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Figure S1: Square wave functionψψψ222 (((≡≡≡ fff 222eeei2S))) in theψDM simulation. Panels (a) and (b) show a 2Mpc
slice of phase (sin(2S)) and amplitude ( f 2) of the wave function at z = 3.1, respectively. The simulation
challenge arises from the complexity of the wave function. Strong and rapid phase oscillations are common
everywhere (even in the low-density background shown by the dark regions in the density plot), where
sufficient spatial and temporal resolution is required to resolve each wavelength.

boundary conditions12. The soliton profile is close
to Gaussian, with a near constant-density core and a
steeper outer gradient (Fig. S3). We define a core
radius rc at which the density has dropped to one-
half its peak value. The corresponding core mass
Mc ≡ M(r ≤ rc) encloses roughly 1/4 of the total
soliton mass Ms ≡M(r→ ∞). The half-mass radius
is ∼ 1.45 rc.

An important feature of the soliton solution to
appreciate is its scaling symmetry12. The wave
function and the associated physical quantities al-
low for a scale transformation, (r,ψ ,ρs,Ms) →
(λ−1r,λ 2ψ ,λ 4ρs,λMs), where ρs is the soliton den-
sity profile, to generate other solutions, thus forming
a one-parameter family. Accordingly, all soliton so-
lutions can be characterised by a single parameter
(for example, rc), providing clear predictions for the
correlation between different core properties. For ex-
ample, if the core radius of a galaxy is observed to be
half the size of another, the soliton solution predicts
the core mass and peak density to be two and sixteen
times higher.

The soliton profile does not have an analytical

form and the solution can only be obtained numeri-
cally. But thanks to the scaling symmetry, the core
mass and core radius obey a simple relation

Mc ≈
5.5×109

(mB/10−23 eV)2(rc/kpc)
M⊙. (3)

For example, with the best-fit for Fornax of mB =
8.1× 10−23 eV and rc = 0.92 kpc, we readily have
Mc ∼ 9.1× 107 M⊙ and Ms ∼ 3.6× 108 M⊙. In ad-
dition, it is found that within the range 0 ≤ r ! 3rc,
which encloses ∼ 95% of the total soliton mass, the
soliton density profile can be well approximated by

ρs(r)≈
1.9 (mB/10−23 eV)−2(rc/kpc)−4

[1+9.1×10−2(r/rc)2]8
M⊙pc−3,

(4)
which is consistent with the scaling relation that
the peak density is proportional to r−4c for a given
particle mass. This approximate analytical formula
makes it convenient to compare the soliton model
and observation, from which the best-fit mB and rc
can be determined (see the next section).
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1. Avenues for testing new physics

Among the most promising avenues for discovering new physics are precision measure-
ments on large numbers of coherent, fermionic spins. Theoretical advances are giving
more and more reasons to suspect that there may be undiscovered spin-coupled interac-
tions. Moreover, the techniques and equipment underpinning such experiments are evolving
rapidly and the great progress made in the last decade can be expected to continue for the
foreseeable future. These experimental techniques also have applications at the forefronts
of many other fields such as quantum information, ultra-sensitive magnetometry and med-
ical imaging. The broad relevance of these experimental techniques opens up possibilities
for cross-disciplinary collaboration and ensures that members of my group will have many
professional options.

Precision measurements of fermionic spins are particularly powerful as low-energy probes
of new physics. Spin-dependent interactions are typically characterized by an energy scale,
with the energy scale being inversely proportional to the coupling strength of the in-
teraction. Thus, experiments with sensitivity to weak spin interactions can probe very
high energy new physics. Experiments exploiting this fact include searches for electric-
dipole-moments induced by high-energy CP-violation [1, 2, 3, 4, 5], tests for Lorentz- and
CPT-violation at and above the Planck scale [6, 7, 8, 9, 10], and searches for new bosons
mediating spin interactions that violate CP-symmetry or are the pseudo-Goldstone relics
of new symmetries that are broken at high energies[11, 6, 12, 13, 14]. (The most famous
pseudo-Goldstone bosons are pions, but many others have been postulated, such as axions,
majorons and familons.)

Moreover, a broad range of interesting dark matter candidates can be probed using
experiments sensitive to spin-interactions. Axion-like pseudo-Goldstone bosons are good
cold dark matter candidates over a very wide mass range and their couplings can induce a
distinctive oscillating torque on fermionic spins. Dark matter searches based on this e↵ect
are an important new application for precision experiments with spin-polarized detectors.
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the nature and potential discovery of ultralight dark matter
composed primarily of these particles. An axion is created
as the Goldstone boson of a high-scale symmetry breaking,
so we expect it to have a derivative interaction with
fermions of the form

Lax ¼ gaψ̄ψ∂μaψ̄γμγ5ψ ; ð1Þ

where ψ is the fermion field, a is the axion field, and gaψ̄ψ is
the coupling constant of the axion field to the fermions,
which is inversely proportional to the energy scale of the
symmetry breaking. If the axion is ultralight (below∼1 eV),
then the phase space density of the dark matter implies there
must be many particles per cubic de Broglie wavelength.
Much like the large occupation of photons acts to form a
coherent electromagnetic wave, we expect that this large
number density of axions should act as a classical field, with
the particle oscillating around theminimum of its classically
quadratic potential with a frequency equal to its mass. The
field then takes the form aðt; x⃗Þ ∼ a0 cos ðE at þ p⃗a · x⃗Þ,
where E a and p⃗a are the energy and momentum, respec-
tively, of the axion. The distribution of energy (and thus
frequency) is centered on themassma of the axion, but since
the axions are nonrelativistic andmoving at a velocity v, they
have a small spread in their energy set by the kinetic energy
of the axionmav2. We can understand the coherent effect of
the axion field by analyzing the nonrelativistic limit of the
above interaction, which gives rise to the following
Hamiltonian:

