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A MHz gravitational wave search for harmonic sources was conducted using a 704-hr dataset ob-
tained from the Holometer, a pair of 40-meter power recycled Michelson interferometers. Our
search was designed to look for cosmic string loops and eccentric black hole binaries in an entirely
unexplored frequency range from 1 to 25 MHz. The measured cross-spectral density between both
interferometers was used to perform four different searches. First, we search to identify any funda-
mental frequencies bins that have excess power above 5σ. Second, we reduce the per-bin threshold
on any individual frequency bin by employing that a fundamental frequency and its harmonics all
collectively lie above a threshold. We vary the number of harmonics searched over from n = 4
up to n = 23. Third, we perform an agnostic approach to identify harmonic candidates that may
have a single contaminated frequency bin or follow a power-law dependence. Lastly, we expand on
the agnostic approach for individual candidates and search for a potential underlying population
of harmonic sources. Each method was tested on the interferometer dataset, as well as a dark
noise, photon shot-noise-limited, and simulated Gaussian-noise datasets. We conclude that these
four different search methods did not find any candidate frequencies that would be consistent with
harmonic sources. This work presents a new way of searching for gravitational wave candidates,
which allowed us to survey a previously unexplored frequency range.

I. INTRODUCTION

Exploring the high frequency end of the gravitational
wave spectrum is possible with a set of neighboring inter-
ferometers - the Holometer [1]. Initially, it was designed
to look for a new kind of spacetime noise in the 1 to
25 MHz frequency range. Over 700 hours of data were
collected with the Holometer to exclude predictions of
quantum geometrical noise [2, 3]. We extend the utility
of this dataset towards a gravitational wave search.

Before this search, the only constraints placed within
the MHz range were from a cavity experiment [4] and a
smaller Holometer dataset of 140 hours [5]. The first con-
straints came from a superconducting microwave cavity
with optimal sensitivity at 1.38 MHz and a bandwidth of
100 Hz. Whereas, the Holometer dataset had a frequency
range from 1-10 MHz and was two orders of magnitudes
more sensitive than the cavity measurements. Now, we
use a longer Holometer dataset with measurements be-
tween 1-25 MHz and sensitivity of 10−20 m/

√
Hz.

The kinds of searches that can be conducted with the
Holometer are shaped by the fact that the time domain
data was not stored; rather, the entire dataset is in the
frequency-domain. This makes us insensitive to transient
sources that other gravitational wave detectors search
for. Given this feature, the previous Holometer search
placed constraints on the stochastic gravitational wave
background and primordial black hole binaries in circu-
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lar orbits [5].

In this paper, our analysis is designed to look for
sources that can have harmonic signatures. There are
two known sources that can emit gravitational waves with
harmonics in this high frequency range: cosmic strings
and primordial black hole binaries in eccentric orbits.
Cosmic strings are one dimensional topological defects
formed in the early universe. They arise from inhomo-
geneities in the spacetime distribution due to rapid and
unstable phase transitions after the Big Bang [6]. When
these cosmic strings interact with each other, they form
loops that emit gravitational waves at their fundamental
and harmonic frequencies [7, 8].

Cosmic string loops emit gravitational waves at their
fundamental frequency and harmonics, defined as fn =
n×(2c/L) where n is the harmonic mode, L is the length
of the string loop and c is the speed of light. The grav-
itational wave power, Pn, emitted from cosmic strings is
largest at the fundamental frequency and decays follow-
ing a power law for subsequent harmonics, Pn ∝ n−q.
The exact value of q depend on string formation, geom-
etry, and evolution, with predicted q values of ≈ 4/3
[8–10].

Searches for cosmic strings can target either individual
sources or an unresolved stochastic background [11–14].
This search focuses on individual cosmic strings emitting
at harmonic frequencies, given that previous constraints
on the stochastic gravitational wave background were al-
ready conducted [5].

Primordial black holes are another early universe relic
that could be emitting gravitational radiation at MHz
frequencies. Primordial black holes binaries emit gravi-
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tational waves and those in non-circular orbits will emit
in harmonics of their fundamental chirp frequency[15].
The strength of their gravitational wave emission at har-
monic frequencies is proportional to the eccentricity of
their orbit [15–22]. The previous Holometer search for
primordial black holes binaries were for those in circular
orbits. This new search allows for primordial black holes
binaries in eccentric orbits.

The approach presented here is an agnostic search of
sources emitting gravitational waves with harmonic emis-
sion patterns. We search over all frequencies between
1 to 25 MHz in the 704 hour dataset. To find evidence of
any single source emitting gravitational waves, we vary
the SNR threshold on each individual bin and number
of harmonics. We use four different analysis criteria and
compare the results against noise datasets and simulated
datasets. Below, we describe the instrument, dataset,
analysis pipeline, and conclusions.

II. INSTRUMENT

The Holometer is comprised of two identical power-
recycled Michelson interferometers operated at the Fermi
National Accelerator Laboratory [1]. Each 40 meter in-
terferometer is housed within separate ultra-high vacuum
systems and equipped with separate lasers, injection op-
tics, electronics, and core optics (beamsplitter, power-
recycling mirror, and two end mirrors). These interfer-
ometers are nested within the same spatial orientation
and separated by 0.5 meter.

