS
10 Black hole DarkSide
1017 superradiance

T A6 AD A& A3 A2 Ay A0 9 % 7 6 5% A 3% 2 AP A 2.0 8.0
107407307107 407407307407 407407 107407407 107407107407 10 407 40710 40710

Dark photon mass [eV]

Figure 1.25: Exclusion limits on dark photon kinetic mixing parameter €. The exclusion
limit of Run 1A of the Dark E-field Radio experiment is included here as a component
of the region labeled “Haloscopes”. These limits assume ppy; = 0.45 GeV/cm®, a 95%
confidence limit and fixed DM polarization. See for more details. This updated
figure is reproduced from , but it first appeared in ]l
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Chapter 2

Experiment Overview and Design

A month in the laboratory can often save an

hour in the library.

Frank Westheimer

Veljko Radeka said of detectors, “One would imagine that in each particular case the
best solution is arrived at by 1) the detector design to maximize the significant signal, 2)
reduction of noise at its physical source, and 3) optimum filtering of signal and noise.” |106].
While he was referring to position-sensitive particle detectors, the same three principles
apply to this experiment. Put more directly, the goal is to maximize the signal-to-noise
ratio. The detector, in this case, is a low-noise, wide-band radio receiver system searching
not for discrete instances of particle-like interactions but for coherent waves that are constant
over long periods. The signal is a small RF-power excess on a noise background received by
an antenna in a cavity. The dominant noise is due to the thermal background of the 300 K
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cavity walls. This noise is nearly white, with small variations. See Sec. for an overview

and Sec. 2.3 for more detail. An overview of the entire experiment is shown in Fig. [2.1]

N
R

N
@

~N
N

~N
N

20

E-field [n\V/m]

=
®

Calibration

-
<

=
P
o

100 150 200 250

A Frequency [MHZz]

N )‘ © Spectrum
- © ||Analyzer

Eant = E\/§4.5 kV/m

kHz MHz GHz THz

00000000

uuuuuu

stellar
production|

Figure 2.1: Overview of Dark E-field Radio experiment. The free space electric field
strength was calculated in Sec. and will be modified to include the @) of the cavity
in Sec. . The design of the system (left and center) is outlined in this chapter, while
its performance is measured in Ch. 3] The use of the system and its calibration (red
box, and top right) are described in Ch. El Setting a limit on the dark photon’s coupling
e (lower right, red X) is discussed in Ch.

This chapter begins with Sec. devoted to exploring the sources of power in the mea-
sured spectrum. It walks through several back-of-the-envelope calculations to follow the
signals and noises as they progress from fields in free space through a simplified detector.
Section [2.2| takes the next step. It simulates these signals and noises and shows a framework

for statistical data analysis. These two sections serve to build up intuition about the experi-

ment which will explain design choices discussed in later chapters. Furthermore, this section
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is useful because the actual experiment will report a null result, i.e. a lack of detection of a
signal. By following a signal forward through the system and toy data analysis, it will be
clearer how to infer an exclusion limit from a power spectrum and working backward through
the experiment. In the following two sections, and [2.4] effects will be introduced that
were not apparent from the simplistic analysis of the first section. The final section, [2.5]
details each piece of the system. Measurements of system performance are put off until Ch.

B3l

A note on experiment “run numbers”. Run 1A is the 50-300 MHz run (defined, along
with future planned runs in Table . There have been four attempts at collecting Run 1A
data. The final, published data run [67] was collected between May 10 and May 19, 2023,
and is called Run 1.4 or Run 1p4 throughout the file names in the referenced github. In this
thesis, this run will be referred to as Run 1A or as Run 1A .4 if it is necessary to distinguish

between specific runs.

2.1 Sources of Power in Measured Spectrum
This section will break down each term in the following equation for the input-referred power

P; = Thermal Noise 4+ Dark Photon Signal + RFI + Amp Chain Noise + ADC Effects/G,
(2.1)
where G is a gain factor. While convenient, this word equation is not rigorous and relies on

the following subsections - for definition. Note that terms in Eq. begin with
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capital letters, and this is reflected throughout the section.

2.1.1 Thermal Noise

The primary source of power measured by the experiment is Thermal Noise. There is some

subtlety involved, which is the topic of the following subsections.

2.1.1.1 Blackbody electric field density

This subsection estimates the noise-likd'| electric field in free space due to blackbody radia-
tion. It assumes to be in some enclosure in that the ambient temperature is known to be
300K and not, for example, the 3.6 K of the sky. The enclosure considered is assumed to
be “black” in that all radiation impinging on its surface is absorbed. This assumption is
introduced in Sec. and investigated further in Sec. 2.3 A fascinating history of the
physics involved here is given in [107].

Planck’s law gives the blackbody spectral energy density as

8mwhy?3 1 J
'LLZ,(V7 T) dv = 03 ehu/kT 1 dv [F:| . (22)
This is frequently written in terms of spectral radiance,
2hv3 1 W
B,(v,T)dv = T dv dS2 {E} . (2.3)

Integrating this isotropic radiance over a solid angle 47 sr as well as a small frequency band

Av gives the flux density |S| (AKA the magnitude of the Poynting vector),

1 “Noise-like” simply means that the power contained in a signal is proportional to the bandwidth mea-
sured. Noise-like signals are more conveniently described as a power spectral density (PSD) which we will
describe with the symbol S. As we will see, coherent signals that have finite width in frequency space Avgig
can share this property if the measurement bandwidth Avgp T Avg, even though one wouldn’t think of a
coherent signal as being “noise-like”
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47 v+Av
|S| :/ / B,(v,T) dv dQ
0 v

47 v+Av 2}”/3 1 W
= /0 / ey e N U el B (2.4)

_8rhy? 1
T2 ehv/kT _ ]

Av

Poynting’s theorem relates this flux density to the RMS electric field

5| = Bl m , 25)

where 7 is the impedance of free space. Equating Egs. [2.4] and 2.5 and solving for the electric

field gives

| Erms| \/ 8rhvd 1 |4 (2.6)
Var VT e et =1 |y Vi) '
and is plotted in Fig. [2.2]

Eq. breaks up nicely into two regimes,

(

77_8”’2{”2 Rayleigh-Jeans regime (hv < kT')

| Erms| 14

- . 2.7
\/E < m - v HZ:| ( )
\/77— %”:”e—hv/k’T Wien approximation (hv > kT)

At frequencies and temperatures where the experiment is operated (< 300 MHz and

\

300K), hv/kT < 5 x 1077 suggesting the Rayleigh-Jeans approximation is valid. At 300K,
this yields electric field spectral densities of 1 and 6nV/(mv/Hz) at 50 and 300 MHz respec-
tively.

It is interesting to note, however, that for cryogenic experiments operating at a few GHz
and in the sub-K range (A common technique; see, for example, [108-110] ), hv/kT ~ 1 and
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Figure 2.2: Blackbody electric field spectral density from radio to UV frequencies. A
variety of temperatures are shown in black. The dashed red curve and red points
indicate where along the black curves hv = kT, i.e. where Eq. breaks up between
the Rayleigh-Jeans regime to the Wien approximation. Note that these points are only
a function of v and T'; their vertical placement is chosen to lie on their respective curve
but has no physical significance. The dark radio experiment is firmly in the Rayleigh-
Jeans regime.

the full form of Eq. must be used. This is shown at frequencies and temperatures to the

right of the red dashed line in Fig. [2.2]
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2.1.1.2 Antenna noise

An antenna’s effective aperture, A, [m?], represents the effective area that it has to collect

power density or irradiance [W/m®] from an incident Poynting vector,

Py = [S|A, (2.8)

Where |S| is the magnitude of the incident Poynting vector, and P, is the power received at
the antenna, which is available at its terminals.

A, is a directional quantity that varies with the antenna’s directivity D(£2), where 2
represents the solid angle around the antenna. It varies with frequency v, though it is
generally discussed in terms of wavelength A. Three matching parameters are introduced to
describe how much actual power the antenna is able to deliver to a transmission line; p the
polarization match of the wave to the antenna, m the impedance match of the antenna to
the transmission line and 7, the efficiency of the antenna which represents how much power
is absorbed compared to that lost to Joule heating of the antenna. p, m and 7, are all real,
dimensionless and vary between 0 and 1.

22

Ae = —D(Q)pmn,. (2.9)
4m

This definition follows [111], though some authors do not include p in the definition [112]
113].
A simple derivation of the direction-averaged effective aperture based on thermodynamics

will provide intuition. An isotropic antenna placed in a cavity at temperature T will be
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illuminated by randomly polarized, isotropic radiation of the form given by the Rayleigh-

Jeans limit of Eq. 2.4] |S| = 87kT'Avv?/c* The power received by the antenna can be found

by Eq. 2.8

1
PA:<A6>§\S\

ATk Tv?
2

(2.10)

=< A, > Av,

where the factor of 1/2 is introduced to account for the random polarization and the ()
indicate an average aperture over all angles around the antenna. If a resistor is placed in a
second cavity, also at temperature T, it will deliver its Johnson-Nyquest noise power [114],

115]

Pp = kTAv (2.11)

into a matched transmission line. This is shown in Fig. [2.3] The second law of thermody-
namics makes a very powerful statement here: the net power flow between the antenna and

terminator must equal 0 if the two temperatures are indeed equivalent. This means Pr = P4

or Eq. [2.10| = Eq. 2.11]

ArkTv?

<A > ka Y Av = kTAv (2.12)
C
or,
2
<Ae>= 4;/2 2

¢ [m?] . (2.13)

T
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Figure 2.3: An antenna and matched resistor in cavities that are in thermal equilibrium.
They are connected by a narrow filter permitting a narrow frequency band Av. Image

from Wikipedia, and is similar to the thought experiment proposed by Dicke [116].

This allows us to conclude that the power spectral density S, received by an antenna
surrounded by an isotropic temperature is simply kT Av in the Rayleigh-Jeans limit of room
temperatures and standard electronic frequencies. This result is independent of frequency,
which can be understood by the reciprocal frequency dependence of the blackbody radiation
(Eq. and the average effective aperture (Eq. . The result is an antenna power which

is equivalent to the well-known result for a resistor at 290 K,

Sant = 3.9 x 107* [W/Hz] = —174 [dBm/Hz]. (2.14)

Note that S,,; indicates power spectral density and should not be confused with S which

7


https://commons.wikimedia.org/wiki/File:Antenna_and_resistor_in_cavity.svg

indicates a Poynting vector.

2.1.1.3 Dicke radiometer equation

Equation [2.14] gave the mean of a power spectrum that is inherently noisy. We will now
show the origin of this spectrum.

An enclosure whose electrically-lossy walls contain free charge carriers at a finite tem-
perature will radiate incoherently by the fluctuation-dissipation theorem. This theorem is
the underlying principle of phenomena such as Brownian motion [117] and Johnson-Nyquest
noise [114, |115], but was not generally proven until 1951 by Callen and Wellton [118]. The
random thermal fluctuation of the charge carriers will radiate a blackbody spectrum. Ob-
serving the electric field in the time domain, one can imagine the radiation arriving at a
detector at a wide variety of random frequencies and phases. This is incoherent noise in
that at each time domain sample is independent of the one proceeding itﬂ The detector will
produce a voltage that can be modeled as Gaussian with zero mean and standard deviation
0 = /SamAvgr|Z| where Z is the system impedance (here 50 ). This is shown for a room

temperature antenna (or equivalently a room temperature resistor, see Fig. in Fig. ﬂ

2The hidden assumption here is that blackbody radiation is totally incoherent. It actually has a coherence
time 7. ~ 2 x 107 s at 300 K [119]. For this statement to hold, the sample time 7, >> 7.. For Run 1A,
7, = 1/800 MHz = 1.2579 s, 5 orders of magnitude more than 7.
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Figure 2.4: Simulated antenna noise voltage at room temperature in the time domain.
Sample rate v, = 800MHz and number of samples N = 2!9 = 1024. Bin width Avgp =
vs/N = 800 kHz. Data are binned and plotted as a histogram to the right. The best
fit Gaussian is shown on the histogram in red with p = -0.199 pV and o = 8.86 uV.
Counts have been normalized such that the bins add up to unity.

The next step is converting this time-domain voltage signal to a frequency-domain power
spectral density (PSD). The first step is taking a discrete Fourier transform. This is usually
implemented with an algorithm known as a fast Fourier transform (FFT), so that V =
FFT(V). In order to convert to a power spectrum, a non-trivial normalization prefactor

must be included;

2
- N2(Z]|

S IRe(V))[: N//2]|%, (2.15)

where N is the number of samples, Z is the system impedance, and [:N//2] is Python notation

for the second half of the samples contained in the V array. Performing this operation on

the data in Fig. yields the PSD in Fig. 2.5
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Figure 2.5: Simulated antenna noise power spectral density (PSD) at room temperature
in the frequency domain. Sample rate v, = 800MHz and number of samples N = 219 =
1024. Bin width Avgp = v5/N =~ 800 kHz. Data are binned and plotted as a histogram
to the right. Counts have been normalized such that the bins add up to unity.

The peculiar PDF of the histogram shown in Fig. is known as a x? distribution with
1 degree of freedom and comes about because power is a positive-definite quantity and the
standard deviation of the PSD is greater than it’s mean.

However, by averaging many of these power spectra together, the central limit theorem
dictates that we can expect the resulting PDF to be Gaussian. The transition from x? to

Gaussian distributed spectra is shown in Fig. |2.6]

Finally, this averaged power spectrum can be modeled with the Dicke radiometer equa-

tion. The measured power (assuming only thermal noise) is given by

Pt = kT Av (1 + \/Al_w) [W]. (2.16)

Here 7 is the total acquisition time, and so AvT is equivalent to the number of spectra that
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are averaged together. This can be nondimensionalized and written

Paw 1 (2.17)
kTAVRF N \/N’ ’

which will become important during data analysis (Sec. .
For the remainder of this thesis, unless otherwise stated, it will be assumed enough
spectra have been averaged together such that the PSD is Gaussian and scales with the

square root of total acquisition time according to Eq. [2.16]
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Figure 2.6: Effect of averaging on simulated antenna noise power spectral density (PSD)
at room temperature in the frequency domain. Subplots show different numbers of
averaged power spectra from N = 4 to 1012. Each subplot shows a factor of 4 times more
averaging than the previous one. The Dicke radiometer equation predicts the standard
deviation o will scale like N~'/2 once a large number of averages have been taken such
that o << pu. Sample rate v = SO0MHz and number of samples N = 2!9 = 1024. Bin
width Avgrp = 15/N =~ 800 kHz. Data are binned and plotted as a histogram to the
right with a best-fit Gaussian shown in red. Counts have been normalized such that the
bins add up to unity. Note that the Y-axis scale changes between subplots to show the
improvement of the Gaussian fit. The standard deviation is indeed decreasing between

plots.
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2.1.2 Dark Photon Signal

Thus far, the analysis has focused only on thermal noise, however, there are other sources of
noise and interfering signals that must be considered, not to mention the actual dark photon

Efree space was shown in

signal. The electric field of a dark photon of mass m’ in free space
Eq. . The frequency is given by vpp = mc?/h. In a cavity, the E-field will be enhanced
by the quality factor ) of the cavity. This ) must be measured or simulated, but for this

toy analysis, we will assume it to be knownﬂ The E-field inside the cavity is then

B = EI 52 /0, (2.18)

since @ is proportional to power, i.e. E?. This E-field will then need to be converted from
a wave in the cavity to a wave in a 502 transmission line by an antenna. Similar to the
thermal noise of the previous section, this electric field will be converted via the effective
aperture of the antenna. Similar to @), the aperture will be assumed to be known.

The total received power from a coherent signal inside the room then is

free space?
E i

P=""___ Q<A >, (2.19)
U

where 7 is the impedance of free space.

The observed spread of the frequencies of the dark photon is an important effect that
determines system design. In the following paragraphs of this section, several sections of
Gramolin et al. |121] are summarized. Also note that the original calculation for the pre-

dicted line shape was presented by Michael Turner in 1990 [122].

3Typical values are in the ballpark of 100. Some experiments have ultra-high @ cavities ~ 10° [120]

83



A simple model of the dark photon line assumes it is monochromatic, i.e. its line shape

is a delta function in the frequency-domain,
Vobs — 5(V - VDP)‘ (220)

This is consistent with its production (see Sec. [1.4.3]). However, when observed in a frame
other than its rest frame, the frequency of a (single) dark photon will shift by an amount
proportional to its kinetic energy

v

2
Vobs = <1 + 2_22> Vpp, (221>

where v, is the observed frequency of the nth dark photon, v, is its velocity, ¢ is the speed
of light, and vpp is its rest frequency. The end result will be a signal that has some spread
in frequency, vpp/(Av) = Qpp ~ 10°, with a line shape which is now derived.

By summing over an infinity of dark photons of random phases and velocities (sampled
from the relative Maxwell-Boltzmann velocity distribution of the dark matter halo), each
with a frequency given by Eq. 2.2T] one can construct a PSD of the dark photon signal S
[W/Hz| as measured on earth.

When performing a measurement, one records the voltage V' emerging from a detector
for a period of time greater than the coherence of the dark photon 7gpr >> 7.. The Fourier
transform of V(¢) is denoted V (v)

The signal will have a total power

1 TFFT ¢ 2 1/7rFT
Py = / 40] dt:/ S(v)*dv, (2.22)
TFFT Jo |Z’ 0

which is a statement of Parseval’s theorem.

84



The normalized line shape is defined by dividing by Py; A(v) = S(v)/Fy. This then has

the property of being normalized to unity,

/00 Av)dv = 1. (2.23)

Finally, the result for this normalized line shape is

Av) = 2—Czexp ( el — U%) sinh g3 {il : (2.24)

T A2
\/EUO Viab VDP 4 Viab Vo Hz

where |vg| &~ 220 km/s is the circular rotation speed of the Galaxy at the radius of the sun
(approximately 8 kpc), vap &~ 233 km/s is the relative velocity of the Sun to the rest frame
of the Galaxy and

2 C Vab 2 (V — VDP)

B 5 :

(% UVDp

2.1.3 Radio frequency interference

Radio Frequency Interference (RFI) includes any coherent interfering signals which can be
detected by the experiment. While noise is better described as a power spectral density
[W/Hz] or electric field density [V/(m v/Hz)], RFI is made up of more narrow lines and is
discussed in terms of power [W] or electric field [V/m]. In this experiment, RFI is mitigated
through the shielding effectiveness (SE) of the cavity. SE measurements and more details
about local RFI are discussed further in Sec. 2.5.1] and Sec. B.2|

The peak RFI spike is in Run 1.4 is at 186 MHz and approximately 100 xV/m, an energy
density of roughly 107" W/m?. This will be reduced by the SE of the room (roughly 120
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dB at this frequency), but just like a coherent dark photon, it will be enhanced by the
Q/effective aperture. This will be right on the edge of detection, but in the actual data run,

it was not detected.

2.1.4 Amplifier Chain Noise]

Any amplifier will have some noise which it adds to an incoming signal that will degrade the
signal-to-noise ratio (SNR) of the measurementf] A low noise amplifier (LNA) is an amplifier

that has been specifically designed to minimize the noise contribution. This process is shown

schematically in Fig. 2.7

S, S, _
SNR= i SNR = =

GS
G(N_ +N)

amp

N, N
— I

G >
> >

amp

Figure 2.7: Schematic of LNA (with power gain G) adding input referred noise Nymp.
Since Nmp is referred to the input, it can be directly added to the input noise which is
itself input-referred. The ideal, noiseless amplifier is represented by the triangle, while
the physical amplifier, including noise, is contained in the rectangle.

4Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
thesis/ch2/CH2.ipynb
°A great lecture on the subject by Prof. Greg Durgin can be found at [123]
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The performance of an LNA can be evaluated by its noise figure Fﬁ or equivalent tem-
perature T,. They are different ways of saying the same thing, namely the excess noise
contribution of an amplifier (or attenuator) that is driven by a known source impedance.
Here, we will assume everything is impedance-matched (as is the case for standard 50 Q2 RF
systems).

F is defined as the ratio of the SNR at the input of an LNA to that at its output,

SNR;
SNR,

F

Si/Ni
[G Si]/[G(Namp + Ni)]
1
1/[1 4 Namp/Ni]
Nam
=1+ Tp
where S; and N; are the signal and noise [W] presented to the LNA respectively, Namp is

(2.25)

the input-referred noise added by the LNA, and G is the power gain. By factoring out the

implicit k£ Av from N; = kT Av, we find

T
F=1+= 2.26
o (2.26)

where T, is the equivalent amplifier noise temperature referred to the input and 7 is the
physical temperature of a resistor matched to the amplifier input (typically T5=290 K).

Note that following the same derivation as Eq. [2.25| it is simple to show that the noise

6Sometimes denoted NF, but F will be used here. Also note NF is sometimes is referred to as noise
factor and means noise figure in decibels. Most textbooks are consistent, but online resources are not.
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figure of an attenuator at physical temperature T with loss L = P;/P, is given by

(L-1)T

Fau.=1 ,
t + T

(2.27)

where Tj is the reference temperature defined above. If T' = T, Eq. simplifies to
Fart = L

In order to standardize device specifications across system applications, it is common to
choose a reference temperature Ty of 290K. If not specified, it is generally safe to assume
this has been done.

Note that noise figure is frequently expressed in decibels,

Fyp = 10log,((F). (2.28)

One important generalization is that of a cascaded series of amplifiers, shown schemati-
cally in Fig. 2.8

Here the total noise figure of n amplifiers can be shown to be

Fr—1 F3—-1 F, -1
2 L o8

Foa:F te —7
wal = T GG T T GGG

(2.29)

following the same derivation as Eq. Since the noise temperature of a system depends
on the noise temperature of a given amplifier divided by the gain that precedes it, a front-end
LNA with modest gain ensures the total noise figure of the system is equal to its noise figure
to very good approximation. This is shown in Fig. We will use this approximation and

assert

Amp Chain Noise = LNA Noise, (2.30)
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Figure 2.8: Schematic of cascade of n = 3 amplifiers and their added noise N . Each
amplifier has a gain of G™. The SNR at the output is derived in Eq. 2.29 Note that
superscripts in the figure and caption refer to the index of each component and are not
exponents.

where LNA here is taken to mean the first gain stage in the amplifier chain.

Noise figures are typically frequency dependent, though they vary slowly over frequency
and can be approximated as constant over narrow frequency bands. Noise figures are typically
given on the data sheet of the LNA , but can also be measured. Measurement of LNA
noise is covered in Sec. B.1.1]

The power contributed by the LNA’s noise is simply given by

PLNA = kTeAI/. (231)

This is, again, the mean of a fluctuating power, just as Eq.
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Figure 2.9: Cascaded noise temperature for a system with n = 2 amplifiers, normalized
to noise temperature of amplifier 1 (the so-called LNA) = 100 K. Shown schematically
(for n = 3) in Fig. [2.8] The first amplifier’s noise temperature and gain (40 dB and
100 K, respectively) are roughly equivalent to the LNA used in phase 1A of the experi-
ment[124]. The red curve shows where the system’s noise temperature is 1% higher than
LNA noise temperature. This shows that for a 40dB, 100 K LNA, in order to change
the system noise temperature by 1K, a second-stage amplifier with a noise temperature
of 10* would be required. Secondary amplifiers with noise temperatures closer to 500 K
are realistic and inexpensive. Note that the red curve should continue but is cut off as
a plotting artifact.
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2.1.5 ADC Effects

“ADC Effects” is a catch-all term that refers to power introduced by an analog-to-digital

converter. It contains two components, listed in order of importance;
ADC Effects = Spurious Signals + ADC Noise Floor (2.32)

Equation shows that (power) gain G introduced before a noisy element in the RF
chain reduces the relative contribution of that noise (power) by a factor of G. The same idea
applies to ADC Effects, though one must be careful with the language used to describe this;

spurious signals are not noise, and the experiment’s output zs mostly noise.

2.1.5.1 Spurious signals

Spurious signals (also known as spurs) are coherent signals that are introduced into the
signal path at the ADq2|. They are likely caused by RFI due to various clocks in the personal
compute (PC) in close proximity to the ADC. The coherence of spurs means that, unlike
true noise, their amplitude remains constant upon averaging. Spurs don’t degrade the SNR
of the experiment in the same way a noisy amplifier chain would; instead, they produce false
positive candidates, which must be excluded, similar to RFT discussed in Sec. Similar to
ADC noise, they can be measured easily by terminating the input of the ADC and scanning.

They are investigated in Sec. [3.3.2] where they are shown to be nearly negligible, having

"Note that the spurs described here are not the same as the spurs that are described by the ADC
specification spur free dynamic range (SFDR). SFDR is measured in dBc, i.e. relative to a carrier. Since
our “carrier” is broadband noise, each bin produces some spurs, which are -66 dBc [125] relative to itself.
The aggregate of these spurs is also broadband and averages down with the experiment’s noise. The SFDR
spurs are negligible for an ADC that measures at a noise-like background.
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been mitigated by the gain of the system. There is a single spur detected after a few days

in Run 1A (see Sec. 4.2.5)), but for this simple analysis, we will assume spurs are negligible.

2.1.5.2 ADC noise

ADC noise can simply be measured by terminating the input and taking a scan. This is the
same procedure used to measure spurs and can be seen in Fig. [3.15] The result is that ADC
noise is &~ -130dBm/47.7 Hz; a factor of 10° lower than the thermal noise of the experiment
~ -81dBm/47.7Hz, both output-referredf|, which agrees with the ADC’s data sheet [125].
Since ADC noise follows the same scaling as the experiment’s thermal noise (Eq. , this

factor of 10° is independent of averaging, and ADC noise is totally negligible.

2.2 Toy Analysis [

With each of the terms of Eq. defined in the previous section, we will now perform
and view several simulations of a simplified dark photon signal on a simplified background.
This “toy analysis” lays the conceptual framework for the additional complications that are
introduced in the actual analysis of Sec. [.2] This section should provide intuition about
the process of detecting a weak, narrow signal on a background PSD of thermal noise. It

is assumed the noise has been averaged a sufficient number of times such that its PDF

is Gaussian (discussed in Sec. [2.1.1.3). Furthermore, following the discussion of Sec. ,

8Technically it doesn’t matter where they are referred since they are taken in ratio. As long as they are
referred to the same point!

9Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
thesis/ch2/toyAnalysis.ipynb
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Eq. can be simplified by setting RFI and ADC Effects to zero and combining Thermal
Noise (300 K) with Amp Chain Noise (100 K) into a single term which represents the total
noise in the whole system, Sgys = Pays/Avrrp = k(Tant + Tina). With these simplifications,

the input-referred measured power of Eq. reduces to

1
P, = Ppp + kTsysAVRF |:1 + \/_N:| , (233)

where Ty, = 400 K, realistic for the experiment that is being simulated. Also, note that this
equation assumes the dark photon’s line shape is much more narrow than Avgry such that the
measured input-referred dark photon power is independent of Avgp. In the simulations, the
line shape will be modeled as a delta function as in Eq. [2.20] The signal will be introduced
simply by adding some power in a single bin to a Gaussian background in the frequency-
domain. Performing an FFT on a perfect (discretized) sine wave can cause it’s power to
be split among adjacent bins depending on the ratio of the sample rate to the sine wave’s
frequency. This can be minimized by windowing the time-domain data as is discussed in Ch.
2 Sec. 2 of Ben Godfrey’s dissertation |1]. This effect is avoided by working in the frequency
domain and adding power to a single bin which is the method used here. A reminder that
throughout this thesis, code is available at github and is linked in the footnote of each section
title.

With a simple simulation framework in place, we can now begin to generate signal-
containing-spectra. Figure qualitatively shows the 400 K system noise (input-referred
antenna plus LNA) averaging down, leaving a small signal visible. Further subsections in

this section will quantify this.
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Figure 2.10: Input-referred power spectral density S; from simplified simulation illus-
trating noise averaging down to reveal a persistent, software-injected, dark photon proxy
signal. The red, blue and green spectra represent 100, 1,000 and 10,000 averages, re-
spectively. The power of the signal Ppp is set to 0.4fW and it only occupies a single
bin. The mean of the noise is ~ 4.3 fW /Avgp where Avgp =~ 0.78 MHz. The standard
deviation ranges between 0.41 fW/Avgp and 0.041 fW/Awvge for 100 and 10,000 aver-
ages respectively. Note that this factor of 10 reduction in noise is predicted by the Dicke
radiometer equation Eq. for a factor of 100 times more averaging, as is shown in
the red and green curves. Noise represents a 300 K antenna into a 100 K LNA for a
total system temperature of 400 K. Signal is in a single bin at 200 MHz with a delta
function line shape, defined in Eq. [2.20}

With a basic conceptual framework in place, it is now simpler to quantify signal detection
and the uncertainty on how many averages are required to detect a signal and have that

detection be significant in that it isn’t a random fluctuation (false positive).
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2.2.1 Signal significance

The problem of extracting a signal from noise is fundamentally a statistical one since, in
general, both the signal and noise are random variables. A method for computing a signif-
icance threshold (ST) must be established, such that any bin containing more power than
this threshold is X% significant. In this way, it is possible to have some known confidence a
given signal was not just a random fluctuation.

The probability that all N bins are less than z standard deviations zo for a standard

Gaussian distribution is given by

P(max < zo) = {% [1 + erf (z/\@)] }N, (2.34)

where P is the probability, erf(z) is the standard error function and z is real. Setting this
equal to 100%—X (where X is the significance or the desired probability a fluctuation crosses
the zo threshold assuming no signal), and inverting erf(z) yields a significance threshold
(ST). A convenient significance that was used in |67] is X = 5% corresponding to a 5% prob-
ability that an observed fluctuation above this ST is due to chance rather than a significant
effect (i.e., a signal). A 5% ST for 21°/2 = 512 frequency bind"| works out to 3.90.

It should be noted that it is common in physics to discuss “5 o significance”. This means
that a given experiment has a 1-erf(5/+/2) probability (about 1 in 3 x 10°) of a false positive.
The analysis of these normal spectra involves testing many independent frequency bins to see

if any one of them exceeds some threshold. It is helpful to view these bins as “independent

ONote that a real FFT produces half the number of frequency bins as an output compared to the time
domain sample it received, hence the factor of 2 established in Fig.
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experiments”, each involving a random draw from the same parent Gaussian distribution.
In this context, we discuss global significance (all of the bins) in contrast to local significance
(a single bin). Setting a global 5% significance threshold is equivalent to setting a local
threshold of 3.9 ¢ given 512 bins.

One concept that can assist in choosing the significance is known as the cost of a decision.
If an experiment requires a facility that charges by the hour and where the schedule is
set years in advance, a false positive is quite expensive since it will lead to publicity and,
ultimately, humiliation. A follow-up experiment will have to take out more expensive time
to verify the results, and until that happens, theorists will spend their time rewriting physics
to explain the result of a random fluctuation. In this case, the global significance should
be quite low to avoid these high-cost outcomes, hence the 50 discussed in the previous
paragraph.

In the case of the dark radio experiment, a false positive is quite inexpensive. If a signal
is detected, just repeat the experiment. For Run 1A, this is 9 days of averaging which is
mostly passive and is little more than an annoyance. If a signal is detected at the same
frequency, things become interesting. This concept of cost is discussed formally in Appendix
1 of Extraction of Signals From Noise by Wainstein and Zubakov [126].

For this reason, a significance of 5% (i.e. 5% chance of a false positive) is acceptable for

this experiment, where it is certainly not acceptable at the LHC.
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2.2.1.1 Computing an exclusion limit

With the significance threshold (ST') defined for a spectrum containing a signal in the previ-
ous subsection, we turn briefly to the concept of an exclusion limit. In the actual experiment,
no signals were detected. In this case, the null result must be translated into an exclusion
limit, as in Ch.. [} While this section looks at small signals riding on noise spectra, it can
be easy to lose sight of the fact that no signal was observed.

It is tempting to draw a line above the spectrum, claim no bins were observed above it,
and cite that as the exclusion limit. This is the red dashed line in Fig. [2.11. However, this
line is riding on the thermal background and is actually significantly higher than the true
exclusion limit, which is shown in dashed green. The mean p must be subtracted from this
upper (red) line to compute the exclusion limit. In Fig. the exclusion limit is pushed
down with additional averaging, resulting in the detection of a small signal shown as an
orange dot. The frequency-dependent exclusion limit from the actual Run 1A data run is
shown in Sec. 4.2

With the derivation of the significance threshold complete, the next subsection will focus

on predicting the amount of time required to detect a signal.
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Figure 2.11: Simulated, input-referred noise spectrum containing small signal at
200MHz. The signal power = 0.4 fW, system temperature = 400 K and N,,, = 100;
the same as is shown in the red spectrum of Fig. [2.10] The 0.4 fW signal is shown as an
orange point. This power is added to the random background, so the measured power in
the bin at 200 MHz is a Gaussian random variable given by Eq. the mean is shifted
up by the power contained in the signal. The dashed red line shows p + zo, where z
was derived in section [2.2.1] The detection threshold (dashed green line) is the red line
minus the mean, (@ + zo) — p = zo. This shows that the detection threshold is set by
fluctuations of the measured power spectrum and not its mean. Note the detection at
approximately 75 MHz; this is a random fluctuation and is expected to occur in 5 out
of 100 simulations of these spectra since the significance used to calculate the ST was

set at 5%.
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Figure 2.12: Simulated, input-referred noise spectrum containing small signal at 200MHz
The signal power = 0.4 fW, system temperature = 400 K and Ng, = 100, 1,760 and
10,0005 the first and last are shown as the red and green spectra respectively in Fig.
The 0.4 fW signal is shown as an orange point. The chance of detection is computed
via a simple Monte Carlo simulation where 100,000 similar spectra containing noise
and signal are generated, and the number of times the measured power at 200 MHz is
greater than u + zo (red dashed line). The full set of statistics from this Monte Carlo
simulation is shown in Table The detection threshold (DT, dashed green line) is
(4 z0) — u = zo. Note that red labels on the right Y-axis are suppressed for the
second and third subplots to prevent clutter, but they are the same as the first subplot



2.2.2 Predicted time to detection

To conclude this subsection, Fig. 2.13] fills in the gaps between the three sub-plots shown
in Fig. 2.12l The continuous detection threshold is shown to decrease following 1/ VN
shape given by Eq. [2.16l The intersections with this curve and the 1-o uncertainty of the
background give the 1-o uncertainty on the number of averages required for a known signal
and background. Table summarizes the statistics for the probability of detection for a

few numbers of averages.

Number of Averages | True Pos. [%] | False Neg. (%] | False Pos. [%] | True Neg. [%]
100 0.2 99.8 5.7 94.3
971 16.3 83.7 2.5 94.5
1,760 49.8 50.2 5.7 94.3
2,782 83.8 16.2 5.7 94.3
10,000 100.0 0.0 5.6 94.4

Table 2.1: Statistics of simple Monte Carlo simulation for the probability of signal
detection in the toy analysis. Number of averages chosen based on Fig. 100 and
10,000 averages show extreme cases, 1760 is a 50% chance of detection, and the two
remaining values show the +1o0 uncertainty band (shaded red region in Fig. [2.13]).
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Figure 2.13: Predicted time to detection for the toy analysis spectra shown throughout
this section. This is a companion to Fig. and shows all numbers of averages between
the three subplots shown in that figure, though only at a single frequency bin; 200 MHz
in the case of the previous figures in this section. Orange line represents the known,
injected signal, shown as orange points in Fig. 2.12] Gray shaded region shows the
standard deviation of the noise o, which is equivalent to the uncertainty on the measured
power. It is given by Eq. [2.16] and scales with the square root of time. Dashed green
curve is the exclusion limit defined in Sec. 2.2.1.1] It is also shown as a dashed green
line in Fig. 2.12] Finally, the red shaded region shows the intersection of the exclusion
limit (dashed green) with measurement uncertainty (shaded gray), which gives the +1o
uncertainty on the number of averages required to detect the signal. The detection
statistics from a simple Monte Carlo simulation at a few points from this plot are shown
in Table This figure is a recreation of Fig. 3 in [127].

101



2.3 Thermal Noise in a cavity: Thermal Variations

This section is concerned with the topic of variations of thermal noise emerging from a
cavity. Throughout this experiment, this was a challenging concept since the theory outlined
in Sec. predicts the experiment will measure a frequency-independent noise spectrum,
and it doesn’t. This theory will be expanded upon, the data that seem not to conform to
this theory will be presented, the reasons for this disagreement will be discussed, and finally,

an experiment that tests this understanding will be presented.

2.3.1 Theory of thermal radiation in a cavity

In his 1946 paper The Measurement of Thermal Radiation at Microwave Frequencies [116],
Robert Dicke presented a thought experiment to derive the aperture of a matched antenna
from thermodynamic arguments. This was previously discussed in Sec.

To recap the argument; if an antenna (in a black cavity) and matched load are matched
to a transmission line and in thermal equilibrium (the situation presented in Fig. , the
net power flow in the line must be zero by the second law of thermodynamics. If there was
a power flow, one of the environments would warm up, resulting in spontaneous pumping of
heat. An interesting way to model this situation is by treating the antenna as an aperture
in the cavity, as pointed out in [128].

A simpler model removes the antenna and load altogether. Although removal of the
antenna also removes the ability to perform the measurement, this is a useful thought exper-

iment. In Fundamentals of Statistical and Thermal Physics [129], F. Reif uses four examples
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to explore the radiation field fg) (k,r) (wave vector k at position r with polarization « inside
of the ith cavity) within cavities connected by an aperture (see Fig. . All cavities and
materiel contained within them are presumed to be in thermal equilibrium. As we shall see,
this function is independent of position, direction, polarization and specifics of the cavity. It
can be written simply as f(|k|), where the dependence on wave number is simply given by
Eq.

P =120

T

Figure 2.14: Two cavities in thermal equilibrium of arbitrary shape, material and phys-
ical contents contain equivalent radiation fields fo(f)(ls',, r). Figure reproduced from Reif
[129].

1. Independence of Position: The radiation field inside an enclosure is homogeneous,
meaning f,(K,r) = f,(k), independent of position r. If the radiation field depended
on position, two identical bodies at temperature T placed at different points in the
enclosure would absorb different amounts of radiation, leading to a temperature dif-

ference.

2. Independence of Direction: The radiation field is isotropic, meaning it depends
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only on |k| and not it’s direction. If this were not true, then bodies placed in the

enclosure would absorb different amounts of energy based on orientation.

. Independence of Polarization: The radiation field is unpolarized, meaning f(|k|)
is independent of the polarization index «. If it depended on polarization, bodies
surrounded by polarizing filters would absorb different amounts of radiation depending

on the orientation, leading to temperature differences.

. Independence of Enclosure Shape and Contents: The function f(||) is inde-
pendent of the shape, volume, and material of the enclosure, as well as the bodies
contained within. The argument is that if f(V(|k|) and £ (|k|) were different for two
enclosures at the same temperature 7', then connecting them would result in unequal

radiation transfer. Therefore, f(|&|) must be the same across different enclosures.

To further flesh out argument four, picture a photon entering a metallic cavity (emissivity

< 1) through a small hole as in Fig. [2.15l At each bounce, the photon has a probability

of absorption given by the emissivity (a photon hitting a perfect blackbody has a 100%

chance of being absorbed). As long as the geometries of the cavity and aperture allow a

photon to bounce many times before it escapes, even a highly reflective cavity will behave

like a blackbody. This is because when a photon enters, it is likely to be absorbed and a

new photon will be emitted with a random wavelength drawn from the blackbody spectrum

corresponding to the temperature of the walls. (Fig. [2.2).

The conclusion is rather surprising; a cavity with a small aperture will behave as a

blackbody, and the spectrum emanating from a blackbody is a universal function that is

104



Figure 2.15: A reflective cavity with a small hole behaves like a blackbody as long as
the probability of absorption << 1. The probability of absorption at each reflection is
given by the emissivity, so the total probability of reflection is the emissivity raised to
the power of the average number of bounces. Figure from Wikipedia[130].

independent of the cavity and its modes. Therefore, a well-matched antenna in a cavity
will not measure the modal structure of the cavity. This seems to defy intuition.
Cavities are resonators, and resonators... resonate?

The resolution to the seeming discrepancy is that this intuition only holds outside of
equilibrium, a situation that is nearly ubiquitous in engineering contexts. A resonant cavity
resonates because photons are pumped in faster than they can be absorbed by the walls and
reemitted with a thermal distribution. In this out-of-equilibrium case, the photons interfere
in such a way as to excite cavity modes. Turn the amplitude of the source down to ~ kT’, and

the modes vanish. This case, among others, will be investigated in the following subsections.
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2.3.2 Inspection of thermal noise spectra E

The theory outlined above predicts the (input-referred) spectrum of an antenna in a cavity
should not vary with frequency if there is thermal equilibrium between the cavity and the
receiver systemm. A real measurement will take place after an amplifier (in other words,
will be output-referred), and will vary due to the gain and noise figure of the amplifier. A
simple way to correct for the amplifier is to compare the spectrum between an antenna and
a terminator since both will have identical gain and amplifier noise contributions. Since we
are more focused on the qualitative shape of the spectrum and not absolute input referred
power, this method is acceptable. A comparison of antenna and terminator data from an
identical amplifier chain is shown in Fig. [2.16]

The variations are unexpected in light of the theory presented in the previous subsection.
In the following subsection, the thermal spectrum emerging from a simple resonator will be

presented.

1 Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/thermalNoiseVsH/thermalWiggles_writeup.ipynb

1This assumes hv << kT(Rayleigh-Jeans limit), an ideal antenna aperture o A\*, and an impedance
match between the antenna and amplifier. The final assumption will be relaxed in Sec. m
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Figure 2.16: Output-referred Vivaldi antenna and terminator thermal spectra as mea-
sured through an amplifier chain (G ~ 68 dB, noise temperature ~ 120 K). The Vivaldi
antenna is inside the shielded room. Both spectra represent about 1 second of data, with
Avgr = 9.5kHz. The Vivaldi antenna is in a single position throughout all averaging,
in contrast to the technique where it moves, outlined in later chapters.

2.3.3 A simple resonator: shorted coax cable

A coax cable that is shorted on one end and matched to a measurement devicd™ on the other
is a simple resonator. The short provides a boundary condition demanding the voltage goes

to zerd' while the measurement device, being matched, absorbs the wave. A “closed-open”

13In the entirety of this section, a Pasternack PE15A-1012 will be used as the front end amplifier.
1Similarly, an open termination will force the current to zero, resulting in a similar resonator, though
with a 180-degree phase shift.
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resonator such as this will resonate with frequency

v= %, (2.35)

for integer n > 0, where v is the wave speed in the cable and L is the length. For a
185 cm cable with velocity factor = 69.5% (i.e. v = 0.695 ¢), this works out to a first mode
at 28.2MHz and following modes every 56.4 MHz. A schematic of the setup is shown in
Fig.[2.17, and the output power spectrum is shown in ratio to a terminator in Fig. [2.18, This
normalized spectrum is defined as S2°™. Also shown in Fig. is an open termination at
the end of the cable in place of the short. Fitting the peaks E reveals the average spacing
between peaks is 55.2 + 2.4 MHz, in good agreement with the prediction of 56.4 MHz of
Eq. [2.35

By the fluctuation-dissipation theorem, the loss of the cable will dissipate some thermal
noise into the system, which can excite the cable. As discussed in Sec [2.3.1] if the resonator
(cable) is in thermal equilibrium with the measurement device, a frequency-independent
power spectrum is expected. The deviation from this expectation is surprising because the
data seem to be in contradiction with thermodynamics. Now, a cable is not a particularly
good resonator (@ < 10), so the effects are rather small here, but the simplicity of the system
makes it one that is worth exploring.

One assumption which is critical to the above logic is that of equilibrium. The amplifier

is a likely culprit for breaking this equilibrium, so a test that can remove the amplifier’s

15Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/thermalNoiseVsH/thermalWiggles_writeup.ipynb
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ability to interact with the resonator is worth pursuing. Fortunately, such a test is quite

simple to implement using a circulatoﬂ.

16T got one for $36 on Ebay!
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Figure 2.17: Schematic diagram of a coax cable with a short on the end and a matched
measurement device on the other. This system behaves like a “closed-open” resonator.
Replacing the short termination with an open (not shown here) produces a similar
resonator, though with a 180-degree phase shift.
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Figure 2.18: Power spectra of short (blue) and open (orange) terminations at the end
of 1.85m of RG400 coax cable (velocity factor = 69.5%). Schematic of this set-up is
shown in Fig.[2.17] These spectra are normalized to the spectrum of a terminator, which
was measured through the same amplifier chain. For example, when S3°™ = 0.5, the
power measured in this setup is half of the power measured by a terminator through the
same amplifier chain. The average spacing between peaks is 55.2 + 2.4 MHz, in good
agreement with the prediction of 56.4 MHz of Eq.
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2.3.3.1 RF circulators [7/]

A circulator is a three-port, non-reciprocal device that allows power to flow only in specific

ways between its portd™, A schematic symbol is shown in Fig. 2.19

Figure 2.19: Schematic symbol of a circulator. Power can only flow from ports 1 to 2,
2 to 3 and 3 to 1. Image from Wikipedia.

Circulators can be understood in terms of their scattering parameters (known simply as
S-parameters). For an N-port microwave device, the ratio between the voltage presented
at port ¢ and the voltage measured at port j is known as Sj; [131, [132]. The (linear) S-

parameters [131, 132] of an ideal circulator are given by the matrix

S=110 ol- (2.36)

010

17Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
thesis/ch2/circualtorData/SParameter_circulator/calc3portSParam.ipynb
¥See Ch. 9 of Pozar’s Microwave Engineering for a detailed reference.
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In other words, in an ideal circulator, S12 = 0, so power can not flow from port 2 to port
1, while S3; = 1, so power can flow from 1 to 2. Also of note, the diagonal elements S;; = 0,
meaning ports do not reflect power.

A Teledyne C-0S03A-3M RF circulator has an approximate bandwidth from 490-510 MHz
and was available inexpensively on eBay, so it is used for testing. A photo of it is shown in
Fig. [2.20, and its S-parameter data are shown in Fig. 2.21] Note that a circulator with one

port terminated is sometimes known as an “isolator”, but I will refrain from using this term.

Figure 2.20: Photo of Teledyne C-0S03A-3M RF circulator. Lines in the background
are collage-ruled lined paper (= 7mm spacing) for scale.
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Figure 2.21: 3-port, frequency-dependent S-parameter data for Teledyne C-0S03A-3M
circulator. The data were taken by Ben Godfrey and Andrea Lopez Arguello with 2-
port VNA with the circulator’s unused port terminated. This circulator is rated for use
between 490 and 510 MHz. These data show good agreement with Eq. [2.36] Note that
magnitude is in dB, so these data are proportional to power, i.e. the square of linear
S-parameters.
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2.3.4 A simpler resonator: shorted coax cable and circulator

In light of the variations observed in Fig. [2.18] a similar measurement was made using
a circulator in order to isolate the coax resonator from any effects of the amplifier. The
schematic of this setup is shown in Fig. and resulting the spectrum is shown in Fig. [2.23]
This is an interesting measurement because any net power flow from the amplifier will be
absorbed by the terminator on port three since it presents a good impedance match. This
net power flow has the potential to cause a temperature change in the terminator; however,
it is in a thermally-conductive metal can that is exposed to the air, which serves as a heat
bath and holds it very close to room temperature. The coax resonator will just see the
Johnson noise of the room temperature terminator in equilibrium with the Johnson noise
caused by its internal loss. The overall effect is a resonator that is in thermal equilibrium
yet is able to be measured by an extremely sensitive spectrum analyzer.

The result of introducing the circulator and matched load on port 3 is the removal of the

variations that were seen without the circulator (Fig. [2.23)).
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Figure 2.22: Schematic diagram of a coax cable with a short on one end and a circulator
on the other. The circulator isolated the system from the amplifier.
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Figure 2.23: Normalized power spectrum of 185 cm coax resonator as measured through
a circulator. Short termination at the end of the cable as depicted in Fig. 2.22] The
amplitude of the variations in this spectrum is on the order of half a percent and hardly
visible under the noise. They are much smaller than those at the ~15% level without a
circulator (Fig. [2.18]). Also, note this spectrum is normalized to a terminator through
the same amplifier chain and very close to 1. The normalized spectrum without the
circulator shown in Fig. [2.18| was significantly lower, around 0.5. Note that the peak-
to-peak frequency variations of the cable without a circulator (Fig. are ~ 55 MHz,
and would be visible in the ~30 MHz span shown here. This span is limited by the
circulator.
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2.3.5 A more complex resonator: antenna in room

Similar to the coax resonator shown in Fig. 2.17, the antenna data presented in Fig. 2.16
are of a resonator (antenna-room system) which is being measured by an amplifier. The
experiment in the previous section suggests that the amplifier seems to have an effect on
the delicate thermal equilibrium, which can be mitigated by including a circulator. The
experimental set-up for the antenna in the room is shown in Fig. [2.24] and the data from
this setup is shown in Fig. [2.25]

The result is striking. The theory outlined early in the chapter predicted the noise
power spectrum of an antenna in a cavity will look the same as a matched terminator;
—174 dBm/Hz, independent of frequency. The Dark E-Field Radio Experiment measures
just such a spectrum, but comparing a terminator and antenna in Fig. [2.16], they are remark-
ably different; the Vivaldi antenna has large variations. However, introducing a circulator
to the set up such as in Fig. m removes these variations. Compare blue/orange curves in
Fig. [2.25]

A nice test case would be to measure the thermal noise of an extremely high @) cavity
after carefully ensuring the radiation that is allowed to enter has a blackbody spectrum of
the same temperature of the cavity. This is nicely demonstrated in a few places, notably
by Cervantes et. al with a cavity of @ = 10'° (I!) [120]. When care is taken to create
equilibrium here, the resulting spectrum is flat, even on a frequency span that includes
the resonance (Ref. [120], Fig. 2). When this equilibrium condition is broken, the cavity

resonance becomes visible (Ref. [120], Fig. 10).
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Room

To spectrum analyzer

Figure 2.24: Schematic diagram of an experimental set-up using a circulator to isolate
the antenna from amplifier effects.

—— With Circulator
—— Without Circulator
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Figure 2.25: Normalized power spectrum for Vivaldi antenna in the room with/without
circulator (blue/orange). This setup is shown schematically in Fig.[2.24] The normalized
spectrum of the same antenna in the same position is shown with the circulator removed
in orange for reference. This orange spectrum is the same as that shown in Fig. [2.16
but here it has been normalized to a terminator measured through the same amplifier
chain. The terminator’s spectrum is also shown in Fig. [2.16]
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2.3.6 Effective temperature of amplifier

At this point, the seemingly obvious explanation is that the amplifier, being warm, is sourcing
more power than it’s absorbing. To test this theory, two amplifiers can be placed input-to-
input as shown in Fig. [2.26l The noise power emerging out of the amp-under-test’s input
will be measured by the front-end amplifier. This amplifier has a noise temperature ~ 100 K,
so it should be sensitive to very small variations in power. The data from the set-up are
shown in Fig. [2.27] Also shown in this figure are the spectra of the amp-under-test replaced
by both short and open terminations for reference.

An important number to keep in mind is the noise floor of this detector and what it looks
like in the dimensionless units shown. This is set by the noise temperature of the front end
amp, ~ 100 K. If the load-under-test were at 0 K, the power measured Sji* would be only

that of the front end amp. Taken in ratio to a 300 K matched terminator measured by the

same amp chain,

meas 04100 K
Spaeas ™ 300 + 100 K

(2.37)

= 0.25, (2.38)
where the factors of Boltzman’s constant & and the measurement bandwidth Avgp were
suppressed since they cancel immediately.

Thus, anything with an apparent noise temperature << 100 K will appear with a dimen-

sionless power spectral density of ~0.25 in Fig. [2.27]
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This phenomenon actually has been discussed in the literaturellOGIH, which I will provide
a brief summary of.

In this case, two amplifiers are placed back to back on either side of a transmission
line. When a particle interacts with the transmission line, a pulse is detected at each of the
amplifiers, and the difference in time provides a means to work out the position the particle
came in along the line. It is advantageous in this case to minimize the noise emanating out
of the inputs of these amplifiers. By tuning the reactance of the input of these amplifiers,
they can absorb a net power, putting them at an “effective temperature” lower than their
physical temperature.

