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Abstract.

We explore a novel, exotic physics, modality in multi-messenger astronomy. We are interested in exotic fields
emitted by the mergers and their direct detection with a network of atomic clocks. We specifically focus on the
rubidium clocks onboard satellites of the Global Positioning System. Bursts of exotic fields may be produced
during the coalescence of black hole singularities, releasing quantum gravity messengers. To be detectable such
fields must be ultralight and ultra-relativistic and we refer to them as exotic low-mass fields (ELFs). Since such
fields possess non-zero mass, the ELF bursts lag behind the gravitational waves emitted by the very same merger.
Then the gravitational wave observatories provide a detection trigger for the atomic clock networks searching
for the feeble ELF signals. ELFs would imprint an anti-chirp transient across the sensor network. ELFs can
be detectable by atomic clocks if they cause variations in fundamental constants. We report our progress in the
development of techniques to search for ELF bursts with clocks onboard GPS satellites. We focus on the binary
neutron star merger GW170817 of August 17, 2017. We find an intriguing excess in the clock noise post LIGO
gravitational wave trigger. Potentially the excess noise could be explained away by the increased solar electron
flux post LIGO trigger.

1. Introduction
Since the initial discovery of gravitational waves (GW) by LIGO in 2015 [1], there have been
multiple detection of GWs. Most of these GWs result from mergers of black hole binaries.
However, on August 17, 2017, a new class of GW events was discovered: the binary neutron
star merger GW170817 [2]. That was the first astrophysical source detected in both the GW
and multiwavelength electromagnetic radiation modalities and such is referred to as the multi-
messenger astronomy [3]. The messengers came from a host galaxy 40 megaparsecs (∼100 million
light-years) away. Ref. [4] extended the gravitational and electromagnetic modalities of multi-
messenger astronomy to exotic, beyond the Standard Model of elementary particles, fields. We
start by summarizing salient points of the concept paper [4] and then report on our progress in
the search for such exotica in Global Positioning System (GPS) atomic clock datastreams.

https://creativecommons.org/licenses/by/4.0/
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Figure 1. An emitted ELF burst propagates with the group velocity vg � c to the detector,
lagging behind the GW burst. Since the more energetic ELF components propagate faster, the
arriving ELF wavepacket exhibits a characteristic frequency anti-chirp. From Ref. [4].

Fig. 1 summarizes the idea of multi-messenger astronomy with the addition of exotica
modality. A merger emits both the GW and an exotic low-mass fields (ELFs) bursts. Since
such fields possess non-zero mass, the burst propagates at a group velocity vg smaller than the
speed of light. Thereby, the ELF pulse lags behind the GW burst. Because of the dispersion, the
ELF burst tends to spread out as it travels. More energetic components of the ELF wave-packet
travel faster, imprinting a universal anti-chirp signature in the atomic clock data. We refer
the reader to Ref. [4] for technical details and to Ref. [5] for a more qualitative and informal
discussion.

As to the exotic physics modality, we focus on ultralight (yet non-zero mass) bosonic fields
as the messengers. We assume that bursts of such ELFs could be generated by cataclysmic
astrophysical events such as black hole or neutron star mergers [6, 7]. Considering that much
of the underlying physics remains to be discovered, a pragmatic approach [4] is based on energy
arguments: based on the uncertainties for the LIGO events, ΔE ∼ M�c2 of energy can be
released in the form of ELFs from a black hole binary and ΔE ∼ 0.1M�c2 in a neutron star
merger. These are extreme (compared to terrestrial experiments) amounts of energy potentially
released in the ELF modality. Atomic clocks are sensitive to gentle perturbations of energy
levels by coherent, classical waves. Due to copious numbers of emitted ELFs this condition is
indeed satisfied all the way to the sensors. Notice that the atomic clocks sensitivities are such
that we do not need require ΔE ∼ M�c2 for the ELFs to be detectable. Much smaller fractions
of the solar mass would suffice for LIGO detectable events.

There is a wide variety of speculative scenarios [4] for coherent ELF production in the mergers.
One particularly intriguing scenario is due to quantum gravity. Much of the underlying physics
of coalescing singularities in black hole mergers remains unexplored as it requires understanding
of the as yet unknown theory of quantum gravity [8]. Then the ELF burst would emerge from
the merger as a quantum gravity messenger.