With this design, cross-correlation techniques allow us
to reach sub-shot-noise length sensitivity as compared to
a single interferometer. The dominant noise source at
MHz frequencies is photon shot noise and each interfer-
ometer is operated with independent lasers. Therefore,
the length sensitivity increases as 1/

√
N , where N is the

number of Fast Fourier Transforms (FFTs).
The Holometer was initially designed to search for

broadband noise, which resulted in a choice to store only
the frequency domain data [1]. The saved data is the
power spectral density of the individual interferometers,
the cross-spectral density between the interferometers,
and cross-spectral densities of the interferometer output
with the environmental monitors. This stands in contrast
with the lower frequency experiments such as ground-
based detectors such as LIGO, Virgo, KAGRA, and pul-
sar timing arrays such as NanoGrav, PPTA, EPTA, [23–
33] that store all of their time series data.

A brief summary of the data acquisition procedure is
as follows - The output of each interferometer is sam-
pled at 50 MHz and after ∼3-milliseconds, the time se-
ries data is fast-Fourier transformed. The real-valued,
power spectral density (PSD) is calculated for each in-
terferometer : PSD = |A|2, where A is the amplitude of
the Fourier transform. Also, the complex-valued, cross-
spectral density (CSD) is computed between the output
of each interferometer : CSD is A1A2e

i(θ1−θ2) where 1

and 2 corresponds to each interferometer and θ is the an-
gle of the vector in the complex plane for interferometer
1 and 2. After 1.4 seconds, all of the computed mil-
lisecond power- and cross-spectra are averaged together
which is then GPS-time-stamped and recorded. Data ve-
toes were implemented to ensure that contaminated data
(i.e. from large radio-frequency interference spikes) were
not included in the averaging. This procedure repeats
throughout the extent of the observing run. This proce-
dure is described in more detail in [1].

To verify whether the data acquisition pipeline would
be able to recover correlated signals, we placed LEDs in
front of the detectors of each interferometer. We sent a
13 MHz signal into the LEDs and monitored this signal
throughout the science runs.

Extensive campaigns were conducted to verify that
there are no unknown correlated noise sources above 1
MHz. Noise sources were characterized through mea-
surements taken before, during and after observing runs.
These environmental monitors were used to quantify the
amount of contamination from radio-frequency interfer-
ence, laser phase and intensity noise. Additional details
on each of these studies are included in the following ref-
erences [1, 34–37]).

III. DATASETS

We employ the use of three datasets to search for har-
monic sources and validate our analysis algorithms. The
main dataset is 704 hours of interferometer data that has
the real-valued, power-spectral densities for each inter-
ferometer and the complex-valued, cross-spectral densi-
ties between the two interferometers. The second dataset
is 320 hours of lightbulb data, which is an independent
noise source used to replicate the high photo-current seen
by the detector during standard operations. The third
dataset is 13 hours of dark noise data that preserved the
same RF environment and measured the signal detector
response with no light on it. Below includes more details
about each of these datasets.

A. Interferometer Dataset

The main dataset used in this search is the integrated
704 hours of interferometer running time obtained be-
tween the months of July 2015 and April 2016.

The averaged dataset is shown in Figure 1 where the
PSD from each of the interferometers are shown in light
blue and purple, respectively. The magnitude of the CSD
between the two interferometers is shown in dark blue.
The pink trace is the standard deviation noise line on the
CSD measurement.

An intuitive way of understanding the variance on the
CSD measurement is based on the noise model of the
experiment. Given that we have two uncorrelated noise
sources (photon shot noise in separate interferometers),
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the expected level of the CSD given no correlations would
be

√
PSD1 × PSD2/N, where N is the number of FFTs.

In practice, the CSD variance is calculated during each
timeframe from the individual 1,400 millisecond CSD
measurements. More details of how this was calculated
are in [1, 35]

The frequency range evaluated in this study is from
1 to 25 MHz. The lower frequency cutoff comes from
avoiding a region where correlated laser noise has been
identified in previous studies [2] whereas the upper fre-
quency cutoff is due to the sampling rate. The frequency
resolution is 382 Hz and the number of frequency bins
within this range is 62,914.

B. Lightbulb Datasets

The second dataset is the lightbulb dataset that was
generated to simulate standard operating conditions by
having the same photon shot noise levels on each signal
detector. Rather than having power from the laser enter
the instrument, the detectors measured a signal which
came from independent bright incandescent lightbulbs
placed directly in front of each signal detector. The light-
bulb dataset contains the power spectral density of each
interferometer and their cross-spectral densities for 320
hours of integration. For the data collection, the laser
was shuttered (meaning there was no laser light enter-
ing the interferometer) and all the electronics were left
running in their nominal operating configuration. The
lightbulbs provide an uncorrelated Gaussian noise signal
across both interferometers. This dataset is run through
the analysis in Sections IV C, IV D, IV E and we com-
pare these results against the results from the interfer-
ometer dataset.

C. Dark Noise Dataset

The third dataset is the dark noise dataset, which
is used to quantify the ambient electronic environment.
This dataset contains the cross spectral density between
the interferometer signal detectors and represents the
amount of noise in the signal detectors, digitizers and
any additional contamination coming from the electron-
ics that is runs to the interferometers. During the 13
hours of integration, the laser was shuttered and all the
electronics were left running in their nominal operating
configuration. Without any light source in the interfer-
ometers, this dataset is not shot-noise limited. Therefore,
this data is only used if we need to compare harmonic
source candidates against background ambient noise.