In the case of off-the-shelf Pasternack RF amplifiers, this was likely not an intentional
effect. However, the data presented here seem to agree with the idea that the amplifiers have
an effective temperature << 100 K.

In the next subsection, I will demonstrate that by changing the temperature of the
matched load outside the shielded room (shown in Fig. , the amplitude of the thermal

variations can be controlled.

19T am very grateful to Greg Wright at Nokia Bell Labs for pointing this out.
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Figure 2.26: Schematic diagram of set-up to measure the noise emerging out of an
amplifier’s input.
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Figure 2.27: Normalized power spectrum of noise emerging out of the input of an
amplifier’s (Pasternack PE15A-1012-G) input, see Fig. Normalized to a matched
502 terminator. Also shown as dashed curves are the spectra of a short and open
termination. These spectra have a median fit applied to reduce visual clutter. Low-
frequency behavior is due to the high noise figure of the amplifier at these frequencies.
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2.3.7 Intentional breaking of thermal equilibrium

At this point, it has been demonstrated that an amplifier absorbs more thermal noise than
it emits, likely due to the electronic cooling effect described by Radeka [106]. This causes
the spectrum of a resonator, which is measured with such an amplifier, to exhibit variations,
which disappear when a circulator is used to isolate the system from the amplifier. An
interesting question naturally arises; what happens when the the thermal equilibrium is
disturbed by varying the temperature of the 502 terminator on port 3 of the circulator
(Fig. ? Since the terminator is outside the room, it is simple to conduct a highly
controlled experiment where the terminator’s temperature is varied without entering the
room and disturbing sensitive boundary conditions.

The hot terminator is created by using a noise source (red device in the left panel of
Fig. [2.28)). The noise source has an effective noise ratio (ENR) of approximately 16.1dB

according to its calibration sheet. Noise temperature is related to ENR by the formula [133]

T, = (10BNR/10 5 9290 K) + 290 K, (2.39)

where ENR is measured in dB and a reference temperature of 290 K has been assumed.
Therefore, the noise source has a noise temperature of around 12,100 Km

The cold terminator is a standard Pasternack 50 (2 (with the blue rubber case removed),
and the cable is semi-rigid and rated for cryogenic temperatures. This assembly is shown

immersed in liquid nitrogen in the right panel of Fig. [2.28|.

29This testing was performed before the Y-factor measurements of Sec. The noise source worked
correctly here but failed before the Y-factor measurements.
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Figure 2.28: Setup to create hot and cold terminator. The hot/cold load is connected to
port 3 of the circulator (as shown in Fig. [2.24)) via the patch pannel of the shielded room,
shown here. The circulator is in the room and not visiable in this photo. The left panel
shows the noise source (16.1dB ENR = 12,000 K noise temperature) and attenuators
allowing the specific control of the hot temperature (see Eq. . Course attenuation
is controlled by adding fixed attenuators, while fine control (0.1dB steps) is provided
by the step attenuator. The right panel shows the semi-rigid cryogenic-capable cable in
liquid nitrogen to create a cold load.

In both the hot and cold measurements, the loads were shown to have a good impedance
match to the 50 line using a VNA. The noise source is designed to have a good match,
but the terminator is not rated for cryogenic temperatures, so this is an important test.
The cryogenic test load (semi-rigid cable plus terminator) was measured to have S;; <
—35dB at both room temperature and at 77 K (by submerging in liquid nitrogen), confirming

performance at cryogenic temperatures.
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The noise source looks like a terminator, which is a factor of ~40 times hotter than room
temperature, while the cryogenic terminator is a factor of ~4 colder than room tempera-
ture. To account for this, room temperature attenuators can be added to bring the effective
temperature of the noise source down closer to room temperature. Therefore, the total noise
temperature Ty, of a terminator at physical temperature 7T}, in series with an attenuator at
physical temperature T, with (linear) loss L = P,/ P, is a useful quantity. For brevity, the
derivation outlined in the white paper by Whitham D. Reeve [134] is skipped, and the result
is provided;

1

Tin
Toww = — + Lo (1 — —). 2.40
t 7 + Tt ( L) ( )

Returning to the set-up in Fig. [2.24] replacing the terminator on port 3 with either a
noise source (including an attenuator chain) or a terminator in liquid nitrogen provides a
means to break thermal equilibrium in both the hot and cold direction by applying a matched
load at a very precise temperature to port 3 of the circulator. Equation [2.40| converts the
attenuation and noise source temperature into an output temperature.

Figure [2.29 shows the resulting spectra from the set-up shown in Fig. [2.24] using a noise
source/attenuator chain shown in the left panel of Fig.[2.28, The two panels show the spectra

from the same set-up, but for different ranges and resolutions of T, as defined by Eq. [2.40]
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Figure 2.29: Spectra resulting from the antenna and circulator set up of Fig. with
the terminator on port 3 of the circulator at a variety of temperatures, as calculated by
Eq. [2.400 Spectra are all normalized to a terminator through the same amplifier chain.
The two panels show different ranges and resolutions of temperatures for clarity, but are
the same setup. Also, note the top and bottom panels have linear/logarithmic scaling

respectively.
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Figure showed spectra from the set-up shown in Fig. for a hot terminator, but
a cold terminator can also be used by dunking a terminator into liquid nitrogen (Fig. [2.28)).
Neglecting the small attenuation of the cable, the noise temperature is simply 77 K. An
interesting test case is to set the hot temperature such that room temperature is halfway

between Tio: and Tqq. In other words, let

Thot = (Troom - Tcold) + Troom (241)

~ 511K. (2.42)

For Tiot = 12, 100K, Tyt = 294 K and T, = 511 K, inverting Eq. we expect L to be
~ 54.4 or 17.4dB.

The two spectra with the terminator at 504 K (the closest temperature accessible with the
0.1dB step attenuator) and 77 K are shown in Fig. Again, they have been normalized
to the spectrum of a room-temperature terminator.

The two spectra shown in Fig. appear to be mirrored about Sg°™ = 1. In a test of
this reflection, these spectra are added, and the resulting sum spectrum is flat to about 1%
with another 1.5% offset from the expected value of 2. This is shown in Fig.[2.31] The offset

is likely due to the amplifier gain or ambient temperature drift between measurements.
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Figure 2.30: Spectra resulting from the antenna and circulator set up of Fig. with
the terminator on port 3 of the circulator ~210 K above and below room temperature,
as calculated by Eq. [2.40, Spectra are both normalized to a terminator through the
same amplifier chain.
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Figure 2.31: Sum of normalized spectra shown in Fig. If the two normalized
spectra in that figure were perfect reflections about 1, their sum would be a constant 2

in this figure. That is close to what is observed.
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2.3.8 Relation of antenna S;; to thermal noise without a
circulator

As pointed out in [128], the antenna impedance determines how much power is transferred
from the cavity’s electric field noise into the transmission line, and therefore what is mea-
sured by the ampliﬁeﬂ. Indeed, impedance is a useful tool in understanding the situation
outside equilibrium. However, viewing from this perspective misses a subtle point when con-
sidering equilibrium; while an impedance mismatch will reduce the antenna’s noise power
from entering the transmission line, it will also reduce the noise in the line from leaving
by the same amount! This power will reflect off of the mismatch at the antenna and be
absorbed by the matched amplifier, resulting in a flat spectrum. This can be seen in the
coax resonator when measured with the circulator in Sec. [2.3.4] specifically Figs. and
2.23, Figure shows a comparison of 1 — |S1;|? and the noise spectrum of an antenna
measured with a Pasternack low noise amplifier (LNA). There is no circulator in the setup,

so variations are observed. Figure [2.33] shows the strong correlation between the curves in

Fig.[2.32

21The amplifier has a small impedance mismatch as well (S1; S —15dB), but this is a small effect and is
neglected.
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Figure 2.32: 1—|S;|* and the normalized antenna spectrum without circulator. Shown
at significant zoom to show detail. A much wider span is used to generate the correlation
shown in Fig. [2.33
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Figure 2.33: Correlation of 1 — |Sy;[* (Fig. @, orange curve) and the normalized
antenna spectrum without the circulator (Fig. 2.32] blue curve). The data are taken
between 300 and 800 MHz, a much wider span than shown in Fig. 2.32] The antenna
is connected directly to the low noise amplifier (LNA), i.e. with the circulator shown
in Fig. [2.19] removed. The line of best fit is shown in red. The Pearson correlation
coefficient is 0.92.
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2.3.9 Discussion of thermal variations

Inspection of the output of the experiment (S,, Fig. reveals small variations in power
spectral density PSD over spans of tens of kHz. Given an antenna in a cavity in thermal
equilibrium with the input of an LNA, whose input is assumed to be real and matched, one
would expect an output PSD which is constant with respect to frequency (up to small
variations in system gain and noise temperature). The theory for this was outlined in
Sec [2.3.1] These observed variations are not noise; for a given antenna position, the same
shape is repeatedly measured (though the noise riding on these variations is random). The
origin of the observed small variations lies in the effective temperature difference between
the room and the LNA, causing a net power flow from the antenna into the LNA (Fig. .
This effective temperature difference partially excites modes of the antenna/cavity system,
causing the observed variations. This effect likely originates from a small reactive component
of the LNA’s input causing the electronic cooling described originally by Radeka [106]. This
effect can be eliminated by adding a circulator between the antenna and LNA [135, |136]
though for this experiment, it is impractical to get an isolator that covers such a wide band
at relatively low frequency. Furthermore, the relatively wide (tens of kHz) variations can
be handled by fitting to them, which is discussed in Sec. [4.2] Finally, a topic that was not
described here but may be fruitful for future inquiry into this topic is the analysis of noise

waves. See [137] or Sec. 9.12 of [13§].
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2.4 Reverberation Chambers and Statistical

Uniformity

The Dark E-Field Radio experiment consists of an antenna in a cavity. An averaged noise
power spectrum is measured and an exclusion limit is set on the amount of power excess
that would have been detected if it were there. In order to convert this limit on power into
a limit on kinetic mixing €, the antenna/cavity detector system must be calibrated.

In many situations, an electromagnetic cavity can be treated with a ”spherical cow”
approach; they contain one mode with a few simple properties that can be analytically
computed. This works well enough for a smooth, empty cavity that resonates near its
first mode, but for complex cavities, this treatment turns out to be insufficient. At high
frequencies (where the wavelength is much smaller than the cavity), many modes, each with
a finite spread in frequency, overlap. Each of these modes depends on very specific boundary
conditions of the cavity and everything within it. The configuration of the cavity and its
contents simply cannot be known to a level of precision that would allow for an analytic
or simulated solution. Qualitatively, placing a small conducting object??]in a cavity greatly

impacts the cavity’s resonances as measured by its S-parameters (Fig. [2.36]).

22This is a point made by Hill [139], with the example of placing a soda can in a reverb chamber. Ben
Godfrey and I independently discovered this by measuring S2; of an antenna in our shielding room with and
without a small SMA terminator on the ground with surprisingly different results.
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The problem is summarized nicely by Price et al. [140];

“The solution cannot depend in detail on such things as whether a small metallic
can has been set down somewhere inside the test article, or the position of the
pilot’s arms, or whether some mechanical widget has moved from position A
to position B, changing the mode structure. If the answer did depend on those
things, all of the measurements would be useless, defeated by the minutiae present

in all systems.”

The answer to this dilemma is found in the study of mode-stirred reverberation chambers,
such as those studied by Price, whose quote appears directly above. These are electromag-
netic or acoustic cavities in which a large volume is occupied by an object that is highly
reflective and designed to move, a so-called mode stirrer. Making the geometry more com-
plex seems counter-intuitive. However, the payoff is in the transition from a deterministic
theory to a statistical one. The fields in the cavity at any given configuration are complex
and unknown, but the statistics of the fields subject to the stirring can be rather simple.

This section provides a mostly qualitative overview of the subject. The de facto reference
is David Hill’s 2009 book [139] which consolidates his many papers spanning his ~30-year
career. There is little I can do to explain the theory of electromagnetic reverberation cham-
bers, which is not in this book, so I will focus on their application to the experiment and
cite Hill where appropriate. The reader is encouraged to consult this book and its references

for a more detailed exploration of the subject.
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2.4.1 Deterministic solutions to electromagnetic waves in cavities

The electromagnetic fields within a cavity can be modeled by applying Maxwell’s equations
with the appropriate boundary conditions. In principle, with enough knowledge about the
contents of the cavity, this treatment could calculate fields in any cavity. Unfortunately,
it quickly becomes untenable for all but the simplest cases. Therefore, we will restrict
ourselves to an empty cavity with perfectly conducting surfaces. The resulting fields have
simple analytic solutions which vary sinusoidally in both space and time. They are derived
in many places. See for example [139] |141]. While this treatment will not solve the problem
at hand, it is a good starting point and will illustrate important features leading to the
statistical treatment in the following subsection.

For a rectangular cavity of linear dimensions a, b and d, the frequencies of resonance are

given by

=3\ (3) + ()" + () 249

for integer mode numbers m, n and p > 0 and wave speed c¢. Resonances are denoted TE/TM
for transverse electric/magnetic, with the mode numbers m, n, p in the subscript. The lowest
resonance mode requires at least two non-zero mode numbers. Thus, for a < b < d the
resonance with the lowest frequency is at TEg;;. For an ideal cavity with dimensions equal
to that of the shielded room in this experiment (8 x 10 x 12 feet), the lowest frequency mode
is 63.6 MHz. An important consideration is the degeneracy of electric and magnetic fields for
any mode where all three mode numbers are non-zero. For example, TE;y; and TM;j;; occur

at the same frequency, and both of these modes must be counted in the following section
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(see page 28 of Hill [139] for a discussion).

A quantity of interest is the functional form of the cumulative number of modes at
frequencies below a given frequency N,(v). This is rather simple by brute force computer
Countinglﬁ, though an analytic solution can be computed by looking at the volume enclosed
in a sphere of k-space [142], where k is the wave Vectoﬂ. This analytic form is given by

8T 3

v v 1
N.o= L - 2.44
s 3abdc3 (a+b+d)c+2 (2.44)

Differentiation of Eq. results in a functional form for the mode density, i.e. the number

of modes contained in a frequency band,

2
ANs _ o pqV- _otbtd
dv c3

(2.45)

c
Equations and are plotted in Fig.

This is useful because as the mode density becomes high, modes in a cavity of finite
conductivity begin to overlap. The modification of modal structure by conductors is demon-

strated in Figs. [2.35] and [2.36] by placing different conductors in the room and measuring

Siy.

From these measurements it can be seen that the frequency of resonances can be pulled
around, even by conductors occupying a small percentage of room volume. This is especially
true for high frequencies. However, by using conductors that occupy a large volume of the

room such as a mode-stirrer (simulated here with scrap metal), high-frequency modes are

23As long as you don’t forget the degeneracy!
24This whole business of mode counting is directly analogous the calculation of density of states in
statistical mechanics. It shouldn’t come as a surprise that the calculation is carried out in the same way.
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pulled around so much that they overlap. This is the intuition behind reverb chambers and

the idea of statistical uniformity:.
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Figure 2.34: Modal density for an electromagnetic cavity with dimensions of the shielded
room (nominally 8 x 10 x 12ft, see table . The upper sub-plot shows N,(v), the
cumulative number of modes below a given frequency. The lower sub-plot shows the
derivative of Ns(v). The upper and lower panels show the same data at two different
frequency spans. These plots are a recreation of Figs. 3, 4 and 5 from for a cavity
with dimensions of the shielded room. Note that large spikes in the blue curves (finite
differences, AN/Av) should be interpreted as binning artifacts and are only shown for
reference. The analytic derivative is more useful.
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Figure 2.35: Pictures of conductor configurations in the shielded room. The antenna
is in the same position between photos. The left panel shows a tin foil hat, and the
right shows a random placement of scrap metal. Hat and scrap metal courtesy of Tyler

Erjavec.
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Figure 2.36: Measured S;; with different conductors in shielded room, as pictured in
Fig. Modes visible at low frequency agree nicely with the predictions of Eq.

though they are pulled around by the scrap metal. Note the frequency scaling changes
slightly after the X-axis break.
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2.4.2 Statistical approach to electromagnetic waves in cavities

By using a mode stirrer, modes are intentionally pulled around in frequency, and the average
response of the cavity begins to converge to be relatively flat. The regime where this occurs is
known as being well-stirred. It requires the stirrer to be large enough and obey some design
principles and that the frequency to be above a threshold. This lowest usable frequency
(LUF) is determined by a minimum modal density since the modes must be close enough
together in order to overlap. For a room-sized reverberation chamber with a lowest resonance
of around 60 MHz (~ 3 or 4 meters per side), the rule of thumb cited by Hill, among others,
is the LUF is close to where the modal density is about 1 mode/MHz. Therefore, according
to Fig. [2.34] the LUF of our shielded room is about 200 MHz.

A simple alternative to using a purpose-built mode stirrer is moving a receive antenna
around in the room. Instead of moving the spatial structure of the modes around the antenna,
the antenna is moved through the modes. While not as effective, it is simpler to implement,
so this was the method used in Run 1A. Note that Run 1A does not rely on statistical
uniformity. Simulations provide a means to calibrate the system as discussed in Sec. [1.3]
However, using these statistical ideas provides a much more stable simulation with a much
better agreement with measurement.

One final remark that is relevant to the experiment is the concept of composite (). This
parameter represents a resonant enhancement factor that corresponds to the antenna/room
system’s tendency to “ring up” in the same way any resonator will. It is referred to as com-

posite () and represented as @ It is analogous to the standard quality factor of a resonator
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with one important modification; the experiment is operated across a wide frequency range,
so () is defined across the continuum of these resonances, not only on classical eigenmodes

of the system.

2.5 System Design

This section outlines the subsystems which make up the experiment. While specifics and
basic calculations are provided as they apply to design choices of subsystems, testing and
characterization of the system as a whole is left to Ch.[3] A simplified schematic of the entire

experiment is shown in Fig. and a photo of the lab is shown in Fig. [2.38]
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Figure 2.37: Schematic diagram of the RF receiver system. An RF coax switch allows
the computer to control the source (antenna or terminator). The amplifier chain is shown
with more detail in Fig. [2.42] The switch is controlled by optical fiber to maintain the
isolation of the room. The LNA is interlocked (Fig. to the door to protect the
ADC from large signals when the door is open. The band pass filter (BPF) defines the
experiment’s bandwidth, —3 dB ~ 40 — 320 MHz and is discussed in Sec.[2.5.4] The veto
antenna is outside of the room and interference is not reduced by the ~100 dB shielding
effectiveness (SE) of the room, so no gain is required. The low pass filter (LPF) on the
veto is for anti-aliasing.

141



Figure 2.38: Photo of dark radio lab. The shielded room contains the main antenna as
well as the LNA and power supply (not visible). The veto antenna can be seen hanging
outside of the shielded room. The photograph was taken looking south.
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2.5.1 Shielded room

The shielded room [143] serves two purposes. The first is straightforward; to shield the
antenna, keeping radio frequency interference (RFI) out. The second purpose is a bit more
subtle; to keep any converted dark photons in. This second point is addressed further as an
aspect of system calibration in Ch. [4] but roughly can be described by the loaded quality
factor [144146] of the antenna/room system. Namely, a more resonant system will be more
sensitive to coherent signals. This subsection will focus on the first point, keeping RFI out.

Shielding effectiveness SE is a measurement of a shielding enclosure’s ability to attenuate

electromagnetic waves from entering,

closed

Po en
SE =10 log10 < d ) = Popen,dB - Pclosed, dB) (246)

where Pypen/Priosea are powers received with the door open/closed. The ratio of powers
allows all the specifics of antenna matching to cancel, allowing for a very simple differential
measurement. The results of this are described in Sec. 3.2

Another important measurement are the dimensions, shown in table 2.2 1 carefully
measured the room with a laser range finder. I checked the rangefinder against a measuring
tape, and it gives good agreement to 1mmE[ The room is out of square by a few mm,
especially the height measured in the south-west corner compared to the height measured

everywhere else. This is the most extreme deviation and is about 5 mm.

25 After a year, I dropped it and it now gives crazy readings which jump around by 10s of cm. Be careful!
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Direction | Coordinate | Nominal Length [ft] | Measured Length [m]
West-East X 10 3.070
Vertical y 8 2.457
North-South z 12 3.684

Table 2.2: Direction, coordinate, and length measurements of the shielded room in lab
314. Note that Fig. is looking south, so x is right-left, and z is into the page. Note
that these are the mean values of several measurements. The room was found to be
about 5mm out of square, so these should be interpreted as + 5mm.

2.5.2 Antenna

The antenna plays an important role in the experiment as the matching device between
electromagnetic waves in the cavity and the 50 €2 receiver system. For a broadband search
such as the 50-300 MHz run (a 6:1 bandwidth), a broadband antenna must be used. The
chosen antenna must provide a good impedance match and high efficiency since an inefficient
antenna would convert a substantial amount of the converted dark photon’s power into heat
within the antenna’s structure. The antenna is connected to the RF switch via a low loss
(0.45dB at 300 MHz) 21 ft. LMRA400 cable. This contributes about 31.6 K to the ~ 400K
system noise (see Eq. . Note that the final limit on € coupling scales with the square
root of system temperature, so this is only a few percent degradation in the final limit after
a 9 day run.

For the 50-300 MHz run, a &~ 131 cm biconical antenna (bicon) was chosen. The selected
model is manufactured by COMPOWER, model AB-900A [147]. In a phone call with the
manufacturer as well as testing of the isolated balun, it was determined that the balun used

in the antenna was 1:1. This allows for simple simulation of a free-space aperture which
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agrees remarkably well with manufacturer data, Fig. [2.39] Using commercial finite element
analysis software (COMSOL [148]), the lumped port option allows for a balanced drive of
an antenna. A match to a 50 ) transmission line through a 1:1 balun is simply modeled
as a lumped port, a very simple object in COMSOL featured in nearly all of the antenna
tutorial@. Additionally, there is good agreement between simulated and measured antenna

impedance. The complex impedance is shown in Fig. [2.40]

268ee for example the dipole antenna tutorial, available at https://www.comsol.com/model/dipole-
antenna-8715
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Figure 2.39: AB-900A biconical antenna effective aperture, simulated, measured and
theoretical in free space. Simulation performed in COMSOL . The measurement
was provided by the manufacturer as an antenna factor and was converted to
aperture. Variations observed in the manufacturer’s measured data are the result of
testing over a ground plane and are a known discrepancy between simulations and
measurements of “free space” antenna factor (see for example )
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Figure 2.40: Simulated AB-900A biconical antenna free space complex input impedance
shown in blue. The simulation was performed in COMSOL. The measurement is from
Kraus’ Antennas, second edition, Fig 8-13 . Measured data are for a monoconical
antenna and must be multiplied by 2 to compare to a biconical antenna, as discussed
in Kraus. Numbers along the curve indicate the frequency in MHz.
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2.5.3 Terminator and fiber-optic switch control

Experience has shown that it is advantageous to have a stable noise reference at the beginning
of the signal chain to monitor system performance. One may think the antenna can provide
this following Sec. [2.1.1.2] but in practice, the thermal variations described in Sec. mean
that the antenna noise is not that stable. Furthermore, while RFI was not significant in
the actual run, it very well could have been, introducing some uncontrolled, coherent power
into the spectrum, which would have had an unknown origin. A terminator will give a very
constant noise power density Sy, = k7T regardless of RFI and antenna position. For this
reason, one is included. It is at the same temperature as the walls and is a nice passive
solution. The RF switch shown in Fig. is actuated periodically during the run to
measure the terminator’s noise power through the same amplifier chain as the antenna. The
terminator is connected to the switch via a 21-foot cable (LMR 400) that is identical to the
antenna’s cable. The switch is controlled via a fiber-optic link in order to reduce RFI. The
fiber optic is an extremely important feature that was overlooked for several years at the

beginning of the experiment, leading to lots of RFI.

2.5.4 Signal conditioning

As discussed in Sec. the ADC has internal signals that are mitigated by introducing
gain before the ADC. The amount of gain must be carefully chosen since too much will
cause the ADC to saturate. Additionally, high frequencies must be limited before digitizing

to prevent aliasing. To accomplish this, several RF components must be selected to condition
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the analog signal: an LNA, a secondary amplifier, band-pass filter and several attenuators.

2.5.4.1 Low noise amplifier

The important concepts of the low-nose-amplifier (LNA) have been introduced in Sec. 2.1.4]
The key takeaway is that introducing gain from a LNA early in the signal path improves the

overall signal-to-noise ratio, even if noisy components follow. The relevant specifications for

the Pasternack PE15A1012 [124] are summarized in table [2.3]

Specification Value | Uncertainty (50-300MHz) | Units
Frequency Range 50-1,000 | - MHz
Gain 40 +1 dB
Noise Temperature | 110 + 10 K
Input Return Loss < -15 - dB
Output Return Loss | < -15 - dB
Price 500 - USD
Voltage 9-15 \Y%
Current 100 10 mA

Table 2.3: Specifications for the Pasternack PE15A1012-E low noise amplifier. The
voltage is regulated internally, so the exact voltage supplied is not critical, though there
is a slight gain dependence on voltage since a higher voltage causes the amp to run

warmer, see Fig [3.8|

We have several identical amplifiers which are labeled with letters. At the time of writing,

amplifiers A-D are out of commission. Amplifier E was used for Run 1A.4.

2.5.4.2 Secondary amplifier

As discussed in [2.1.4] the noise temperature of a secondary amplifier has negligible impact

on the total system noise temperature. For this reason, a cheaper secondary amplifier is
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used. The specifications for the Mini-Circuits ZKL-1R5+ [150] are outlined in Table [2.4]
This amplifier has no internal regulator, so gain and noise temperature depend strongly on
the voltage presented to its terminal. The voltage was set to 9.05V for Run 1A using an

external regulator (built around a TI LM317 [151]).

Specification Value | Uncertainty (50-300MHz) | Units
Frequency Range 50-1,000 | - MHz
Gain 40.5 3 dB
Noise Temperature | 275 15 K
Input VSWR <1.14 - dB
Output VSWR <1.37 - dB
Price 235 - USD
Voltage 9-15 - \Y

Table 2.4: Specifications for the Mini-Circuits ZKL-1R5+ as measured with a supply
voltage of 9.05V. This amplifier contains no internal regulator, so the voltage is set
using an external regulator (built around a TT LM317 [151]).