Hax ¼ −gaψ̄ψ∇⃗a · σ⃗ψ ; ð2Þ

where σ⃗ψ is the spin operator of the fermion field ψ . This
simplification of the Hamiltonian can be understood by
recognizing the Lagrangian in Eq. (1) as a magnetic dipole
moment operator, with a pseudomagnetic field defined by
the gradient (and momentum) of the axion field. This
pseudomagnetic field couples only to spin, and hence all
axion-coupled fermions precess around the direction of the
axion dark-matter momentum.
We assume the axion dark matter permeates throughout

the galaxy, and so this creates an “axion wind” that flows
through the Earth at the galactic virial velocity, v⃗ ∼ 10−3v̂.
The momentum of this wind thus can be calculated as
∇⃗a ∼ p⃗aa ∼mav⃗a0 cosmat. We can further simplify this
by recognizing that the energy density of this field can be
calculated as ρDM ¼ 1

2m
2
aa2, where ρDM ¼ ð0.04 eVÞ4 is

the established measured energy density of dark matter in
the Galaxy. Using these facts, we can further simplify the
Hamiltonian as

Hax ∼ gaψ̄ψa0maðv⃗ · σ⃗ψÞ cosmat

⇒ Hax ∼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
v⃗ · σ⃗ψ cosmat: ð3Þ

We can see from this final Hamiltonian that this is
analogous to the coupling of spin to a pseudomagnetic field

of size B ∼ gaψ̄ψv
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
/γψ , where γψ is the gyromagnetic

ratio of the fermion. Since we are interested in the spin
precession of fundamental fermions and we do not know
the direction of the dark matter relative to the Earth, we take
v⃗ · σ⃗ ¼ 1

2 v on average (assuming the spins are collinear
with the axion field, and ignoring order 1 factors account-
ing for the rotation of the Earth). We then estimate the size
of axion-induced energy splitting per spin as

Hax ∼ 10−25 eV
"

gaψ̄ψ
10−10 GeV−1

#"
v

10−3

#

×

0

@
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ρDM
ð0.04 eVÞ4

s 1

A cosmat: ð4Þ

Although this is a small effect, making use of a large
number of coherent spins can greatly increase the potential
for direct detection through this channel, as previously
discussed for heavier axions with masses between 10−14

and 10−7 eV [22,23].
Experiments designed to search for spin-dependent vio-

lation of Lorentz invariance (LIV) are a natural starting point
for these ultralight axion searches. The LIV signal manifests
itself at lowest order through the nonrelativistic Hamiltonian
H ¼ bψ · σψ , where bψ is the overall energy shift that
quantifies the size of the local Lorentz violating field
[63,64]. We can immediately see a correspondence between
this energy shift bψ and the axion coupling gaψ̄ψv

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
, so

we expect the LIV signal to be identical to the axion signal in
the zero axion mass limit. These same experiments, includ-
ing spin-polarized torsion pendulums and atomic magne-
tometers, can then be used with little to no modification to
search for slowly varying axion fields. We discuss for each
experiment how bounds on these measured values can be
interpreted in terms of limits on the axion coupling.
In this paper, we study the experimental effects of

axionlike particles at the lowest axion masses, i.e.
ma ∼ 10−14–10−22 eV, including the mass range of fuzzy
dark matter. In this mass regime, the axion field oscillates at
frequencies from 100 nHz (roughly an inverse year) to
100 Hz, and so the axion signal is modulated at exper-
imentally accessible time scales. The experiments consist of
many measurements each with an inverse time scale T−1

meas
that is usually within the frequency range of interest in this
paper. For the lowest axion masses ma ≪ T−1

meas, and the
axion signal is essentially constant over an individual
measurement. In this case, the axion-induced precession
would vary across measurements, with the variation appear-
ing at the axion Compton frequency. At the other end of the
frequency range, where ma ≫ T−1

meas, the axion signal
oscillates many times per measurement and requires tech-
niques with sub-Tmeas resolution to extract.
We discuss several existing experiments that, with some

modifications and optimizations, can be used to search for
axion dark matter at the extreme ultralight frontier. We note

PETER W. GRAHAM et al. PHYS. REV. D 97, 055006 (2018)

055006-2

A. Magnetic Field Backgrounds 16

References 17

I. INTRODUCTION

The cold-dark-matter paradigm has been established as a critical part of our understanding of cosmology,
but the fundamental nature of this dark matter remain unknown [1]. Axions are among the most well-
motivated of the viable dark matter candidates, with many theories of Beyond the Standard Model physics
including mechanisms that can produce ubiquitous axions and other ultralight bosons with the correct
abundance to match the observed dark matter density [2–12]. The large parameter space where ultra-light
bosons are good dark matter candidates has inspired new interest in experimental searches for axion and
axion-like searches [13–27] as well as other types of ultra-light bosonic dark matter [28–45], with many
experiments in progress.