IV. ANALYSIS

We construct an analysis pipeline to identify sets of
frequency bins with excess power (in the cross-spectral

density measurement) that are consistent with a poten-
tial source of interest emitting at its fundamental and
harmonics. If a gravitational wave signal were to inter-
act with the Holometer, it would appear in phase in both
interferometers. This is because the two interferometers
are co-located, separated by less than 1 meter and we are
evaluating the signal in the MHz frequency band. There-
fore, our search is to look for candidates in the positive,
real component of the CSD.

Throughout this entire analysis, we exclude frequency
bins that have known origins. These frequencies are 3.8
(and its harmonics), 13 (and its first harmonic), 20.5 and
24.5 MHz bins. Each of these center frequencies have a
range of bins that on either side of the peak that are
also excluded. One thing to note is that some of these
frequencies that lie above the 25 MHz range are folded
back to lower frequencies due to Nyquist sampling. For
example, the 13 MHz harmonic lies at 24 MHz rather
than the expected 26. A similar folding happens for the
20.5 and 24.5 frequencies that are used to drive each in-
dividual laser. Table I enumerates the contaminated fre-
quency bins and their identified origins. Additionally, all
excluded bins are highlighted in Figure 1.

To search for any candidate sources, we calculate the
z-score for each frequency bin. The z-score is calcu-
lated as the ratio between the cross-spectral density
(CSD) and the standard deviation for that cross-spectral
density(σCSD) which are generated during the data col-
lection described in Section II. Explicitly,

Z score(f) =
CSD(f)

σCSD(f)
(1)

where f is frequency. Z-scores are calculated for each
dataset described in Section III. We use this to flag any
potential frequency bins that require further follow-up
when calculated for the interferometer dataset.

To search for harmonic sources, we apply various
thresholds to the z-score values to identify potential can-
didates. A harmonic source is defined as a single fun-
damental frequency and its n-harmonics whose emission
signal pattern can be identified against noise.

We perform four different types of searches to identify
candidates. First, we perform an excess power search
to identify any fundamental frequencies that have a z-
score value above a given threshold. Those frequencies
are used as harmonic source candidates, which we follow
up by examining the z-score of their harmonic frequen-
cies for evidence of excess power. Second, we construct
a search that requires the z-score of a fundamental fre-
quency and its harmonics to all lie above a threshold
value. This allows us to reduce the z-score threshold at
any individual frequency bin while maintaining a high
statistical significance for detecting a harmonic source.

Third, we perform an agnostic approach to identify
harmonic candidates that may have a single contami-
nated frequency bins or follow a specific power-law de-
pendence. In this test, we assign each z-score its cor-
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FIG. 1: The magnitude of the power spectral density of the 704-hr Holometer dataset used throughout this study. The
Holometer consists of two power-recycled Michelson interferometers, which were operated with stored cavity powers
of 2 kW. The light blue and purple traces represent the integrated precision for each of the respective interferometers
throughout the entire observing run. Given the integration time and the power in each interferometer, the pink
trace represents the expected cross-spectral density for two uncorrelated noise sources. The dark blue points is the
measured cross-correlation between the two interferometers. Across a wide range of frequencies, the measured CSD is
consistent with what is expected given the integration time and power levels. This study is designed to look closer at
each individual frequency bin in the search for harmonic sources. We excluded peaks (highlighted in grey boxes) that
are known sources of noise within the instrument - the peak at 3.83 MHz (and its corresponding harmonics) is the
free-spectral range of the 40m Fabry-Perot Interferometer, the peak at 13 MHz was injected for calibration purposes
of the readout system and is generated from an LED placed directly in front of the signal detectors, and the two

peaks at 20.5 and 23.5 MHz are used to phase lock the lasers to the resonant interferometer cavities.

responding probability from a Gaussian distribution.
These probabilities are multiplied together and we use
thresholds on these products to identify individual har-
monic source candidates. Lastly, we expand on the ag-
nostic approach for individual candidates and search for a
potential underlying population of harmonic sources. We
search for this population within the positive-real quad-
rant of the interferometer dataset. We compare that to
simulated datasets from pure Gaussian noise and Gaus-
sian noise with an injected underlying population of har-
monic sources. Additionally, we compare this distribu-
tion to the other quadrants of the interferometer dataset
and lightbulb dataset.

Frequency [MHz] Source

3.83 ± 25 kHz (& harmonics) Free-spectral range of Interferometer

13 ± 8 kHz LED signal for calibration

20.5 ± 2 kHz Used for laser stabilization

24.5 MHz ± 2 kHz Used for laser stabilization

TABLE I: Frequency bins excluded from this analysis
and their known sources.

A. Excess Power Search

An approach to search for narrow-lined sources is to
search for excess power in a single frequency bin. Fig-
ure 2 shows the calculated z-score values for each in-
dividual bin from 1 to 25 MHz for real and imaginary
components of the interferometer dataset. The vertical
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FIG. 2: The calculated z-score for each component of the cross-spectral density measurement as a function of frequency.
The top plot is of the real component of the CSD and the bottom plot is the imaginary component of the CSD. The
vertical histograms show the statistical distribution of the data along with their mean and standard deviation statistics.
The noise follows a Gaussian distribution, which is used to map the z-score values onto their corresponding probability
for each individual frequency bin. We included 1, 3, and 5σ lines for reference as well as excluded frequency ranges
which we know to be contaminated with additional noise and are explained in Table I. If a gravitational wave signal
interacted with the Holometer, it would appear as an in-phase signal between both interferometers. Therefore, the
analysis conducted searches for harmonic sources candidates within the positive-real CSD quadrant. The negative-real,
positive-imaginary, and negative-imaginary data quadrants were used to verify our search algorithms and compare to
the results found in the positive-real quadrant. In Section IV A, we look for individual frequency bins with statistically
significant z-scores in the positive real quadrant. Our search is to identify any frequency bins above 5σ thresholds.
Across the 1 to 25 MHz range, we do not find any single frequency bins with significant emission. This extends the

range of excluded narrow-lined gravitational wave emitters from 1.92 MHz [5] up to 25MHz.
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figures shows that the real and imaginary components
follow a Gaussian distribution.