Relativistic massive fields satisfy the energy-momentum dispersion relation

ω(k) =
√

(ck)2 +Ω2
c , (1)

where the Compton frequency Ωc = mc2/h̄ depends on the ELF mass m. The energy and
momentum of ELF quanta are given by ε = h̄ω and p = h̄k, where k is the wave number. Since
we require a close time correlation (say delay less than a week) between the arriving GW and
ELF bursts and the vast burst travel distances, the ELFs must be necessarily relativistic, i.e.
their group velocity vg ≈ c.

A propagation of the initially emitted Gaussian ELF pulse (of central frequency ω0 and of
pulse duration τ0) leads to the solution [4] for a field at the clock a distance R away from the
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where ts = tGW + δt is the time of arrival of the center of the pulse at the sensor. It is offset by
tGW = R/c, the time of arrival of the GW messenger. ΔE is the total energy released in the
ELF channel. The signal duration τ and GW-ELF time delay δt are related as

τ ≈ 2δt /(ω0τ0) .

Note that the instantaneous ELF frequency is time-dependent, ω(t) = (1− (t− ts)/(2δt))ω0,
exhibiting a frequency “anti-chirp” at the sensor. The slope of the anti-chirp is given by

dω/dt = −1/(ττ0) = −ω0/(2δt) .

This reflects a qualitative fact that the more energetic (or higher frequency) components have
a higher phase velocity ω/k. The waveform (2) is shown in Fig. 1.

A GPS clock sampling rate in our dataset is 1 Hz, see Sec. 4. This limits ω0 from above.
These frequencies fix energies ε0 = h̄ω0 of detectable ELFs to below 10−14 eV. Practically, we are
limited to a duration of the pulse at the sensor to about a month; this limits ω0 from below. In
fact, our GPS data set, see Sec. 5.2, is effectively limited to ∼ a day, requiring that ω0 � 2π/day,
i.e. above ∼ 10−19 eV. Moreover, it is desirable to observe at least several oscillations, so the
anti-chirp can be observed. To summarize,

10−19 eV � ε0 � 10−14 eV . (3)

Now we know how an ELF pulse looks like at a clock. How can we detect them? The most
obvious way how the clock frequencies can be affected is through the variation of fundamental
constants, discussed in the following section.

2. Transient variation in fundamental constants
ELFs can couple to atomic clocks through interactions that lead to the variation of fundamental
constants. We are interested in the phenomenological Lagrangian for the SM-ELFs interactions

L = h̄c

⎛
⎝−

∑
f

Γfmfc
2ψ̄fψf +

Γα

4
FμνF

μν

⎞
⎠φ2 . (4)

Here ψf are the SM fermion fields (of masses mf ) and Fμν is the electromagnetic Faraday
tensor. ΓX are coupling constants (with X = α,mf ) quantifying the strength of the quadratic
interaction between the scalar φ and SM fields. We focus on the interactions that are quadratic
in the ELF field φ for a number of reasons, like the U(1) invariance for complex-valued fields and
the fact that the current limits on the couplings being much weaker for the quadratic couplings
than for the linear ones.

The interaction Lagrangian (4) leads to the effective redefinition of fundamental constants
(FCs): fermion masses and the fine structure constant,

meff
f (r, t) = mf

[
1 + Γf h̄cφ

2(r, t)
]
, (5)

αeff(r, t) = α
[
1 + Γαh̄cφ

2(r, t)
]
. (6)

The variations in FCs modify clock frequencies and, thereby, the apparent time as measured
by the clock. In general, the sensitivity of an oscillator resonance frequency ν to the variation
in FC X can be quantified by the coefficient

κX =
∂ log ν

∂ logX
. (7)
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In atomic clocks, the clock frequency is determined by frequencies of both the atomic transition
and the local oscillator (LO), see Sec. 3. The LOs in GPS clocks are quartz oscillators with
their fundamental mode frequencies depending on FCs. We can introduce the LO sensitivity
coefficient κLOX , as in Eq. (7). Moreover, in GPS we compare the satellite and terrestrial clocks,
so, in general, we have to operate in terms of differential sensitivity coefficients, KX , that take
sensitivities of individual clocks into account.