In particular, there has been renewed interest in these types of ultralight dark matter with masses as low
as ma ⇠ 10�22 eV. This “Fuzzy Dark Matter” has a Compton wavelength on the order of the size of dwarf
galaxies, which circumvents potential problems associated with structure formation from standard cold dark
matter [46–51]. In addition, recent measurements suggest there are slight excesses in the cooling of white
dwarfs that could be explained by the addition of ultralight axions [52]. This extreme ultralight dark matter
has been the focus of several recent experimental proposals [41–44], but most have focused on scalar dark
matter and its couplings. In this paper, we present several experiments that can be modified or created to
search for axions at the lightest masses, and evaluate their potential to reach axion couplings several orders
of magnitude beyond current astrophysical bounds.

In this paper, we focus exclusively on axion-like particles, and refer to them as axions for short. An axion
is created as the Goldstone boson of a high-scale symmetry breaking, so we expect it to have a derivative
interaction with fermions of the form:

Lax = g
a ̄ 

@µa ̄�
µ
�
5
 (1)

where  is the fermion field, a is the axion field, and g
a ̄ 

is the coupling constant of the axion field to
the fermions, which is inversely proportional to the energy scale of the symmetry breaking. If the axion
is ultralight (below ⇠ 1 eV), then the phase space density of the dark matter implies there must be many
particles per cubic de Broglie wavelength. As a result, the axions should act as a classical field, with the
particle oscillating around the minimum of its classically quadratic potential with a frequency equal to its
mass. We can understand this coherent e↵ect by analyzing the non-relativistic limit of the above interaction,
which gives rise to the following Hamiltonian:

Hax = �g
a ̄ 

~ra · ~� ⇠ g
a ̄ 

a0ma (~v · ~� ) cosmat (2)

) Hax ⇠ g
a ̄ 

p
2⇢DM~v · ~� cosmat (3)

where  is the field of any fermion with a spin operator ~� , ~v ⇠ 10�3
v̂ is the virial velocity and direction of

the dark matter, and ⇢DM = 1

2
m

2

a
a
2 = (0.04 eV)4 is the density of dark matter in the galaxy. The values of v

and ⇢DM are established by measurement of the virialized dark matter in the galaxy. Since we are interested
in the spin precession of fundamental fermions, we will take ~v · ~� = 1

2
v on average (assuming the spins are

collinear with the axion field, and ignoring order one factors accounting for the rotation of the Earth). We
then estimate the size of axion-induced energy splitting per spin as:

Hax ⇠ 10�25 eV

✓
g
a ̄ 

10�10 GeV�1

◆⇣
v

10�3

⌘✓r
⇢DM

(0.04 eV)4

◆
cosmat (4)

From Equation 2, we see that the gradient of the axion field creates a pseudo-magnetic field of size
B ⇠ g

a ̄ 
v
p
2⇢DM/� , where � is the gyromagnetic ratio of the fermion. This pseudo-magnetic field

couples only to spin, and hence adds weakly to the Larmor precession of all fundamental particles with spin.
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axion dark-matter momentum.
We assume the axion dark matter permeates throughout

the galaxy, and so this creates an “axion wind” that flows
through the Earth at the galactic virial velocity, v⃗ ∼ 10−3v̂.
The momentum of this wind thus can be calculated as
∇⃗a ∼ p⃗aa ∼mav⃗a0 cosmat. We can further simplify this
by recognizing that the energy density of this field can be
calculated as ρDM ¼ 1

2m
2
aa2, where ρDM ¼ ð0.04 eVÞ4 is

the established measured energy density of dark matter in
the Galaxy. Using these facts, we can further simplify the
Hamiltonian as

Hax ∼ gaψ̄ψa0maðv⃗ · σ⃗ψÞ cosmat

⇒ Hax ∼
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
v⃗ · σ⃗ψ cosmat: ð3Þ

We can see from this final Hamiltonian that this is
analogous to the coupling of spin to a pseudomagnetic field

of size B ∼ gaψ̄ψv
ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
/γψ , where γψ is the gyromagnetic

ratio of the fermion. Since we are interested in the spin
precession of fundamental fermions and we do not know
the direction of the dark matter relative to the Earth, we take
v⃗ · σ⃗ ¼ 1

2 v on average (assuming the spins are collinear
with the axion field, and ignoring order 1 factors account-
ing for the rotation of the Earth). We then estimate the size
of axion-induced energy splitting per spin as

Hax ∼ 10−25 eV
"

gaψ̄ψ
10−10 GeV−1

#"
v

10−3

#

×

0

@
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2ρDM
ð0.04 eVÞ4

s 1

A cosmat: ð4Þ

Although this is a small effect, making use of a large
number of coherent spins can greatly increase the potential
for direct detection through this channel, as previously
discussed for heavier axions with masses between 10−14

and 10−7 eV [22,23].
Experiments designed to search for spin-dependent vio-

lation of Lorentz invariance (LIV) are a natural starting point
for these ultralight axion searches. The LIV signal manifests
itself at lowest order through the nonrelativistic Hamiltonian
H ¼ bψ · σψ , where bψ is the overall energy shift that
quantifies the size of the local Lorentz violating field
[63,64]. We can immediately see a correspondence between
this energy shift bψ and the axion coupling gaψ̄ψv

ffiffiffiffiffiffiffiffiffiffiffi
2ρDM

p
, so

we expect the LIV signal to be identical to the axion signal in
the zero axion mass limit. These same experiments, includ-
ing spin-polarized torsion pendulums and atomic magne-
tometers, can then be used with little to no modification to
search for slowly varying axion fields. We discuss for each
experiment how bounds on these measured values can be
interpreted in terms of limits on the axion coupling.
In this paper, we study the experimental effects of