In our excess power search, we look for candidates in
the positive-real quadrant of the interferometer dataset.
Figure 2 shows all four quadrants of the interferometer
dataset with 1, 3, and 5σ lines to guide the reader. In
a previous search done at MHz frequencies, the Holome-
ter collaboration argued that given the dominant noise
sources at MHz frequencies is photon shot noise[5, 36],
then an allowable threshold for an excess power can be
set to 5σ. In this earlier work, an excess power search
was done up to 1.92 MHz using the first 140 hours of
data that was available[5].

Our work extends on this search by investigating be-
yond 1.92 MHz up to 25 MHz. Additionally, our dataset
has better sensitivity given the 704 hour acquisition time.
Even with this additional sensitivity and extended fre-
quency range, we do not identify any individual frequency
bins with z-scores above 5σ. We conclude that this search
criteria is too stringent to search for any harmonic can-
didates.

B. Harmonic Search: Algorithm

Given that we are searching for harmonic sources, we
can incorporate this into our algorithm and create a new
kind of search that accounts for this feature. To search
for gravitational wave emitting source candidates, we re-
quire that a fundamental frequency and all of its har-
monics have excess power in each of their frequency bins.
This allows us to reduce the per-bin threshold that was
previously set in the excess power search (Section IV A).

Here we describe what is calculated for any generic
CSD dataset:

1. Calculate the z-score for each frequency bin using
Equation 1.

2. Assign the corresponding probability to each z-
score values for a Gaussian distribution (described
in detail below).

3. Choose the number of harmonics to search over, n.

4. Designate the first frequency bin to be the funda-
mental frequency.

5. Calculate the “combined probability” by multiply-
ing the probabilities of the fundamental frequency
and its harmonics using Equation 2.

6. Repeat 3 & 4 through the entire list of frequencies
until there are no longer n-harmonics available in
the frequency band.

7. If the “combined probability” values are less than
the designated threshold value, then return the list
of fundamental frequencies, probabilities, z-score
and CSD values for further evaluation.

Throughout the analysis, we utilize both the z-score
value and its associated probability. The z-score value
is a more intuitive representation of how far above the
noise a particular CSD measurement is. However, when
we calculate the combined probability of each fundamen-
tal frequency and harmonics, we use probability values
rather than the z-score.

As seen in Figure 2, the interferometer dataset fol-
lows a Gaussian distribution and therefore we can map
z-scores to their corresponding probability using a one-
tailed statistics test: the assigned probability is the in-
tegral of the Gaussian from the z-score value to infin-
ity. This assignment of probabilities is done based on
the dataset and the quadrant (positive-real, negative-
real, positive-imaginary, negative-imaginary) that is be-
ing tested.

Given that the harmonics correspond to the same
source, we can multiply the probability of each individ-
ual harmonic frequency together to get a total combined
probability. This criteria allows us the capability to re-
duce the signal-to-noise threshold on any individual bin.

For each fundamental frequency and n-harmonics, a
combined probability is calculated using:

Probabilitycombined =

n∏
i=0

Probabilityi (2)

where i is the harmonic number, and Probabilityi is the
probability associated with the i’th harmonic’s z-score
assuming a Gaussian centered about zero.

C. Harmonic Search: Minimum Threshold

In the following harmonic tests, we apply thresholds to
the z-scores of the fundamental and harmonic frequen-
cies. To identify harmonic source candidates, we require
that all of the z-scores of a fundamental frequency and
harmonics are above the assigned thresholds. We first
perform a constant threshold test which assigns the same
threshold for all frequencies of the harmonics. Second,
we preform a power-law dependence threshold test where
the assigned threshold decreases following a power law for
higher harmonic frequencies. Any identified fundamental
frequencies and harmonics whose z-scores are above the
thresholds are returned as harmonic source candidates
for follow-up.

Section IV C 1 details the constant threshold test where
the same z-score threshold is assigned for all frequencies
in a set of fundamental and harmonic frequencies. This
is a conservative approach that does not assume a par-
ticular emission model and imposes a requirement that
all frequencies will emit gravitational waves with a power
that is higher than the noise.

In section IV C 2, we introduce a power-law depen-
dence into the threshold test. We use the same frame-
work introduced in the the constant threshold except
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that the z-score threshold decreases according to a power
law with increasing harmonics. This test is done to be
more sensitive to conventional harmonic sources like cos-
mic strings that are expected to emit gravitational waves
with a power law dependence.