As the ELFs are ultra-relativistic, their travel time from satellites to terrestrial atomic clock
is about 0.1 s, an order of magnitude smaller than our sampling time interval, Δt = 1 s. Here
we used the fact that the GPS constellation diameter DGPS ≈ 5 × 104 km. Moreover, all
the clocks would experience approximately the same value of the field if the ELF wavelength
λ ≈ 2πh̄c/ε0 � DGPS. For the range (3) of detectable ELF energies, the corresponding
wavelengths map into the range 105 � λ � 1010 km. This means that for ε0 � 10−13 eV,
λ � 104 km and the entire GPS constellation measures nearly the same ELF phase and can be
considered as a composite yet point-like quantum sensor. In the opposite limit of λ � 105 km,
field values at different satellite clocks differ and if we were to take an average over all the clocks
at a given time, the ELF signal would appear as an excess noise.

The fractional frequency excursion due to quadratic interaction (4) reads

s(t) =
δν(t)

νclock
= Γeff h̄cφ(t)

2 , (8)

where νclock is the unperturbed or the nominal clock frequency, φ(t) is the ELF field at the
sensor (2), and Γeff ≡ ∑

X KXΓX is the effective coupling constant expressed in terms of the
differential sensitivity coefficients, KX .

The sensitivity coefficients KX depend on the internal composition and design of the clock
and data taking rate. Our GPS clock phase (or bias) data, see Sec. 5.2, is sampled every second.
These clock biases are the differences between the satellite and the fixed reference terrestrial
atomic clock times as measured by the clocks. We will focus on 87Rb microwave GPS clocks
and fix an active hydrogen maser located in Kourou, French Guiana (station ID: KOUR) as a
reference clock. In the following section, we discuss the operation of such atomic clocks.

If the characteristic time scale of the transient variation of FCs is longer than the servo loop
time constant, KX = κatomX , otherwise KX = κLOX . From Ref. [9, 10, 11], we have κRb

α ≈ 4.34,
κRb
me

= 2, κRb
mq

≈ −0.069, κHα ≈ 4, κHme
= 2, κHmq

≈ −0.150, κLOα = 2 and κLOme
= 3/2, where me

and mq are the electron and average up and down quark masses respectively. As discussed in
Sec. 4, our data is acquired in the regime when KX = κatomX . Thereby, the effective coupling
constant for the Rb-H pairwise comparison becomes

Γeff = 0.34Γα + 0.081Γmq , (9)

where the dependence on Γme cancels out. Notice that the ELF signal would disappear in the
data if we were to compare clocks of the same kind such as Rb-Rb, since Γeff ≡ 0; this is a
powerful test of systematic effects.

3. Atomic clocks of GPS network
GPS satellites host either 87Rb or 133Cs clocks. We focus on the Rb clocks because of their
abundance (24 out of total 26 clocks are Rb in our data set for the GW170817 event) and
because their frequency noise is primarily white [12]. The 87Rb 5S1/2 electronic ground state
splits into a manifold of two, F = 1 and F = 2, hyperfine levels. The clock transition is
between two MF = 0 B-field insensitive Zeeman sub-levels of the hyperfine manifold with the
nominal frequency νRb ≈ 6.835GHz. The frequency of a quartz oscillator is locked to νRb

through a servo-loop operation, driving a frequency synthesizer to generate a 10.23 MHz digital
clock. This then drives the rest of the electronics generating the GPS microwave signals which
are transmitted on carrier waves precisely at 154 × 10.23 MHz = 1.57542 GHz (L1 band) and
120 × 10.23 MHz = 1.22760 GHz (L2 band) [13]. (Actually, the frequency of the digital clock
is set slightly lower to allow for the mean combined relativistic effects of time dilation and
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gravitational red shift, so that the clock frequency is precisely 10.23 MHz according to an
observer at the gravitational potential at mean sea level on Earth.) The satellites broadcast
microwave signals with a carrier phase that is commensurate with the on-board atomic clock
system, through a phase locked loop frequency synthesizer. The phases of the microwave signals
are further measured by the terrestrial receivers and through the data processing are interpreted
as a measured GPS clock time, see Sec. 4. To estimate the effect of the FC variations, we need
to gain a deeper understanding of how the GPS signal is generated, and how it propagates to the
terrestrial receivers. We start with describing the operation of on-board Rb clocks in Sec. 3.1
and then, in Sec. 3.2, the terrestrial H-masers.

3.1. Rb atomic clocks
The GPS Rb atomic clocks are vapour-cell type [14, 15]. Such clocks include several packages
which function together to ensure the frequency locking process. The Rb atoms are a part of
the physics package (PP) which is primarily comprised of a 87Rb discharge lamp, a filter cell
containing 85Rb isotope, a resonance cell containing 87Rb, and a photo-detector [14]. The
resonance vapor cell is placed in a microwave cavity and a solenoid generating quantizing
magnetic field [15]. The PP is integrated with supporting electronic circuits which control
temperature of the discharge lamp, filter cell and resonance cell and also control the solenoid
coil’s current supply [14].