axionlike particles at the lowest axion masses, i.e.
ma ∼ 10−14–10−22 eV, including the mass range of fuzzy
dark matter. In this mass regime, the axion field oscillates at
frequencies from 100 nHz (roughly an inverse year) to
100 Hz, and so the axion signal is modulated at exper-
imentally accessible time scales. The experiments consist of
many measurements each with an inverse time scale T−1

meas
that is usually within the frequency range of interest in this
paper. For the lowest axion masses ma ≪ T−1

meas, and the
axion signal is essentially constant over an individual
measurement. In this case, the axion-induced precession
would vary across measurements, with the variation appear-
ing at the axion Compton frequency. At the other end of the
frequency range, where ma ≫ T−1

meas, the axion signal
oscillates many times per measurement and requires tech-
niques with sub-Tmeas resolution to extract.
We discuss several existing experiments that, with some

modifications and optimizations, can be used to search for
axion dark matter at the extreme ultralight frontier. We note

PETER W. GRAHAM et al. PHYS. REV. D 97, 055006 (2018)
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This elegant experiment searched for axionic dark mat-
ter ”wind” using two di↵erent nuclear magnetometers in
the same molecule to cancel magnetic e↵ects. However,
the authors used a complicated analysis of the power
spectra (described in the Supplementary Material) to ob-
tain the constraint shown in the left panel of their Fig.
3, which is clearly flawed. Any constraint on oscillations
with periods, ⌧ , long compared to the span of the data,
T = 2.642 ⇥ 106 s, cannot be tighter than those on os-
cillations with periods shorter than T and in fact must
be substantially weaker. This reduction in experimental
sensitivity can be seen in other recent works that searched
for similar e↵ects[2–5].

A simple analysis that provides the correct result
and quantitative insight is a linear least-squares analy-
sis (LLSA) such as that used in ref.[5]. Here one fits
the time-series data and its errors with orthogonal, typi-
cally non-linear, basis functions that model the data ex-
pected from the physics being probed. In the present
case, for each assumed axion mass there will be two such
functions of time that contain the non-linear transforms
between celestial and laboratory coordinates multiplied
by sin(2⇡t/⌧) or cos(2⇡t/⌧) where t is the time of the
measurement. At each assumed axion frequency one
makes a simultaneous linear fit of the data to the two
basis states, obtaining two fit amplitudes and their er-
rors along with the correlation matrix. Oscillation con-
straints marginalized over the axion phase are found by
combining the quadrature (sine and cosine) amplitudes.
When ⇠ = ⌧/T < 1 the two quadrature basis functions
have virtually similar mean magnitudes and are nearly
orthogonal. The resulting constraint of the marginalized
amplitude is (barring a real signal and assuming � << ⌧
where � is the duration of an individual measurement)
nearly independent of frequency. However when ⇠ > 1
the basis states are either highly anticorrelated or now
have very di↵erent magnitudes. This greatly increases
the uncertainties in the marginalized amplitude. As a
concrete example, consider the case where the zero of
the time is arbitrarily set to zero at the center of the
data span. Now the basis functions are proportional to
sin(2⇡t/⌧) ⇡ 2⇡t/⌧ and cos(2⇡t/⌧) ⇡ 1 � (2⇡t/⌧)2/2
where �T/2 < t < +T/2. The central value and error
of extracted sine amplitude blow up as ⌧/(⇡T ), which
for oscillations corresponding to the left hand edge of

Fig. 3 has a value of 6.0. This argument is quite gen-
eral and does not depend on a choice of the origin of the
time scale. For example, suppose that the origin of time
were set so that the phase of the axion signal was ⇡/4 at
the midpoint of the data span. Now neither of the two
basis functions tends to zero but the two functions are al-
most perfectly anticorrelated giving essentially the same
blowup factor in the extracted marginalized amplitude.

We trace the strange long-period behavior in Fig. 3,
where the constraint actually becomes tighter as ⇡T/⌧ <
2.5, to the discussion in Derivation of The Constraint
Level (Eqs. S12-S17) in the supplementary material.
These relate the data�R to the axion coupling gaNN and
the phase � of the axion oscillation, with gaNN propor-
tional to�R/ sin�. The authors account for the e↵ect on
gaNN of the unknown phase by averaging | sin�| over the
interval for � between 0 and 2⇡. This is incorrect as the
constraint is actually proportional to 1/ sin�. (Note that
approaches where the � ia a free parameter will not have
a pole for any non-zero frequency.) Assuming that the
analysis for signals with ⌧ < T is correct, the exclusion
limit at the left-hand edge of Fig. 3 should be 9.5 times
higher than shown. This would be ⇠ 15% less constrain-
ing than the previous limit set using neutron EDM data.
The Authors response states that Ref. [6] has a corrected
figure. As of the current version (v3) we think there is
still a problem somewhere: the low-frequency scaling of
Fig. 4 does not match what we derived in this Com-
ment, and the reduction in sensitivity begins at too low
of a mass. Figures 3 and 5 of that reference demonstrate
the correct scaling. This work was supported in part by
National Science Foundation Grants PHY-1305726 and
PHY-1607391.

⇤
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†
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and non-uniform sampling. This approximate approach
yields a result consistent with Eq. (7). Additionally, re-
sults from a Monte Carlo approach using blueice [60] to
model CASPEr-ZULF [32] also indicate a significant ef-
fect. Details of these alternative approaches can be found
in the SM. We note that the actual value of the corrective
factor may depend on the specific analysis and assump-
tions therein. Regardless of the chosen framework, this
implies that existing constraints based on the determin-
istic model are overestimated by roughly one order of
magnitude.