1. Constant Threshold

In this first threshold test, we set the
Probabilitycombined to a fixed value and require that
all of the individual probabilities are below a minimum
constant probability threshold. Throughout this part
of the analysis, we test different combinations of the
number of harmonics and apply various thresholds for
what the combined probability value can be. This
means that the per-bin probability threshold needs to
be calculated for each combination. Using equation 2,
we calculate the necessary per-bin probabilities using
the following relationship:

Probabilityconst. thres.
individual =

n+1
√

Probabilitycombined (3)

where the Probabilityconst. thres.
individual is the probability

threshold that each harmonic must be below and n is
the number of harmonics of the fundamental frequency.

As an example of how this process is done, for a test
of 9 harmonics, we start by setting Probabilitycombined

equal to 2.9×10−7, which corresponds to the equivalent
5σ of a Gaussian distribution. With these conditions,
each fundamental frequency and all 9 harmonics must
have z-scores with an equivalent probability that is below
0.22. A probability of 0.22 corresponds with a z-score
being above 0.77σ and therefore we set 0.77σ as our z-
score constant threshold for this test.

We conduct different tests for harmonic numbers rang-
ing from 4 to 23. Starting with the first frequency in the
array, the z-score of the fundamental frequency and all
4 harmonics are compared to the z-score threshold. Af-
ter this, the algorithm checks the next fundamental fre-
quency in the list until running out of fundamental fre-
quencies whose 4th harmonic still lies within the 25 MHz
frequency limit. Any fundamental frequencies where all
harmonics lie above the z-score threshold are returned as
candidates of interest. Then the search is started again
for 5 harmonics and continues until testing through 23
harmonics.

Using this search algorithm, we ran our tests for var-
ious combinations of harmonics that had the equivalent
Probabilitycombined values set to 2.9 ×10−7, 9.9 ×10−10,
1.3 ×10−12, 5.6 ×10−16, which corresponds to 5, 6, 7
and 8σ of a Gaussian distribution. We found that there
were no fundamental frequencies and harmonics where
all were above the z-score threshold. When we reduced
the combined probability to 3.2 ×10−5 , which corre-
sponds to 4σ, we recovered one fundamental frequency
candidate. We ran these same condition of setting the
Probabilitycombined to 3.2 ×10−5 on the negative-real,

positive-imaginary and negative-imaginary quadrant and
recovered a similar number of candidates. After compar-
ing the z-score as a function of frequency for the identified
candidates of each quadrant, we found that their patterns
are similar to one another and consistent with Gaussian
noise. We conclude that this method did not identify any
gravitational wave emitting candidates.

2. Power-Law Dependence

A second threshold test was conducted which includes
a power-law dependence. We follow the same frame-
work presented in previous section except that the z-score
threshold changes for the harmonic we are searching on.
The power law used is such that the z-scorethreshold ∝
n−1. To generate the thresholds, we define a combined
probability as in Equation 2. We define the z-score
threshold for the fundamental frequency as z-scoreT

which the rest of the harmonics thresholds are derived
from. The first harmonic has a z-score threshold equal to
z-scoreT/2 and the second harmonic has a z-score equal
to z-scoreT/3. z-scoreT is chosen such that the product
of the associated one-tailed probability for each z-score
threshold is equal the combined probability.

With this framework, we generate z-score thresholds
for all sets of harmonics ranging from n = 4 to n = 23. We
ran our tests for various combinations of z-score thresh-
old that had the equivalent Probabilitycombined values set
to 3.2 × 10−5, 2.9 ×10−7, 9.9 ×10−10, 1.3 ×10−12, 5.6
×10−16, which corresponds to 4, 5, 6, 7 and 8σ of a
Gaussian distribution. We found that there were no fun-
damental frequencies and harmonics where all were above
the z-score thresholds. Therefore, we conclude that in-
cluding a power-law dependence of n−1 into the constant
threshold test did not identify any gravitational wave
emitting candidates.

D. Harmonic Search: Unconstrained

In Section IV C, we did not identify any candidate fre-
quency bins that would be consistent with a gravitational
wave emitting source. One possibility is that while there
may be a gravitational wave signal, one of the harmonic
frequency bins might have an additional noise contribu-
tion. This would not meet our threshold criteria and
be excluded from follow-up. Another possibility is that
a harmonic source could emit with a power law that is
very different from the n−1 dependence we searched in
Section IV C 2.

Throughout this unconstrained search, we follow the
steps outlined in Section IV B. This method identifies
sets of fundamental frequencies and harmonics that could
have any per-bin z-score value as long as the combined
probability value is highly significant.

For each fundamental frequency, we first determine the
maximum number of harmonics that would fit within the
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FIG. 3: The real component of the interferometer CSD dataset as a function of frequency with three highlighted
fundamental frequencies and harmonics identified in Section IV D. In that search, we ran an agnostic test where we
allowed the z-scores to have any value. Each z-score was converted to its associated Gaussian probability and the
z-scores for a fundamental frequency and harmonics were multiplied together to generate a combined probability using
Equation 2. The identified fundamental frequencies in this figure (black, blue, and magenta) are the three fundamental
frequencies with the lowest combined probabilities identified in the positive-real quadrant of the interferometer dataset.
The unconstrained search allowed for the possibility that single frequency bins might contain additional noise that
would be excluded from the thresholds tests. If any of these frequencies were to follow a harmonic source pattern, we
anticipate there to be either excess power in most frequency bins or for the z-scores to follow an inverse power law for
harmonic frequencies. Additionally, we expect that the emission pattern and combined probability values would differ
from those found in the other three dataset quadrants (negative-real, positive-imaginary, and negative-imaginary)
and the lightbulb dataset quadrants. None of the highlighted frequencies are consistent with these criteria and we

conclude there is no supporting evidence for gravitational wave candidates using this method.