Notice the use of two isotopes of Rb: 87Rb and 85Rb with nuclear spins I = 3/2 and I = 5/2
respectively. The 87Rb lamp emits on the transitions from the 5 2P1/2, 5

2P3/2 levels to the ground
state manifold (D1 and D2 lines). The emitted light passes through a filter cell containing the
85Rb isotope. The fortuitous coincidence in the spectral line frequency associated with the F = 2
hyperfine level of 87Rb with those associated with F = 3 hyperfine level of 85Rb leads to the
absorption of the F = 2 spectral lines of D1 and D2 emissions of 87Rb from the discharge lamp
by 85Rb in the filter cell [16].

The filtered light is used for quantum state preparation via optical pumping to the F = 2
clock state. When this F = 2 state is subjected to a microwave radiation, the microwaves drive
the population between the F = 2 and F = 1 clock levels. As a result the intensity of the
light coming through the filter cell depends on the detuning of the microwave frequency from
νRb [15, 16]. The difference in light intensity is measured by the photodetector. This is used by
a servo-loop circuit to generate an error signal which further controls the frequency of the LO
that determines the microwave frequency. The magnitude of the error signal is the difference
between the microwave frequency and νRb.

At the LO heart in GPS clocks are quartz crystals. Quartz is a piezo-electric material and
when an electrical field is applied across the crystal, it undergoes mechanical deformations
and vibrates at a fundamental frequency of the crystal that remains stable over relatively short
timescales. The vibration modes depend on the geometry of the crystal. The relevant sensitivity
coefficients to the variation of FCs was given in Sec. 2.

The servo-loop time constant τservo determines the duration of the fastest perturbation that
can be recorded by the clock. Military operators manually adjust τservo and its precise value is
not available to us at a given epoch, however it is known to be within 0.01 s to 0.1 s [17, 18].
This is sufficient to suppress the effect of occasional frequency jumps in the quartz oscillator
down to the level of < 10−11 s in accumulated clock phase [14]. Our dataset, described in Sec. 5,
is sampled every second, giving enough time for LO frequency to be steered to the Rb atom
frequency. This explains our choice of sensitivity constants in Eq. (9). It is worth pointing out
that the electronics itself can be affected by the varying FCs; we presume that all the derived
frequencies follow the Rb atom frequency at a sufficiently fast time scale, so that the sampled
phases of the L1 and L2 GPS signals by the terrestrial GPS receivers are a faithful representation
of the behavior of the Rb atomic frequency.

3.2. H-maser atomic clock
The terrestrial reference clock used for satellite clocks bias data (see Sec. 5.2), is an active H-
maser T4Science atomic clock housed in the station named KOUR, located in Kourou, French
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Guiana [19, 20]. Below we focus on the general principles of H-maser operations [21]. In
these clocks, the quartz oscillator is locked to the transition frequency between hyperfine levels
attached to the ground state of the hydrogen atom, νH ≈ 1.420 GHz.

Such a clock uses a beam of atomic hydrogen, obtained by dissociating of molecular hydrogen
H2 in a discharge chamber. The atomic beam passes through an inhomogeneous state-selecting
magnetic field, which focuses hydrogens in the F = 1 states into a Teflon-coated quartz storage
bulb. This “magic” coating preserves atomic coherence for ∼ 106 consecutive collisions with the
bulb walls, critically enabling long interrogation times.

The bulb is placed within a radiofrequency (RF) cavity tuned to the transition frequency,
νH between F = 1,MF = 0 and F = 0,MF = 0 states of the H-atom [22, 23]. As the H-atoms
undergo the transition from the F = 1 state down to the F = 0 state, the emitted microwave
photons stimulate transitions in other atoms [24], hence the maser qualifier in these clocks.
Cascade of stimulated transitions produce a highly coherent oscillation in the RF cavity. This
results in a microwave signal to which the quartz oscillator is phase-locked.

The RF cavity is enveloped by magnetic shields to attenuate the ambient fields. An inner
solenoid coil creates a uniform magnetic field to separate the different magnetic sublevels. There
are two types of interactions that occur in the RF cavity: the atomic relaxation process that
affects the population in F = 1 state and the process that leads to the decay of atomic phase
coherence that affect the frequency stability [23]. The major purpose of the bulb is to spatially
confine the atoms, enabling interaction with the in-phase components of the RF magnetic field
in the cavity [23].

