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Search for topological defect dark matter using the global network of optical
magnetometers for exotic physics searches (GNOME)
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Results are reported from the first full-scale search for transient signals from exotic fields of
astrophysical origin using data from a newly constructed Earth-scale detector: the Global Network
of Optical Magnetometers for Exotic physics searches (GNOME). Data collected by the GNOME
consist of correlated measurements from optical atomic magnetometers located in laboratories all
over the world. GNOME data are searched for patterns of signals propagating through the network
consistent with exotic fields composed of ultralight bosons such as axion-like particles (ALPs).
Analysis of data from a continuous month-long operation of the GNOME finds no statistically
significant signals consistent with those expected due to encounters with topological defects (axion
domain walls), placing new experimental constraints on such dark matter scenarios.



I. INTRODUCTION

The nature of dark matter, an invisible substance com-
prising over 80% of the mass of the universe [IH3], is one
of the most profound mysteries of modern physics. Al-
though evidence for the existence of dark matter comes
from its gravitational interactions, unraveling its nature
likely requires observing non-gravitational interactions
between dark matter and ordinary matter [4]. One of
the leading hypotheses is that dark matter consists of
ultralight bosons such as axions [5H7] or axion-like par-
ticles (ALPs) [8H10]. Axions and ALPs arise from spon-
taneous symmetry breaking at an unknown energy scale
fsB, which, along with their mass m,, determines many
of their physical properties.

ALPs can form stable, macroscopic field configurations
in the form of topological defects [ITHI4] or composite
objects bound together by self-interactions such as bo-
son stars [I5HI7]. Such ALP field configurations could
concentrate the dark matter density into many distinct,
compact spatial regions that are small compared to the
galaxy but much larger than the Earth. In such scenar-
ios, Earth-bound detectors would only be able to measure
signals associated with dark matter interactions on occa-
sions when the Earth passes through such a dark-matter
object. It turns out that there is a wide range of param-
eter space, consistent with observations, for which such
dark-matter objects can have the required size and abun-
dance such that the characteristic time between encoun-
ters could be on the order of one year or less [13, 17, 18].
This opens up the possibility of searches with terrestrial
detectors. Here we present the results of such a search for
ALP domain walls, a class of topological defects which
can form between regions of space with different vacua
of an ALP field [I1HI14].!

Since ALPs can interact with atomic spins [4], the pas-
sage of Earth through an ALP domain wall affects atomic
spins similarly to a transient magnetic field pulse [13] [I7].
Considering a linear coupling between the ALP field gra-
dient Va(r,t) and atomic spin S, the interaction Hamil-
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1 A different type of bosonic field configuration is the Q-ball [19]
20] which is spherically symmetric having nearly constant field
magnitude in the bulk with a rapid fall off at the boundaries.
It is another possible dark matter candidate. We note that the
signal pattern produced in GNOME for sufficiently large Q-balls
with couplings to atomic spins can be similar to that of ALP
domain walls [I7].

tonian can be written as
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where & is the reduced Planck’s constant, ¢ is the speed
of light, r is the position of the spin, ¢ is the time, and
fsB/& = fint is the coupling constant in units of energy
described with respect to the symmetry-breaking scale
fsp [21], where £ is unitless. In most theories, the cou-
pling constants fi,; describing the interaction between
Standard Model fermions and the ALP field are propor-
tional to fsp; however, fiy¢ can differ between electrons,
neutrons, and protons by model-dependent factors that
can be significant in some cases [4} §].

In analogy with Eq. 7 the Zeeman Hamiltonian de-
scribing the interaction of a magnetic field B with an
atomic spin S can be written as

Hyi, = —(hc) -Va(r,t) , (1)

HZ:7’YS'B7 (2)

where v is the gyromagnetic ratio. Since Egs. and
have the same structure, the gradient of the ALP field
can be treated as a pseudo-magnetic field. An important
distinction between the ALP-spin interaction [Eq. ()]
and the Zeeman interaction [Eq. (2)] is that while v tends
to scale inversely with the fermion mass, no such scaling
of the ALP-spin interaction is expected [4].

The amplitude, direction, and duration of the pseudo-
magnetic field pulse associated with the transit of the
Earth through an ALP domain wall depends on many
unknown parameters such as the energy density stored in
the ALP field, the coupling constant fi,;, the thickness
of the domain wall, and the relative velocity v between
Earth and the domain wall. The dynamical parameters,
such as the velocities of the dark matter objects, are ex-
pected to randomly vary from encounter-to-encounter.
We assume that they are described by the Standard Halo
Model for virialized dark matter [22]. Furthermore, the
abundance of domain walls in the galaxy is limited by
physical constants, m, and fsg, as these determine the
energy contained in the wall and the total energy of all
domain walls is constrained by estimates of the local dark
matter density [23]. The expected temporal form of the
pseudo-magnetic field pulse can depend both on the the-
oretical model describing the ALP domain wall as well as
particular details of the terrestrial encounter such as the
orientation of the Earth. The relationships between these
parameters and characteristics of the pseudo-magnetic
field pulses searched for in our analysis are discussed in
Appendix [A] and Refs. [I3] 17, 21].

The Global Network of Optical Magnetometers for Ex-
otic physics searches (GNOME) is a worldwide network
searching for correlated signals heralding beyond-the-
Standard-Model physics which currently consists of more
than a dozen optical atomic magnetometers, with sta-
tions in Europe, North America, Asia, the Middle East,
and Australia. A schematic of a domain-wall encounter
with the GNOME with stations used in this study is
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FIG. 1: (a) Visualization of an ALP domain wall crossing the
Earth. The red arrows indicate the position and sensitive axes
of the GNOME magnetometers during Science Run 2 (Sec. .
(b) Simulation of the signals expected to be observed from a
domain-wall crossing.

shown in Fig. The measurements from the magne-
tometers are recorded with data-acquisition systems, syn-
chronized to the Global Positioning System (GPS) time,
and uploaded to servers located in Mainz, Germany, and
Daejeon, South Korea. Descriptions of the operational
principles and characteristics of GNOME magnetome-
ters are presented in Sec. and Ref. [24], details on
the GNOME data acquisition system are discussed in
Ref. [25] (see also Table [I).

The active field sensor at the heart of every GNOME
magnetometer is an optically pumped and probed gas
of alkali atoms. Magnetic fields are measured through

variations in the Larmor spin precession of the optically
polarized atoms. The vapor cells containing the alkali
atoms are placed inside multi-layer magnetic shielding
systems which reduce background magnetic noise by or-
ders of magnitude [26] while retaining sensitivity to ex-
otic spin-couplings between ALP dark matter and atomic
nuclei.? Since all GNOME magnetometers presently use
atoms whose nuclei have a valence proton, the signal am-
plitudes measured by the GNOME due to an ALP-spin
interaction are proportional to the relative contribution
of the proton spin to the nuclear spin (as discussed in
Appendix and Ref. [28]). This pattern of signal ampli-
i

tudes [Eq. (1] can be characterized by a pseudo-magnetic

field B; measured with sensor j:
B =75, 3)

gF,j
where

2

By(r.t) = (he)*” ——Va(r,1) (4)
KB fsB

is the normalized pseudo-magnetic field describing the
effect of the ALP domain wall on proton spins and up
is the Bohr magneton. The ratio between the Landé g-
factor and the effective proton spin (g ;/o;) accounts for
the specific proton-spin coupling in the respective sensor.
This ratio depends on the atomic and nuclear structure
as well as details of the magnetometry scheme, see Ap-
pendix [Bl Since each GNOME magnetometer measures
the projection of the field along a particular sensitive
axis, the factor n; is introduced to account for the direc-
tional sensitivity. This factor, given by the cosine of the
angle between B, and the sensitive axes, takes on values
between +1.