25 MHz range. For example, for a fundamental of 2 MHz,
the combined probability is calculated for 11 harmonics
since the 12th harmonic would be at 26 MHz. Next, we
mapped the z-scores of each frequency in this set to its
corresponding probability as described in Section IV B.
Finally, these probabilities of the fundamental frequency
and n-harmonics were then multiplied together to get a
combined probability.

After the combined probability of all fundamental fre-
quency and harmonic sets is calculated, we selected the
15 lowest combined probability fundamental frequency
sets for follow-up. Additionally, we ran this same test
on the other interferometer quadrants (negative-real,
positive-imaginary, negative-imaginary) and on all four
quadrants of the lightbulb dataset.

Figure 3 shows the z-score as a function of frequency

and highlights the three fundamental frequencies and
their harmonics with the lowest combined probability
values. The harmonic emission pattern of each set does
not follow a power-law dependence nor does it seem to
have excess power in most bins. Furthermore, we did
not identify any unique pattern beyond what was seen
in the candidates identified in the negative-real, positive-
imaginary, negative- imaginary interferometer quadrants
and all four quadrants of the lightbulb dataset. We con-
clude that this method did not identify any gravitational
wave emitting candidates.
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FIG. 4: To evaluate if a population of harmonic sources whose collective emission would be identifiable in the
interferometer dataset, we generate simulated datasets based on an underlying Gaussian distribution of noise and
populations of sources. Figure (a) is a simplified representation of Gaussian distributed noise for 7 frequency bins;
whereas the full simulated dataset matches the interferometer dataset of 62,914 frequency bins. The blue dots are
CSDs generated from the underlying Gaussian distributions (in red). Figure (b) is an illustration of a single injected
harmonic source, which would appear as an offset in the underlying Gaussian distribution that is proportional to the
power emission strength of the source. This artificial harmonic source has a fundamental frequency of 2 MHz and has
two harmonics at 4 and 6 MHz. Using this framework, we generated four different simulated datasets. The first one
contained pure Gaussian noise: all of the z-scores in the frequency bins were generated out of Gaussians with µ = 0.
The other three datasets contained pure Gaussian noise along with injected harmonic sources: one dataset contained
150 sources with 0.2σ offsets, the second one had 300 sources with 0.2σ, and the third one had 150 sources with
0.5σ offsets. To characterize a population of harmonic sources, we defined a function G(κ) in Section IV E which can
detect whether there is a population of harmonic sources that emit in the positive-real quadrant. The κ in the x-axis
is used as a cutoff for fundamental frequencies and harmonics. Figure (c) highlights the results of the four simulated
datasets ran through the population search algorithm. We see that the algorithm is sensitive to both the number of
harmonic sources and their emission power. The results from this figure are used as a baseline to compare the results

from the interferometer dataset to.
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E. Harmonic Search: Population

To identify individual harmonic sources, the source
should have strong enough gravitational wave power that
can be distinguished from statistical noise. This was the
motivation behind the tests in Sections IV A, IV C, and
IV D, which did not find evidence of individual harmonic
sources. As a final test, we conducted a search for a pop-
ulation of harmonic sources with low gravitational wave
power emission whose collective emission would be iden-
tifiable.

The framework is similar to that in the unconstrained
search of Section IV D. The main difference is that we use
a different statistic for the population, S(Pmixed), which
is defined as

S(Pmixed) =

{
Pmixed − 1 if Pmixed ≥ 1

−1× ( 1
Pmixed

− 1) if Pmixed < 1
(4)

Pmixed =

n∏
i=0

(Probability i)
j (5)

j =

{
−1 if z-scorei ≥ 0

1 if z-scorei < 0

Pmixed is calculated for each fundamental frequency
(and harmonics) where i is the ith harmonic of that fun-
damental frequency, z-scorei is the z-score for the ith har-
monic, and the Probabilityi is the two-tailed probability
associated with its z-score; in this section, a two tailed
test was used so that a z-score of 0 corresponded with
a probability of 1. The exponent j is either 1 or -1 de-
pending if the z-score for the ith harmonic is positive or
negative; if z-scorei is positive, we divide by its corre-
sponding probability and if negative, we multiply by its
probability. This allows us to create a function which be-
comes symmetric by taking the inverse of Pmixed as seen
in Equation 4.

The function S(Pmixed) is generated to detect if the
z-scores of a fundamental frequency and harmonics are,
on average, weighted towards the positive or negative z-
score quadrant. The function S(Pmixed) is symmetric and
centered about zero.

As an example, if a fundamental frequency and 5 har-
monics all have z-scores of 1 (corresponds with a two-
tailed probability of 0.3173), S(Pmixed) equals a large pos-
itive number: 979. If half of the z-scores are +1 and the
other half are -1, S(Pmixed) = 0. If all of the z-scores are
-1, S(Pmixed) = -979. Given that harmonic sources emit
a gravitational wave signal on the positive-real quadrant,
we use this function to search for a surplus of fundamen-
tal frequencies and harmonics with a positive S(Pmixed).