For longer sustenance of the oscillation either a sufficiently high H-atom density is to be
maintained or the RF cavity is to be interrogated with external RF radiation at νH. Atomic
clocks based on the former process is termed as active H-maser clocks, whereas clocks based on
the latter are passive H-maser clocks. In active H-masers the cavity undergoes self-sustained
oscillation. Both types of H-masers eventually drive a quartz oscillator which outputs a reference
signal with a high stability and a low drift rate by control voltage adjustment [25]. The principal
circuit of H-maser atomic clock has a crystal oscillator, an isolation amplifier circuit, an up
and down-conversion circuit, a digital servo, and a frequency synthesizer circuit. There is an
auxiliary circuit system that includes a constant temperature and a high-voltage source circuit,
and a constant current source [25]. In passive H-maser clocks the interrogation microwave field
is produced by an auxiliary frequency generator. H-masers have a good short-term stability,
σy(τ = 1 s) < 10−12, reaching a noise floor of ≈ 10−15 after about an hour of averaging [24].

The cavity frequency is stabilized by a servo loop. The value of the time constant of the
servo-loop response is in the order of 1 s [26]. As with the Rb clocks, the response to a sudden
change in FCs is that of a quartz for time-scales much shorter than the servo-loop time constant.
For time scales � than the servo-loop time constant, it is the response of the hydrogen hyperfine
splitting that matters. Once again, we ignore the complicated response of electronic circuits to
the FC variations, as we believe, such a response is only important for very short time scales.
These considerations govern our choice of sensitivity constants to FC variations in Sec. 2.

4. GPS data processing
As discussed in Sec. 3, GPS satellites broadcast microwave signals with a carrier phase that is
commensurate with the on-board atomic clock system, through a phase locked loop frequency
synthesizer. The carrier phase is sampled at regular intervals by a global terrestrial network
of GPS receiver stations. Each GPS receiver measures the beat phase between the incoming
carrier phase signal mixed with an internal replica signal, which is locked in phase to the
receiver’s internal quartz oscillator. Thus the beat phase measures the difference between time
of transmission according to each GPS satellite clock, and the time of reception according to
each receiver clock.

The Jet Propulsion Laboratory (JPL) routinely analyzes carrier phase data every 30 seconds
from the global GPS network [27]. For the special purpose of this ELF search, JPL processed
data at 1Hz across multiple days from an identical global 30-station network. Data processing
includes modeling the time of flight of the carrier signal traveling at the phase velocity of
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light, accounting for relativistic Shapiro delay, rotational wind-up of circularly polarized phase,
atmospheric refraction, and deterministic station motion caused by tidal and surface loading
deformation. For each station, a linear combination of carrier phases at two different carrier
frequencies is computed such that it eliminates the effect of ionospheric refraction nion assuming
that (nion − 1) ∝ 1/ω2 [28]. Note that this elimination applies even if fundamental constants
are perturbed. The linear combination conserves the satellite clock variations, which for GPS is
designed to be identical on carrier signals of both frequencies. Automatic data editing algorithms
allow for arbitrary variation of clock phase, and so unusual clock behavior is not a determining
factor in data outlier deletion [29].

Parameter biases in the model are simultaneously estimated using a square-root estimation
filter. Those parameters include all the satellite and receiver clock biases every second, with the
exception of one high quality receiver clock which defines the reference coordinate time. The
receiver reference clock is selected such that it is synchronized to a stable H-maser frequency
standard. Other biases that are important to estimate but are not explicitly used in our
subsequent analysis include station coordinates, satellite orbit parameters, atmospheric delays
and their variation, and carrier phase biases associated with an ambiguity in the integer number
of cycles, which are subsequently determined precisely and fixed [28, 30].

For the neutral atmosphere, the signal delay is non-dispersive at microwave frequencies,
thus it is independent of frequency variations in the carrier signal that may be caused by FC
variations. However, in principle there could be a contribution of FC variations to delay arising
from changes in refractive index. Variations in refractive index due to weather are accounted
for using the GPT2 model [31], which was based on fits to numerical weather models of the
European Center for Medium-Range Weather Forecasts.