In spite of the unknown properties of a particular
terrestrial encounter with an ALP domain wall, the
GNOME would measure a recognizable global pattern
of the associated pseudo-magnetic field pulse amplitudes
described by Eq. (3), as illustrated in Fig. [Ip. The as-
sociated pseudo-magnetic field pulses would point along
a common axis, have the same duration, and exhibit a
characteristic timing pattern. The data-analysis algo-
rithm used in the present work to search for ALP domain
walls is described in Sec. and Ref. [29]. The algo-
rithm searches for a characteristic signal pattern across
the GNOME having properties consistent with passage
of the Earth through an ALP domain wall. Separate
analyses to search for transient oscillatory signals associ-
ated with boson stars [I7] and bursts of exotic low-mass
fields (ELFs) from cataclysmic astrophysical events [30]
are presently underway.

2 Signals due to ALP interactions with electron spins can be coun-
teracted by effects from interaction between the ALP field and
electron spins in the magnetic shielding material [27].



Here we report the first results of a dark matter search
with the GNOME: a search for transient couplings of
atomic spins to macroscopic dark-matter objects, and
therefore demonstrate the ability of the GNOME to ex-
plore parameter space previously unconstrained by direct
laboratory experiments. Searches for macroscopic dark-
matter objects based on similar ideas were carried out
using atomic clock networks [18, B1H33], and there are a
number of experimental proposals utilizing other sensor
networks [34H38]. All of these networks are sensitive to
bosonic dark matter with a scalar coupling to Standard
Model particles [4]. The GNOME is sensitive to a differ-
ent class of dark matter: bosons with pseudoscalar cou-
plings to Standard Model particles. Pseudoscalar bosonic
dark matter generally produces no observable effects in
clock networks [4] but does couple to atomic spins via the
interaction described by Eq. . Thus the GNOME is
sensitive to a distinct, so far mostly unconstrained, class
of interactions as compared to other sensor networks.

II. RESULTS

There have been four GNOME Science Runs between
2017 and 2020 as discussed in Sec. [[V] Here we analyze
the data from Science Run 2, which had comparatively
good overall noise characteristics and consistent network
operation (as seen in Fig. . Nine magnetometers took
part in Science Run 2 that spanned from 29 November
2017 to 22 December 2017. The characteristics of the
magnetometers are summarized in Table [I}

Before the data are searched for evidence of domain-
wall signatures, they are preprocessed by applying a
rolling average, high-pass filters, and notch filters to the
raw data. The averaging enhances the signal-to-noise ra-
tio for certain pulse durations, avoids complications aris-
ing from different magnetometers having different band-
widths, and reduces the amount of data to be analyzed.
The high-pass and notch filters reduce the effects of long-
term drifts and noisy frequency bands. We refer to the fil-
tered and rolling-averaged data set as the “search data.”

The search data are examined for evidence of collective
signal patterns corresponding to planes with uniform,
non-zero thickness, crossing Earth at constant veloci-
ties. The imprinted pattern of amplitudes depends on the
domain-wall crossing velocity [29]. As noted in Sec. [I} we
assume that the domain-wall-velocity probability density
function follows the Standard Halo Model for virialized
dark matter. The signature of a domain-wall crossing
the magnetometer network depends on the perpendicu-
lar component to the domain-wall plane of the relative
velocity between the Earth and the domain wall, v;. A
lattice of points in velocity space is constructed such that
the search algorithm covers 97.5% of the velocity proba-
bility density function. The algorithm scans over the ve-
locity lattice and, for every velocity, the data from each
magnetometer are appropriately time-shifted so that the
signals in different magnetometers from a hypothetical

domain-wall crossing with the given velocity occur at the
same time. For each velocity and at each measurement
time, the amplitudes measured by each magnetometer
are fit to the ALP domain-wall crossing model described
in Ref. [29]. As a result, estimations for signal magnitude
and domain-wall direction, along with associated uncer-
tainties, are obtained for each measurement time and all
lattice velocities. The magnitude-to-uncertainty ratio of
an event is given by the ratio between the signal magni-
tude and its associated uncertainty.

The search algorithm uses two different tests to eval-
uate if a given event is likely to have been produced
by an ALP domain-wall-crossing: a domain-wall model
test and a directional-consistency test [29]. The domain-
wall model test evaluates whether the event amplitudes
measured by the GNOME magnetometers match the sig-
nal amplitudes predicted by the ALP domain-wall cross-
ing model, and is quantified by the p-value as discussed
in Sec. and Ref. [29]. The directional-consistency
test checks the agreement between the direction of the
scanned velocity and the estimated domain wall direc-
tion, and is quantified by the angle between the two di-
rections normalized by the angle between adjacent lattice
velocities.

In order to evaluate the detection probability of the
search algorithm, a well-characterized data set that in-
cludes domain-wall-crossing signals with known proper-
ties is required. For this purpose, we generate a back-
ground data set by randomly time-shuffling the search
data so that the relative timing of measurements from
different GNOME stations is shifted by amounts so large
that no true-positive events could occur. By repeating
the process of time shuffling, the length of the back-
ground data can be made to far exceed the search data.
This method is used to generate background data with
noise characteristics closely reproducing those of the
search data [39]. A set of pseudo-magnetic field pulses
matching the expected amplitude and timing pattern
produced by the passages of Earth through ALP domain
walls are inserted into the background data to create the
test data. The test data are used to evaluate the true-
positive probability for the search algorithm for different
thresholds on the p-value and the normalized angular dif-
ference. The detection probability as a function of the
thresholds is studied in order to find a combination of
thresholds that ensures the detection of 97.5% of the in-
serted domain walls (see Sec.[[V|and Fig. @ This results
in an overall detection efficiency € > 95% for the search
algorithm, considering both the incomplete velocity lat-
tice coverage and the detection probability.

The search data are analyzed for domain-wall encoun-
ters using the algorithm presented in Ref. [29]. The
cumulative distribution of candidate events as a func-
tion of their magnitude-to-uncertainty ratio is shown as
a solid green line in Fig. The background data are
analyzed in the same way as the search data to estimate
the expected number of background events during Sci-
ence Run 2. Time-shuffling is used to create 10.7 years
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FIG. 2: The blue dashed line represents the number events
expected from the background in the twenty-three days of
data from Science Run 2. 10.7 years of time-shuffled data are
used to evaluate the background. The solid green line repre-
sents the number of events measured in Science Run 2. The
red crosses indicate at which magnitude-to-uncertainty ratio
new events are found. The upper axis indicates the statis-
tical significance in units of Gaussian standard deviations of
finding one event in the search data. The event with greatest
magnitude-to-uncertainty ratio is found at 12.6.

of background data. The number of candidate events
measured in the background data re-scaled to the dura-
tion of Science Run 2 is shown as a dashed blue line in
Fig.[2] The significance of a candidate event in the search
data is given by the probability of detecting one or more
background events at a magnitude-to-uncertainty ratio
above that of the candidate event [see Eq. (10)]. The
probability of finding a number of candidate events in
the background data follows Poisson statistics.