2.5.4.3 Band pass filter

The band-pass filter has two purposes. The first purpose is to minimize the bandwidth
entering the ADC. This allows for introducing as much gain as possible without wasting
power amplifying frequencies where the antenna doesn’t offer a good match. This will be
computed below in Sec. [2.5.4.4, The second purpose is to prevent aliasing{zj Aliasing occurs
when the analog signal contains frequency components at frequencies greater than half the

sample rate, in other words, when the signal and ADC don’t obey a condition called the

27 Aliasing is a rather complex topic that is greatly simplified here. Wikipedia’s aliasing page is an excellent
reference. For a more rigorous treatment, see Ch. 7 Sec. 3 of the second edition of Signals and Systems by
Oppenheim et. al [152]
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Nyquist criterion, v4/2 > v, where v is the sampling frequency and v is the frequency of
the analog signal.
When this criterion is not met, higher frequencies are mapped back down to a lower

frequency, described by the aliasing formula:

Valias = |7/signa1 —n X Vs‘a (247)

where v, 15 the aliased frequency, vggnar is the original signal frequency, v, is the sampling
rate, and n is an integer which specifies the Nyquist zone. In the simple case with bandpass
filters that roll off well within the first Nyquist zone, only n = 1 must be considered.

As an example, a Ugignal = 500 MHz signal sampled at v, = 800 MHz (the Run 1A sample
rate), it would alias to Vaas = 300MHz. This also means that 1,300 MHz (residing in the
second Nyquist zone) would alias down to 300 MHz, but again this and higher frequencies
won’t be considered. This means that by choosing only to analyze frequencies less than 300
MHz, only frequencies greater than 500 MHz will alias into this analysis span.

The Mini-Circuits ZX75LP-288-S+ low pass filter[153] serves as the anti-aliasing filter in
Run 1A. It has an insertion loss of 68 dB at 500 MHz, while being flat to within 2dB from 50
to 300 MHz. Additionally, the Mini-Circuits SHP-50+ [154] is used as the high pass filter.

When connected in series, these two filters constitute the band-pass filter shown in Fig. [2.37]

2.5.4.4 Assembling a signal conditioning chain

The total gain required can be estimated by setting the output referred power of bandlimited,
400 K noise source times the gain equal to the maximum power the ADC can handle,
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Vidus/Z = 0.63 mW for Z = 502, Assuming a perfect filter from 50-300MHz (a 250 MHz

bandwidth), the gain required is

_0.63mW
k400K 250 MHz

= 4.5 x 10® = 87dB. (2.48)

Noise is a Gaussian random process, however. This much gain ensures 1o of the time-domain
samples are below clipping. Since many samples are collected (224 ~ 1.6 x 107 in Run 1A),
and each has a probability of about 16% of clipping, many samples will clip with 87 dB of
gain. However, it gives a good estimation for what to expect.

The band-pass filter is not a brick wall from 50 - 300 MHz as was assumed in 2.48 The
effective bandwidth of a filter is defined here as the integral of the square magnitude of its

gain,

Beg z/ dv 10%2/10, (2.49)

—00

where S; is measured in dB, and we are interested in integrating a quantity that is pro-
portional to linear power, so it is divided by 10 rather than 20. The linear S-parameters of
components connected in series multiply [131], but since dB are logarithmic, this is equiv-
alent to adding their S-parameters (in dB). Also note that |Sy;| = IL, the insertion loss.
Insertion loss is frequently given on data sheets.

With all this in mind, we can compute Beg = 237.06 MHz for the actual filters (Mini-
Circuits SLP-50+ high pass filter and Mini-Circutis ZX75LP-288-S+ low pass filter) from

their data sheets. Curves of S,; for the real band-pass filter and an ideal brick wall filter are
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shown in Fig. Note that it is actually slightly less than the ideal 250 MHz bandwidth

since there is some loss in-band.

0 -
_20 i
m
S _40d
~
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@ —60 -
°
F
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—— Real filters, Best = 237.06
—~100 - Brickwall, Besf = 250.00
0 100 200 300 400 500

Frequency (MHz)

Figure 2.41: Measured gain (S2;) of the Run 1A band-pass filter. Shown in dB, however
Beg is computed with linear Sy; as in Eq. 2.49] The response of an ideal brickwall filter
is shown for reference.

Setting the gain is ultimately done by trial and error; taking a scan, adding some atten-
uation if it clips, taking a scan, etc. Experience and preliminary simulations have shown
that a few dB of clipping for a noise-dominated signal actually doesn’t matter much, but
this was not fully explored. If future runs are to scan for longer, they may have significant

contamination from ADC spurs (see Sec. [2.1.5.1]), so additional gain driving into clipping
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may be fruitfully explored. Every dB of gain added allows for 10'45/®> a 44% more averaging

before ADC effects are at the same relative level™] so a little extra gain goes a long way.

40dB |40 dB
LMR-400 LNA |M.C. RG.316 =@ “aa PG

coax (21 ft) coax (6 ft Teledyne
SN anc

RF Switch PCle card
Patch

Panel

Figure 2.42: Schematic diagram of Run 1A amplifier chain. Antenna (Sec. and
terminator (Sec. are not part of the amplifier chain and, therefore, are not shown,
but they would be at the far left of the schematic. All RF connectors are SMA, ex-
cept the connection between the bicon antenna and its cable which is N type (though
that cable has SMA on the switch-side). RF switch is Teledyne CR-33S8D-T. 40dB
LNA is Pasternack PE15A1012-E (Table [2.3)). The patch panel uses an SMA bulkhead
connector labeled “A” (far left-hand side when standing outside the shielding room, as
shown in Fig. [2.38). 40 dB Mini-Circuits (M.C.) is Mini-Circuits ZKL-1R5+ (Table[2.4)).
Band-pass filter (BPF) is made up of Mini-Circuits SLP-50+ high pass filter and Mini-
Circutis ZX75LP-288-S+ low pass filter. Note that filters and attenuator are directly
connected to the SMA port of the Teledyne ADC (Sec. to mitigate RFI received
in the RG-316 cable run.

2.5.5 Veto antenna

The veto antenna is an identical Compower AB900 bicon antenna [155] as is used in the
shielded room. It is connected to channel A of the ADC with no amplification. However,
it has a Mini-Circuits ZX75LP-288-S+ low pass filter |[153] to prevent aliasing. This is the

same model low pass filter that is used for the main channel. The antenna is hung a few

28Calculations in dB like this are handy once they are understood, but can seemingly come out of no
where. This can be worked out by a careful reading of section using properties of logarithms and
definition of the dB.
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feet in front of the door from some pipes on the ceiling. The proximity to these pipes likely
gives the antenna a strange response, but its purpose is simply to look for large RFI signals,

so this isn’t that important.

2.5.6 12V power system

The LNA and switch are active components that require power to operate. The experiment
is incredibly sensitive to RFI, so while there is 120 VAC in the room, it is simpler to provide
the power from a 12 V battery than to use an AC/DC regulator. Originally a 12 V lithium-
ion (LiFePO4) battery was used. Lithium-ion batteries contain several cells and a controller
to regulate charge/discharge between the cells. In order to remove the possibility of this
controller emitting RFI in the room (which would create candidates that would be extremely
difficult to veto), the lithium-ion was replaced with a 12 V lead acid golf cart battery@.
The LNA is interlocked to the door such that power is cut when the door is opened.
This prevents the large radio signals from being amplified once they enter the room and
protects the ADC. The circuit that controls this is shown in Fig. [2.43] Note that it takes a

few seconds for the slow turn on circuit to discharge, so the door should be opened slowly

29This was done between run 1A.2 and 1A.3 due to interference resulting in many candidate detections.
Most of these were likely external RFI, which were eliminated by cleaning the door (discussed in Sec. .
Two variables were changed (cleaning of the door and replacement of the battery) so it’s unclear if a lead
acid is necessary. It works, however, and if it ain’t broke, don’t fix it.
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Figure 2.43: Schematic diagram of Interlock board. No voltage regulation is provided
because it is designed to work with amplifiers containing internal regulation (Pasternack
PE15A1012 [124]). Not shown is a simple “slow turn on circuit” consisting of a 0.68 F
capacitor and an 8, 10 W resistor (time constant = 5.4 seconds) which was installed
to protect the amplifier from transient voltages when the door is closed. This circuit
can be seen in Fig. 2.44] Experience has shown the liberal use of fuses to be prudent
when working with car batteries in a metal room.
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Figure 2.44: Photo of 12V lead-acid battery and slow turn-on circuit. Both connect
directly to the interlock board shown in Fig.[2.43, The slow turn-on circuit is connected
between the interlock board and amplifier. The battery includes a 2A fast fuse installed
in a commercial Anderson power pole assembly.
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2.5.7 GPU-Based Real-Time Spectrum Analyzer [

The use of commercial Spectrum Analyzers (SAs) that feature so-called real-time spectrum
analyzer (RTSA) mode comes with several restrictions that limit the efficiency with which
they are able to perform wide-band scans with narrow frequency resolution, as pointed out
the dark radio pilot run [127]. The number of frequency bins output by a real discrete
Fourier transform (DFT) is equal to half of the number of time domain samples, while the
bandwidth is given by half of the sample rate. Furthermore, the ability to acquire data
in real-time requires a DFT algorithm (generally implemented as a fast Fourier transform,
FFT) and computational resources that can operate on time domain data at least as fast as it
is acquired. In practice, real-time DFTs with high-frequency resolution and wide bandwidth
require modest memory, transfer rates and processing resources. Commercial “real-time
spectrum analyzers” tend to cheat a bit to reduce hardware requirements. Frequency mixers
reduce the required sample rate (and therefore span), limits on FET lengths reduce either
span or resolution, and limits on the rate of scans make it so that these SAs aren’t real-time
(at least in the sense that we require them to be).

For this reason, I have constructed a custom SA based on the Teledyne ADQ32 PCIE
digitizer[125], which is wide-bandwidth (up to 1.25 GHz frequency span), high resolution
(2* point FFT), and nearly 100% real-time (see Fig. [3.16)). I have been unable to find a

commercial SA with comparable capabilities. Specifications are shown in table

30Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/teledyne
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Bit depth 12 bits
Sample rate 800MHz
DFT input length | 224 samples
FFT compute time 2 ms
Channel count 2
Efficiency 99.765%

Table 2.5: Specifications for the custom, real-time spectrum analyzer used for Run 1A.

After passing through an amplifier and filter chain outlined in Sec. both the main
and veto antenna’s RF signals are digitized by the ADQ32’s two independent ADCs. This
raw, digitized time series is sampled at the digitizer’s clock rate. Since the discrete Fourier
transform (DFT) of a perfect sinusoid sampled by an unstable clock will have a finite spectral
width, clock stability must be better than the expected spectral width of candidate signals,
which in our case is set by the expected Qpp ~ 10°. To achieve the required stability, we
synchronize the sample clock (Valon 5009 RF synthesizer) of our ADC to a 10 MHz rubidium
frequency standard (Stanford Research Systems FS725), which is further steered by the
one pulse-per-second (PPS) signal from a GPS receiver. Clock performance is discussed in
Sec. 3.3.3

This system utilizes a GPU direct write in order to minimize CPU-GPU copies tends to

be significantly slower than the FFT itself. This GPU direct write is implemented by the digi-

tizer’s C++ API which is called from python. This happens in the teledyneTemplate/drDaq.

script (within the directory linked as a footnote at the beginning of this subsection). The
GPU is a Nvidia A5000. The process is shown graphically in Fig. [2.45

First, several buffers are allocated in GPU memory. A record is acquired (2?* time
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Figure 2.45: Real time DAQ data stream. Approximately 10* time series records (about
3 minutes of real-time data) are written from the ADC directly to GPU buffers. FFTs
are performed on these records, resulting in a pre-averaged spectrum that can be saved
to disk. This setup is duplicated for channels A and B, though the data rates indicate
the sum of both channels.

domain samples for Run 1A). This record is written to a pre-allocated, time-domain buffer
in the GPU’s memory. Next, an FFT is performed using Pytorch, which I found to be the
fastest algorithm, at least on a Nvidia GPU. 8,600 FFTs are performed and added to a
cumulative sum on the GPU (representing about 3 minutes of real-time data). Dividing by
the number of FFTs provides an averaged spectrum that is saved for offline processing. This
pre-averaging reduces the raw ~ 1.5 GB/s/channel data stream to ~ 0.15MB/s/channel,

which greatly reduces storage requirements. However, this comes at the cost of temporal
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resolution of transient candidates. Since we are interested in constant (or at least very slowly
varying) signals, this is not a problem, but in other applications, this step should be avoided.

Pre-averaging is set using the NOF_BUFFERS_TO_RECEIVE variable, see Appendix [A]
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Chapter 3

System Characterization and Data
Acquisition System

When you can measure what you are speaking
about and express it in numbers you know
something about it; but when you cannot
measure it, when you cannot express it in
numbers your knowledge is of meagre and
unsatisfactory kind; it may be the beginning of
knowledge but you have scarcely progressed in
your thoughts to the stage of science whatever

the matter may be.

Lord Kelvin
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This chapter covers the characterization of the system as a whole, including the shielded
room (Introduced in Sec. [2.5.1)), amplifier chain (Sec. and real-time spectrum analyzer
system (RTSA, Sec. 2.5.7). This section provides data and information about how they
were collected from tests that were performed, but that distract from the narratives of the
preceding and following chapters. This chapter can be skimmed and referenced with further

care during the reading of Ch. [4

3.1 Measurement of Amplifier Chain Performance

The amplifier chain conditions the analog signal (described in Sec.[2.5.4). The following data
show some measurements that are useful in confirming the system is operating as expected.
Similar data should be collected and inspected before, during and after a new data run so
that any performance degradation can be monitored. At the very least, one should take
note of the power spectrum from a room temperature terminator (Fig. and monitor it

throughout the run for any changes. The heads-up display (Fig.|A.1)) makes this very easy.

3.1.1 Y-factor methodl

The Y-factor method [156] |157] is a common technique for measuring the gain and noise
temperature of an amplifier chain (details in Sec.[2.1.4). A matched termination is connected
to one end of a transmission line. The other end of this line is connected to the input of

the amplifier chain under test. The output of the amplifier chain is measured with the

1Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/yFactorTest/yFactorTest.ipynb
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terminator at two different temperaturesﬂ These temperatures must be known, and the
larger the difference the better the measurement because it is easier to extrapolate the slope
and intercept from these data (see Fig. 3.1)).

There are a few different ways to handle the algebra, but the simplest is to fit a line of

the form

Tout(V) = Girterm + B, (31)

where Tiem is the temperature of the terminator, and all terms are dependent on frequency.
The x-intercept (and therefore the negative amplifier temperature) is simply G/B. This is

shown as a cartoon for a single frequency in Fig. [3.1]

Tout
A

'Tam
-4 >T,

erm

Figure 3.1: Cartoon showing Y-factor data. The (negative of) amplifier temperature is
read off of the x-intercept. The gain is given by the slope. Figure from Wikipedia [15§].

To make this measurement, I wanted to use liquid nitrogen for the cold temperature

(77K) and a calibrated noise source for the hot temperature (~12,000K). The test was

2 Alternatively, a calibrated noise source can be used to simulate a very hot terminator, usually thousands
of degrees Kelvin.
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conducted using the noise source and a 30dB attenuator placed directly before the ADC.
This attenuation was later accounted for, yielding a calibrated measurement. However,
while the test was set up to use this noise source, it gave unreliable results. I was able
to confirm it became uncalibrated using a spectrum analyzer, so I did not use that data
point. Additionally, I made the measurements with a much wider band-pass filter (0-1 GHz)
compared to the span of Run 1A (0-0.3 GHz) so that the same data would also give the gain
and noise temperature up to 1 GHz (though this is not shown in this thesis). Both the 30 dB
attenuator and the 0-1 GHz band-pass filter will be calibrated out. As a check that this
was done correctly, the gain was measured again using a tracking generator with the actual
setup, avoiding corrections. This is shown in Fig|3.7l The two gain curves agree quite well.

The test setup is nearly identical to the Run 1A amplifier chain (see Fig. [2.42). The
differences are the 30dB attenuator and band-pass filter (discussed above) and the short,
semi-rigid, cryogenic-capable cable between the terminator and LMR 400 cable. The cryo-
genic setup is the same as shown in the right panel of Fig. 2.28, The raw data (including
only liquid nitrogen and room temperature) are shown in Fig. m

The spectra of Fig. contain hot and cold measurements at 2'® frequency points. At
each point, a fit is performed according to Eq.[3.1] To demonstrate, this is shown for a single
frequency (625 MHz) in Fig. 3.3

Finally, fitting the raw spectra shown in Fig. with Eq. at each of the frequency
points, the frequency-dependent gain and noise temperature of the amplifier chain is ex-
tracted. These are shown (after correcting for the 30 dB attenuator) in Figs. and

As a final check, I took the Run 1A terminator data and corrected it for the gain and noise
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Figure 3.2: Raw output power spectra used to compute the gain and noise temperature
for the Run 1A amplifier chain using the Y-factor method. The bandwidth Avgp ~
9.5kHz, and 10,000 averages were taken. These data are only used to characterize the
system between 50 and 300 MHz, so the low frequency ADC effects and RFI around
800 MHz do not affect the calculation. Note that the amplifier chain under test has a
30dB attenuator directly before the ADC which is discussed in the text. This had an
impact on the measured gain, and it is corrected for in the following analysis. It has
negligible impact on the noise figure however, as shown in Eq.

figure found using the Y-factor method of this section, expecting to recover the -174 dBm /Hz
as predicted by Johnson’s formula for a terminator at room temperature. The agreement is

excellent, as shown in Fig.
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Figure 3.3: Y-factor data from the Run 1A amplifier chain at a single frequency
(625 MHz). Note that 75, is in MK or millions of degrees Kelvin. This is expected
since there is approximately 41dB of gain on an input temperature of a few hundred
Kelvin. Reminder, there is a 30 dB attenuator which has not yet been corrected for.
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Figure 3.4: Frequency-dependent noise temperature of the Run 1A amplifier chain,
measured using the Y-factor method. Low-frequency behavior is consistent with the
data sheet of the LNA [124]. The increase at high frequency is due to the attenuation
of the cable before the LNA. Future runs may place the LNA directly on the antenna to
minimize this issue, though other complications will be introduced. The median filter
is a simple rolling median to smooth out the noisy measurements.
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Figure 3.5: Frequency-dependent gain of the Run 1A amplifier chain, measured using
the Y-factor method. The 30 dB attenuator and band-pass filter have been corrected for
in this plot. The slow decrease of gain with frequency is consistent with the datasheets
for the LNA and secondary amplifier . Roll-off at high and low frequencies is
due to the band-pass filter (see . Bumpy behavior is due to the small impedance
mismatch of the terminator to the 50€) system.
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Figure 3.6: Run 1A terminator, input-referred power spectral density. Excellent agree-
ment with the predicted value from the formula for Johnson noise at room temperature.
Two reference temperatures are given with the dashed lines.
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3.1.2 Confirming gain with tracking generator measurement

As a sanity check for the Y-factor method, the system gain was measured again using the
tracking generator on the Rigol RSA-5065-TG [159], with good agreement. This measure-
ment was useful since there were some corrections involved in the Y-factor measurement (the

30dB attenuator and band-pass filter).
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Figure 3.7: Gain vs. frequency of the Run 1A amplifier chain, including LNA, secondary
amplifier, band-pass filter and attenuators. The inset shows the zoom of the region
enclosed in the red box. This was measured using the tracking generator on Rigol RSA-
5065-TG . Wiggles visible in the inset are a known artifact due to an impedance
mismatch between the Rigol’s tracking generator and the system under test. The gain
was confirmed by comparing it to the gain found with the Y-factor method (Sec.

171



3.1.3 System stability over a run period []

The system’s gain will vary slightly over the course of a run. An obvious culprit is the
battery voltage decreasing with timd? At first glance, one may conclude that since the LNA
is equipped with an internal voltage regulator, it is insensitive to the battery voltage as long
as it is above some minimum value. However, at higher voltage, the regulator must dissipate
more power which will make the LNA warmer. Temperature does have an effect on the gain
of the LNA. Tests of gain vs. LNA voltage show that this is a minor issue. This is shown in
Fig. 3.8

Knowing the gain vs. voltage is only useful if it is understood how the battery voltage
will behave over the course of the run. These data are shown in Fig. 3.9

As a final check of system performance during the run, Fig. shows the output-referred
power (averaged from 50-300 MHz) over the course of the 9-day Run 1A. The gain varies by
about 0.7%, an insignificant amount given the other uncertainties involved (especially that

of simulation and calibration, Sec. .

3Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/
master/dagAnalysisAndExperiments/runlp4/runlp4_analysis/runlp4_timeDependence.ipynb
https://github.com/josephmlev/darkRadio/tree/master/dagAnalysisAndExperiments/runlip4/
gainAndNf/gainAndNF_analysis.ipynb

4The LNA is powered by a battery. The secondary amplifier is outside of the room and powered with a
voltage regulator.
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Figure 3.8: Gain vs. LNA voltage of the Run 1A amplifier chain, including LNA,
secondary amplifier, band-pass filter and attenuators. This was measured using the
tracking generator on Rigol RSA 5065TG [159]. Gain is frequency dependent; its average
value is between 50 and 300 MHz is shown here. The voltage at the amplifier was
measured directly at its terminals after a significant voltage drop due to interlock and
slow turn-on circuits (described in Sec. . Gain is in good agreement with the
previous two subsections, [3.1.1] and [3.1.2, The operating voltage range specified on
LNA data sheet [124] is 10-15 V. The voltage at the LNA (red) does not exactly line up
with voltage at battery (blue), so there is a slight offset. The scale of the x-axes scale
has been set so that the maximum and minimum voltages line up.
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Figure 3.9: Voltage at LNA vs. time with Run 1A setup. These data were acquired
7/15/2024 through 7/22/2024 using battery number 2 immediately after being charged.
The system was set up as it was for Run 1A, including the switching cycle (on for 3
minutes, off for 45 minutes). The battery supplies 177mA when the switch is off and
370mA when the switch is on. There is an additional data point (not shown) around
196 hours where the voltage has dropped to 6.2V, well below the minimum required
voltage. The battery had approximately 20 charge cycles at the time of this test and
was about 14 months old. A repeat of this test may be required to use the battery for
longer periods between charges.
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Figure 3.10: Frequency-averaged power spectral density vs. time of the terminator from
Run 1A (schematically shown in Fig. . Each data point represents the mean power
between 50 and 300 MHz of the terminator. In Run 1A, a ~ 3 minute long scan of the
terminator took place after ~ 45 minutes of antenna scans. The dates shown are all May
2023 (month-day format, year suppressed), and the x-axis ticks are placed at midnight.
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3.2 Measurement of Shielding Effectiveness and

Radio Frequency Interference

Shielding effectiveness (SE) and radio frequency interference (RFI) were introduced in Secs.

2.1.3 and 2.5.1l Their measurement is introduced here.

Similar to the warning given in the previous section, SE should be measured before
starting a data run or after entering a new frequency range/modifying anything on the
patch panel. In addition, it is best practice to clean the door’s RF seal before beginning a
run (the procedure is described in the text of this section).

Due to reciprocity between antennas, measuring the shielded room’s ability to keep radi-
ation out is equivalent to measuring how well the room can keep it in. The latter method is
simpler and was performed. The IEEE standard prescribing a very detailed SE measurement
procedure [160] was used as a rough guideline, but the simple results presented here should
be viewed as an estimate. While simplified, the results do tend to agree with predictions of
when RFI should become detectable, based on comparisons to the veto antenna spectrumﬂ.

The SE was measured by placing a Rigol DSG830 signal generator and 25 Watt RF power
amplifier inside the room, both powered by the filtered 120 VAC Edison outlets inside the
room, shown in Fig. An antenna was connected to the amplifier. Outside of the room,
an identical antenna was connected to a Rigol RSA-5065-TG spectrum analyzer [159]. The

spectrum is scanned to find a frequency without local interference, which would confuse the

50Or at least they did agree before cleaning the door. With the excellent isolation values, no RFI was
detected in Run 1A.
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results. The spectrum analyzer was set to attenuate its input to prevent Clippingﬁ7 and the
signal generator was set to output a sine wave near the maximum power of the RF amplifier
(20W = 43dBm). The power measured on the spectrum analyzer is Pype, in Eq. . The
door was closed, attenuation removed and P,.ysq was measured. In some cases, the SE was
so high a signal was buried below the noise floor of the spectrum analyzer. These data are
shown in red in Figs. and should be interpreted as an upper limit on isolation,
since the true value is lower (better).

SE can drop off to less than 80 dB if the RF gasket around the door is not clean. Previous
day-long test runs detected several hundred signals that originated from RFI emitted from
the PC and several local radio stations. Cleaning was performed by scrubbing the copper
finger stock and steel mating surfaces with red Scotch-Brite using denatured alcohol as a
lubricamﬂ After two passes of polishing were complete, a layer of DeoxIT D100L liquid
was added. Maintenance cleanings were performed using only DeoxIT D5 spray. These
signals were not detected after the gasket was cleaned, which is consistent with calculations
of Sec. 2.1.3

The primary RFT in the 50-300 MHz span are from local radio broadcasts. The electric
field of the strongest signals is ~100 x#V/m when measured in the lab. There are also many
lower level peaks which span the entire frequency range, though are more pronounced in a

few frequency bands (60-75 MHz, 130-140 MHz, and 270-290 MHz). These peaks come from

5The spectrum analyzer automatically calibrates the displayed spectrum to its internal attenuator and
pre-amplifier. If external gain/attenuation are used, they must be accounted for manually. Since this is a
relative measurement (i.e., a ratio of Popen/Peiosed), this calibration does not matter much.