Revised exclusion plots – As discussed earlier these
ultra-light DM candidates are well motivated, and an in-
creasing number of experiments are searching for them.
Most of the experiments with published constraints thus
far are haloscopes, sensitive to the local galactic DM and
a↵ected by Eq. (7). However, experiments that measure
axions generated from a source, helioscopes or new force
searches, for example, do not fall under the assumptions
made here. We illustrate how these existing constraints
have been a↵ected in Fig. 3 and provide more detailed
exclusion plots for the axion-nucleon coupling gaNN [31–
33, 59] in Fig. 4 and for dilaton couplings [35–37] in Fig. 5.

FIG. 3. The modified constraint, green line, based on the
stochastic approach compared to previous laboratory con-
straints, gray line, based on the deterministic approach for
the dilaton coupling strength de [35–37].

The published limits of CASPEr-ZULF-Sidebands
used a 90% CL, so we adjusted their data to a 95%
CL for consistency using the factor determined from
the ratio �stoch

95% /�det
90%. In addition, the combined cor-

rections for the ‘wind-type’ experiments CASPEr-ZULF-
Comagnetometer, -Sidebands, and nEDM include am-
plitude, velocity, and initial phase when appropriate
(when T ⌧ c, T ⌧ c, and T ⌧ 1/f respectively).
We adopt a straightforward MC approach to estimate
the combined e↵ect of these parameters similar to that
implemented in [32], yielding 22 for combined ampli-
tude and velocity variation. The nEDM and CASPEr-
ZULF-Comagnetometer data were corrected by this fac-
tor, while the CASPEr-ZULF-Sidebands data already

FIG. 4. An updated VULF exclusion plot of laboratory con-
straints for the axion-nucleon coupling, gaNN , from the fol-
lowing experiments: CASPEr-ZULF [32, 33], nEDM [31], and
a new force search using a K-3He comagnetometer [59].

took these parameters into account [32]. Details of these
corrections can be found in the Supplementary Material
where various approaches yield slightly di↵erent results.
We implore experimentalists working in these regimes
(T ⌧ c and T ⌧ 1/f) to consider these parameters with
their preferred analysis methods.

FIG. 5. An updated VULF exclusion plot of laboratory con-
straints for dilaton coupling strength de and linear combina-
tion (seen on y-axis). Details on the data for the dual rubid-
ium and cesium cold atom fountain FO2 at LNE-SYRTE can
be found in [36], for the two isotope dysprosium spectroscopy
in [35], and from the global network of optical atomic clocks
in [37].

Conclusion – To interpret the results of an experiment
searching for Bosonic DM in the regime of measurement
times smaller than the coherence time, stochastic prop-
erties of the net field must be taken into account. An ac-
curate description accounts for the Rayleigh distributed
amplitude �0, where the variation is induced by the ran-
dom phases of individual virialized fields. The Bayesian
framework adopted to account for this stochastic nature
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A nonstatistical excess in a periodogram of R may be
caused not only by a coherent oscillating signal; for example,
fluctuations of a higher-order term in the magnetic field, not
compensated by either the mercury or cesium magnetome-
ters, may cause broadband elevations in LSSA power. We

define strict requirements for an excess to be considered as
one induced by axion DM as follows. Firstly, a significant
(>3σ) excess in amplitudehas to be observed in both sensitive
data sets at the same frequency, but not in the control set.
Secondly, the signals must be in antiphase in the parallel and
antiparallel data sets. Lastly, we require high coherence (a
narrow peak) equal to the spectral resolution of the data set.
None of the significant excesses pass our discovery criteria.
We deliver a limit on the oscillation amplitude similarly

to the long-time-base analysis, with the exception that we
require the product of the two sensitive sets’ CLs statistics
to be 0.05. The limit is shown as the blue curve in Fig. 2.
With the short-time-base analysis, we are most sensitive to
periods shorter than the time span of a sequence (2–3 days),
and lose sensitivity to periods shorter than the cycle
repetition rate (≈5 min). The PSI data set has a higher
accumulated sensitivity than the ILL data set, so the limit
baseline in the sensitive region is slightly better in the case
of the PSI data set.
Following Eq. (2), we can interpret the limit on the

oscillating neutron EDM as limits on the axion-gluon
coupling in Eq. (1). We present these limits in Fig. 4,
assuming that axions saturate the local cold DM energy
density ρlocalDM ≈ 0.4 GeV=cm3 [55]. Our peak sensitivity is
fa=CG ≈ 1 × 1021 GeV for ma ≲ 10−23 eV, which probes
super-Planckian axion decay constants (fa > MPlanck ≈
1019 GeV), that is, interactions that are intrinsically feebler
than gravity.

IV. AXION-WIND EFFECT

We also perform a search for the axion-wind effect,
Eq. (4), by partitioning the entire PSI data set into two
sets with opposite magnetic-field orientations (irrespective
of the electric field) and then analyzing the ratio R¼
νn=νHg similarly to our oscillating EDM analysis above.
The axion-wind effect would manifest itself through
time-dependent shifts in νn and νHg (and hence R) at three
angular frequencies: ω1 ¼ ma, ω2 ¼ ma þ Ωsid, and
ω3 ¼ jma − Ωsidj, with the majority of power concentrated
in the ω1 mode. Also, the axion-wind signal would have an
opposite phase in the two subsets. We find two overlapping
3σ excesses in the two subsets (at 3.429 69 μHz and
3.32568 mHz), neither of which have a phase relation
consistent with an axion-wind signal. Following Eq. (4), we
derive limits on the axion-nucleon coupling in Eq. (1). We
present these limits in Fig. 4, assuming that axions saturate
the local cold DM energy density. Our peak sensitivity is
fa=CN ≈ 4 × 105 GeV for 10−19 ≲ma ≲ 10−17 eV.