Any residual variations in refractive index, such those caused by lack of spatio-temporal
resolution in the GPT2 model, are estimated as part of the multi-parameter bias estimation
by the square root information filter. Specifically, the variations are estimated as a random
walk in the zenith delay and in two gradient parameters for each station. These parameters are
separable from satellite clock variations owing to the so-called “mapping function,” that is the
modeled variation of atmospheric slant thickness with elevation angle of the satellite [31]. Such
estimation should also absorb variation in refractive index caused by the FC variations we are
seeking, leaving the imprint of clock frequency variations intact. The assumption is that any
refractive index variations caused by ELFs do not greatly exceed the level of variations expected
from weather.

The resulting data set used in our analysis is a 1-second time series of atomic clock biases
from each of the GPS satellites that have Rb clocks. All of these biases are relative to the clock
of the selected reference station. We also have access to receiver clock biases, however most GPS
stations only use quartz oscillators without an external atomic frequency standard, and so are
of limited use. Other useful metadata include satellite positions and velocities.

One aspect of the GPS system that we aim to exploit is that, in the co-rotating Earth-
fixed reference frame of the global GPS station network, the satellite positions are designed to
repeat approximately every sidereal day [32, 33]. The precise repeat time must account for the
precession of each satellite’s orbit, caused by Earth’s oblateness, and the orbit’s eccentricity,
inclination, and semi-major axis. This precession is slightly different for each satellite, resulting
in a repeat period of that varies in the range 1 day minus 245± 5s [33]. This repeat of the orbit
geometry causes systematic errors such as ground multipath reflections to also repeat, hence
errors in the carrier phase measurement tend also to repeat. Therefore, there is the potential to
enhance signal to noise by comparing measured carrier phase time series from one repeat cycle
to the next, as in the common mode error subtraction techniques. Such methods have proven to
greatly reduce scatter in geodetic GPS positioning every second, with accuracy at the few mm
level [33], therefore signal to noise ratio in clock bias data should similarly be improved.
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5. Search for ELF signal and preliminary results
5.1. Effect of ELFs on the clock output
The Rb-locked LO frequency is measured by a narrow band circuit whose signal can be related
to a sinusoidal wave [34]. The output voltage of such a circuit can be expressed as

V (t) = [V0 + ε(t)] sin [2πνclockt+ ϕ(t)] , (10)

where V0 and νclock are nominal peak voltage amplitude and the clock frequency respectively and
ε(t) and ϕ(t) are the deviation from the nominal peak voltage and nominal clock phase [34, 35].
Usually the oscillator frequency remains constant for a short time interval but it can drift over
a relatively larger period of time. The instantaneous frequency is conventionally defined as the
first derivative of the phase, which is

ν(t) = νclock +
1

2π

dϕ(t)

dt
. (11)

The extra phase term can be due to either technical noise or due to the ELF signal. Given a
sampling time interval Δt, the off-set phase is explicitly

ϕ(tj) = 2π

[∫ tj

tj−1

ν(t′)dt′ − νclock

∫ tj

tj−1

dt′
]

≈ 2π[ν(tj)− νclock]Δt , (12)

where tj = jΔt ; j = 1, Nt and Nt being to total number of data points.
Note that the deviation from the nominal clock frequency is δν(tj) = ν(tj)− νclock. Then the

fractional clock frequency excursions are

δν(tj)

νclock
≈ 1

2πΔt

ϕ(tj)

νclock
, (13)

to be matched to the sought ELF waveform (8).

5.2. Data analysis and results
In our GPS.ELF group, we pursue the analysis of data from the GPS atomic clocks. One can
think of the GPS constellation as the largest human-built ∼ 50, 000 km-aperture sensor array.
Combined with other satellite positioning constellations and terrestrial clocks, the total number
of sensors Nc ∼ 100. Employing networks is crucial for distinguishing ELF signals from technical
noise. Furthermore, by having baselines with the diameter of the Earth or larger, one can resolve
the sky position of the ELF source. This is a critical feature for multi-messenger astronomy
that enables correlation with other observations of the progenitor. However, an ELF feature
(say leading edge) propagation time across the GPS constellation is 0.2 s. The publicly available
GPS data is sampled every Δt = 30 s. Our GPS.ELF group has developed techniques to generate
more frequently sampled, Δt = 1 s, GPS datastreams. Still the limited time resolution makes
tracking the leading edge of the ELF pulse across the GPS network challenging. Nevertheless,
clock networks can still act collectively, gaining