The candidate event in the search data with the largest
magnitude-to-uncertainty ratio (= 12.6) had a signifi-
cance of less than one sigma. Therefore, we find no ev-
idence of an ALP domain-wall crossing during Science
Run 2.

In order to evaluate the domain-wall characteristics ex-
cluded by this result, the observable domain-wall cross-
ing parameters above 12.6 magnitude-to-uncertainty ra-
tio during Science Run 2 are determined. The GNOME
has nonuniform directional sensitivity [29]; we conserva-
tively estimate the network sensitivity assuming the do-
main wall comes from the least-sensitive direction. Fig-
ure [3| shows the active time T'(At, By), i.e., how long
the network was sensitive to domain-walls as a function
of pseudo-magnetic field-pulse-magnitude sensitivity, B;),
and pulse duration, At. A signal with pseudo-magnetic
field magnitude B, produces a magnitude-to-uncertainty
ratio of ( = B, /B,,. The characteristic shape of the sen-
sitive region is a result of the filtering and averaging of
the raw data as described in Sec. [V} Averaging reduces
the sensitivity of the search data to short pulse durations
and high-pass filtering suppresses sensitivity for long At.
The GNOME sensitivity varies in time as the number of
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FIG. 3: Amount of time T that the GNOME is sensitive to do-
main walls with a given duration At and normalized pseudo-
magnetic field magnitude sensitivity B;, throughout Science
Run 2, the magnitude of an event needed to induce a signal
with a magnitude-to-uncertainty ratio of one [see Eq. (LI])].
Only the worst-case direction is considered. The plot assumes
the parameters of the analysis: 20s averaging time, 1.67 mHz
first-order zero-phase Butterworth filter, and 50 Hz and 60 Hz
zero-phase notch filters with a @Q-factor of 60.

active GNOME magnetometers recording data and their
background mnoise change. The active time, T(At, B}),
can be used to constrain ALP domain-wall parameter
space as discussed in Appendix [A]

If one assumes a probability distribution for the num-
ber of domain-wall encounters, an upper bound on the
rate R¢ of such encounters can be calculated with a con-
fidence level C. We assume a Poisson probability dis-
tribution for the domain-wall crossings. Since the ex-
cess number of events in the search data as compared
to the background data was not statistically significant,
the upper bound on the observable rate is given by the
probability of measuring no events during the effective
time [40]. Note that since T' depends on the parameters
of the domain-wall crossing, our constraint on the ob-
served rate depends on the ALP properties. We choose
the confidence level to be C' = 90%.

III. DISCUSSION

The analysis of the GNOME data did not find any sta-
tistically significant excess of events above background
during Science Run 2 that could point to the existence
of ALP domain walls, as seen in Fig. [2] The expected
rate of domain-wall encounters, r, depends on the ALP
mass, Mg, the domain-wall energy density in the Milky
Way, ppw, the typical relative domain-wall speed v given
by the Standard Halo Model, and the symmetry break-
ing scale, fsg. The region of parameter space to which
GNOME is sensitive is defined by the ALP parameters



expected to produce signals above 12.6 magnitude-to-
uncertainty ratio with rates r > Rggy during Science
Run 2 (see Fig.|3). Based on the null result of our search,
the sensitive region is interpreted as excluded ALP pa-
rameter space.

The ALP parameters and the phenomenological pa-
rameters describing the ALP domain walls in our galaxy,
namely the thickness Az, the surface tension or energy
per unit area opw, and the average separation L can be
related through the ALP domain wall model described
in Refs. [I3] 2I]. A full derivation of how observable
parameters are related to ALP parameters is given in
Appendix [A] and summarized below.

The domain-wall thickness is determined by the ALP
mass, and is on the order of the ALP reduced Compton
wavelength X, [21],

Az = 227, = 2V2 h (5)

meC

The constant prefactor of 21/2 is obtained by approxi-
mating the spatial profile of the field-gradient magnitude
as a Lorentzian and defining the thickness as full width at
half maximum. For a given relative velocity component
perpendicular to the domain wall v , the signal duration
is

At = Az ocmy b

vy

(6)

We assume that domain walls comprise the dominant
component of dark matter. Thus with the energy density
ppw ~ 0.4 GeV/cm? in the Milky Way [23], the energy
per unit area (surface tension) in a domain wall, opw,
determines the average separation between domain walls,
L. The surface tension opw is related to the symmetry
breaking scale [13],

8
ODW = ﬁmang : (7)

The average domain-wall separation is then approxi-
mated by

ODW __ EmafSZB (8)

L~ =
pow  h? ppw

which results in the average domain-wall encounter rate,

r=1uv/L x (1”1111]“528)71 ) (9)

The colored region in Fig. [fh describes the symmetry
breaking scales up to which GNOME was sensitive with
90% confidence (as detailed in Appendix|Al). The param-
eter space is spanned by ALP mass, maximum symme-
try breaking scale, and ratio between symmetry breaking
scale and coupling constant. The shape of the sensitive
area shown in Fig. [fh is determined by the event with the
largest magnitude-to-uncertainty and the characteristics
of the preprocessing applied to the raw data.

Figure @b shows various cross-sections of Fig. [dh for
different ratios between the symmetry breaking scale and
the coupling constant indicated by the dashed lines. The
upper bound of fsg that can be observed by the net-
work is shown in Fig. for different ratios &€ = fsp/ fint-
Because B, « m, [see Eq. (A.10)], there is a sharp
cut-off for low ALP mass where the corresponding field
magnitude falls below the network sensitivity. Even
though B, increases for large m,, the mean rate of
domain-wall encounters decreases with increasing mass
[see Egs. and @] Correspondingly, the upper limit
for the symmetry-breaking scale fsp is oc 1/y/mq. Given
that no events were found, the sensitive region of ALP-
domain-wall parameter space during Science Run 2 can
be excluded.

Our experiment explores ALP parameter space up to
fint ~ 3x10° GeV (see Fig.[4). This goes beyond that ex-
cluded by previous direct laboratory experiments search-
ing for ALP-mediated exotic pseudoscalar interactions
between protons which have shown that fi, = 300 GeV
over the ALP mass range probed by the GNOME [4T].
Although astrophysical observations suggest that fins =
2 x 108 GeV, there are a variety of scenarios in which
such astrophysical constraints can be evaded [42] 43].