7Alcohol fumes are nasty. Be careful to open the hallway door and use a fan to blow in air from the hall.
Take frequent breaks. Don’t get dizzy while standing on a chair!
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Figure 3.11: Photo showing setup to measure SE of 314. Photo taken using Vivaldi
antennas for data shown in Fig.|3.13] The same setup was used with bicon antennas for
the 50-300 MHz data shown in Fig. [3.12] The bicon antenna shown in the background
of this photo was not used for this test.

the PC which is an integral part of the spectrum analyzer system, housing the ADC, so it
can not be removed. Before the door was cleaned, many of these signals were detectable
after a few hours of integration, but cleaning the door resulted in a clean spectrum for the

9-day data Run 1A. The spectrum from the veto antenna (discussed in Sec. [2.5.5)) is shown

in Fig.
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Figure 3.12: Shielding effectiveness of shielded room measured with bicon antenna. Red
points indicate measurements limited by the noise floor of the spectrum analyzer located
outside the shielded room and are an upper limit. The true SE is lower (better). To
get the true SE for these points, measurement would require a higher gain amplifier
inside the room and/or and LNA before the spectrum analyzer. SE measurements are
all better than required for Run 1A, and no RFI candidates were detected. At a few
frequencies, the antenna inside the room was moved to get a sense of the uncertainty of
the measurement.
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Figure 3.13: Shielding effectiveness of shielded room measured with Vivaldi antenna.
Red points indicate measurements limited by the noise floor of the spectrum analyzer
located outside and are an upper limit; true SE is lower (better). Measurement would
require a higher gain amplifier inside the room. At a few frequencies, the antenna inside
the room was moved to get a sense of the uncertainty of the measurement.
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Figure 3.14: Spectrum from veto antenna during the 300 MHz data run. Spectrum
plotted as measured power in dBm. Red curves indicate the equivalent field strength.
These curves track the free-space antenna factor with frequency for the Com-Power
AB900 bicon. Two identical AB900-A antennas are used, one to search for dark
photons in the shielded room, and a second to monitor the local RFI background.
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3.3 Spectrum Analyzer Characterization

This section outlines several tests performed to ensure the GPU-based real-time spectrum
analyzer (RTSA) system performs as expected. Background information that relates to this

system is described in Sec. [2.5.7]

3.3.1 Spectrum analyzer calibration

The first step in determining if the RTSA system is working adequately is to make sure
it is able to correctly identify known, injected signals and noise. This calibration step is
important since the FFT is normalized manually (see Eq. , and it is rather easy to
mess up. The test signals were generated with a Rigol DSG830 signal generator. The time-
domain peak-to-peak voltage measured by the RT'SA system agreed with the injected voltage
to about 2%. The signal generator’s output frequency and power were verified in both the
frequency and time domain using a separate oscilloscope and spectrum analyzer. This is an
important step since cable losses are significant at this level of precision. They can be taken
into account by consulting the data sheet for the cableﬂ

Next, it is important to understand how the system handles noise spectra, since this is the
primary use of the system. This is tested by amplifying the Johnson noise of a terminator (see
Sec. and measuring the power spectral density. Knowing the gain and noise figure
of the amplifier chain allows for calibration using the procedure outlined in detail earlier in

this chapter, see Sec. [3.1] specifically Fig. 3.6 These results were confirmed several times

8There are several cheap black SMA cables which are great for testing, but not for calibration. They
have more than 5dB of loss above 1 GHz. Use a nice cable for these tests, and blow out the SMA connector
with compressed air while you are at it.
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preceding the data run. Note that due to windowing, other spectrum analyzers will disagree
with the theoretical calculation by a few dB if the equivalent noise bandwith (ENBW) of
the window function is not included. Also remember to take cable effects into account, as
discussed in the previous paragraph.

One final test on a system that integrates noise is to confirm the standard deviation o of

the noise averages down as predicted by Eq. [2.16. This was confirmed, and the results are

shown in Figs. and

3.3.2 Spurious signal performance of the ADC

Any practical spectrum analyzer will have small, coherent signals that sneak into the analog
signal path and, after being digitized and Fourier transformed, manifesting as spurious signals
or spurs (see Sec. . These spurs likely come from clock signals within the same
enclosure as the ADC. They can also come from local oscillators bleeding through mixers in
a mixed, high-frequency system such as the Rigol RSA 5065TG [159] or the future, upgraded
dark radio system discussed in Ch. [6]

Regardless of their origin, the spurs must be characterized such that if a known spur is
detected, it can be classified as such and rejected quickly. Ideally, the system has enough
gain that any spurs are subdominant to the amplified thermal noise, as discussed in Eq. 2.1}
However, since there is a maximum amount of gain that can be added before clipping the
ADC (see Sec. , this is not always possible.

Experience with the Teledyne RTSA system has shown that spurs are rather simple to
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classify because they do not change much with time in either frequency or amplitude. Their
frequency drifts by ~1kHz and their amplitude changes by a few dB.

To classify them, the input of the Teledyne ADC is terminated and a scan is performed
for a few minutes using the exact same system configuration as Run 1A (with the possible
exception of the number of averages). See Appendix |A|for details. The averaged spectra of

the terminated inputs are shown in Fig. [3.15]
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Figure 3.15: Scan of terminated input of Teledyne spectrum analyzer system to measure
spur performance. The spectra were acquired with run 1A parameters (Avgp = 47.7 Hz)
with 10,000 averages (~3.5 minutes). This plot is taken directly from test mode of the
system (not post-processed in any way). The largest spur in the 50-300 MHz range is
at 299.97 MHz and is also the single significant signal in Run 1A (see Sec. .
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Once a test scan is acquired, comparing the largest spurs (=~ -110dB) to the expected
output-referred background ([Johnson noise + LNA noise] * Gain ~ -81 dBm/Avgr) allows
the calculation of the number of averages which are required before the spurs are significant.
Working this out is a good test of understanding of Sec. [2.2] This spur should be detectable
with 95% confidence after about 4 days, which is exactly what happened in Run 1A. The

false positive candidate is described in Sec. [£.2.5]

3.3.3 ADC clock performance

Any ADC requires a clock that dictates the precise time at which a sample should be ac-
quired. This subsection deals with the evaluation of the performance of that clock.
Determining the performance of a clock generally relies on having a better (read: more ex-
pensive) clock known as a standard and measuring the clock under test against the standard.
The Valon 5009a [161] RF synthesizer was tested against a rubidium frequency standard and
was found to be just on the threshold of stable enough to work (this threshold is explained in
Sec. . To ensure the measurement is not limited by clock instability, the sample clock
of the ADC is synchronized to a 10 MHz rubidium frequency standard (Stanford Research
Systems FS725) which is further steered by the one pulse-per-second (pps) signal from a
GPS receiver. This system has medium and long term fractional frequency stability (Allan
deviation [162, [163]) of o, (7) < 3 x 107'? (where 7 is the averaging time) and phase noise
of less than -65dBc/Hz at offset frequencies > 50 Hz from the carrier |[164]. This means

that over the course of a single acquisition, the power contained in a bin will spread to an
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adjacent bin by less than 1 part in 10° which is more than sufficient for our experiment.
This is a rare example of something in this experiment where we trust the datasheet |164].
We do not have access to a clock that is better than this, so confirming its performance is
difficult. Furthermore, even if the specifications are an order of magnitude worse than
advertised, there is still more than enough stability for the experiment. This statement
holds at higher frequencies. Since the () of the dark photon signal is presumed to be fixed,
higher frequencies have wider bins, and so the relevant offset frequency at which the phase
noise is measured increases with frequency. The dimensionless Allan deviation is also not

affected.

3.3.4 Real-time data collection efficiency

As a final test, one would like to know how efficiently data scans can be acquired and
averaged. We call a 100 % efficient system real-time as described in Sec. 2.5.7] Figure [3.16]
illustrates this efficiency. For Run 1A, it is ~99.765%. However, in practice, run logistics

such as moving the antenna prevent the full efficiency of the system from being realized.
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Figure 3.16: Acquisition efficiency for GPU-based real-time spectrum analyzer com-
puted from measured vs. theoretical times. The constant offset of 0.43 s corresponds to
a small set-up period when starting an acquisition containing, in the case of Run 1A,
8600 FFTs. In the limit of an infinite length acquisition, the system’s efficiency may
be read off from the slope and is 99.9995%. The more realistic efficiency is a function
of the number of FFTs per acquisition and for Run 1A = 180.3551 [s|/180.7782[s] =
99.765%.
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Chapter 4

Data Acquisition, Data Analysis and

Calibration

Data is like garbage. You'd better know what

you are going to do with it before you collect it.

attributed to Mark Twain

Thus far, this dissertation has built a foundation for the dark radio technique as well
as the design and testing of the experiment and its sub-systems. This chapter outlines the
process of acquiring actual data, analyzing that data to search for a small power excess,
and, in the absence of that excess, converting the null result into an exclusion limit on the
dark photon mass/e parameter space. Section describes an injection test that detects a
realistic, hardware-injected, dark photon proxy-signal. This chapter borrows heavily from

New Limit on Dark Photon Kinetic Mixing in the 0.2-1.2 peV Mass Range From the Dark
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E-Field Radio Ezperiment [67], which was published by the DER group in August 2024.
The cleanest way to model the contents of this chapter is by compartmentalizing the
steps outlined above. For this reason, the chapter is organized as follows. In Sec. 4.1}, the
procedure for a 9-day data run is outlined. Where appropriate, references to previous sections
are provided which are helpful in understanding how different procedures were developed.
This section concludes with the frequency-dependent, output-referred power spectral density
S, which must be searched for a power excess. We call this search analysis, and it is covered
in Sec. 1.2l The task of analysis is to extract a dark photon signal from this spectrum if
it is present. Otherwise, in its absence, we set a limit on the amount of output-referred
power that would have been detectable most of the time were a narrow signal to be present
in this averaged dataset. We quantify the meaning of “most of the time” by conducting a
series of Monte Carlo pseudo-experiments on artificial signal-containing spectra for synthetic
signals of varying powers and frequencies. With a limit on dark photon power extracted,
Sec. works back through the system to determine a limit on € above which we have some
confidence we would have observed a signal. This produces the exclusion limit, which is

ultimately the deliverable of this experiment. This limit is shown in Ch. [5

4.1 Data Acquisition

Data were collected during a 9-day run from May 10 to May 19, 2023. As discussed in the
introduction to Ch. [2] this data run is referred to Run 1.4 in the code base since it was the

fourth attempt at taking these data. It was used to publish the limit of Run 1A [67], so it
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is referred to as Run 1A throughout this dissertation or as Run 1A.4 if it is necessary to

distinguish between previous attempts. The details of this run are shown in Tab. [4.1]

Specification Value

Analysis span 50-300 MHz

-3dB span of analog filters 34-208 MHz

Antenna AB-900A biconical antenna
RTSA Teledyne GPU system (Sec. |2.5.7[)

Frequency resolution (Avgy)

47.7Hz

Length of record 224 samples
Sample rate 800 MHz

Window type None (rectangular)
Acquisition time per spectrum 20.96 ms

Run start time

2023-05-10 11:29:48

Total time of run

8 days, 21.13 hours

Efficiency (Time spent scanning antenna/total time)

92.03%

Table 4.1: Run 1A details. Many specifications are related and can be computed from
each other but are listed for reference. The efficiency differs from that calculated in
Fig. mainly because of switching to a terminator and brief daily pauses to move

the antenna.

Each day was subdivided into data-collection (23 hours 15 minutes) and setup (45 min-

utes) periods. The setup period includes moving the antenna, changing a 12V battery for

the LNA (Sec. 2.5.6), file management and documentation. In order to reduce the data

rate and storage requirements, all data were pre-averaged into 3-minute chunks and then

saved. This pre-averaging is shown in Fig. Additionally, an RF switch (see Fig. [2.37))

is actuated for a 3-minute scan for every 15 antenna scans in order to monitor the status

of the amplifier chain. For the data analysis, all 9 days of data were averaged together to

create a single spectrum S, (Fig. [£.1). If candidates were found, their time dependence can

be observed by looking at the 3-minute pre-averages. All further analysis was performed on
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the full 9-day S, spectrum, described below (Sec. .

4.1.1 Raw data, S,

All 9 days of pre-averaged data from the run were averaged together. The stability of the
sample clock (Sec. ensures that this is a simple process. Frequency bins (Avgp =
47.7Hz) corresponding to a given frequency were added and normalized by the total number
of pre-averaged spectra. This process produces the raw spectrum, S, (Fig. , on which
we will perform a search for power excess.

Inspection of S, reveals small power variations over spans of tens of kHz. The origin of
these variations is explored in Sec. 2.3 but it is summarized here. Given an antenna in a
cavity in thermal equilibrium with the input of an amplifier, whose input is assumed to be real
and matched, one would expect an output PSD which is constant with respect to frequency
up to small variations in system gain. The theory for this is outlined by Dicke in [165]. These
variations are not noise; for a given antenna position, we repeatedly measure the same shape
(though the noise riding on these variations is random). The origin of the observed small
variations lies in the effective temperature difference between the room and LNA causing
a net power flow from the antenna into the LNA. This effective temperature difference
partially excites modes of the antenna/cavity system, causing the observed variations. We
suspect this effect originates from a small reactive component of the LNA’s input causing
the electronic cooling described originally by Radeka [106]. This effect can be eliminated by

adding an isolator between the antenna and LNA [120} [166] though for our experiment, it
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Figure 4.1: Run 1A averaged, output-referred antenna power spectrum S,. Data were
taken over a 9-day period at 9 antenna positions. For context, Fig. shows these
data plotted alongside the power spectrum of the terminator. The narrow variations
are mainly due to the effective temperature difference between the room and LNA
(Sec. , though there is a small contribution due to amplifier gain and noise tem-
perature variations (Sec. . The variations seen here are not noise; their shape is
repeatable for a given antenna position. The noise on this background is not visible at
this level of zoom, but is seen in Fig. [£.4] which shows a zoomed-in view of the spectrum
at 240 MHz. The noise is also seen nicely in Fig. [4.18
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Figure 4.2: Logarithmic scaled Run 1A averaged, output-referred, antenna and termi-
nator power spectra. Bandwidth is defined by hardware band-pass filters (Fig. [2.37)).
Spurious signals at 10 MHz, as well as low and high-frequency behavior, are ADC effects
and are visible in Fig. 3.15

is impractical to get an isolator that covers such a wide band at relatively low frequency.
Furthermore, the relatively wide (tens of kHz) variations are handled by fitting to them,

which is discussed in Sec. [4.1]
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4.2 Data Analysis

At this point, we have compiled a single, averaged, output-referred power spectrum, Sg
(Fig. 4.1)). The task of analysis is to extract a dark photon signal from this spectrum if
it is present. Otherwise, in its absence, we would like to set a limit on the amount of
output-referred power we would be able to detect most of the time were a narrow signal
to be present in this averaged dataset. We quantify the meaning of “most of the time”
by conducting a series of Monte Carlo “pseudo-experiments” on artificial, signal-containing
spectra for synthetic signals of varying powers and frequencies. The following subsections

are organized as follows:

E2Tr Fit S, to extract an estimate of the background B (which we call B) whose origin was

discussed in Sec. [1.1.1] See Fig. .4

4.2.2] Divide the spectrum by B to generate the normalized spectrum, which very nearly
follows a Gaussian distribution. Discuss statistics of the normalized spectrum and
choose a global significance level and its associated significance threshold. See Fig. |4.5]

Also note this was derived in Sec. 2.2|.

4.2.3] Apply a matched filter to the normalized spectrum and establish a significance thresh-
old on its output using the same method defined in the previous section. See Fig. [4.6]

The previous three steps comprise our detection algorithm which is shown in Fig. 4.3|

124 Perform a Monte Carlo analysis to simulate the required power of a signal that can be

detected above the significance threshold 95% of the time. We use this to recover a
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95% exclusion limit on the output referred power spectrum.

Detection Algorithm

r — N

S - [, Snorm Matched | |Compare
O O

- Filter with ST
t
5

-

J

Y

Detection?

Figure 4.3: Flow chart outlining the logic of signal processing in the detection algorithm
of sections through m B is the smoothed fit to S, generated by low pass
filtering. The output, Detection?, is a Boolean array that signifies a detection or lack
thereof at each frequency bin. We detect a candidate if a bin contains more power than

a significance threshold (ST) (Sec. .

In Sec. we convert this threshold on S, into an actual limit on ¢.

Throughout the figures of this section, we will follow a relatively large (40 fW, output-
referred) software-injected, synthetic dark photon signal at 240 MHz to illustrate what a
candidate would look like as it passes through the analysis procedure. This signal is added
to So. For clarity, a single interfering candidate has been removed. This is discussed in

Sec. 4.2.5]

As a final note, at this point, if you are unfamiliar with the DER data analysis, it would
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be advantageous to spend a few minutes looking through the figures located at the end of
this chapter to get a sense of the task at hand. It can be disorienting to deal with a spectrum

that contains 8 million frequency points. Zooming in on a signal is very informative.

4.2.1 Fit background, B(V)

As shown in Fig.[4.1] the measured power spectrum looks like flat thermal noise multiplied by
some frequency-dependent background, B(V)E|. However, for this section, we will not concern

ourselves with the origin of B or any details of the experiment aside from two assumptions:

1. The measured background is the product of a normally distributed spectrum and some
background. This is enforced by the central limit theorem due to the large number of

averaged spectra, independent of any experimental specifics.

2. The line shape of the signal is known and the width of this signal is much narrower

than the width of features on the background, viz. Avpp << Avg

The first assumption (1) implies that if we were able to extract the background, dividing
So by this extracted background would yield a dimensionless, normally distributed power
spectral density on which a search for a dimensionless signal is performed. The second
assumption (2) will be critical in both performing the fit to the background (this section),

and performing matched filtering (Sec. |4.2.3)).

LCode for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/runlp4_analysis/analysisClass.ipynb

“When I was first working on this, I used H(v) to represent this background. This naming convention
persists in the analysis code.
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In light of these assumptions, we attempt to fit the background power spectrum. Since
this fit estimates B, we use the symbol B to refer to it. As discussed in [108], a particularly
effective fitting technique that can discriminate between the wide bumps of S, and a narrow

signal is to use a low pass filter. We implement this filter in two stages:

1. A median pre-filter (51 bins or about 2.4kHz wide) attenuates any very narrow, very
large excursions which would interfere with any following filters, causing them to

“ring” I
2. A 6™-order Butterworth low pass filter (corner frequency of 210 bins or 10kHz).

These bin widths/frequencies should be interpreted as the width of spectral features on
S, that are attenuated and will, therefore, not show up in the background fit. A narrow

zoom of this fit with a synthetic signal is shown in orange in Fig. 4.4

31 recommend that this pre-filtering step be omitted if the spectrum analyzer in use does not produce
large spurs. It is the slowest part of the analysis chain. It also causes the filtered spectrum to deviate slightly
from Gaussian.
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Figure 4.4: Fitting background B in the presence of a synthetic signal injected at
240 MHz. Starting from the averaged, output-referred spectrum (S,), we fit the back-
ground using a series of filters (section [4.2.1) and Fig. [4.3). This figure is a highly
zoomed-in view (240 MHz 4+ 20kHz) in order to show the noisy Rayleigh signal shape.

4.2.2 Normalized spectrum, S;*"™"

Once we have a fit to the background, B, division of S, by this fit yields a dimensionless,

Gaussian distributed spectrum

So
=

norm
grom =

(4.1)
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As discussed in Sec. , this normalized spectrum (Fig. |4.5]) should have a mean fi,om=1
and a standard deviation given by the Dicke radiometer equation o, = (TAI/RF)_I/ 2 where
7 is the total integration time (=9 days) and Avgp is the width of a bin (47.7Hz). This
works out to a predicted oo of 1.727 x 1074 fiyorm and ouom calculated from the data
are 1 — 1.2 x 107° and 1.741 x 10~* respectively, which agree with the predicted values
to better than 1%. Knowing the statistics of the background allows us to set a threshold
above which we have some confidence that a candidate is not a random fluctuation. This
significance threshold (ST) was derived in Sec.[2.2.1] As a reminder, the probability that all
N bins are less than z standard deviations, zo, for a standard normal distribution is given
by {% [1+erf(2/V2)] }N, where erf(z) is the standard error function and z is real. A 5%
ST for 5.2 x 10° bins (our 50-300 MHz analysis span) works out to 5.60. This is shown in
Fig. [4.5

It is possible to set a simple limit using this significance threshold on the normalized
spectrum, which was our method in [127]. However, knowing the line shape of the dark
photon signal provides additional information that improves sensitivity (up to a factor of

~2) at the higher frequency end of the spectrum, as shown in the following section.
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Figure 4.5: Dividing So by B yields a dimensionless, normally distributed power spec-
trum that we define as S2°™. We show S5™ in two ways: a normalized power /frequency
spectrum (left) and rescaled into Z-score units and collapsed into a histogram (right).
The histogram shows power excess and Gaussian fit, but frequency information is lost.
We compute a 5% significance threshold ST (dashed red), above which we will detect a
candidate by chance 5% of the time. Bins adjacent to the 240 MHz synthetic signal show
up in orange on both plots. A single interfering signal has been removed for clarity. We
discuss this further in Sec. 1.2.5]
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4.2.3 Signal-matched filter

As discussed in [£.2.2] one simple method to set a limit is to look for single-bin excursions
above some threshold. However, galactic dynamics impart a dark photon candidate with
a Rayleigh-distributed, spectral signature, which has a dimensionless width Qpp ~ 10°
[121]. This means that the expected width of a candidate signal over our analysis span (50-
300 MHz) varies between 50-300 Hz. We set Avgp = 47.7 Hz to maximize SNR for the lowest
expected signal width. However, this divides signal power between adjacent bins, an effect
that becomes more pronounced at higher frequencies, leading to a decrease in sensitivity. By
using a signal processing technique known as signal-matched filtering |167, 168], we restore
some of the sensitivity lost due to the splitting of signal between the fixed-width frequency
bins of the FFT. A similar “optimal weighting” procedure has been well established in axion
haloscope experiments, notably by [108, 169]. Below, the signal-matched filter is referred to
simply as a matched filter.

For a known signal shape, the detection technique that optimizes SNR is the matched
filter. This is implemented on the normalized power spectrum using the Rayleigh-distributed
spectral line shape of [121] as a template. Since we have a constant Avgp and expect the
width of the signal to vary across our span, we must calculate several templates of varying
width to match the expected line shape. Every 10% of fractional frequency change, a new
template is generated and used to search that small subspan of the normalized spectrum,
each of which is also normally distributed though with its own standard deviation. This

results in 20 subspans (50-55 MHz, 55-60.5 MHz etc.). The normalized spectra of all 20
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subspans and the histogram of the 227-250 MHz subspan are shown in Fig. [4.6]

20 B
=
1.001 - 1y == =
g : i = 15 ‘-;3.
8 (o] Ir"ll.. : : —

7)) 2 = 10 £
o) ' 'J' 2o
S - )
O to)
E 1.000 %
4

e =
S L
© , 10 S
>, — Gaussian Q
0.999 A __15c2d

100 200 300 10! 103 10°
Frequency Counts
[MHZz]

Figure 4.6: S;o™ after it has been passed through a matched filter. The template varies
in width throughout the frequency span, resulting in 20 subspans, each with a constant
5% significance threshold ST (dashed red). The histogram only includes 227-250 MHz
subspan (enclosed in the green box). The signal-to-threshold ratio of the synthetic signal
(orange) improves by a factor of about 1.8 as compared to Fig. 4.5( without a matched
filter. The frequency dependence of this effect is shown in Fig. [4.8] A single interfering
signal has been removed for clarity.

As the width of the templates increases, the standard deviation of the output decreases,

resulting in the v~/2 shape of the 5% significance threshold shown in Fig. It should be
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noted that since the total number of bins remains 5.2 million, the 5% significance threshold
still corresponds to 5.60; the shaping in Fig. [£.6] is due to the variation in o for different

templates, not a change in the z = 5.6 pre-factor.

4.2.4 Monte Carlo: pseudo experiments

The previous three sub-sections outline the procedure for detecting the presence of a signal
of known spectral line shape embedded in wide-band noise. We refer to this procedure as a
detection algorithm (see Fig. 4.3), which we now calibrate through a Monte Carlo method.
Synthetic background spectra are generated, and known signals are added to this background
to create a test spectrum. This test spectrum is passed to the detection algorithm, which
attempts to detect the signal. This process is repeated many thousands of times, and the
statistics of the detectability of a signal (as a function of its frequency and power) provide
insight into how much power could have been detected in the experiment.

A synthetic, background spectrum is constructed by multiplying some background B(v)
by randomly generated Gaussian white noise characterized by finorm and opom, as discussed
in section A Rayleigh-distributed signal of known, total integrated, output-referred
power and frequency, A(p,v), can now be added to this spectrum to create a test spectrum
that can be passed through the detection algorithm (see Sec. for a discussion of signal
line-shape). The frequencies of the synthetic signals are evenly spaced (approximately every
10 MHz). However, because the signal spans a small number of bins (one to six), the shape

of the discretized signal is very sensitive to the frequency at which its peak lands relative to
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the bins. To compensate for the unknown dark photon frequency relative to a given bin, the
frequency of the synthetic signal is randomly jittered by +Awg/2, which is drawn from a
uniform probability distribution at each iteration of the Monte Carlo. By repeatedly running
these synthetic, signal-containing, test spectra through the detection algorithm, statistics are
built up about how much total integrated power is required to detect a signal as a function
of frequency most of the time. We quantify this as the statistical power of the detection
algorithm and denote it 100% — Y = 95% following the standard convention of hypothesis

testing.

Only Noise | Noise + Signal
Detection X 100% — Y
No Detection | 100% — X Y

Table 4.2: Threshold parameters that are part of the detection algorithm and Monte
Carlo. X is the significance of the analysis. It is a parameter passed to the detection
algorithm which specifies the significance threshold. The quantity 100% — Y is the
statistical power of the analysis. It is a parameter in the Monte Carlo, which specifies
a threshold on signal power where a given signal is detected in 100% — Y of the Monte
Carlo iterations. We choose both X and Y = 5%.

This Monte Carlo allows us to treat the detection algorithm as a black box that can
be calibrated by passing it a known input (a test spectrum, i.e. a synthetic S, containing
a synthetic signal, both software-generated) and looking at its output; a Boolean array of
frequency bins representing signal detection. These data, along with a simple linear fit to
the 95% confidence interval, are shown in Fig.