√
Nc in sensitivity and vetoing signals that do

not affect all the sensors in the network.
We work with the GPS clock bias data for the day of GW170817 event detection and the

day before. The satellite clock biases are relative to a fixed reference terrestrial clock. This is
a non-stationary time series, dominated by random walk noise. This discrete clock bias data

stream d
(0)
a,j , sampled every Δt = 1 s, can be expressed, for the ath satellite clock, in units of

time as

d
(0)
a,j =

ϕa(tj)

ωa
− ϕr(tj)

ωr0

, (14)
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where the index j = 1, Nt, enumerates the epochs. Nt is the number of points sampled during
the orbital period, as discussed below. The frequencies ωa and ωr0 are the nominal clock angular
frequency of a satellite a and the reference terrestrial clocks. The time dependent discrete phases
of the satellite and reference clocks are denoted by ϕa(tj) and ϕr(tj) respectively. The reference
terrestrial clock for this work is a hydrogen maser at the KOUR station located in Kourou,
French Guiana, see Sec. 3.2.

Although the proposal paper [4] has used the formalism of excess noise statistic and time-
frequency decomposition, here we carry out a simplified analysis of the excess noise to also
include a possibility of high-frequency/short wavelength ELFs, see Sec. 1.

As discussed in Sec. 4, the orbital geometry of the satellites repeats relative to observer on
Earth, leading to repeating multipath errors. To account for the multipath errors, the GPS
satellite orbital period based on the inertial Earth-fixed reference frame is set approximately to
24 hours minus 247 s = 86,153 s. The sampling interval of 1 s thus leads to the total number of
points per day Nt = 86, 153. To whiten the data, we employ the first order differencing of the
discrete clock bias data, the so-called discretized pseudo-frequency [36],

d
(1)
a,j = d

(0)
a,j+1 − d

(0)
a,j , (15)

where a indexes individual datastreams and j spans over sampling grid. The differencing reduces
the total number of discrete pseudo-frequency points to N ≡ Nt − 1. We remove the frequency
drift and the offset for each clock a

u
(1)
a,j = d

(1)
a,j − fa,j , (16)

by fitting the d
(1)
a,j data to the straight line of the form, fa,j = matj + ba, with ma and ba being

fitting coefficients. The weighted average of u
(1)
a,j over the network of Nc satellite clocks is

d̄
(1)
j =

∑Nc
a u

(1)
a,j/σ

2
a∑Nc

a 1/σ2
a

, (17)

where

σ2
a =

1

N − 1

N∑
j=1

(
u
(1)
a,j −

〈
u(1)a

〉)2
, (18)

〈
u(1)a

〉
=

1

N

N∑
j=1

u
(1)
a,j . (19)

Here σ2
a and

〈
u
(1)
a

〉
are the variance and mean of u

(1)
a,j respectively for Nc = 24 Rb atomic clocks.

Further, the network weighted average pseudo-frequency as calculated using Eq. (17), is
partitioned into M windows with each window consisting of Nw = N/M points. The standard
deviation in each window is calculated as

σw =

√√√√ 1

Nw − 1

Nw∑
k=1

(
d̄
(1)
w,k −

〈
d̄
(1)
w

〉)2
, (20)

with

〈
d̄(1)w

〉
=

1

Nw

Nw∑
k=1

d̄
(1)
w,k , (21)

where w enumerates the windows and k spans points in a given window.
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Figure 2. Standard deviations of pseudo-frequency for the GPS network average of Rb clocks
for August 16 and 17, 2017. GW trigger detected at 45,682 s from the start of the day of August
17, 2017 (GPST), is shown with the black line. In computing standard deviation, we partitioned
each day dataset into M = 712 windows, each containing Nw = 121 data points.

In Fig. 2, the standard deviation of d̄
(1)
j is graphed with respect to time in seconds from the

start of a day, based on GPS Time (GPST) scale. Note that the difference between GPST and
Coordinated Universal Time (UTC) time scale is 18 s for the year 2017. There are two traces:
for the day before the GW170817 LIGO trigger (August 16, 2017) and for the day of the event
(August 17, 2017). Comparing the two days, we see that the clock network exhibits excess noise
level post the GW trigger shown by a black vertical line. In particular, we observe several spikes

in the standard deviation of d̄
(1)
j occuring after the GW LIGO trigger (on August 17, 2017).