V. CONCLUSIONS

In summary, we perform a search for a time-oscillating
neutron EDM in order to probe the interaction of axionlike
dark matter with gluons. We also perform a search for an
axion-wind spin-precession effect in order to probe the

FIG. 4. Limits on the interactions of an axion with the gluons
(top) and nucleons (bottom), as defined in Eq. (1), assuming that
axions saturate the local cold DM content. The regions above the
thick blue and red lines correspond to the regions of parameters
excluded by the present work at the 95% confidence level (C.L.).
The colored regions represent constraints from big bang nucleo-
synthesis (red, 95% C.L.) [36–38], supernova energy-loss bounds
(green, order of magnitude) [35,39,40], consistency with obser-
vations of galaxies (orange) [15,25–27], and laboratory searches
for new spin-dependent forces (yellow, 95% C.L.) [41]. The
nEDM, νn=νHg, and big bang nucleosynthesis constraints scale as
∝ ffiffiffiffiffi

ρa
p

, while the constraints from supernovae and laboratory
searches for new spin-dependent forces are independent of ρa.
The constraints from galaxies are relaxed if axions constitute a
subdominant fraction of DM.We also show the projected reach of
the proposed CASPEr experiment (dotted black line) [86], and
the parameter space for the canonical QCD axion (purple band).

C. ABEL et al. PHYS. REV. X 7, 041034 (2017)
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Gantt

Light axion dark matter mass m ⇠ 10�22 eV

A natural candidate for such a light particle is a pseudo Goldstone boson.

Concrete realization: an angular field of periodicity            i.e. an axion-like field  
with a potential from non-perturbative effects (not QCD axion).
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Fig. 2. The missing satellite and “too big to fail” problems. (Left) Projected dark matter distribution (600 kpc on a side) of a simulated, 1012M� CDM halo
(Garrison-Kimmel, Boylan-Kolchin, & Bullock, in preparation). As in Figure 1, the numerous small subhalos far exceed the number of known Milky Way satellites. Circles mark
the nine most massive subhalos. (Right) Spatial distribution of the “classical” satellites of the Milky Way. The central densities of the subhalos in the left panel are too high
to host the dwarf satellites in the right panel, predicting stellar velocity dispersions higher than observed. The diameter of the outer sphere in the right panel is 300 kpc; relative
to the simulation prediction (and to the Andromeda galaxy) the Milky Way’s satellite system is unusually centrally concentrated (Yniguez et al. 2013).

ciency of converting baryons to stars remains surprisingly low
(⇠ 0.1%� 1%) well above the photoionization threshold, and
it is unclear which if any of the ultra-faint dwarfs are “fossils”
from before the epoch of reionization (Bovill & Ricotti 2009).
Despite the gaps in understanding, it seems reasonable for now
to regard the relation between low mass subhalos and ultra-
faint dwarfs as a puzzle of galaxy formation physics rather
than a contradiction of CDM.

Instead, attention has focused recently on the most lumi-
nous satellites. Circles in Figure 2 mark the nine most mas-
sive subhalos in the simulation, which one would expect to
host galaxies like the Milky Way’s “classical” dwarf satellites.
However, the mass in the central regions of these subhalos
exceeds the mass inferred from stellar dynamics of observed
dwarfs, by a factor ⇠ 5 (Boylan-Kolchin et al. 2011, 2012;
Springel et al. 2008; Parry et al. 2012). While it is pos-
sible in principle that these massive subhalos are dark and
that the observed dwarfs reside in less massive hosts, this
outcome seems physically unlikely; in the spirit of the times,
Boylan-Kolchin et al. (2011) titled this conflict “too big to
fail.” The degree of discrepancy varies with the particular re-
alization of halo substructure and with the mass of the main
halo, but even for a halo mass at the low end of estimates
for the Milky Way the discrepancy appears too large to be a
statistical fluke, and a similar conflict is found in the satellite
system of the Andromeda galaxy (Tollerud et al. 2012). While
“missing satellites” in low mass subhalos may be explained by
baryonic e↵ects, the “too big to fail” problem arises in more
massive systems whose gravitational potential is dominated
by dark matter. In its present form, therefore, the satellite
puzzle looks much like the cusp-core problem: numerical sim-
ulations of CDM structure formation predict too much mass
in the central regions of halos and subhalos. Indeed, Walker
& Peñarrubia (2011), Amorisco et al. (2013), and others have
reported evidence that the Milky Way satellites Fornax and
Sculptor have cored density profiles.