The Monte Carlo’s output MCyy, (v, Y), is a normalized limit on signal power required

for detection. It is a function of frequency v and statistical power 1-Y. MCj;,, can simply be
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Figure 4.7: Result of Monte Carlo pseudo experiments on signal detection. Color and red
numbering show the fraction of detections for each frequency/injected signal power of the
784 combinations tested. The signal power is shown in units of noise standard deviation
0. MCjp, is shown as a black line. This line was inserted by eye and gives an approximate
fit to the frequency vs. injected signal power which results in a detection 95% of the
time. The approximate form of this line is MCy, (v, Y = 5%) = 0.0686[Pyorm/MHz] +
2.411[P,orm| where P,oy is the normalized injected signal power shown on the Y-axis.

converted back to the limit on the total output-referred power contained in injected signals

which can be detected 95% of the time,
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Pgm - MClimanormB' (42)

Pim is shown in Fig. 4.8 in blue. Also shown in Fig. [4.8]is a limit that does not include any
matched filtering (orange) to highlight the frequency-dependent improvement of the matched

filter. This limit is only for illustration and not used in the following sections.
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Figure 4.8: Limit on output-referred total integrated signal power, Pi™. Limits com-
puted with (blue) and without (orange) a matched filter (Sec. 4.2.3)). The limits are
similar at lower frequencies, but the matched filter improves sensitivity at higher fre-
quencies where the signal power is split among more bins. The blue curve is used in the
following sections.

4.2.5 Rejection of a single candidate

Passing S, through the detection algorithm diagrammed in Fig. yields a single candidate
at 299.97 MHz which is approximately 1kHz wide. This candidate first became detectable

above the noise after about 4 days of averaging, indicating it is just on the threshold of
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detectability. Four factors allow for the conclusion that the candidate is an interfering signal
originating from within the PC or ADC, and not a signal in the shielded room (either a dark

photon or RFI):

e The candidate is present not only in the main spectrum, but also in the veto and

terminator spectrum.

e Inspection of the time evolution of this signal shows a narrow signal (about two bins,
or ~100 Hz wide) which seems to wander in frequency periodically over the course of a

day and, therefore, with temperature. This is expected behavior for a quartz oscillator.

e Reducing the gain of the system causes the SNR of the candidate to increase, indicating

it enters the signal path after the gain stages.
e Changing the clock rate causes the frequency of the candidate to change.

The limit set in this section is referred to the output of the amplifier chain. A single
significant candidate was found, and the method of determining that it was not due to a
dark photon was outlined above. The topic of the next section will be to work back through

the amplifier chain, to an E-field limit in the cavity and ultimately to a limit on €.

4.3 Calibration

In this section, we describe the calibration of the experiment and estimate its uncertainty.
The previous section concluded with a frequency-dependent limit on the output-referred
power Pim (Fig. |4.8)), which we now must convert into a frequency-dependent limit on ¢.
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We begin by inverting Eq. [I.57,

Elim 2
e(v) < \/};;#, (4.3)

where the lim superscript indicates a limit, below which a detectable electric field may be
hiding.

The first step of calibration is to convert from output-referred power to antenna-referred
power. This represents the signal power presented to the LNA by the antenna via a matched

transmission line and is given by

Po

Pant(y) = 6 — Tamp kB AVRF’ (44)

where G and T, are the frequency-dependent system gain and noise temperature (74—75dB
and 100—120 K respectively, measured via the Y-factor method, see Sec. [3.1.1)) and kj is
Boltzmann’s constant.

Ultimately, the exclusion limit is set by fluctuations on this baseline described by

im Pgm 2 1/2
Pimt(”) = a <ﬁ) Tamp kg Avpp
lim 1/2 (45)
Py B 2 Avgp Tk
- G - amp vp,

where the lim superscript indicates an exclusion limit, n is the total number of spectra
averaged together, and 7 is the total integration time. In the second line, we have used
n = Avgp 7. In practice, the LNA correction is small; the first term divided by the second

varies with frequency between 7 and 50. The 77'/2 dependence of PIi™ is implicit because it
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was calculated from S, which is itself an averaged spectrum. As mentioned above, this 771/2

dependence implies that the limit on ¢ scales as 7~ 1/4.
In the remainder of this section we explore the relationship between Pi® and \E{;g;| SO

nt

that we can use our experimental data to set a constraining limit on £ by employing Eq. 4.3

4.3.1 Average effective aperture, (A.(v))

An antenna’s effective aperture, A, [m?], represents the effective area that it has to collect
power density or irradiance [W/m?] from an incident Poynting vector. It was defined in
Eq. . Notably, it assumes a polarization match between the wave and the antenna (see
Sec .

A, is useful for an antenna in free space. However, some modifications must be made to
construct an analogous quantity for an antenna in a cavity.

The first modification is to perform an ensemble average, namely to average over many
configurations of the system. The background for this is given in Sec. 2.4l As discussed,
we denote this averaging with () so that the average, effective aperture is denoted (A.). It
is interesting to note that by performing an ensemble average over configurations (namely
antenna direction), (A.) simplifies since (D(2)) = 1 by construction [111].

The second modification is to introduce a resonant enhancement factor that corresponds
to the system’s tendency to “ring up” in the same way any resonator will. We refer to
this as composite () and represent it as @ It is analogous to the standard quality factor

of a resonator with one important modification; we operate our experiment across a wide
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frequency range so we define QV across the continuum of these resonances, not only on classical
eigenmodes of the system.
These modifications provide a relationship between an observable E-field (E,,; in Eq.
4.3) and the power available at the port of an antenna for a given aperture
_ |Eant|2

(Pa) = QA (4.6)

where 79 is the impedance of free space. With this in mind, we perform an RF simulation

to compute (Q A,).

4.3.2 Simulation of (Q A.)

It is difficult to make claims about statistical uniformity in the “undermoded” regime where
modes are not sufficiently mixed [170], so we have employed a commercial, electromagnetic,
finite-element modeling software package (COMSOL Multiphysics RF module [148]). Within
the simulation, a model of the antenna (with a 50 € feed) is placed in a simplified room with
wall features removed. Spot testing at various frequencies has shown that averaging results
from various antenna positions using this simplified simulation behaves very similarly to one
with the room features included at a fraction of computational complexity.

Two similar simulations are run; driving an E-field while measuring the antenna’s re-
sponse and driving a second small monopole antenna and measuring the response of the
primary antenna.

In the first simulation, we drive currents on the walls which correspond to a surface E-
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field magnitude of 1 V/m (made up of equal components in the x, y and z directions) using
COMSOL’s source electric field option. This field takes the place of E,. in Eq. The
antenna/cavity system resonates and causes an enhancement by @ The power received at
the antenna’s port is measured, allowing the calculation of @Ae, again from Eq. 4.6, By
repeating this simulation for several positions, averaging allows us to compute <@ Ap).

The second simulation shares the same geometry, but is used to compute a correction
factor to account for differences between simulation and measurement and to estimate un-
certainty on the first simulation through comparison to physical measurement. Rather than
driving the system through currents on the walls, power is injected into the system with a
40 cm monopole. From this simulation, two-port scattering parameters (S-parameters, de-
fined in are computed. A similar test is performed on the physical system using a
vector network analyzer (VNA) which provides a physical measurement of the S-parameters
to compare with the simulation. The processing of the simulated and measured S-parameter
datasets is discussed in the following sub-section. A screenshot of the COMSOL model GUI
is shown in Fig. [4.9. The resulting S-parameters from the simulation are plotted against the
measured S-parameters in Fig. 4.10

Both simulations are run at the same 18 positions; 9 of which are approximately equiv-
alent to the physical antenna positions while the other 9 are different in order to estimate
how many positions are required for decent convergence of (QNQ A.). Repeatedly averaging
9 different, random positions (with replacement) results in about 20% variation on their
averaged (Ss1) coefficients at each frequency, allowing us to conclude 9 positions and polar-
izations provide acceptable convergence. This method is greatly inspired by the statistical
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o /7 MHz By

Figure 4.9: Screenshot of COMSOL simulation GUI for two-antenna validation. Shown
only at a single position and single frequency (77 MHz). There are 18 antenna positions,
3 E-field components, and ~1000 frequency points, so there are many similar figures to
this one. The X-component of the electric field is shown in color compared to 1V /m.

bootstrap [171].

213



<5731 > (9 positions)

_10- .‘ J* 1"**“‘“1‘u %1
_20- / | ) YW 1
E —30 A :
©,
= —40 -
W
_50_
—60 - —— Measured
—— Simulated
_?U_

50 100 150 200 250 300 350
Frequency [MHZ]

Figure 4.10: Simulated vs. measured (Ss;). Averaged over 9 antenna positions. The
procedures for generating these data are described in the text of this section.

4.3.3 Correction and uncertainty of (Q A.)

As outlined above, we approximate the uncertainty of the simulation by injecting power into
the system via a second antenna and comparing the results to simulation.

For a two-port microwave device, the ratio between the voltage presented at port one
and the voltage measured at port two is known as S , . For our system, So; is
a measurable quantity that is similar to a dark photon detection in that it requires the

antenna to convert an electric field (which has interacted with the room) into a port voltage.
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Having frequency-dependent measurements of S5; for simulation and measurement gives us
a correction to the simulation (to account for discrepancies in geometry) and estimate the
uncertainty on (Q A.).

The difference between the measured and simulated values of (|Sg;|) is described by

(1551°%) = (| S5 %), (4.7)

where meas/sim indicates measured/simulated and the average is over all 18 measured /simu-
lated positions and orientations of the antenna and « is a frequency-dependent, multiplicative
correction factor which results in a corrected (|S5i|?). We have taken the square since we
are interested in the aperture, which is proportional to the square of the voltage. We find «
to have a mean of 0.6, a minimum of 0.1 and a maximum of 2.

To determine uncertainty on effective aperture, we define the following test statistic

(S35 1%) — IS5 ")

1n

(19517 %) ’

A= (4.8)

where n refers to the subset of n measured/simulated positions sampled randomly with re-
placement. A defines the fractional difference between corrected, simulated Ss; and measured
Sa1. The test statistic, A, is calculated 1000 times, providing a distribution of frequency-
dependent As. The curves bounding 63% of these curves are taken to be the uncertainty
on A. Thus we calculate the corrected (@ A.) as well as its uncertainty. This is shown as a

function of frequency in Fig. 4.11 The uncertainty on it is shown in gray and is simply

S(QA) = (QA)SA. (4.9)
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Figure 4.11: Corrected average effective aperture. Calculated with COMSOL RF. The
aperture correction a (Eq. and its uncertainty (gray) are estimated by comparing
simulations to measured S parameters.

A brief recap of the system’s aperture is in order. In free space, an antenna’s ability to
couple an incoming wave’s power density into a transmission line is given by its effective
aperture, Eq. An antenna in a cavity acts as a coupled, resonant system that exhibits
very complex resonances above the first few modes (~100 MHz for our system). Attempts

to simulate an aperture for the antenna-cavity system are difficult because of the system’s
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extreme dependence on the placement of any conductor in the room, especially the antenna.
Averaging over system configurations (antenna positions and polarizations in our case) allows
for a significantly more repeatable statistical treatment of the aperture/quality factor, which
we call <C§ Ag). Comparison of simulated and measured Ss; gives a small, dimensionless
correction factor a, Eq. [£.7]

Armed with « (@ A.), we now compute a limit on & using the measured and simulated

quantities via Eqs. and |4.6|

L
e(v) < \/2CPDM T (OA) (4.10)

lim

ant 1s defined in

where ¢ is the speed of light, ppy is the local dark matter density and P
Eq. We have separated the equation into constants (or, in the case of ppy;, values that
we fix) and values that we measure or simulate.

In order to validate our entire detection system, we inject sub-threshold signals into the

shielded room to verify we are able to detect them.

4.4 Hardware Injection Test []

To validate the detection methodology, a separate proof-of-concept run with a proxy dark
photon signal injected into the shielded room was performed. Apart from the injection
antenna (a 40 cm monopole, see Sec. [4.3.2)), the setup was equivalent to Run 1A including

the data analysis. The proxy dark photon signal (detailed in Sec. 4.4.1.2)) was injected at a

4Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/injectionTesting/injectionTesting.ipynb
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frequency set by a colleague and was unknown to me at the time of analysis, constituting a

blind analysis.

4.4.1 Injection test prerequisites
4.4.1.1 Determination of required injected power

To accomplish the test, a minimum detectable power required for injection Pijet must be
computed. Ppject should correspond to a signal that can be detected in a predictable amount
of time (with some uncertainty, discussed in detail in Sec. . A simple way to begin
is to read off the detectable, total integrated, power from Fig. 4.8 In other words the
power contained in a dark photon line, integrated over the few bins spanned by the line
(Qpp ~ 10°, discussed in Sec. . This gives the amount of output-referred power that
would be detectable 95% of the time after 9 days of integration. Since we do not want to
wait 9 days for this test, it is simple to convert this detection limit into one that would be
produced in a shorter time using the Dicke radiometer equation, Eq.[2.16] Namely, the limit

on power scales like the square root of tim(ﬂ, so a one-hour integration will require a factor

/9 days/1 hour = 14.7 more power than is shown in Fig. .
At this point, the simplest way to proceed is to measure the average power transfer of the
monopole to the bicon in several antenna positions. This power is proportional to {|Sg;|?).

This is the same as the set up described in Sec. [£.3.2] The bicon was moved to 9 positions

5Tt is important to point out that one needs to test whether or not the system in question actually
behaves as predicted by the Dicke equation for the amount of averaging in question. After lots of averaging,
one may encounter non-thermal backgrounds that do not scale properly. It is shown in Fig. that the
dark radio system follows the Dicke radiometer equation at least for 9 days.
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and the resulting S-parameters were measured at the reference planes shown in Fig. 4.12

They are shown in Fig. after being averaged together.

Shielded Room

Run 1.4
Amp Chain

Bicon
To PC

Monopole

=)
—L Function
~ Generator

Figure 4.12: Schematic of hardware injection test. Dashed red lines indicate reference
planes used to measure S-parameters, shown in Fig. 4.13] “Amp Chain” includes am-
plifiers, attenuators and filters as described in Sec. [2.5.4,
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Figure 4.13: Average S-parameters of hardware injection test. Taken at 9 positions of
the bicon antenna and averaged together (linearly). Ports 1 and 2 are defined to be for
the bicon and monopole respectively. Note that (Si3) = (Ss1) so only (S;2) is shown.
The inset shows a zoom-in of the area enclosed by the red box. Also note that dB is
implicitly proportional to power.

Knowing the output-referred power limit, the system’s average (|Ss;|?), and the gain G,
allows for a calculation of the required signal strength (as a function of frequency) which
will become detectable after a known amount of time. In order to simplify the test, a
smaller 1 MHz band is chosen between 268 and 269 MHz for the blind injection, where
(|S21]?) is constant to about 1dB. At first glance, this seems like cheating. However, there

are still ~21,000 frequency bins in this span, so a detection is very unlikely to be random.

220



Furthermore, the entire 50-300 MHz span is sent to the detection algorithm (Discussed in
Sec. and illustrated in Fig. 4.3)), which produces an output without knowing about this
frequency restriction.

With all this in mind, the signal power required is simply

Plim
Pin'ec = 0—7
G {[Sul?)

where each term is a function of frequency. For the parameters described in this section

(including the increase in the power limit /9 days/1 hour = 14.7), this works out to
~ 6 x 107¥W or -152.5 dBm. The Rigol DSG830 signal generator is not calibrated

to such low levels, so this was achieved through attenuationf}

4.4.1.2 Proxy dark photon signal injection

Now that the power for signal injection has been established, the finite-width proxy-signal
(Qpp ~ 10°) is generated. The signal’s line-shape is discussed in Sec. . An intuitive way
to accomplish this would be with an arbitrary waveform generator injecting a time domain
signal which is the Fourier transform of the the expected Rayleigh line shape, Eq.[2.24] This
is the method employed by the ADMX experiment (see, for example, [172]). Another option
would be to frequency-modulate a sine wave such that it slowly sweeps out the line shape,
spending an amount of time at each frequency weighted by Eq. [2.24f While intuitive, I was
unable to get this to work. Zhu et al.’s method of frequency hopping |173] is the discretized

version of this, and it was very simple to implement. The signal generator is set to change

SExperience with this signal generator has shown it exhibits the best performance is when it is set around
-30dBm. Higher than this, large non-harmonic distortions appear, contaminating the run. Smaller, and the
signal-to-spurious-noise-floor of the generator is poor, also contaminating the run.
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frequencies at some interval (discussed below). The frequency is randomly drawn from the
PDF of Eq. [2.24

There are three considerations that determine the frequency hop period 7wy that the
frequency is changedﬂ. First, 7ey should be much longer than the acquisition time of a single
buffer Tppqﬂ On the Rigol signal generator, the power is briefly shut off while the frequency
is changed. 7Tppr << 7pg ensures that most FFTs of data do not contain a frequency-hop.
Second, 7pg should be small compared to the total time of integration 7, so that there are
many frequencies represented in the entire run. In the limiting case, 7y = 7 will yield an
averaged spectrum containing a single injected frequency. In this case, the proxy-signal will
be a delta function in the frequency domain. Third, 7epr should be longer than the ring-up
time of the room, Tepr >> Q/v. For @ = 100 and v = 260 MHz, the right-hand side of this
inequality is ~ 0.3 us.

Testing has shown that 7y /7prr &~ 10 is more than adequate to address the first con-
sideration. For Run 1A (and therefore, this test, which shares settings with Run 1A),
mrrr = 224/800 MHz = 21 ms, so 7y was set to 250 ms. This means that over 1 hour, the
frequency will be set to ~ 1.4 x 10* values, which addresses the second and third concerns.

A histogram of this signal is shown in Fig.

“Zhu et al. randomized this period to prevent any unintentional periodic signals entering. I did not find
this to be necessary.

80ne can likely bypass this restriction by coordinating the signal generator and ADC such that there
is some dead time between collection of buffers, in which the frequency is set. Testing has shown that this
restriction is adequate to avoid this extra programming step
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Figure 4.14: Histogram of frequencies used for hardware injection test, with realistic
Avgp = 47.7Hz. The Orange dashed curve is the expected line shape from Eq. [2.24]
and is the PDF frequencies are drawn from. The blue histogram and error bars are
generated from the Monte Carlo simulation. They show the mean value per bin, with
1 o error bars in red. This involves generating 1000 lists of random frequencies (each
of length 7/7py), binning the data and calculating the standard deviation of each bin.
7 is the total acquisition time and 7gg is the amount of time spent on each frequency
before “hopping” to the next. Their ratio, 7/7gy, is the number of frequencies that are
injected in a given injection test, and was approximately 1.4 x 10* for the one-hour test
outlined in this section. Two plots give an idea of how error scales with 7/7gy.

4.4.2 Performing the injection test

Due to the uncertainties involved, more data were taken than the required 1 hour. 3.6 hr of
data were collected and saved in 30 s pre-averages so that progressively more data could be
averaged if the signal was not detected at the predicted time. As mentioned above, the signal

was injected at a relatively high frequency within the span so that it would be split up into
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5 or 6 bins, testing the matched filter’s effectiveness. The bicon was moved to 9 positions.
Spectra resulting from 9 antenna positions and 30 seconds of pre-averaging at each position
were averaged together giving 4.5m time resolution. Three of these spectra are shown in
Fig.[£.15] The standard deviation of these spectra average down with the square root of time,

closely following the Dicke radiometer equation (discussed in Sec. [2.1.1.3)). This scaling is

shown in Figs. and
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Figure 4.15: Output-referred power spectral density from the hardware injection test
illustrating noise averaging down to reveal a persistent, hardware-injected, dark pho-
ton proxy signal. Spectra shown are highly zoomed around the injected frequency,
268.60608 MHz. The red, blue and green spectra represent 4.5, 36 and 216 minutes of
integration time, respectively. The standard deviation of these spectra (excluding the
bins containing the injected signal) averages down with the square root of time as ex-
pected. The blue spectrum shows the amount of averaging required for the signal to be
detected by the detection algorithm (including the matched filter) at 5% significance.
The tight zoom shown here is less than 1 part in 10* of the full 50-300 MHz spectrum
analyzed.
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Figure 4.16: Standard deviation of normalized, output-referred power spectral density
from the hardware injection test. The blue curve is the predicted standard deviation
from the Dicke radiometer equation, Eq. 2.16] Each point represents the 9 antenna
positions with an additional 4.5 minutes of data averaged (see Sec. [4.4.2)). Correlation
in residuals are observed when computing the standard deviation directly on S3°™ as
an artifact of fitting B, as described in Sec. . A better fit is achieved through the
median average deviation, Shown in Fig. [4.17|
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Figure 4.17: Standard deviation of normalized, output-referred power spectral density
from the hardware injection test, computed with median absolute deviation (MAD).
The blue curve represents the predicted standard deviation from the Dicke radiometer
equation, Eq. 2.16] Each point corresponds to 9 antenna positions with an additional
4.5 minutes of data averaged (see Sec. [1.4.2). MAD provides a more robust measure of
variability, reducing the influence of outliers and offering a better fit to the normalized
spectra than direct standard deviation calculations. Note that the factor of 1.4826
is required to convert between MAD and standard deviation and assumes normally
distributed data. It is derived in Sec. 2.3 of [174].

These spectra were generated one at a time and passed through the detection algorithm.
The first spectrum where a signal was detected was at 36 minutes, shown in blue in Fig. 4.15|

Although hardly detectable to the eye, the matched filter detects the signal with 5% signifi-
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cance. At the point the signal was detected (i.e. before all data were averaged together), the
injection frequency was confirmed to have been correctly identified, resulting in a success-

ful, blind, hardware injection test. Only after this confirmation were all the data averaged

together to make Fig. [4.15]

4.4.3 Inspection of Data

This final subsection simply contains some full-page figures which show data from the injec-
tion test. They are all from the same 34 minutes of data but at different stages of processing,
closely following the three main steps of Analysis, Sec. 1.2l They are meant to simulate the

224 _point FFT’s power spectrum in a matplotlib widget window.

experience of inspecting a
The zoom is seemingly unending, a feature that is difficult to appreciate in a printed docu-

ment. These figures should provide some context for how futile a manual search of unfiltered

data would be. Try and pick out the signal in the top left panel of Fig. [4.18]
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Figure 4.18: Output-referred power spectrum from hardware injection test. Injected
signal at 268.60608 MHz. All spectra correspond to a total of 36 minutes of averaging,
split evenly between 9 antenna positions. The full 50-300 MHz span contains & 5.2 x 10°
bins. Light pink boxes show the zoom range on the following plot.
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Figure 4.19: Normalized, output-referred power spectrum from hardware injection test.
Injected signal at 268.60608MHz. Light pink boxes show the zoom range on the following
plot. The red dashed line indicates the 5% significance threshold, derived in Sec.

A signal was not detectable above this threshold.
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Figure 4.20: Matched filtered, output-referred power spectrum from hardware injection
test. Injected signal at 268.60608MHz. Light pink boxes show zoom level on following
plot. Red dashed line indicates the 5% significance threshold, derived in Sec.
Introducing the matched filter pushed signal above detectable above threshold compared

to Fig. [£.19
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Chapter 5

Results

I always believe when someone tells me they

haven’t discovered something.

Harry Nelson

In this chapter, we report a 95%, mass-dependent, exclusion limit on the kinetic mixing
strength ¢ of the dark photon. We discuss the uncertainties of the measured data. Finally,
we display our results in context by plotting these new limits on top of an aggregation of
existing limits. Future runs of this experiment from 0.3-14 GHz in similar room-temperature
RF enclosures and using 100 K noise temperature LNAs are indicated (the foundation for
such a system is outlined in Sec. [6.2). We have only indicated planned runs, however at
microwave frequencies, highly resonant cryogenic cavities and cryogenic LNAs as well as sub-
THz instrumentation are feasible and could result in an order of magnitude improvement in
the limit over the indicated mass range and beyond. The design principles of such a system
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are outlined in Sec. [6.3]

5.1 Discussion of Uncertainties

The systematic uncertainty in this experiment comes primarily from three sources, listed in

order of their contribution from greatest to least:

1. Fractional uncertainty on the simulated antenna aperture, which is discussed in Sec. |4.3.3]

~ 60 %
2. Fractional uncertainty on the first-stage amplifier noise temperature, ~ 10 %
3. Fractional uncertainty on the gain of the amplifier chain, ~ 5%

The uncertainty on the simulated antenna aperture is significantly larger than the other
two, and so we neglect them in the reported uncertainty on the e limit.

We follow the convention of similar experiments where we fix the value of ppy; and solve
for an e limit given this value. Therefore, we treat ppy; = 0.45 GeV/cm? as a known constant

with no uncertainty.

5.2 Exclusion Limit]Y

This section incorporates the exclusion limit on output-referred power (Fig. and Eq.

to report a 95%, frequency-dependent, exclusion limit on the kinetic mixing strength ¢ of

LCode for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
Computelimit
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the massive dark photon. The Lagrangian was introduced in Sec. [[.4.4] and varies from the

Standard Model (SM) Lagrangian as

€ m/2

1
Lic = Lon = JF F™ = SE ™ — — AL A — "4, (5.1)

4 m 2
where A,(;) are the SM (dark) photon fields, F, ,E/,,) are the SM (dark) photon field strengths and
m’ is the dark photon mass, ¢’ is the dark coupling and J, is the dark charge-current. The
K subscript indicates all terms are written in the kinetically mixed basis (see Sec. [1.4.4).

This limit is presented as a function of m’ in Fig. [5.1} In addition, the limit is shown in
context by plotting it with other similar experiments in Fig. 5.2 Here, limits are projected
for planned runs that will take place in the next ~year. They are described in Ch. [6]

These limits have been published in our 2024 paper [67]. Our previous 2021 limits in the
same mass range |[127] are included in the particle data group’s (PDG) 2024 update under
Hidden Photons: Kinetic Mixing Parameter Limits [175]. Our 2024 limits will be included

in the 2025 PRD review.
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Figure 5.1: Zoom of 95% exclusion limit on e from Dark E-field Radio Run 1A. The
uncertainty is shown in the orange-shaded region. This is based on a local dark matter
density of ppy; = 0.45GeV/em?. The error estimate does not take the comparatively
small gain and amplifier noise temperature errors into account.
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Figure 5.2: Dark photon limits of various experiments circa August 2024, with this
work shown in red. The ragged lower bound is due to the complex structure of the
resonant modes of the shielded room. Plot adapted by Ben Godfrey from using
code found at and includes limit projections of various axion experiments. Astro-
physical limits such as CMB interactions with the dark photon are in the region labeled
Cosmology. Planned wideband extensions of our experiment searching from 0.3-14 GHz
in similar room temperature RF enclosures are indicated (orange). These planned runs
are summarized in Table
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Chapter 6

Beyond 300 MHz

To infinity and beyond!