Future work of the GNOME collaboration will focus
both on upgrades to our experimental apparatus and
new data-analysis strategies. Omne of our key goals is
to improve overall reliability and the duration of con-
tinuous operation of GNOME magnetometers®. Addi-
tionally, magnetometers varied in their bandwidths and
reliability, and stability of their calibration. These chal-
lenges were addressed in Science Run 4 through a va-
riety of magnetometer upgrades and instituting daily
worldwide test and calibration pulse sequences. How-
ever GNOME suffered disruptions due to the worldwide
COVID-19 pandemic. We plan to carry out Science
Run 5 in 2021 to take full advantage of the improve-
ments. Furthermore, by upgrading to noble-gas-based
comagnetometers [44, 45] for future science runs (Ad-
vanced GNOME), we expect to significantly improve the
sensitivity to ALP domain walls. Additionally, GNOME
data can be searched for other signatures of physics be-
yond the Standard Model such as boson stars [17], relax-
ion halos [46], and bursts of exotic low-mass fields from
black-hole mergers [30]. In terms of the data-analysis al-
gorithm used to search for ALP domain walls, in future
work we aim to improve the efficiency of the scan over the
velocity lattice. The number of points in the velocity lat-
tice to reliably cover a fixed fraction (e.g., 97.5%) of the
ALP velocity probability distribution grows as (At)f?’
[where At is given by Eq. (6)]. This makes the algo-
rithm computationally intensive. We are investigating

3 The intermittent operation of some magnetometers due to techni-
cal difficulties during Science Runs 1-3 made it difficult to search
for signals persisting 2 1 hour.
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a variety of new analysis approaches, such as machine-
learning-based algorithms, to address these issues.

IV. METHODS

The GNOME consists of over a dozen optical atomic
magnetometers, each enclosed within a multi-layer mag-
netic shield, distributed around the world [26]. GNOME
magnetometers are based on a variety of different atomic
species, optical transitions, and measurement techniques:
some are frequency- or amplitude-modulated nonlinear
magneto-optical rotation magnetometers (NMOR) [47,
[48], some are rf-driven optical magnetometers [24], while
others are spin-exchange-relaxation-free magnetometers
(SERF) [49]. A detailed description and characterization
of six GNOME magnetometers is given in Ref. [24]. A
summary of the properties of the GNOME magnetome-
ters active during Science Run 2 is presented in Table [I}

Each GNOME station is equipped with auxiliary
sensors, including accelerometers, gyroscopes, and un-
shielded magnetometers, to measure local perturbations
that could mimic a dark matter signal. Suspicious data
are flagged [24] and discarded during the analysis.

The number of active GNOME magnetometers during
the four Science Runs and the combined network noise as
defined in Ref. [29] is shown as a function of time in Fig.
The data in Science Run 4, although they extended for a
longer period of time, featured poorer noise characteris-
tics and consistency of operation to Science Run 2. Since
many GNOME stations underwent upgrades in 2018 and
2019, further characterization of Science Run 4 data is
needed, and results will be presented in future work.

Here we provide more details on the analysis procedure

discussed in Sec. [[T} It is composed of three stages to iden-
tify events likely to be produced by ALP domain-wall
crossings: preprocessing, velocity scanning, and post-
selection [29]. First, in the preprocessing stage, a rolling
average and filters are applied to the GNOME magne-
tometer raw data which are originally recorded by the
GPS-synchronized data-acquisition system at a rate of
512 samples/s [25]. The rolling average is characterized
by a 20s time constant. Noisy frequency bands are sup-
pressed using a first-order Butterworth high-pass filter at
1.67mHz together with the notch filters corresponding
to 50 Hz and 60 Hz power line frequencies with a quality
factor of 60. These filters are applied forward and back-
ward to remove phase effects. This limits the observable
pulse properties to a frequency region to which all mag-
netometers are sensitive. Additionally, it guarantees that
the duration of the signal is the same in all sensors. We
note that these filter settings may be changed in future
analysis.

The local standard deviation around each point in
the magnetometer’s data is determined using an itera-
tive process. Outliers are discarded until the standard
deviation of the data in the segment converges. The
local standard deviation is calculated taking 100 down-
sampled points around each data point.

Additionally, auxiliary measurements have shown that
the calibration factors used by each magnetometer to
convert raw data into magnetic field units experience
change over time due to, for example, changes in the en-
vironmental conditions. Upper limits on the calibration
factor errors due to such drifts over the course of Science
Run 2 have been evaluated and are listed in Table[l Cali-
bration factor errors result in magnetic field measurement
errors proportional to the magnetic field B;. The uncer-
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FIG. 5: Summary of the GNOME performance during the four Science Runs from 2017 to 2020. The raw magnetometer data
are averaged for 20s and their standard deviation is calculated over a minimum of one and a maximum of two hours segments
depending on the availability of continuous data segments. For each binned point, the combined network noise considering
the worse case domain-wall crossing direction is evaluated as defined in Ref. [29]. (a) One-day rolling average of the number
of active sensors. (b) Multi-colored solid line represents the one-day rolling average of the combined network noise and the
multi-colored dashes show the noise of the individual sampled segments. The data are preprocessed with the same filters used
for the analysis. The number of magnetometers active is indicated by the color of the line and dashes.

TABLE I: Characteristics of the magnetometers active during Science Run 2 (see, e.g., Fig. . The station name, location in
longitude and latitude, orientation of the sensitive axis, type of magnetometer (NMOR [47, 48], rf-driven [24], or SERF [49]),
and probed transition are listed. The bandwidth indicates the measured -3 dB point of the magnetometers’ frequency response
to oscillating magnetic fields. The calibration error takes into account potential temporal variation of the magnetometers’
calibration over the course of Science Run 2, and is estimated based on auxiliary measurements. The rightmost column lists
the estimated ratio between the effective proton spin polarization and the Landé g-factor for the magnetometer, o, /g, which
depends on the atomic species and the magnetometry scheme as described in Appendix The o,/g value is used to relate
the measured magnetic field to the signal expected from the interaction of an ALP field with proton spins. The indicated
uncertainty describes the range of values from different theoretical calculations [28].

Location Orientation

Station Longitude Latitude Az Alt  Type Probed transition Bandwidth Cal. Error op/g

Beijing  116.1868° E 40.2457° N +251°  0° NMOR '**Cs D2 F=4 115Hz 20%  —0.3979%0
Berkeley 122.2570° W 37.8723° N 0° +90° NMOR '%*Cs D2 F=4 7Hz 40%  —0.3975:89
Dacjeon  127.3987°E  36.3909° N 0° +90° NMOR '**CsD2 F=4  10Hz 20%  —0.3919:0
Fribourg ~ 7.1581° E  46.7930° N +190°  0° rf-driven **Cs D1 F=4  94Hz 5%  —0.3970%0
Hayward 122.0539° W 37.6564° N 0° —90° NMOR ®°Rb D2 F=3 37Hz 5%  —0.36795
Hefei 117.2526° B 31.8429° N +90°  0° SERF  %Rb & *"Rb D1 127Hz 5%  —0.3870%°
Krakow  19.9048°E 50.0289° N +45°  0° NMOR ®"Rb D1 F=2 3Hz 20% 0.5075:99
Lewisburg 76.8825° W 40.9557° N 0° +90° SERF  57Rb D2 200 Hz 10% 0.7075:9%
Mainz 8.2354° E  49.9915° N 0° —90° NMOR °®"Rb D2 F=2 99 Hz 2% 0.5079:9%

the individual magnetometers are time-shifted according
to different relative velocities between Earth and the ALP

tainty resulting from the calibration error is later used to
determine agreement with the domain-wall model, but

not in the magnitude-to-uncertainty ratio estimate re-
sulting from the model, since the calibration error affects
signal and noise in the same way.