To identify a population of harmonic sources, we gen-
erate S(Pmixed) for each fundamental frequency and har-
monics. Next, we assign various cutoffs, denoted as κ,

and count the number of fundamental frequencies whose
S(Pmixed) are above κ and below -κ. For example, by
setting κ = 100, we count the number of fundamental
frequencies and harmonics whose S(Pmixed) > 100 and
the number whose S(Pmixed)<− 100. By comparing the
number of fundamental frequencies and harmonics above
and below this cutoff, we become sensitive to a popu-
lation of harmonic sources with emitted power on the
positive or negative CSD quadrant.

In order to make the comparison between multiple
datasets and κ values, we create a normalized function
that encapsulates whether we have a surplus of harmonic
sources emitting in the positive-real quadrant:

G(κ) =
a(κ)− b(−κ)√
a(κ) + b(−κ)

(6)

where κ is the cutoff for S(Pmixed), a(κ) is the num-
ber of fundamental frequencies (and harmonics) whose
S(Pmixed) is greater than κ, and b(-κ) is the number of
fundamental frequencies whose S(Pmixed) is less than -κ.
The denominator normalizes the function across various
κ values.

A summary of the algorithm to test for a population
of harmonic sources is as follows:

1. Calculate the z-score for each frequency bin using
Equation 1.

2. Assign the corresponding probability to each z-
score values for a Gaussian distribution.

3. Start at the first frequency in the array and assign
it as a fundamental frequency.

4. Find the largest number of harmonics, n, of that
fundamental frequency that can fit within 25 MHz.

5. Calculate the S(Pmixed) function for that funda-
mental frequency and its harmonics using Equa-
tion 4.

6. Move to the next fundamental frequency and repeat
steps 4 & 5 through the entire list of fundamental
frequencies.

7. Define cutoffs, κ, for ± S(Pmixed).

8. Calculate G(κ), which quantifies the difference be-
tween the number of fundamental frequencies and
their harmonics whose S(Pmixed) falls above or be-
low ± κ.

To measure the effectiveness of this algorithm to detect
a population of harmonic sources, we created simulated
datasets to run through our algorithm. First, a simu-
lated dataset of pure Gaussian noise is generated with
µ = 0 and σ = 1. Figure 4a is an illustration of what the
simulated dataset would look like where the blue points
are the CSD z-scores for 7 frequency bins. The red lines
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are the underlying Gaussian statistics where the z-scores
are generated from. Second, we create another simulated
dataset that has pure Gaussian noise and an underly-
ing harmonic source. A harmonic source is modeled by
adding an excess power offset to the Gaussian distribu-
tion. Figure 4b is an illustration of a simulated harmonic
source that has a fundamental frequency of 2 MHz and
two harmonics at 4 and 6 MHz. The simulated source
would emit gravitational waves at all of these frequencies
and produce an excess power of 2σ above the noise.

With this framework, we generate four simulated
datasets to quantify the sensitivity of G(κ) to a popu-
lation of low signal-to-noise harmonic sources: 1) pure
Gaussian noise with µ = 0 and σ = 1, 2) Gaussian noise
and 150 injected harmonic sources with 0.2σ offsets, 3)
Gaussian noise and 300 injected harmonic sources with
0.2σ offsets, and 4) Gaussian noise and 150 injected har-
monic sources with 0.5σ offsets. The simulated datasets
contain the same number of frequency bins as the inter-
ferometer dataset.

These four datasets are run through the algorithm and
we plot G(κ) for various κ values in Figure 4c. For each
simulated dataset that has injected harmonic sources,
G(κ) is a positive number that is proportional to both the
number of harmonic sources and their emission power.
G(κ = 0) includes every fundamental frequency and is
most sensitive to a large number of harmonic sources that
can have very low signal-to-noise. With κ = 50,000, the
only fundamental frequencies that are beyond this cutoff
must have strong power emission offsets. Therefore, G(κ
= 50,000) is primarily sensitive to harmonic sources with
high signal-to-noise but can identify a smaller population
of sources. Figure 4c includes a wide spread of κ values
to consider various possible scenarios of harmonic source
populations. This figure validates that the G(κ) func-
tion would be able to recover an underlying population
of harmonic sources.

Given the effectiveness of G(κ) to identify an under-
lying population of harmonic sources, we run the algo-
rithm on the interferometer dataset. In Figure 5, we
compare the simulated pure Gaussian noise (green) to the
real component of the interferometer dataset (red). Ad-
ditionally, we test the interferometer-imaginary (pink),
lightbulb-real (blue), and lightbulb-imaginary (teal) for
comparison.

The results in Figure 5 illustrate that all of the G(κ)
values for each dataset are consistent with the trends
of 1σ of the Gaussian noise simulated dataset. Addition-
ally, the results for the interferometer-real data follow the
same trend to those from the interferometer-imaginary
data and both lightbulb datasets. We conclude that we
did not find evidence of a population of low signal har-
monic sources.

V. CONCLUSIONS

Using the Holometer as a high frequency gravitational
wave detector, we conducted the first MHz search for
harmonic sources. We utilized a dataset spanning over
704 hours obtained from two co-aligned, power-recycled
Michelson Interferometers. This allows a search across
the 1 to 25 MHz range with 382 Hz frequency resolution
as described in Section III A and seen in Figure 1. These
measurements extend the gravitational wave spectrum
beyond what is accessible with PTA, LISA, LIGO, Virgo,
KAGRA, and GHz experiments [4, 23–31, 38–40].