Buzz Lightyear

As discussed in previous chapters, there is a wide mass/e parameter space available for
exploration. This chapter details how the Dark E-Field Radio Experiment (DER) is poised
to probe additional parameter space.

Since the parameter space consists of two variables, namely mass (aka frequency v)
and kinetic mixing ¢, the “area” of this space must be considered. The advantage of this
experiment is not its absolute sensitivity; many experiments are orders of magnitude more
sensitive to kinetic coupling due to extremely high-@Q superconducting cavities [120, 135} [L76]

or lumped-element circuits [177, 178]E]. Rather, the advantage lies in the ability to probe

I'Note that these are axion experiments. The conversion of axion limits to dark photon limits is discussed

in Sec.

237



large frequency spans efficiently. The aforementioned high-() experiments are only capable
of searching a single, narrow frequency span at a given time and must slowly step through
the total required frequency span, waiting for a period of time &~ @)/v at each step for the
system to ring up. Limitations on tuning require swapping out hardware throughout the
run, slowing down the process. See, for example, DMRadio m? [17§].

The four completed or planned phases of DER are outlined in Table 6.1, These phases
are projected to probe the orange-shaded region shown in Fig. [5.2] This region spans from
0.3-14 GHz, though Run 2B may push slightly higher (16 GHz without much trouble).

Section [6.1] covers progress made toward Run 1B. Section [6.2] covers the technique of
frequency mixing, which extends the frequency range of the existing 1 GHz spectrum analyzer
(Sec. up to ~14 GHz.

Beyond this, the experiment becomes more difficult. Section describes work required
to extend the DER experiment into new regions of phase space, namely beyond ~14 GHz.
This section is less detailed than the previous sections, providing more general guidance as
opposed to specific designs and testing procedures.

Finally, Sec. introduces a few considerations for axion experiments that would improve
their sensitivity to dark photons. Axion experiments represent a significant investment of
resources and are extremely sensitive, so this avenue is an extremely efficient one to explore

the dark photon parameter space.
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6€C

Run Frequency| Antenna | LNA Mixer Status Statistical Comments
Name | Range Uniformity
1A 50-300 Com- Pasternack | N/A Complete, N/A. Below lowest | N/A
MHz Power PE15A- published usable frequency.
Bicon, 1012 Move antenna and
50- simulate aperture
300 MHz
1B 300-1000 RFSpace | Pasternack | N/A Preliminary run | Mode stirrer 50% dead time
MHz UWB-5 PE15A- complete by to allow for
Vivaldi, 1012 moving antenna. 2 GHz sampling
0.3-6 GHz 21 candidates rate on Teledyne
detected.
2A 1-8 GHz Small Low noise Miteq Waiting on Mode stirrer N/A
Vivaldi, factory TB0440LW1 | mode stirrer and
model LNC0.3.14B mixer system
TBD commissioning
2B 814 GHz | TBD Low noise Miteq Waiting on Mode stirrer N/A
(possibly factory TB0440LW1 | mode stirrer and
ending at LNCO0.3_.14B mixer system
16 GHz) commissioning

Table 6.1: Overview of planned future runs including hardware (antenna, low noise
amplifier (LNA), mixer), status, how /if statistical uniformity will be ensured, and any
comments



6.1 A First Attempt at Run 1B

A preliminary attempt at Run 1B (300-1000 MHz) has been completed. This attempt had
a few issues, which are discussed here and will be addressed in the future, but are beyond
the scope of this thesis. In this section, upgrades and data acquisition are discussed. The
projected € limit from this run (along with Runs 2A and 2B) is shown in Yellow in Fig. [5.2]

However, this projection is independent of the data shown here.

6.1.1 Run 1B upgrades

There are four main upgrades to consider before beginning Run 1B: software upgrades of the
GPU-based spectrum analyzer, modifying the analog signal conditioning chain, modifying
the current antenna stand to accept a Vivaldi antenna, and building a mode stirrer to ensure

statistical uniformity. The remainder of this subsection will detail these upgrades.

6.1.1.1 Run 1B spectrum analyzer

The GPU-based spectrum analyzer (Sec. is capable of sampling at up to 2.5 GHz,
easily allowing for a run up to 1 GHz. However, the PCle-based ADC has a maximum data
transfer rate of 7GB/s. To accommodate two channels (main experiment and veto), the
system was configured with 50% dead time to allow for data to transfer. The limit on ¢
scales with the quarter root of time, so this is only a 16% reduction in sensitivity (for a given

acquisition length). This is purely a software upgrade and has been completed.

2Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runiB/analysis
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6.1.1.2 Run 1B signal conditioning

The signal conditioning chain (defined in Sec. of Run 1B is very similar to that of
Run 1A, Fig. 2.42] The amplifiers are the same as defined in Tables and 2.4, The
band-pass filter was changed from Run 1A to allow the required 300-1000 MHz span of Run
1B. The Run 1B band-pass filter is constructed from a Mini-Circuits ZX75LP-1050-S+,
1090 MHz low-pass ﬁltelﬁ and a Mini-Circuits ZX75HP-250-S+, 250 MHz high pass filter.
An additional 1dB attenuator was added to account for the larger integrated noise power of

the wider frequency span.

6.1.1.3 Vivalid antenna stand

The non-conducting Com-Power bicon antenna stand was modiﬁedﬁ to accommodate the

RFSpace UWB-5 Vivaldi antenna. This was completed and pictures of the modifications are

shown in Figs. and [6.2]

3The attenuation of this filter is greater than 50dB above 1400 MHz. This is the relevant aliasing
frequency for a 1 GHz analysis span and 2.4 GHz sample rate. Note their are higher frequencies that will
alias, but they are reduced by the filter by more than 50dB so they are neglected.

4Thanks to Dave Hemmer in the UC Davis machine shop for his assistance
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Figure 6.1: Picture of modified Com-Power antenna stand holding Vivaldi antenna for
Run 1B. This antenna stand was designed for electromagnetic compliance applications
and is non-conducting with the exception of a few pieces of metallic hardware.
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Figure 6.2: Closeup of modified Com-Power antenna stand holding the Vivaldi antenna
for Run 1B
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6.1.1.4 Mode stirrer and statistical uniformity

Run 1A relied on moving the antenna to improve the statistical uniformity (Sec. but still
required simulation to calibrate it (Sec. . Run 1B, however, benefits from its frequency
range beginning above the lowest usable frequency of the shielded room (~ 200 MHz, see
Sec. . To take advantage of this, a proper mode stirrer (Sec. must be employed. A
lack of mode stirrer is the main limitation of this attempt at Run 1B. At the time of writing,
work is ongoing to construct a mode stirrer. The hardware is mostly assembled, but it lacks
control software. A photo of the current state is shown in Fig.[6.3] The base is constructed
from extruded aluminum, and the blades are thick cardboard covered in industrial aluminum
foil that is about 100 gm thick (> 20 skin-depths). The design chosen is known as a Z-Fold
mode stirrer. Its design replicates the mode stirrer in the large reverberation chamber at the
Universitit Magdeburg and is described in [179]]

There are a few interesting design choices that improve performance. The primary fac-
tor that influences performance is the occupied volume. A larger stirrer will offer better
performance but reduce the working volume of the reverberation chamber. The stirrer im-
plemented here occupies 10.5% of the chamber volume, significantly more than the 2.0%
occupied by the stirrer at Magdeburgﬂ which has demonstrated adequate performance at
low frequencies. In addition to the volume, there are two geometric considerations. First,

the top and bottom blades are not parallel, reducing correlations of the fields reflected off of

5Thank you to Mathias Magdowski at the Universitat Magdeburg for providing additional information
about the design and construction.

5These numbers are approximate and assume both stirrers are simple cylinders that span from floor to
ceiling with a radius given by half of the plate width. While they are both simplified estimates, they are
calculated in the same way, so it is a fair comparison
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these blades. Second, the angles between adjacent blades are not 90° (one is ~ 100° and the
other is ~ 80°). A 90° corner will reflect an incident wave in the same direction it originated

from. Choosing these angles improves the statistical isotropy of the fields.

Figure 6.3: Current state of mode stirrer construction. It was not in place during the
Run 1B data acquisition described in the following section. The physical structure is
currently complete, but it requires control software before it can be utilized in Run 1B
and beyond. It is shown here in two positions of its 360° rotation.

6.1.2 Run 1B: data run and analysis

The first attempt at Run 1B, (Run 1B.1) was taken between September 13 and 22, 2023.

Run details are shown in Tab. [6.2]
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Specification

Value

Analysis span

300-1000 MHz

-3dB span of analog filters

250-1090 MHz

Antenna RFSpace UWB-5 Vivaldi antenna
RTSA Teledyne GPU system (Sec. |2.5.7[)
Frequency resolution (Avgy) 286 Hz

Length of record 223 samples

Sample rate 2.4 GHz

Window type None (rectangular)

Acquisition time per spectrum 3.5 ms

Run start time

2023-09-14 00:32:41.33 UTC

Total time of run

8 days, 23.52 hours

Efficiency (Time spent scanning antenna/total time)

44.90%

Table 6.2: Run 1B details. Many specifications are related and can be computed from
each other but are listed for reference. The efficiency differs from that calculated in
Fig. mostly because of the required dead time to allow for data transfer from the
ADC to the GPU. There is a further, smaller, degradation to the efficiency due to the
switching to a terminator and brief daily pauses to move the antenna.

At the time of writing, Run 1B.1 has been the only attempt at this run, so it will be

referred to simply as Run 1B. The raw data are shown in Fig. [6.4 The normalized standard

deviation oyrm (defined in Sec. from the Dicke radiometer equation) is predicted to be

0.9885 x 1073, and is calculated from the data to be 1.001 x 1073. The sample rate for this

run was set at 2.4 GHz. This is slightly higher than the required 2 GHz to prevent aliasing

(described in Sec. [2.5.4.3)).

Processing these data through the detection algorithm (Fig. of Run 1A, yields the

normalized, signal-matched-filtered spectrum and 5% significance threshold which are shown

in Fig. [6.5
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Figure 6.4: Run 1B averaged, output-referred antenna power spectrum S,. Data were
taken over a 9-day period at 9 antenna positions. The narrow variations are mainly due
to the effective temperature difference between the room and low noise amplifier (LNA)
(Sec. , though there is a contribution due to amplifier gain and noise temperature
variations (Sec. . The variations seen here are not noise; their shape is repeatable
for a given antenna position. The noise on this background is not visible at this level of

Z0O0111.

Comparison of the spectrum and threshold pictured in Fig. reveal 21 candidatesﬂ.
Furthermore, 13 of these are clustered between 758 and 768 MHz. This frequency span is

reserved for the First Responder Network Authority (FirstNet) and is likely in use locally

"There are a total of 60 bins over the threshold, but many bins are adjacent. Combining adjacent bins
results in 21 independent candidates

247



1.00150

1.00125 A

1.00100 -

norm
o

1.00075 A

1.00050 -

1.00025 -

Match Filtered S

1.00000 A

0.99975 1

0.99950

300 400 500 600 700 800 900 1000
Frequency [MHZ]

Figure 6.5: Run 1B SZ°™ after it has been passed through a matched filter. The template
varies in width throughout the frequency span resulting in 13 subspans (a new subspan
for every 10% increase in frequency.), each with a constant 5% significance threshold
ST (dashed red), see Secs. [2.2.1] and 4.2.3] This plot is to Run 1B as Fig. was to
Run 1A. In contrast to Fig. [4.6] however, the narrow signals are not injected. They are
almost certainly RFI with enough power to overcome the isolation of the shielded room
(Fig. . These signals are visible in the veto spectrum, but further investigation is
required to conclusively exclude them as dark photons. The vertical scale has been set
such that the tops of two of the signals are cut off.

by emergency services.
All of these candidates are almost certainly RFT with enough energy (i.e. signal power
integrated over the 9-day run) to overcome the isolation of the shielded room (Fig. [3.13]).

These signals are visible in the veto spectrum (Fig. ), but further investigation is required
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to conclusively exclude them as dark photons.
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Figure 6.6: 9-day averaged veto spectrum (bottom) and Run 1B SZ°™ after it has been
passed through a matched filter (top). The 5% significance threshold ST ( Secs.
and is shown as a dashed red line. There are 21 independent candidates, however
13 of them are found in the FirstNet frequency span (758-768 MHz) which is discussed
in the text of this subsection. This frequency span is shown in both the veto and
experimental spectra with a red box. The remaining 8 candidates have ticks added to
the x-axis to guide the eye between candidates in the upper panel and RFI in the lower

panel. The vertical scale has been set such that the tops of two of the signals are cut
off.

Since simulations of this run are extremely difficult to calculate (wavelength at 1GHz <<
room dimensions), it will have to be revisited when statistical uniformity can be established,

i.e. with a mode stirrer. For this reason, further time domain analysis of these candidates is
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not explored here.

6.2 Mixer System: Run 2

Run 1 relied on an ADC with a sample rate up to 2.5 GHz, allowing for direct RF sampling
of Run 1A /B. This system is a flexible platform, allowing for future upgrades to extend its

maximum frequency through the use of a mixer system which is described in this chapter.

6.2.1 Frequency mixing

Frequency mixing is a technique in RF and microwave systems used to shift the frequency
of a signal to another frequency range which is more useful for a given task. For example,
electronics are simpler to design at kHz frequencies, but antennas operate at MHz. After
processing a kHz signal for transmission, it can be mixed up (“upconverted”) to MHz for
transmission over the air. Once it is received, it can be mixed back down (“downconverted”)
to kHz. Mixer engineering is a rather complex topic, and many details will be omitted
here. The reader is encouraged to reference the Marki Microwave mixer primer [180] for a
tutorial on mixers and Ch. 13 of Pozar’s Microwave Engineering [181] for a more thorough
treatment.

In a mixer system, an input signal (RF) is combined with another signal, typically from
a local oscillator (LO), such that the two frequencies multiply or “mix”, producing an inter-

mediate frequency (IF). In other words, the RF signal of amplitude Agrp, Arp cos(27 frrt) is
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multiplied by a local oscillator signal Apg cos(2m fLot)ﬂ Using the trigonometric identity

cos(A) cos(B) = % (cos(A+ B) +cos(A— B)), (6.1)

this multiplication produces two new components: one at the sum frequency frr + fro
and one at the difference frequency |frr — fLo|- Generally, either the sum or the difference
frequency will be desired, while the other is an artifact that should be filtered. This undesired
artifact is known as the image.

A mixer is a 3-port device that has two inputs and one output. The LO port is almost al-
ways an input, while the RF and IF ports can be used as either an input or an output (as long
as they are opposite with respect to being an input/ output)ﬂ. Such a system can be used for
upconversion/downconversion, where the RF is shifted to a higher /lower frequency, as shown
in Fig. [6.7] The situation when the signal above (below) the LO is desired, and the signal
below (above) the LO is the image is known as low-(high-)side injection downconversion. In

other words,

Low-Side Injection: fro < frr (desired signal is above the LO)
(6.2)

High-Side Injection: fro > frr (desired signal is below the LO).

The remainder of this subsection will focus on downconversion, but both downconversion

and upconversion are important in the system, which is presented later in this section.

8The multiplication of CW signals outlined here is a simplification. In reality, the LO should have higher
harmonics and approximate a square wave to overcome the transition region of the voltage-current curve of
a real diode. See the Marki Microwave mixer primer for more details [180].

9Again, this is simplified. All three ports actually behave as both a load and a source. See the first
footnote of the Marki Microwave mixer primer [180].
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Figure 6.7: Overview of basic mixer operation in both upconversion and downconversion
mode. The green lines with hash marks represent the IF frequency. Figure modified
from Marki Microwave’s mixer primer [180].
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6.2.1.1 The superheterodyne receiver

The presence of both sum and difference frequencies in Eq. creates a challenge when em-
ploying mixers. A down-converting mixer will present both the sum-frequency and difference-
frequency at its IF port (see Eq. . Usually, one of these signals will be desirable and
will not. The latter is known as an image. Two power spectra illustrating this situation are

shown in Fig. [6.8

Mixer input without

RF filter S2 s1

(( ‘ |

” fIMAGE fLO fRF f—
Mixer output — fir— fir —

Figure 6.8: Illustration of the problem of images in frequency mixing. Both signals, S1
and S2, are overlapping at the mixer’s output as predicted by Eq. [6.1] The image must
be filtered before mixing to avoid this problem. Figure from Wikipedia 182, 183]

The solution to this image problem is to filter the image out of the RF before mixing.
Furthermore, in a realistic mixer, the LO will bleed through to the IF port and will also
need to be filtered. These points motivate including both an RF and IF filter in the design
of a mixer-based receiver system (sometimes known as a superheterodyne receiver). The
schematic of this type of system is shown in Fig. Figure [6.10] shows the spectra after

filtering the RF and IF; the signal S1 is available for further processing at the desired
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frequency.
Antenna

/
RF Filter RF Amp Mixer IF Amp IF Filter

S\ / \— abpc

LO

Figure 6.9: Schematic of a basic superheterodyne receiver system. The introduction of
the RF filter before the mixer removes the image. Power spectra at various points are
shown in Fig. 6.10, This figure is based on one from Wikipedia [182]

The RF filter required for the superheterodyne receiver may be quite difficult to construct
if the IF frequency is low since the RF and image will be very close together. To overcome
this problem, superheterodyne receivers frequently utilize two mixers, first performing up-
conversion so that the high frequency of the first IF ensures image/RF separation. After
filtering, the second mixer down-converts to the final IF frequency. This setup is known as

a dual conversion superheterodyne receiver (DCSHR) have frequently been employed since

the 1950s. They will be discussed further in Sec.
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Figure 6.10: Power spectra along various points of a superheterodyne receiver, shown
schematically in Fig. The introduction of the RF filter before the mixer removes the
image. The IF filter separates interfering signals that were near S1. This is an example
of low-side injection down conversion, as described in the text of this subsection. Image
from Wikipedia 182, |184]
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6.2.2 Design requirements

The maximum sampling rate of the ADC (2.5 GHz) sets a limit as to how high of frequencies
it can directly sample. Introducing a mixer system between the front end of the experiment
(antenna/low noise amplifier) and the DAQ (ADC/GPU/PC) allows for previously inacces-
sible frequencies to be mixed down into the first Nyquist zone (aka, the baseband) of the
ADC, 5 1GHz. The block diagram of such a system is shown in Fig. .

The ability to control the mixer system via software greatly boosts efficiency since it
means the experiment can be set up and stepped through a large frequency span (several
GHz) without human intervention. The span of the wideband RF spectrum will be limited by
the hardware of the front end, e.g. antenna and low noise amplifier (LNA). The bandwidth of
the baseband (1.25 GHz) sets the maximum span that may be scanned at each step, though
to reduce the data transfer rate, a smaller span closer to 500 MHz will likely be used for Run

2.
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Figure 6.11: Block diagram of the mixer system to be used in Run 2. The PC provides
control of the mixer system to sweep the frequency span (shown as a red box on the
wideband spectrum) that is mixed down to the baseband and digitized. Frequencies
are based on Run 2A, but are nominal and shown only for illustration. The two plots
in this figure are only for illustration, but are analogous to the first and sixth subplots

respectively in Figs. and [6.15]

6.2.3 The Dual-conversion superheterodyne receiver H

Allowing wideband (~ 8 GHz) RF into the mixer means the IF will be a sum of two frequency

bands (see Eq. and Fig. . This can be avoided with by using a narrow RF filter.

0Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/mixerSystem/simFreqResponse/simFreqResponse.ipynb
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However, this filter would need to be changed for each ~ 500 MHz span. The requirement
that the system be software-controlled is non-trivial in light of the image problem.

One simple solution is to use a bank of RF filters and a pair of coax RF switches.
Assuming a 500 MHz baseband, a 1-8 GHz run would require 14 RF filters. This is impractical
due to the high cost of high channel-count switches (two of which would be required) and
the limited frequency span of these switches. A 16-channel switch is ~ $3,000, and has a
maximum frequency of 8 GHz, limiting the utility of this setup. Additionally, many of these
filters would need to be custom-made, further adding to the cost.

An elegant solutionlﬂ is the dual conversion superheterodyne receiver (DCSHR). In this
configuration, the RF frequency band is mixed twice before being output as a final inter-
mediate frequency to be digitized (IF2). The first mixer (M1) mixes the RF to a fixed IF
frequency span (IF1), set by a fixed IF1 ﬁlteIH. This mixer is controlled by an LO (LO1)
with a software-controllable frequency. LO1 is set such that the desired RF frequency span
will be mixed to the pass band of the IF1 filter. After this, the rest of the system looks
just like the superheterodyne receiver of Sec. [6.2.1.1] The fixed, band-limited IF1 is simply
mixed to IF2 (also known as baseband). In this case, ~100-600 MHz, set by the ADC. This
second conversion step can be either low-side or high-side injection.

A schematic of a simple DCSHR is shown in Fig.[6.12] A cartoon illustrating the operation

of the first mixer stage of a DCSHR is shown in Fig. Simulationd™| of the system

HThank you to Greg Wright of Nokia Bell Labs for suggesting this.

12This first mixing stage can be either an upconverter, a downconverter, or even a nonconverter. The only
requirement is to mix RF such it lands in the span of the IF'1 band-pass filter. A simple way to conceptualize
the first mixer stage is that it simply moves where the IF1 filter’s span lands on RF.

13Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/mixerSystem/simFreqResponse/simFreqResponse.ipynb
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response at various points along the signal path are shown in Figs. and [6.15, These
simulations assume the filters specified for Run 2A. This system will be specified in more

detail in Sec. [6.2.3.1] and in Tab. [6.3]

Antenna

RF Filter M1 IF1 Filter M2 IF2 Filter

S\ N\ L ADC

RF Filt. IF1 Filt.
RF IF2
LO1

Figure 6.12: Schematic of a simple dual conversion superheterodyne receiver (DCSHR).
Text in red indicates the location of each subplot in Figs. and [0.15]
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Figure 6.13: Cartoon illustrating the first mixer stage of dual conversion superhetero-
dyne receiver system. Figures [6.14] and [6.15] are more detailed simulations than the
cartoon shown here. The four panels represent four different frequency steps of LO1.
Panel 1 corresponds to the first step of this LO1 (Fig. [6.14) and panel 3 to the last
step (Fig. . Similar to Figs. and , the low and high side RF are shown
separately in the IF1 band (red and blue, respectively). Note the dark green on the
low-frequency side of the IF filter response. This is not a physical effect and is shown
only to illustrate how frequencies appear to mirror when using high-side injection.
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Figure 6.14: Simulated frequency response of dual conversion superheterodyne receiver
(DCSHR) with signals around 1 GHz, the lowest frequencies of Run 2A. The input RF
is the mean of broadband noise (truncated at 14 GHz), plus three coherent signals;
two signals at 1 and 1.5 GHz simulate real signals, while one at 11.35 GHz simulates an
image. All three of these signals will mix to the 4.7-5.3 GHz pass band of the IF1 filter in
the Run 2A DCSHR. Each panel shows the spectrum at the points indicated in the red
text in Fig. LO1 is set to 6.3 GHz, the approximate lowest setting that will be used
in Run 2A. The labels and arrows indicate the original frequency of the signal before
mixing. The RF and IF1 filter response functions are taken from manufacturer data
sheets for the filters in the Run 2A system described in Tab. For other frequency
steps in this run, LO2 remains fixed at 5.4 GHz while LO1 steps in frequency.
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Figure 6.15: Simulated frequency response of dual conversion superheterodyne receiver
(DCSHR) with signals around 8 GHz, the highest frequencies of Run 2A. The input RF
is the mean of broadband noise (truncated at 14 GHz), plus two coherent signals at 8
and 8.5 GHz. The image signal would have been around 21.5 GHz, but is not shown
here since it is so far out of band of the RF filter and LNA. Both of these signals will
mix to the 4.7-5.3 GHz pass band of the IF1 filter in the Run 2A DCSHR. Each panel
shows the spectrum at the points indicated in the red text along Fig. LO1 is set
to 13.3 GHz, the approximate highest setting that will be used in Run 2A. The labels
and arrows indicate the original frequency of each signal before mixing. The RF and
IF1 filter response functions are taken from manufacturer data sheets from the filters in
the Run 2A system described in Tab. [6.3] For other frequency steps in this run, LO2
remains fixed at 5.4 GHz while LO1 steps in frequency.

262



6.2.3.1 Run 2A mixer system design

The Run 2A DCSHR was constructed and tested using the schematic shown in Fig. [6.16]
The testing demonstrated proof of concept but was not comprehensive. An 18 GHz spectrum
analyzer was used to monitor the signal path as various signals progressed through the
system[] LO bleed (after both mixers) and inter-modulation products (after M2) were
measured at expected frequencies and amplitudes. Further testing is required before using
the system for a science run. An important test will be to terminate the input of the
system in order to integrate several days of noise using the Teledyne GPU-based spectrum
analyzer (see Sec. . In this test, LO1 should step through the list of frequencies that
it will use for Run 2A. This will confirm that the standard deviation of the thermal noise
averages down following the Dicke radiometer equation, Eq. [2.16] This is the test depicted
in Fig. [1.16] In addition, these spectra should be searched for candidates using the Run 2A
analysis pipeline. Furthermore, by adding some attenuation with loss L (in dB) before M1,
any signals introduced after this attenuation will have a higher signal-to-noise ratio and will

be detected in less real-time than would be required otherwise.