Second, in the velocity-scanning stage, the data from

domain walls. In order to sample 97.5% of the velocity
probability distribution, a scan of the speeds from 53.7
to 770 km/s with directions covering the full 47 solid
angle is chosen. Note that this distribution considers just



the observable perpendicular component of the relative
domain-wall velocity and neglects the orbital motion of
the Earth around the Sun. For low relative velocities,
both the time between signals at different magnetometers
as well as the signal duration diverge. So the velocity
range is determined by the chosen 97.5% coverage and
the maximum relative speed of domain walls travelling
at the galactic escape speed.

The corresponding time-shifted data along with their
local standard deviation estimate are fetched from each
magnetometer’s rolling averaged full-rate data at a rate
of 0.1samples/s. This reduces the amount of data to
process, while keeping the full timing resolution.

The step size used in the speed scan is chosen so that
a single step in speed corresponds to time-shift differ-
ences of less than the down-sampled sampling period.
For each speed, a lattice of directions covering the full
47 solid angle is constructed. The angular difference be-
tween adjacent directions is informed by sampling rate
and speed [29] such that, as for the speed scan, a single
step in direction results in time-shift differences of less
than the down-sampled sampling period. With the set-
tings used, the velocity-scanning lattice consists of 1661
points. This number scales with the down-sampled sam-
pling rate cubed.

After time-shifting, the pulses produced by a domain-
wall crossing appear simultaneously as if all the magne-
tometers were placed at the Earth’s center. This process
results in a time-shifted data set for each lattice veloc-
ity on which for each time point a y2-minimization is
performed to estimate the domain-wall parameters. An
ALP domain-wall-crossing direction and magnitude, By,
with the corresponding p-value quantifying the agree-
ment is obtained. The p-value is evaluated as the prob-
ability of obtaining the given x? value or higher from
the y2-minimization. The p-value is calculated using the
quadrature sum of the standard deviation of the data and
the uncertainty due to drifts of the calibration factors.
All data points in every time-shifted data set are consid-
ered potential events, characterized by time, p-value as
well as direction and magnitude B, with their associated
uncertainties. The magnitude-to-uncertainty ratio of an
event ¢ is the ratio between this B, and its associated
uncertainty.

Third, in the post-selection stage, two tests are carried
out to check if a potential event is consistent with an
ALP domain-wall crossing. The domain-wall model test
evaluates if the observed signal amplitudes are consistent
with the expected pattern of a domain-wall crossing from
any possible direction. It is quantified by the aforemen-
tioned p-value. The directional-consistency test is based
on the angular difference between the estimated domain-
wall crossing direction and the direction of the velocity
corresponding to the particular time-shifted data set be-
ing analyzed. In a real domain-wall crossing event, these
two directions should be aligned.

To evaluate the consistency of a potential event with
a domain-wall crossing, we impose thresholds on the p-

value and the angular difference normalized with respect
to the angular spacing of the lattice of velocity points for
that speed. The thresholds are chosen to guarantee a de-
tection probability of 97.5% with the minimum possible
false-positive probability. The false-positive analysis is
performed on the background data. The true-positive
analysis is performed on test data consisting of back-
ground data with randomly inserted domain wall signals
as we describe below.

A single signal pattern may appear as multiple po-
tential events in the analysis, whereas we are seeking
to characterize a single underlying domain-wall crossing
event. For example, a signal consistent with a domain-
wall crossing lasting for multiple sampling periods would
appear as multiple potential events in a single time-
shifted data set. Furthermore, even if such a signal lasts
for only a single sampling period, corresponding potential
events appear in different time-shifted data sets. Since
it is assumed that domain-wall crossings occur rarely,
such clusters of potential events are classified as a sin-
gle “event.” In order to reduce double-counting of these
events, conditions are imposed. If potential events pass-
ing the thresholds occur at the same time in different
time-shifted data sets or are contiguous in time, the po-
tential event with the greatest magnitude-to-uncertainty
ratio is classified as the corresponding single event.

The true-positive analysis studies the detection prob-
ability as a function of the thresholds. Multiple test
data sets are created featuring domain-wall-signal pat-
terns with random parameters by inserting Lorentzian-
shaped pulses into the background data of the different
GNOME magnetometers. The domain-crossing events
have magnitudes of B}, randomly selected between 0.1 pT
and 10* pT and durations randomly selected between
0.01 s and 103 s. The distributions of the these ran-
domized parameters are chosen to be flat on a logarith-
mic scale. Additionally, the signals are inserted at ran-
dom times with random directions. In order to simulate
calibration error effects, the pulse amplitudes inserted
in each magnetometer are weighted by a random factor
whose range is given in Table [l The crossing velocity is
also randomized within the range covered by the veloc-
ity lattice. For each inserted domain-wall-crossing event,
the p-value, the normalized angular difference, and the
magnitude-to-uncertainty ratio are computed.

Figure [Bp shows the detection probability as a func-
tion of the threshold on the lower-limit of the p-value
and the threshold on the upper-limit of the normalized
angular difference. We restrict the analysis in Fig. [Gh
to events inserted with a magnitude-to-uncertainty ra-
tio between 5 and 10. This enables reliable determina-
tion of the true-positive detection probability without
significant contamination by false positive events since
the background event probability above ( = 5 is below
0.01% in a 10s sampling interval. Since the detection
probability increases with the signal magnitude, we fo-
cus on the events below ¢ = 10. The detection proba-
bility is then the number of detected events divided by
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FIG. 6: Summary of the true-positive analysis results. (a)
shows the probability of detecting a domain-wall-crossing
event with randomized parameters (as discussed in the text)
as a function of p-value and directional-consistency thresh-
olds. The inserted events have a magnitude-to-uncertainty
ratio between 5 and 10. The black line indicates the com-
bination of parameters corresponding to a 97.5% detection
probability. The white dot indicates the particular thresholds
chosen for the analysis. (b) Shows the mean detection prob-
ability reached for different magnitude-to-uncertainty ratios
for the chosen thresholds.

the number of inserted events. The black line marks the
numerically evaluated boundary of the area guaranteeing
at least 97.5% detection. All points along this black line
will yield the desired detection probability, so the partic-
ular choice is made to minimize the number of candidate
events when applying the search algorithm to background
data. These values are 0.001 for the p-value threshold
and 3.5 for the directional-consistency threshold (repre-
sented as a white dot in Fig. [6h). Figure [6p shows that
the detection probability is greater than 97.5% for events
featuring a magnitude-to-uncertainty ratio above 5 and
guarantees € > 95%.