Astrophysical sources that are predicted to emit gravi-
tational radiation in harmonics are cosmic strings [6, 15]
and eccentric black hole binaries [15–22]. In Section IV,
we present four different ways to identify potential fre-
quency candidates. The first three methods search for
individual harmonics while the fourth looks for an un-
derlying population. For each test, we calculate a z-score
for each frequency bin, as defined in Equation 1, which
is the measured cross-spectral density over the standard
deviation.

In the first search (Section IV A), we perform an ex-
cess power search to identify any frequency bins greater
than 5σ as highlighted in Figure 2. We did not find any
frequency bins and rule out the possibility of very loud
constant emitters.

Given that the fundamental and harmonic frequencies
correspond to the same source, we are able to reduce the
signal-to-noise threshold for each individual frequency
bin. To identify potential sources, we construct a com-
bined probability (Equation 2) for each fundamental fre-
quency and its n-harmonics. In Section IV C and IV D
we use this framework to search for individual harmonic
source candidates.

The second search (Section IV C) tests the hypothe-
sis that the z-score for a fundamental frequency and all
of its harmonics must lie above a z-score threshold. We
conduct two versions of this search: one where we set
the same z-score threshold for all frequencies in a set of
fundamental frequency and harmonics (Section IV C 1)
and one where the z-score threshold decreases accord-
ing to a power law ∝ n−1 for increasing harmonics (Sec-
tion IV C 2). We set the combined probability value to
ones that corresponds with a 4, 5, 6, 7, and 8σ detec-
tion and compared z-score values to the corresponding
minimum per-bin-threshold for harmonics ranging from
n = 4 up to n = 23. We did not identify any candi-
dates that are likely to be gravitational wave emitting
harmonic sources in either search.

Our third search (as described in Section IV D) was
designed to allow for a wider range of power law depen-
dencies beyond ∝ n−1 with increasing frequencies. Addi-
tionally, this allows for the possibility of a few contami-
nated frequency bins that the minimum threshold search
would not identify. To do this, we remove the per-bin
minimum threshold. Rather, we multiply the probabil-
ities of each z-score for the fundamental and harmonic



12

FIG. 5: Results of the search for a population of harmonic sources in the real and imaginary components of the
interferometer and lightbulb datasets. G(κ), defined in Section IV E, is a function whose sensitivity in detecting a
population of harmonic sources is illustrated in Figure 4. The x-axis represents the cutoffs, κ, which is sensitive to
a wide range of population types. Low κ values are sensitive to a large population of sources with low excess power
whereas high κ are sensitive to a smaller population with higher excess power. We include the results of the simulated
data of 1σ Gaussian noise (green) and its associated error bars generated by running 30 realizations of Gaussian noise
datasets. If there were an underlying population of harmonic sources, those would appear above the errors bars of this
Gaussian distribution and follow trends highlighted in Figure 4. We find that the interferometer real dataset (red) is
consistent with pure Gaussian distributed noise. Moreover, we find that the interferometer-real results follow similar
trends as the results from interferometer-imaginary (pink), lightbulb-real (blue), and lightbulb-imaginary (teal) and
find that all of them are consistent with Gaussian distributed noise. We conclude there is no evidence of a population

of harmonic sources across our frequency range.

frequencies and arrive at a combined probability. This
number is used to identify fundamental frequencies of in-
terest.

We searched within the positive-real component of the
CSD and identified the 15 fundamental frequencies and
harmonics with the lowest combined probability. Three
of these identified fundamental frequencies are seen in
Figure 3. These were examined and their emission pat-
tern was compared to those found in the other inter-
ferometer quadrants (negative-real, positive-imaginary,
negative-imaginary) and on all four quadrants of the
lightbulb dataset. We did not identify any unique pat-
tern beyond what was seen in these datasets and conclude
this method did not find any gravitational wave emitting
candidates.

As a final test, we consider a population of harmonic
sources emitting at low powers whose collective signal
would be identifiable (as described in Section IV E). We
define an equation (Equation 4) that enables us to deter-

mine whether z-scores of a fundamental frequency and
harmonics are weighted towards the positive or negative
quadrants. We set various cutoff values on this function
and count the number of fundamental frequencies and
harmonics whose function values are greater than or less
than the cutoffs. We test the sensitivity of this function
on 4 different simulated datasets with underlying Gaus-
sian distributions as shown in Figure 4. We find that the
algorithm is sensitive to comparing if there is a surplus
of fundamental frequencies whose z-scores are mainly in
the positive z-score quadrants.

Using Equation 6, we search in the real component
of the interferometer data for a population of harmonic
sources. We compare those results to simulated Gaus-
sian noise and find that these two datasets are con-
sistent. Additionally, we compare the the imaginary-
interferometer, real-lightbulb, and imaginary-lightbulb
datasets, which can be seen in Figure 5. We find that
the real-intereferometer dataset is consistent with these
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three datasets and that all datasets have values consis-
tent with Gaussian distributed noise. This method did
not identify any trends that indicate an underlying pop-
ulation of harmonic sources.

Our analysis choices allowed us to explore deeper into
the Holometer data and search for potential gravitational
wave candidates within the 1-25 MHz frequency range.
Based on these four analysis methods, we conclude that
there are no identifiable harmonic sources. In the broader
context of placing constraints on cosmic string loops and
eccentric black hole binaries, these experimental results
should motivate further theoretical studies, which is be-
yond the scope of this paper.
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Kiikaapoi, Peoria, Bodèwadmiakiwen, Miami and Oĉeti
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