The spike with the highest magnitude is delayed by 17,600 s (≈ 4.9 hours), from the GW LIGO
trigger. Although we see the spike with a high magnitude in both the days’ data, the spike post
GW trigger is larger by a factor of about 2.3. This factor was computed by taking the average
standard deviation for both days (at ≈ 4.7×10−12 s) as the floor. Generically, one would expect
both spikes of approximately the same magnitude due to repeating multipath errors in geodetic
receivers. It is plausible that this extra noise is due to the putative ELF signal. To quantify
this statement additional statistical analysis is required, in particular by finding the optimal size
of the window Nw and characterizing the clock statistics. Notice, however, that we found that
the solar electron flux was elevated during this period, see Fig. 3, perhaps negating the ELF
hypothesis. This is discussed in the following section.

6. Systematic effects due to solar activity
The expulsion of solar energetic particles into the near-Earth space environment during periods
of enhanced solar activity can be responsible for compromising GPS radio communication and
positioning accuracy. Enhanced solar activity is defined as periods of time in which the solar
corona exhibits increased magnetic field deformation. The acceleration of energetic particles from
the solar corona, with the total energy release of about 1024 to 1032 ergs, typically characterizes
a solar flare. Coronal mass ejections (CME) often accompany solar flares, where charged plasma
particles with an average velocity ranging from 500 to 800 km/s are ejected into the environment
[37].

Energetic particles emitted during solar activity events are introduced to Earth’s
magnetosphere and can precipitate to the ionosphere through acceleration along magnetic
field lines. The energetic electrons and protons can also be trapped within the Van Allen
radiation belts, accessible to GPS satellites. Exposure to high energetic particle fluxes within
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Figure 3. The average electron flux depicts a period of elevated electron flux that occurs after
the GW event, GW170817. The GW LIGO event occurred at 45,682 s on August 17, 2017
(GPST) and is marked with a black vertical line. The elevated electron flux continues onto the
following two days, maintaining the same order of magnitude.

the radiation belts can induce malfunctions to the satellites’ electric power system [38]. The
precipitation of energetic particles to the ionosphere can introduce ionization density variations,
resulting in fluctuations to the amplitude and phase of transmitted signals. This phenomenon is
known as ionospheric scintillation. GPS transmitted signals are vulnerable to strong ionospheric
scintillation associated with enhanced electron content [39].

The Los Alamos National Laboratory has released energetic particle data recorded by the
Combined X-Ray Dosimeter (CXD) aboard 21 operational GPS satellites. The CXD is equipped
with high-energy and low-energy particle sensors that can record electron fluxes with an energy
of 1 MeV to above 5 MeV and proton fluxes with an energy of 16 MeV to above 60 MeV
[40]. An increased sunspot number associated with enhanced solar activity can correspond
to elevated energetic particles introduced to the GPS orbit environment. Increased energetic
particle exposure can be represented by spikes in electron and proton flux measurements. The
daily sunspot number for August of 2017 indicates elevated values occurring at the end of the
month.

We examined the network average proton and electron fluxes from the CXD aboard 17 GPS
satellites for 16 August and 17 August, 2017, c.f. Fig. 2. The plot of the average electron flux is
shown in Fig. 3. We observe a period of elevated electron flux that occurs after the GW event,
GW170817. The proton flux exhibited no obvious spike or irregularity before this GW event.
The spike in the network weighted average of the pseudo-frequency depicted in Fig. 2 could be
related to elevated energetic particle exposure. Notice that the solar electron flux leads to a
charge build-up on a satellite that could randomly discharge after reaching a certain level [41],
which could potentially cause frequency jumps in the quartz oscillator [14, 18], modifying GPS
microwave signals. This elevated electron flux starts around the time of the LIGO trigger. One
of the intriguing explanations might be that the GWs perturb the Sun causing the solar activity.

7. Conclusions
The ELF proposal [4] has introduced a novel, exotic physics, modality in multi-messenger
astronomy. In this report we outlined some practical considerations for the ELF search with
the network of atomic clocks on board GPS satellites. We have generated 1 Hz clock bias
data specifically for this analysis. Our search method focused on the excess noise in the clock
network weighted average pseudo-frequency. There is an intriguing excess in the clock noise post
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LIGO gravitational wave trigger for GW170817 binary neutron star merger of August 17, 2017.
Potentially it could be explained away by the increased solar electron flux during the observed
spike in the clock noise. It is also intriguing that solar activity is greatly enhanced around the
time and after the LIGO trigger.
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