Since the noise has a nonzero probability of mimicking
the signal pattern expected from an ALP domain-wall
crossing well enough to pass the p-value and directional
consistency tests, we perform a false-positive study on
background data. The analysis algorithm is applied to
T,=10.7 years of time-shuffled data in order to establish
the rate of events expected solely from background. Be-
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cause of the larger amount of background data analyzed,
lower rates and larger magnitude-to-uncertainty ratios
are accessible as compared to the search data. Based on
the false positive study, the probability of finding one or
more events in the search data above ¢, is [50],

P(> 1 above ¢) =1 —exp ( 71: 1 —l—nb(C)}), (10)

b

where T = 23 days is the duration of Science Run 2
and np(¢) is the number of candidate events found in the
background data above (. The significance is then de-
fined as, S = —v/2erf ' [1 — 2(1 — P)], where erf " is the
inverse error function. The significance is given in units
of the Gaussian standard deviation which corresponds to
a one-sided probability of P.

After characterizing the background for Science Run 2,
the search data are analyzed. The results are represented
as a solid green line in Fig. For ¢ > 6 only a few
events were found. The event with largest magnitude-
to-uncertainty ratio, (;ax was measured at 12.6 followed
by additional events at 6.2 and 5.6. From Eq. , the
significance associated with finding one or more events
produced by the background featuring at least (pax i
lower than one sigma. This null result defines the sensi-
tivity of the search and is used to set constraints on the
parameter space describing ALP domain walls.

The observable rate of domain-wall crossings depends
on how long GNOME was sensitive to different signal du-
rations and magnitudes. For the evaluation of this effec-
tive time, the raw data of each magnetometer are divided
into continuous segments between one to two hours dura-
tion depending on the availability of the data. The pre-
processing steps are applied to each segment. Then the
data are binned by taking the average in 20s intervals.
To estimate the noise in each magnetometer, the stan-
dard deviation in each binned segment is calculated to
define the covariance matrix ¥;. The domain-wall mag-
nitude, crossing with the worse case direction 1, needed
to produce ¢ = 1 is calculated as in Ref. [29],

Bl (At) = \/m (DL,55'Das) " i, (11)

for each bin. The matrix Da; contains the sensitivity
axes of the magnetometers, the factor o,/g, and the ef-
fects of the preprocessing as a function of the signal dura-
tion as described in Ref. [29]. Such prepocessing effects
rely on a Lorentzian-shaped _signal and give rise to_the
characteristic shape of Fig. The effective time, T, is
defined as the amount of time the network can measure
a domain wall with duration At and magnitude B; pro-
ducing ¢ > 1. Monte Carlo simulations analyzing seg-
ments with inserted domain-wall encounters on raw data
show a good agreement with the sensitivity estimation in
Eq. .

Assuming that the domain-wall encounters follow Pois-
son statistics, a bound on the observable rate of events



above (max with 90% confidence is set as [40],

—log (0.1
e T(At, B})
The ALP parameter space is constrained by imposing

that » > Rggy. The experimental constraint on the
coupling constant is written as (see Eq. (A.13) in Ap-

pendix [A]),

UPDWE

LT f\/8ma log (0.1)

The signal duration can be written in terms of the mass
of the hypothetical ALP particle and the specific domain-
wall crossing speed, At = ?—ﬁ’z When calculating the
constraints on fing, we fix the domain-wall crossing speed
to the typical relative speed from the Standard Halo
Model, o = 300 km s=! [31]. In contrast to the sig-
nal duration, the pseudo-magnetic field signal depends
on all parameters of the ALPs, the mass and the ra-
tio between the coupling and symmetry breaking con-
stants, B], = 4";}”36(25. Figureis given by Eq. taking
¢ = 12.6. The shape of the constrained space is given by
the fact that T varies depending on the target m, and &.
A detailed derivation of Eq. is given in Appendix

T(At,BY) (13)
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Appendix A: Relating measured parameters to ALP
domain-wall parameter space

Domain walls form when a field can monotonically vary
across vacuum states; two degenerate vacua or possibly
the same state if, for example, the field takes values on
the 1-sphere. This is the case for ALPs which arise from
the angular part of a complex scalar field [51].

The following Lagrangian terms are considered in nat-
ural units (A = ¢ = 1 here and throughout this appendix)
for a new complex scalar field ¢,*

£510,0f = r=l22N + SYEL (A)

0
where A is a unitless constant and Sy is a constant with
units of energy [13].
The axion field is obtained by reparameterizing the
complex field ¢ in Eq. in terms of the real field S
(Higgs) and a (axion),

S .
¢ 7 exp(ia/So) -
The second term in Eq. will break the U(1) sym-
metry of the complex field into a discrete Zy symmetry,
¢ — exp(2mik/N)¢ for integer k. This corresponds to
the axion shift-symmetry, a — a + %k The Higgs
mode obtains a vacuum expectation value S — Sy, and
the axion field has degenerate vacua or ground energy

4 Other references may use a minus sign in front of the S(])V term,
which results in a similar potential, up to a phase. The end result
of Eq. is that the axion potential will have a maximum at
zero, while the minus-convention will have a vacuum at zero.
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states at a = ”TSO@k + 1) for integer k. One can define
the symmetry-breaking scale as fsg = So/N. Reparame-
terizing the complex scalar field in Eq. and setting
the Higgs mode to the vacuum expectation value, the
axion Lagrangian is

1
Lo = 5(Gﬂa)2 — 2m? f25 cos? (QfSB) , (A.2)

where the axion mass is mq = N.Sypv/2X. This can be seen
by matching the second-derivative of the cosine term at
the minima to a scalar mass term.

For simplicity, a static domain wall in the yz-plane
separating domains of —7 fgg and +m fsg is considered.
Solving the classical field equations, one finds

a(x) = 2fsp arcsin [tanh(mg,x)] . (A.3)
The gradient of the field is then
da 2 fspmyq
—(r) = ———. A4
dx (z) cosh(mgz) (A.4)
This has the full width at half maximum,
2cosh™(2) 22
Ap = 2e0hT@) 2v2 (A.5)
Mg Me

Using the domain-wall solution [Eq. (A.3)] and integrat-
ing the energy density of the domain wall over z yields
the surface tension (energy per unit area) [13],

ODW — 8mafS2B . (AG)

Interactions observable by magnetometers involve cou-
pling between the axion field gradient and the axial-
vector current of a fermionic field. For a fermion field
1, the interaction is

¢au¢* - au¢¢*)
So fint

%’ HaD
e Yy

The axial-vector current is related to the spin S, so that
the interaction Hamiltonian becomes

1 S
—Va —
fie NS

i.e., for spin-/, particles, 1/[|S]| = 2.

Optical magnetometers operate by measuring the
change in atomic energy levels between two energy states
with magnetic quantum numbers differing by Ampg. A
leading magnetic field is applied to the atoms, and vari-
ations in the magnetic field along the leading field are
measured. The spin coupling from Eq. can in-
duce a similar shift in energy levels to a magnetic field.
The maximum energy shift is determined by plugging the

largest gradient from Eq. (A.4) into Eq. (A.8),
Z 277‘7(1')AmF fsB

~Myg ,

ERS

Ling = i Yy

525, (A7)

Hing = (A8)

AE = (A.9)

i€e,p,n,. ..
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) . . S F
where i labels the species of fermion, o(; = W‘#
is the projected spin coupling, n = cosf for the an-

gle between the axion gradient and sensitive axis 6, and
fl(rft) is the interaction coupling to particle i. In general,

we will combine the ”SU(W terms into an effective ra-
(i) 1 int

tio %, where j now labels the magnetometer.

paring this to the energy shift due to a magnetic field,

AEp = gr jupAmpB;, one obtains a relationship for a

normalized pseudo-magnetic field,

Com-

B 4
IRTT) —me§ =B, , (A.10)

95" KB
for & = %, gr,; being the g-factor for the magnetometer
J, and [[S(;)|| = 1/2 since we only consider coupling to

spin-Y/, particles. Here, the normalization is such that B,
is the same for all magnetometers, though each individual
sensor may observe a different pseudo-magnetic field, B;.