Solutions in Baryonic Physics?
When the cusp-core problem was first identified, the conven-
tional lore was that including baryonic physics would only
exacerbate the problem by adiabatically contracting the dark
matter density distribution (Blumenthal et al. 1986; Flores
& Primack 1994). Navarro, Eke, & Frenk (1996) proposed
a scenario, which seemed extreme at the time, for producing
a cored dark matter distribution: dissipative baryons draw
in the dark matter orbits adiabatically by slowly deepening
the gravitational potential, then release them suddenly when
the supernova feedback of a vigorous starburst blows out a
substantial fraction of the baryonic material, leaving the dark
matter halo less concentrated than the one that would have
formed in the absence of baryons. Since then, hydrodynamic
simulations have greatly improved in numerical resolution and
in the sophistication with which they model star formation
and supernova feedback. With the combination of a high gas
density threshold for star formation and e�cient feedback,
simulations successfully reproduce the observed stellar and
cold gas fractions of field galaxies. The ejection of low angular
momentum gas by feedback plays a critical role in suppressing
the formation of stellar bulges in dwarf galaxies (Governato et
al. 2010), another long-standing problem in early simulations
of galaxy formation. The episodic gas outflows also produce
rapid fluctuations of the gravitational potential, in contrast to
the steady growth assumed in adiabatic contraction models.

Figure 3, based on Governato et al. (2012), illustrates the
impact of this episodic feedback on the dark matter density
profile. In the left panel, the upper dot-dashed curve shows
the final halo profile of an N-body simulation run with grav-
ity and dark matter only. Other curves show the evolution of
the dark matter density profile in a hydrodynamic simulation
with star formation and feedback, from the same initial con-
ditions. Over time, the central dark matter density drops,
and the cuspy profile is transformed to one with a nearly
constant density core (lower solid curve). Pontzen & Gov-
ernato (2012) present an analytic model that accurately de-
scribes this transformation (and its dependence on simulation
assumptions); essentially, the rapid fluctuations in the central
potential pump energy into the dark matter particle orbits, so

Footline Author PNAS Issue Date Volume Issue Number 3

Why isn't there more small 
scale structure?

10

Dwarf galaxies; Rotation curves
We see 10CDM predicts 100s

of milky way halos
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Figure S1: Square wave functionψψψ222 (((≡≡≡ fff 222eeei2S))) in theψDM simulation. Panels (a) and (b) show a 2Mpc
slice of phase (sin(2S)) and amplitude ( f 2) of the wave function at z = 3.1, respectively. The simulation
challenge arises from the complexity of the wave function. Strong and rapid phase oscillations are common
everywhere (even in the low-density background shown by the dark regions in the density plot), where
sufficient spatial and temporal resolution is required to resolve each wavelength.

boundary conditions12. The soliton profile is close
to Gaussian, with a near constant-density core and a
steeper outer gradient (Fig. S3). We define a core
radius rc at which the density has dropped to one-
half its peak value. The corresponding core mass
Mc ≡ M(r ≤ rc) encloses roughly 1/4 of the total
soliton mass Ms ≡M(r→ ∞). The half-mass radius
is ∼ 1.45 rc.

An important feature of the soliton solution to
appreciate is its scaling symmetry12. The wave
function and the associated physical quantities al-
low for a scale transformation, (r,ψ ,ρs,Ms) →
(λ−1r,λ 2ψ ,λ 4ρs,λMs), where ρs is the soliton den-
sity profile, to generate other solutions, thus forming
a one-parameter family. Accordingly, all soliton so-
lutions can be characterised by a single parameter
(for example, rc), providing clear predictions for the
correlation between different core properties. For ex-
ample, if the core radius of a galaxy is observed to be
half the size of another, the soliton solution predicts
the core mass and peak density to be two and sixteen
times higher.

The soliton profile does not have an analytical

form and the solution can only be obtained numeri-
cally. But thanks to the scaling symmetry, the core
mass and core radius obey a simple relation

Mc ≈
5.5×109

(mB/10−23 eV)2(rc/kpc)
M⊙. (3)

For example, with the best-fit for Fornax of mB =
8.1× 10−23 eV and rc = 0.92 kpc, we readily have
Mc ∼ 9.1× 107 M⊙ and Ms ∼ 3.6× 108 M⊙. In ad-
dition, it is found that within the range 0 ≤ r ! 3rc,
which encloses ∼ 95% of the total soliton mass, the
soliton density profile can be well approximated by

ρs(r)≈
1.9 (mB/10−23 eV)−2(rc/kpc)−4

[1+9.1×10−2(r/rc)2]8
M⊙pc−3,

(4)
which is consistent with the scaling relation that
the peak density is proportional to r−4c for a given
particle mass. This approximate analytical formula
makes it convenient to compare the soliton model
and observation, from which the best-fit mB and rc
can be determined (see the next section).

10

Quantum weirdness 
at galactic scales

• Tunneling out of dwarf galaxies 

• Soliton at center of galaxy 

• Interference fringes

11
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Quantum-mechanical  
(spin) Gyroscopes
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FIG. 1. (color online) Spin pendulum. The light green and
darker blue volumes are Alnico and SmCo5, respectively. Up-
per left: top view of a single magnetized “puck”; its spin
moment points to the right. Lower right: the assembled
pendulum with its magnetic shield shown cut-away to reveal
the 4 pucks inside. Two of the 4 mirrors (light gold) used
to monitor the pendulum twist are prominent. Arrows with
filled heads show the relative densities and directions of the
electron spins, open-headed arrows show the directions of B.
The pucks are arranged so that the spin dipole is centered
on the pendulum, and the di↵erent materials have a vanish-
ing composition-dipole moment. The 8 tabs on the shield
held small screws that were used to tune out the pendulum’s
residual q21 gravitational moment. The 103 g pendulum had
a rotational inertia of 169 g cm2.

magnetizations. The resulting device had a negligible ex-
ternal magnetic field but carried both net spin S, orbital
angular momentum L and a total angular momentum
J = �S. The net spin dipole was calibrated using the
Coriolis force from the earth’s rotation on the electron-
spin “gyroscope”. The device was su�ciently sensitive
to yield an upper limit of ⇡ 2⇥ 10�22 eV on the energy
required to invert an electron spin about a direction fixed
in inertial space; this is equal to the electrostatic energy
of 2 electrons separated by 48 astronomical units. How-
ever that analysis, which searched for a preferred frame,
would have averaged away the time-varying signal of Eq.
3.