14Both the spectrum analyzer and signal generator were loaned. Thank you to Paul Stucky in the UC
Davis Chemistry department.
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Figure 6.16: Schematic of Run 2A dual conversion superheterodyne receiver (DCSHR).
See Tab. for specific part numbers. The system was tested as shown here, but
additional tweaks (such as adding a few small attenuators) may be necessary. The text
in red labels the signal at each point so it can be related to other figures in this section.
Note, however, that M1 is intentionally connected “backwards”, such that RF1 enters
the IF port.
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Function Part name Passband Comments
[GHz]

General  amp, | MC ZX60-14012L+ | 0.003 — 14.0

12dB

RF filter, LPF | MC ZLSS-8G-S+ < 8.0

RF filter, HPF | MC SHP-1000+ > 1.0 Only rated up to 3 GHz.
Tested up to 6 GHz. Re-
quires test at 8 GHz.

Amp before M1, | ZX60-83LN12+ 0.5 - 8.0 Not used, but we have one.

17-23dB Could replace two ZX60-
14012L+.

Mixer 1 Miteq TB0440LW1 | 0.5 — 20.0 RF1 signal enters IF port.
See schematic [6.16 Borrow
from Paul Stucky.

LO 1 Valon 5019 0 —20.0

IF1 filter MC ZVBP-5G-S+ | 4.7 - 5.3

IF1 isolator Teledyne T-5S83T- | 4.7 — 12.3 Not used, but we have one.

1C It would go directly before
M2.
Mixer 2 Marki M1-0218LP | 2.0 — 18.0 We have an extra.
LO1 Valon 5009A
IF2 filter MC VLFX-1350+ | < 1.35
Digital step at- | ZSAT-31R5+ 0.01-1.0 Optional. Compensate for
tenuator gain variations upstream of
DAQ.
Limiter MC VLM-52-S+ 0.01 -0.5 Optional.  Protection for
the ADC. Untested.
Antialias filter MC ZX75LP-470- | DC - 0.510 Extra rejection of high fre-
S+ quencies.

Power split MC ZFRSC-183- | DC - 18 Used only for test setup.
S+

Noise source NoiseCom NC4563 | 0.01 — 12.4 Used only for test setup.

Table 6.3: Dual Conversion Mixer System Components, as shown in schematic, Fig. |6.16]
Mini-Circuts is abbreviated “MC”.
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Figure 6.17: Picture of the (partially assembled) dual-conversion mixer system.
Mixer 1 (M1) is a Miteq TB0440LW1, but is on loan®] so an extra Marki M1-0218LP
is used as a placeholder. Note that M1 is connected “backwards”. The RF goes into
the IF port, and the IF emerges from the RF port. This configuration lets M1 to accept
frequencies down to 500 MHz for the first conversion step.

6.2.3.2 Additional considerations

This sub-subsection lists a few design points considered during the design phase of the mixer

system. Hopefully it clarifies some design choices.

RF port as a source of the 2L x 1R image spur The Marki mixer primer notes
that the RF port of a real mixer will source a 2L x 1R image spur (where fopu = nfLotmfrr).
If this spur is out of the pass band of the RF filter, it will reflect off the filter, mix with the
LO and downconvert to the desired difference frequency. To mitigate this, amplifiers were
placed on either side of M1 and an isolator was selected for the input of M2. This spur was

not measured, so the isolator is labeled “optional” in Tab.
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Integrated noise power When dealing with wideband noise, the total power in a given
bandwidth must be considered to prevent saturation at each stage of a signal chain (see
Sec. . On the other hand, the ~ 13dBm LO power, along with the finite LO-
IFE isolation of M1 means that a healthy signal level is required to keep the signal-to-
noise ratio highm. This motivates adding gain throughout the system@. The amount of
required gain changes drastically when going through the IF1 filter since the bandwidth is
reduced from ~ 7GHz to ~ 0.6 GHz. Assuming a flat power spectral density, this requires
10log,((7 GHz/0.6 GHz) ~ 10.7dB of make-up gain to achieve the same total-integrated

power as before the filter.

Extra IF1 filter A secondary low-pass filter in the IF1 filter section may be required
because the IF1 band-pass filter is not rated above 12 GHz, and testing it would require

borrowed equipment.

RF filter The RF low-pass filter (Mini-Circuits SHP-1000) is only rated to 3 GHz. It was
unit-tested up to 6 GHz, and 8 GHz signals made it through the assembled DCSHR with
minimal attenuation, but this filter should be unit-tested up to 8 GHz when high-frequency
test equipment is available.

paragraphIntermodulation spurs Intermodulation spurs occur because of the non-linear

16Remember, M1 is “backward”, so the relevant specification here is labeled LO-RF isolation, given on
the datasheet from 6-13 GHz as between 20 and 30dB [185].

171f we are being literal, we actually want a high noise-to-signal ratio. The experiment gives noise (which
may contain a small, buried signal), and it is the coherent LO that is contaminating this noise. One person’s
noise is another’s signal.

18Tn practice, gain comes quantized in 12 dB amplifiers, so attenuators may be needed to get precisely the
correct amount.
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behavior of the mixer [180]. They can be either single-tone or multi-tone. In the case of
the former, a single tone enters the mixer and the spurs are computed using the power
and frequencies of this tone along with that of the LO. In the case of the latter, multiple
signals enter and all of them, along with the LLO, are used to compute the spurs. Balanced
mixers attempt to reduce the impacts of these effects, but they still occur to some degree.
In the case of the Run 2 DCSHR, both single- and multi-tone intermodulation spurs must
be considered. Neither appears to pose a major issue as will be discussed in the following
paragraphs.

The spectrum that the system is designed to mix is mostly broadband noise. This noise
can be viewed as many tones, all of which will cause multi-tone intermodulation spurs with
each other. Since there is a dense sea of tones, the spurs will be equally dense, creating
a new broadband noise floor. However, all of these tones are of random amplitudes and
phases, so their spurs are as well. This noise floor will average down in the same way that
the amplified thermal noise of the experiment will. The effect is another noise floor, which is
10s of dB below the primary thermal noise and is irrelevant. This is a similar consideration
to the ADC noise of Sec. R1.5.21

Single-tone intermodulation distortion must be considered with a bit more care. These
spurs are denoted as nL x mR for fogu = nfro £ mfrr. This is necessary to consider
because LO1 will be present in [F1 and create a spur in M2.

In the first frequency step of Run 2A, LO1 will be set to 6.3 GHz. The IF1 filter has
a response of -60dB at 6.3 GHz. M1 has an LO-RF isolation of -20dB at 6.3 GHz and
requires an LO power around +10dBm. After including the two 12dB amplifiers, LO1
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will be present at the input of M2 with an amplitude of about -46dBm (see Fig. [6.16]).
This signal will create single-tone intermodulation spurs in M2 with LO2. These spurs can
easily be computed. Marki Microwave has a very nice graphic calculator, which was used to
generate the figure shown in Fig. [6.18 It turns out the only “intermodulation spur” that is
significant is the -1Lx 1R spur. In other words, the normal image! At the first frequency step
(LO1 = 6.3 GHz), this image will appear at .9 GHz in IFQEL Assuming the ADC samples
at 1,250 MHz, this 900 MHz image will alias to 350 MHz; right in the analysis span. An
anti-aliasing filter will be required to reduce the 900 MHz image. The anti-aliasing filter
specified in Tab. attenuates 900 MHz by 63 dB.

Referring to Fig. [6.16], the LO1 image will be -106 dBm at the input of the ADC. The
thermal noise density will be -55dBm per 1kHz %} According to Eq[2.16} this will be de-

tectable in ~ 100 averages, or about 153 days (for 1.25GHz sample rate and a 22°

point
FFT). Again, reducing the noise power introduced into the DCSHR through attenuation will
cause this signal to become detectable by averaging for less real time, and will be a useful
troubleshooting step. In this test, the image should appear as predicted without waiting two
months.

The image introduced here is the most prevalent. Other spurs are both lower in amplitude

(see Fig. [6.18) and will be reduced by nearly 100 dB by the IF1 filter.

DCSHR for veto channel In order to use a veto channel in future runs, it will require

a similar DCSHR system. Ideally, it should be an identical system to the main channel.

9 Remember, LO2 is always 5.4 GHz.
20This resolution bandwidth is chosen to match the expected linewidth of the DP at 1GHz, see Sec.
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Figure 6.18: Spur web, calculated using Marki Microwave’s online calculator [186].
This figure shows the input vs. output frequency of a mixer for a fixed LO. In this
case, LO = 5.4 GHz to match LO2. The curves show where various spurs will appear
at the output as a function of input frequency. Each spur is denoted as n L. x m R for
fspur = nfrLo £ mfrr, and the colors appear to the right of the plot. This shows that
the only relevant intermodulation spur is —1 x 1, in other words, the normal mixer
image. This spur is easily handled by the anti-aliasing filter following M2, which will
filter everything above the dashed red line.

This may not be possible due to budget, or the unavailability of sourcing a second Miteq
TB0440LW1 mixer. One possible workaround is to use a coax switch and alternate between
scans of the veto and experiment. This has the disadvantage that we lose the ability to
correlate the experiment to possible RFI on the veto channel. However, RFI tends to be

persistent, and this is likely not a major issue. Another solution is choosing another mixer.

270



Marki T3H-20G mixers are a good choice. However, they have large unit-to-unit variation

and may not offer enough LO-RF isolation.

6.2.3.3 Comments on Run 2B

While the exact system for the 8-14 GHz Run 2B will not be specified here, a careful reading

of Sec. should be adequate preparation for the design of this system.

Selection of RF filter A new RF filter will be required with a pass band of 8-14 GHz.
Note that this 14 GHz restriction is set by the low noise amplifier (LNA) [187]. This LNA is
rated up to 16 GHz, though the gain drops by 6 dB between 14 and 16 GHz. In other words,

this 14 GHz limit is soft, and Run 2B could push up to 16 GHz with some care.

Change first mixer to low-side injection The LO1 source is a Valon 5019 synthesizer
[188], with a maximum output frequency of 20 GHz. The final LO1 setting of Run 2A will
be around 13.3 GHz. By continuing with high-side injection (defined in Eq. , the highest
RF frequency that can be mixed to the IF1 filter’s passband (4.7-5.3 GHz) by a 20 GHz LO1
is 15.3 GHz. If Run 2B (or a run beyond this that uses a similar DCSHR) pushes beyond an

RF frequency of 15.3 GHz, M1 will need to operate in low-side injection mode.

Send RF to the RF port of M1 Run 2A sends the RF to the IF port of M1 (see
Fig. 6.16). M1 [185] has about 5dB better LO-IF isolation than LO-RF isolation. Run 2B
begins around 8 GHz, which will allow the RF to enter the RF port of M1. This configuration

will offer better isolation between LO1 and the following signal path stages.
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6.3 Possible Future Upgrades

The previous sections in this chapter addressed the progress towards the planned Run 1B
(Sec. and Runs 2A/B (Sec. [6.2). This section gives an outline for experiments beyond
this. This section will be rather vague compared to the previous sections of this chapter. If
those sections were a road map, this section is verbal instructions providing general direc-

tions.

6.3.1 Detector design principles to maximize the signal-to-noise

ratio

Chapter [2/ began with a quote by Veljko Radeka [106] that claimed an optimal detector must

have three components:

1. The detector design must maximize the signal
2. Noise must be reduced at its physical source

3. The signal and noise must be optimally filtered

The common thread is the improvement of the signal-to-noise ratio. The considerations

are as true today as they were in 1974.

6.3.1.1 Maximize the signal

There are a few ways to ensure that the signal emerging from the detector is maximized.
The traditional approach has been to use a highly resonant cavity. See, for example ADMX
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[109] or HAYSTAC [135]. To push to lower masses with wavelengths larger than practical
cavities, lumped element detectors use electronic resonant circuits in place of resonant cavities
to achieve a similar effect. See DMRadio 110, (178, [189] and ABRACADABRA [177].

While these experiments have very high Q, they are only sensitive at a single frequency
which must be scanned. The dark E-field radio (DER) technique differs in that it is broad-
band; many frequencies are scanned simultaneously by taking a Fourier transform. At higher
masses, a smaller reverb chamber can be employed, as long as the frequency of interest re-
mains above the lowest usable frequency (defined in Sec. 2.4.2).

A careful analysis of scan rates to reach a given sensitivity of € for the DER technique
compared to single-resonance experiments should be performed before attempting to over-

come the difficulties of a DER-like experiment above ~20 GHz.

6.3.1.2 Reduce noise

The DER experiment operates at room temperature, using a low noise amplifier (LNA).
Compared to cryogenic experiments, this represents an advantage in terms of reduced ex-
perimental complexity, but it means the dominant background is classical thermal noise
(~ 300K, Sec. , followed closely by amplifier noise (~ 100 K, Sec. [2.1.4)). These noises
add to form the total system temperature T, ~ 400 K. However, the limit in sensitivity scales
with T;l/ 2 (at least in the classical regime, hv << k, T'). For this reason, most haloscope
experiments choose to forgo experimental simplicity and operate at extremely cold temper-
atures (100s of mK, sometimes lower). At these temperatures, quantum effects begin to

dominate the noise budget and simple linear amplifiers must be replaced by read-out tech-
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nologies such as superconducting quantum interference devices (SQUIDs) or single photon
counting. If a cold detector is used, more complex amplification must also be employed or

the noise budget will be dominated by the readout.

6.3.1.3 Filtering

Section 4.2.3|introduced signal-matched filtering as the optimal filtering technique for a dark
photon of known lineshape, discussed in Sec. [2.1.2] This will be an important consideration
going forward, but will not change much.

However, there is an additional filter that has the potential to improve the sensitivity
of Run 1A as well as any future runs. Assuming that the dark photons are uniformly
polarized, the power received by a linearly polarized antenna will be modulated by the
rotation of the earth. The time serief”T| of each frequency bin can be searched for modulation
by a cos?(12hr x t), where « is a dimensionless parameter that depends on the geometry of
the antenna relative to the rotation of the earth. Many useful ideas for this calculation are
presented in [105], however, the idea in this paper is simply to set up the experiment to
maximize the signal, not search for modulations on existing data. As far as I know, this
analysis idea is original and was independently arrived at by both myself and Brian Kolner

in the UC Davis Electrical Engineering Department.

21The time series will have temporal resolution set by the pre-averaging defined in Sec. several
minutes. Remember, the RF time series samples are not saved.
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6.4 Leveraging Axion Experiments for Dark Photon

Searches

Axions (introduced in Sec. [1.4.2.1)), are an ultra-light dark matter candidate similar to dark
photons. They require a magnetic field to convert into Standard Model photons, but they
are detected using techniques very similar to dark photons. Axion experiments represent a
significant investment of resources [190, |191] and frequently do not take full advantage of
their sensitivity to dark photons. This section lists a few methods that can leverage this

investment to probe the dark photon parameter space.

6.4.1 Reanalysis of axion haloscope data

A highly efficient dark photon search can be conducted by recognizing that many axion
searches would have been sensitive to dark photons if not for vetoes which rely on the state
of an applied magnetic field. SHAFT [192], for example, has two toroids that can generate
fields in opposite directiond??l While the magnetic flux through the pick-up coil from an axion
would flip polarity as the magnetic fields are reversed, the flux from a dark photon would
not (see Fig. 1 of [192]). This differential technique gives a convenient way to veto radio
frequency interference. However, careful inspection of the time dependence of candidates
may allow these signals to be reduced without relying on the magnetic field veto and ruling

out dark photonﬂ. This analysis was performed in 2021 [193], but should be revisited.

22 Actually, the field directions flip to all four possible combinations, and they have a clever analysis chain
to maximize sensitivity.

23This is just an example, as DMRadio will not rely on a veto and have much better sensitivity to dark
photons in the SHAFT frequency range.
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6.4.2 Design and operation of axion experiments for dark
photons

By recognizing that an axion experiment is almost a dark photon experiment, the experiment
can be designed from the beginning to maximize its sensitivity to dark photons. The main
modification is to not veto based on the state of the magnetic field, as pointed out in
Sec.[6.4.T] This comes with the caveat that interfering signals must be mitigated in a different
way. This is likely harder than it sounds. One possible solution is to simply conduct the

experiment in a shielded room, similar to the Dark E-Field Radio Experiment.
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Appendix A

Overview of RTSA code base

A basic overview of the code that is used to acquire and process data is outlined here.
The version control is very simple, and each experiment has its own directory containing
several key files. The general usage template from which other experiments can be developed

is in the teledyneTemplate directory. The important files, in order of importance, are

e settings.py: Settings are controlled from this file. If the DAQ code isn’'t to be
modified, this is all the user must interact with in normal usage. While it is a python
script, it functions more like a text file. Descriptions and notes about allowed values

are included as comments. Read them carefully; settings can conflict.

e drDag*.py: Main script which calls all the helper functions. To take data, run this
script after modifying (and saving) settings.py. There is usually a suffix indicating

the date and information about version.

e avgFftModule.py: This is modified code from Teledyne. It handles all the heavy
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lifting: Interfacing with the C++ API, pinning GPU memory, transferring data from
PCIE card to the GPU and computation of the FFT on the GPU. This is all wrapped in
a class called avgFft. An instance of this class is called avgSpec and is the workhorse

of drDaq.py

dagHelpers.py: Lots of helper functions which are separated here to keep other code
clean. It is imported as a module in other files. Lots of useful code lives in here,
including the code that converts time series to power spectra (normalization is non-
trivial, see Eq. , writes info to database.txt, saves the pre-averaged spectra

including metadata in an HDF5 file.

plotTesting.py: This uses dash to host a web app which allows interactive plotly
graphs for simple visualisation of run data. This is extremely useful as it can tell
you if amplifiers die. Without this, all data would have to be averaged and more fully
analyzed, but this is a good lightweight option. There is some creative use of data down

sampling so it runs quickly without removing any candidates. An example window is

shown in Fig. [A]]

backup.sh: Simple shell script that backs up run data to locations of your choosing.
In the teledyneTemplate directory, it is set up to back up to the secondary hard disk
drive in the DR2 machine and to peloton, but this can be easily modified. When taking
real data, this script should not be run at the same time as drDaq.py. backup.sh
should be run first, so it completes while the antenna is moved and the batteries are
changed. This ensures there is not a heavy load on the hard drive due to back ups
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while data acquisition is ongoing. valonInit.py: sets up the valon signal generator
to work as a clock. This should probably be a function inside of dagHelpers.py, but

there may have been a reason I kept it separate.

gdrapi.py Comes from Teledyne. Defines functions for the API. I have not modified

it at all.

helperCupy.py Comes from Teledyne. Defines functions for the GPU. I have not

modified it at all.

streamingHelpers.py comes from Teledyne. Defines functions for streaming from

PCIE card to GPU. I have not modified it at all.

Tips for Using the RTSA System

As of September 2024, you must boot into kernel version 5.15 (Ubuntu 22.04)

Make sure to run insmod.sh in the teledyneInstall/gdrcopy directory after restart-

ing the machine.

— look at teledyneInstall/installGuide.txt on how to handle common errors

involving this process.

Read through the settings.txt file carefully! Some settings will conflict with others,
but they are mostly noted. There are also some notes about possible upgrades that

could be made, some of which without much effort.
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B Data Structure and Processing

Figure [2.45| shows the handling of data as it comes in as an RF time series and is converted
to pre-averaged spectra. While significantly less cumbersome than the raw data, processing
these spectra still represents a challenge. This subsection outlines how I have attempted to
handle it. While it is a little convoluted, this is the third iteration of how to handle this
data processing and is likely simpler than it seems on first blush. In other words, there is

probably a better way to do this, but don’t knock it till you try it.

B.1 Writing data

Once a pre-averaged spectrum is computed by dividing the running sum by
NOF_BUFFERS_TO_RECEIVE, this can be written to an HDF5 file. Whether or not it is, can be
controlled by the SAVE_H5 Boolean variabld'] Each pre-averaged spectrum is uniquely spec-
ified by ACQ_NUM in a given data run. In order to simplify backups and avoid placing all our
eggs in one HDF5 basket, NUM_SPEC_PER FILEY pre-averaged spectra are saved into a single
HDF'5 file, before starting a new file. These files are simply named as a zero-indexed number
followed by their .hdf5 extension. These files are saved in SAVE_DIRECTORY]] I usually make

this save directory in a secondary SSD named drBiggerBoy in order to preserve the main

IThis variable exists because when testing things or taking miscellaneous measurements, you will fre-
quently want to acquire a single spectrum without engaging the complex machinery of the HDF5 saving
procedure.

2T have kept this around 16 and not experimented much outside of this range, but it’s probably fine.
This keeps the files around 1 GB. For Run 1A, this is about 45 minutes of antenna data and 3 minutes of
terminator data per file, so if a file is corrupted, it’s not a big deal. I have never had a problem; this is
paranoia inherited from Ben.

3A reminder that this is specified, like all other variables, in settings.py. Note you must create this
directory ahead of time and include a sub-directory called data. It says this in the comments of settings.py
which you are reading, right?
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drive. I think the stress of continuous reads and writes will probably kill this drive, so I
prefer to keep it separate from the main boot drive, drBigBoy.

When SAVE H5 == 1, a database. txt file is created in SAVE_DIRECTORY, shown in Table

ALl
Attribute Pre-averaged spectrum 0 Pre-averaged spectrum 1
ACQ NUM 0 1
DATETIME 2023-05-10 11:32:48.365 2023-05-10 11:35:49.193
SWITCH POS 0 1
ANT POS IDX 0 0
TEMP 295.64 295.54
LEN FFT LOG2 24 24
SAMPLE RATE MHZ 800.0 800.0
NOF BUFFERS 8600 8600
AMP1 1012_E_PbAcid 1012_E_PbAcid
AMP2 ZKL_9p05VReg ZKL_9p05VReg
LPF HSP50+ HSP50+
HPF 2885+ 2885+
ATTENUATOR 4dB_FIXED 4dB_FIXED
ADC ADQ32 ADQ32
CLOCK SRS_VIA_VALON SRS_VIA_VALON
File Number 0 0

Table A.1: Example database file from Run 1A. In this run, ACQ_NUM counts up to
4175, and these spectra are saved between 261 HDF5 files. Some of the values are auto-
generated (temp, DATETIME, etc.) while others are manually entered into settings.txt
(AMP1, LPF, etc.) Note that this table has been transposed to fit on the page.

When setting up a data run, you must test that the data are saved how you expect. I have
had success by reducing NOF_BUFFERS_TO_RECEIVE to a small number}] and taking a simu-

lated data run. The process of switching is hacked together and can give you unpredictable

4NOF_BUFFERS_TO_RECEIVE times the time per buffer must be larger than around 2 seconds or it will
crash
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results. Did I mention to read the comments in settings.py”
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Figure A.1: Real-time heads-up window for data acquisition. Built with Plotly and
Dash, and displays in a web browser, in this case, Google Chrome. Spectra contain
223 frequency bins, so are down-sampled so as to display 10* bins at any given level of
zoom. This allows for interaction with the plot in real-time with very little lag. The
resolution currently displayed (in MHz) is shown in yellow next to the legend (right of
the first plot). This down-sampling is ”smart” in that it will show any excursions and is
implemented with the plotlyResampler package in MinMaxAggreator mode. Mousing
over a curve causes a “Tooltip” to appear, indicating the frequency and power at that
point in the curve. The frequency axes are all linked, so zooming in on one plot will
cause all plots to display the same frequency range. Icons on the upper right allow
for navigation of the plot. Frustratingly, there is no back button, so be careful when
zooming on a very narrow feature; a wrong move means you have to go all the way back
out and start over.
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B.2 Reading and averaging datal’

After taking a data run, you should have a SAVE_DIRECTORY containing a directory full of
many HDF5 files and a database.txt file (and possibly a directory of plotting spectra if
that is chosen in settings.txt. The basic idea is to “pre-process” the HDF5 files into a
single, large HDF5 file, which can be more quickly accessed to compute a single, averaged
S, spectrum for further analysis (see next chapter). The database.txt file is loaded into
python as a pandas dataframe in order to find specific spectra in this large data structure.

I tried (for a while) to keep the files separate to allow for multi-processing to speed up
the averaging, but I ran into issues. The most serious issue is that all the files live on the
same drive, so you can’t get much of a speed-up since the drive is read-limited to around 500
MB/s. I found multiprocessing is more effort than it’s worth. It takes about 20 minutes to
pre-average run 1.4 (9 days of data, 3 minute pre-averages yields 4175 spectra, which take
about 280 GB), and you only have to do this once after a run.

Following the example of runlp4 packAvgAllAnalysis.ipynb, the first step is to load
database.txt as a pandas dataframe which can be used to index the pre-processed file.
Next, a list of which ACQ_NUMs correspond to an antenna and terminator must be computed,
after removing any which are known to be contaminated® The list of indices that are to be
averaged together is called either antIdx or termIdx. Note that you can devise any number

of ways to generate these lists or even hard code them. The code given is just an example.

®Code for this section can be found at: https://github.com/josephmlev/darkRadio/tree/master/
dagAnalysisAndExperiments/runlp4/runlp4_analysis/runlp4_packAvgAllAnalysis.ipynb

°In run 1.4, the first antenna and terminator spectra are thrown out, since the computer monitor was
on to verify the run started successfully. This was out of paranoia and probably didn’t do anything.
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Next, info in the dataframe (no power spectra data yet) are analyzed as a sanity check.
These are not super important but a good check.

The cell beginning with the comment #pack pre proc dataset is where the heavy lifting
happens. A large HDF5 file is initialized. It contains two datasets, one for each channel (main
experiment and veto in run 1.4). Note that in this example, it is hardcoded to expect 8388609

frequency bins (22 +1), and this must be changed if doing something other than a 2

-point
FFT. The HDF5 sub-files are iterated over, their data are read and they are written into the
pre-processed HDF5 file. Make sure not to remove the error handling for closing the HDF5
file, or you will corrupt it and have to rerun the pre-processing.

Now that the pre-processed HDF'5 file has been packed with data and a list of indices to

be averaged has been generated, averaging is trivial (though it still takes a few minutes, so

maybe test it with a subset of antIdx. The code is provided below:

def avgSpecFromPacked (avgldxs, specStr):
sum = np.zeros (2x*x23+1)
for i in avgldxs:
sum += f[specStr]ll[:,i]
avgSpec = sum/(len(avgIdxs))

return avgSpec

Listing A.1: Python function for averaging spectra from pre-processed data

Note that this assumes a single HDF5 file, £, is in scope. specStr is a string that specifies
which channel to average, for example, spec W_chA. The output of this function is S, that

can be passed to the following functions for further analysis.
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