There are two factors that must be considered when
determining if axion domain walls are observable by the
network: the magnitude of the signal B}, and the rate of
signals. Domain walls are assumed to exist in a static
(or virialized) network across the galaxy through which
Earth traverses. For a domain-wall velocity v, the du-
ration of a signal is At = Ax/v. Filters and bandwidth
limitations generally reduce the magnitude by a factor
dependent on the signal duration, which affects the sen-
sitivity of the network (see Appendix in Ref. [29]).

Meanwhile, if the domain walls induce a strong enough
signal to be observed, but are so infrequent that one is
unlikely to be found over the course of a measurement,
then the network is effectively insensitive. If the energy
density of domain walls across the galaxy is ppw, then
the average rate of domain walls passing through Earth
is given by

__ Uppw _ UpDW
r= = 5
opw  Smafip

(A.11)

where v is the typical relative speed.

The physical parameters describing the ALP domain
walls (myg, fsp, and fine) must be related to the parame-
ters observable by the network (B, and At). The energy
density ppw and the typical relative speed v are assumed
according to the observed dark matter energy density and
the galactic rotation velocity, respectively.

In order to determine if a set of physical parameters is
observable, the likelihood that no events are found must
be constrained. This constraint defines the confidence
level of the detection. The probability of observing k
events given that one expects to observe u events is given
by the Poisson probability mass function,

k

pko
P(k;u):Fe i

However, the network also has some detection efficiency
€ < 1, so there could be multiple domain-wall-crossing



events, but no detection. In particular, the chance of
missing no events given that there were k events is (1 —
€)¥. For an event rate r and measurement time 7', the
probability that no events are detected is then

k:

[eS)
§ 1 o 6 efrT _ eferT .

k=0

A bound on the event rate R at confidence level C is
then given by demanding the probability of observing at
least one event 1 — e~ > (O, likewise, one would
expect to observe event rates

—log(1—-0C)
€T '

The physical parameter space of the ALPs is constrained
by demanding that r > Ro. Similar arguments for defin-
ing constraints can be found, e.g., Ref. [40]. The total
time that the network is sensitive to the measurable pa-
rameters, T'(At, B,), may be less than the total measure-
ment time. These parameters are related to the physical
parameters via Eq. and Eq. . One finds a
sensitivity bound for fi,; in terms of m, and &,

r 2 RC = (A12)

—VUppweE
in At, B! A.13
ft_ﬁ\/Smalog 1-0) ( p) ( )
dmg
for At= = and B; Ma&
UMy MBC
where B}, is the sensitivity of the network and ¢ is the

magnitude-to-noise ratio induced by a signal with mag-
nitude B,. The main calculation from the network data
needed for this sensitivity bound is T. This is calculated
by measuring the sensitivity of the network over time
for different signal durations At and integrating over the
time during which the network is sensitive to B, = (B,,.
Finally, if, after analyzing the data, no domain walls are
found, Eq. defines an exclusion region.

Appendix B: Conversion between magnetic field
units and proton spin coupling

The amplitude of a signal appearing in the magnetic
field data from a GNOME magnetometer due to interac-
tion of atomic spins with an ALP field a via the linear
coupling described by Eq. varies based on the atomic
species. In every GNOME magnetometer, the atomic va-
por cell is located within a multi-layer magnetic shield
made of mu-metal and, in some cases a ferrite inner-
most layer. Interactions of the ALP field with electron
spins in the magnetic shielding material can generate a
compensating magnetic field that could partially cancel
the energy shift due to the interaction of the ALP field
with atomic electrons in the vapor cell, as discussed in
Ref. [27]. For this reason, GNOME magnetometers are
most sensitive to interactions of the ALP field with nu-
clear spins.

14
1. Deriving spin-projection

All GNOME magnetometers active during Science
Run 2 measure spin-dependent interactions of alkali
atoms whose nuclei have valence protons. Thus the
GNOME is primarily sensitive to spin-dependent interac-
tions of ALP fields with proton spins. Consequently, the
expected signal amplitude measured by a GNOME mag-
netometer due to the pseudo-magnetic field pulse from
passage of Earth through an ALP domain wall must
be rescaled by the ratio of the proton spin content of
the probed ground-state hyperfine level(s) to their gyro-
magnetic ratio. Some GNOME magnetometers optically
pump and probe a single ground-state hyperfine level,
while others rely on the technique of spin-exchange re-
laxation free (SERF) magnetometry in which the spin-
exchange collision rate is much faster than the Larmor
precession frequency [49] 52, 53]. For SERF magnetome-
ters a weighted average of the ground-state Zeeman sub-
levels over both ground-state hyperfine levels is optically
pumped and probed.

Table [ shows the relevant factors needed to convert
the magnetic field signal recorded by GNOME magne-
tometers into the expected pseudo-magnetic field due to
interaction of an ALP field with the proton spin. Detailed
calculations are carried out in Ref. [28]. The relationship
of the expectation value for total atomic angular momen-
tum (F) to the nuclear spin (I) can be estimated based
on the Russell-Saunders LS-coupling scheme:

(F) = (Se) + (L) +(I) ,
<Se ) F>

_ (L-F) (I-F)
_F(F+1)< )

FELD) T FEr )
(B.1)

where S, is the electronic spin and L is the orbital an-
gular momentum. GNOME magnetometers pump and
probe atomic states with L = 0, which simplifies the
above equation to:

<Se'F> <IF>
FEr D T FERD

(F) = (F) . (B.2)

For L = 0 the projection of I on F is given by

(I-F)=Z[F(F+1)+I(I+1)— S.(S. +1)] . (B.3)

N | =

The above relations define the fractional spin polariza-
tion of the nucleus relative to the spin polarization of the
atom:

(I-F)

LT (B.4)

ON,F =

The next step is to relate oy r to the spin polarization
of the valence proton o, r for a particular F. As dis-
cussed in Ref. [2§], a reasonable estimate for K, Rb, and
Cs nuclei can be obtained from the nuclear shell model
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TABLE II: Fractional proton spin polarization o, r, Landé g-factors g, and their ratios for the ground state hyperfine levels
used in GNOME, and the weighted average of these values across both hyperfine levels ({o,)nt/(9)nt) applicable to SERF
magnetometers in the low-spin-polarization limit. The estimates are based on the single-particle Schmidt model for nuclear
spin [54] and the Russell-Saunders scheme for the atomic states. Uncertainties in the values for o, p describe the range of
different results from calculations based on the Schmidt model, semi-empirical models [55] [56], and large-scale nuclear shell
model calculations where available [57H59]. The uncertainties in o, » and (op ), are one-sided because alternative methods to
the Schmidt model generally predict smaller absolute values of the proton spin polarization. See Ref. [28] for further details.

Atom (state) Op,F gr  0p,r/gF {0p)nt/{9)nt
YK (F=2)  —0.157595 0.50 —0.307582 L0.5+02
PK(F=1)  —025708 —0.50 0.507599
®Rb (F=3) —0.1275% 0.33 —0.3675:% L0.8+01
®Rb (F=2) —0.1775%2 —0.33 0.507599
STRb (F = 2) 0.257092  0.50 0.50799° 0.8+00
STRb (F =1) 0.42+9:09 —0.50 —0.83100%
B30 (F=4) —0.10%9% 025 —0.39%91 -1.2+0¢
1380s (F=3) —0.13%50% —0.25 0.50759)

by assuming that the nuclear spin I is due to the or-
bital motion and intrinsic spin of only the valence nu-
cleon and that the spin and orbital angular momenta of
all other nucleons sum to zero. This is the assumption of
the Schmidt or single-particle model [54]. In the Schmidt
model, the nuclear spin I is generated by a combination
of the valence nucleon spin (S,) and the valence nucleon
orbital angular momentum £, so that we have

_ <Sp i I>
SRR
Sp(Sp+1)+I(I+1)—£L(£+1)

- 21(1T+1) INF

ON,F ,

= O0pON,F , (B5)

where it is assumed that the valence nucleon is in a well-
defined state of £ and S}, and o, is defined to be the frac-
tional proton spin polarization for a given nucleus [28].

For comparison between GNOME magnetometers us-
ing different atomic species, it is essential to evaluate the
uncertainty in the estimate of o, r based on the Schmidt
model. To estimate this uncertainty, we compare calcula-
tions of o,  based on the Schmidt model to the results of
the semi-empirical calculations described in Refs. [55] 56]
and to the results of detailed nuclear shell-model calcula-
tions where available [57H59]. Conservatively, we assign
the uncertainty in o, p to be given by the full range (max-
imum to minimum) of the values of o, p calculated by
these various methods. It turns out that in each consid-
ered case, the estimate based on the Schmidt model gives
the largest value of |0, |, causing the theoretical uncer-
tainties in estimates of o,  to be one-sided as shown in
Table [[I} Further details are discussed in Ref. [28].

2. SERF magnetometers

SERF magnetometers operate in a regime where the
Larmor frequency is small compared to the spin-exchange
rate, so that the rapid spin-exchange locks together the
expectation values of the angular momentum projection
(M) in both ground-state hyperfine levels of the alkali
atom. Because the Landé g-factors g in the two ground-
state hyperfine levels have nearly equal magnitudes but
opposite signs, the magnitude of the effective Landé g-
factor in a SERF magnetometer, (g)ns, is reduced com-
pared to that in optical atomic magnetometers where a
single ground-state hyperfine level is probed.

To calculate the effective Landé g-factor averaged over
hyperfine levels, (g)ns, for a SERF magnetometer, it is
instructive to consider the equation describing the mag-
netic torque on an alkali atom,

d(F)
dat ’
where g; ~ 2 is the electron g-factor and we have ig-
nored the contribution of the nuclear magnetic moment.
In the SERF regime, where the alkali vapor is in spin-
exchange equilibrium, the populations of the Zeeman
sublevels correspond to the spin-temperature distribu-

tion [60] described by a density matrix in the Zeeman
basis given by [61], [62]

p=Ce’T,

gsuBB X <Se> ~ (BG)

(B.7)

where C' is a normalization constant and 3 is the spin-
temperature vector defined to point in the direction of
the spin polarization P with magnitude

ow(122). o8



In the low-spin-polarization limit,

p~C(1+8-F). (B.9)
If follows that
(8.) = Tr(pS.) = 35.(Sc + )B= 14, (BO)
and
M) =Te(pl) = IT+ 18 (B11)

Substituting the above expressions into Eq. yields

d
(9B x B~ di: ; (B.12)
where
39s
= — B.1
e = 370 1) (B.13)

Equation (B.13) can be compared to the g-factor for a
particular alkali ground-state hyperfine level [63],

gs
+ .
2I +1

gF = (B.14)

The effective proton spin polarization (o,)ns for SERF
magnetometers can also be derived by considering the
relevant torque equation

d(F)

<filnt Va) . ﬁifl =T
(7)o@ =

15l dt '
where we have used the fact that GNOME as configured
for Science Run 2 is sensitive to the coupling of the ALP
field to proton spins In the low-spin-polarization limit,

based on Eqs. ) and (| -,

(B.15)

1 <Up>hf _ dg
(me“> T
where
(op)ne = AII+1) (B.17)

P34l +1)

Table [[] shows the ratio between the effective proton
spin polarization averaged over both ground-state hyper-
fine levels, (o,)nt, to the effective Landé g-factor, (g)nr,
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in the low-spin-polarization regime. Note that the mag-
nitudes of {op)ne/{(g)nr are in general similar or slightly
larger than the magnitudes of o, p/gr for a single hy-
perfine level.

To determine the actual values of (op)ns/(g)ne for the
SERF magnetometers used in GNOME’s Science Run 2,
more detailed considerations are required.

The values for the ratio of the effective proton spin
polarization to the effective Landé g-factors for each
GNOME magnetometer active during Science Run 2 are
given in Table [}

a. Hefei magnetometer

The Hefei GNOME station employs a SERF mag-
netometer in a closed-loop, single-beam configuration,
where the laser light is resonant with the Rb D1 line
(pressure-broadened by 600 torr of nitrogen gas to a
linewidth of ~ 10 GHz). The Hefei SERF magnetome-
ter operates in the low-spin-polarization mode. The va-
por cell contains 3°K, 8°Rb, and 3"Rb atoms in natural
abundance, so spin-exchange collisions average over both
ground-state hyperfine levels of all three species. Tak-
ing into account the relative abundances of the differ-
ent atomic species at the cell temperature of ~ 150°C
(= 9% 3K, ~ 65.5% 8°Rb, ~ 25.5% 87Rb), we find
that (g)nr ~ 0.193, (o,)ne = —0.07370000, and thus
(0p)ne/ ()t = —0.3875:05 for the Hefei magnetometer.

b. Lewisburg magnetometer

The Lewisburg GNOME station employs a SERF mag-
netometer in a closed-loop, two-beam configuration. The
vapor cell contains only 8"Rb atoms. The Lewisburg
SERF magnetometer operates with a spin-polarization
P =~ 0.5, outside the low-spin-polarization regime. Dis-
cussions of the high-polarization regime are given in
Refs. [62] [64]. For a nucleus with I = 3/2, the effective
Landé g-factor is given by

1+ P?

51 2p (B-18)

(9t =g

and the effective proton spin polarization is given by

5+ P2
(0p)nt = Upm : (B.19)
Based on Egs. and (B.19), we find that for the
+0.00

Lewisburg magnetometer (op)ne/{g)ne = 0.70 5.
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