Here we analyze a larger data set (taken for Refs. [17–
19]) that spanned 2438 days in 241 subsets. During
each subset the experimental conditions (for example the
turntable rotation rate, the angle of the spin dipole in
the turntable frame[17–19] and the positions of external
sources[18, 19]) remained constant. The subsets had du-
rations between 0.8 and 10 days. Our data consisted
of 15588 individual measurements. Each measurement
typically contained exactly 2 full turntable revolutions
and lasted for ⇠ 2800 s, a duration long compared to the
pendulum’s free-oscillation period of ⇡ 200 s. Following
Ref. [17], we assumed that during an individual measure-
ment the pendulum’s energy as a function of turntable

FIG. 2. �N and �W values from all 241 subsets. The di↵erent
subsets have varying noise levels which are reflected in the
assigned uncertainties (not shown).

angle �tt was

E(�tt) = �Ne� · � = �Ne� cos� (4)

where Ne is the number of polarized electrons in the pen-
dulum, � is the direction of the spin dipole, � is a vector
assumed to be approximately fixed in the lab during an
individual measurement, and � = �tt � �0 was the in-
stantaneous angle between the rotating spin dipole and
�. Therefore the pendulum experienced a torque

T (�tt) = �@E/@� = Ne(�W cos�tt � �N sin�tt) (5)

that was inferred by correcting the measured pendulum
twist angle in the rotating frame for pendulum inertia
plus electronic and digital time constants. Each mea-
surement yielded independent determinations of �N and
�W, where N and W are local North and West direc-
tions. Measurement uncertainties in each data subset
were deduced from the scatter of the points in that sub-
set. We suppressed lab-fixed signals (arising from the
Coriolis force as well as from many other less interesting
e↵ects) by setting to zero the average �N and �W values
in each of the 241 subsets. Figure 2 displays the �N and
�W values of our measurements.
We searched our �N and �W values for signals from

axions with va in an arbitrary direction in the equa-
torial (X,Y) plane. (Signals for va along Z were not
considered here as they have no sidereal modulation

Electronic Spins Nucleonic Spins

the physics of these interactions is subtle, Sec. V is
rather detailed. The most important parasitic spin-loss
mechanisms of alkali-metal atoms and noble-gas atoms
are discussed in Sec. VI.

II. OVERVIEW OF SPIN-EXCHANGE OPTICAL PUMPING

Figure 2 shows a typical experimental arrangement
for spin-exchange optical pumping. A glass cell of a few
cm 3 volume, carefully prepared to remove paramagnetic
impurities from the walls (Newbury, Barton, Cates,
Happer, and Middleton, 1993), contains the gases of in-
terest, namely, alkali-metal vapor and a noble gas, plus

nitrogen. Although any of the alkali metals are suitable,
rubidium is often chosen. The high vapor pressure of
rubidium allows operation at modest temperatures
where chemical attack on the glass container is not a
problem. The 7947 Å resonance line lies in a region of
the spectrum where intense, tunable light sources such
as dye lasers, titanium sapphire lasers, and gallium alu-
minum arsenide injection lasers exist. A simple oven
keeps the cell at a constant temperature, usually in the
range between 80 °C and 130 °C. This ensures an ad-
equate saturated vapor pressure (typically 1011 to 1014

cm 23) from a few droplets of Rb metal in the cell. A
few to many tens of watts of circularly polarized laser
light spin-polarizes the alkali-metal atoms via optical
pumping. The nitrogen, which is chemically inert, sup-
presses reradiation of light by quenching the excited at-
oms. The pressure of the noble gas which is to be polar-
ized by spin-exchange is usually in the range of 10 Torr
to 10 atmospheres. During binary collisions, the hyper-
fine interaction between the alkali-metal electron and
the noble-gas nucleus partially transfers spin polariza-
tion from the alkali-metal atoms to the noble-gas atoms.
Repeated collisions increase the nuclear-spin polariza-
tion to several tens of percent, typically five orders of
magnitude larger than the thermal polarization obtain-
able in even the largest laboratory magnetic fields.

The buildup of the nuclear polarization of the noble
gas is most conveniently monitored by nuclear magnetic
resonance (NMR). The nuclear polarization is so large
that almost any continuous or pulsed NMR method will
work. Indeed, masing of the highly polarized spins can
easily occur if high-Q NMR coils are used (Chupp et al.,
1994). The polarization can be absolutely calibrated by
comparison with the NMR signal from a water sample in
a cell with the same shape (Bhaskar et al., 1982). One
can also measure the absolute noble-gas nuclear polar-
ization by observing the resulting shift of the electron-
paramagnetic-resonance (EPR) frequencies of the
alkali-metal atoms (Newbury, Barton, Bogorad, et al.,
1993). The EPR shifts result from the hyperfine interac-
tion and are typically a few kilohertz for situations of
practical interest. As is well known, frequency measure-
ments can be relatively free of systematic errors. It is
also possible to monitor optically the small electron-spin
polarization induced in a non-optically-pumped alkali-
metal vapor by the nuclear-spin polarization of the
noble gas (Bhaskar et al., 1983; Zeng et al., 1983).

III. OPTICAL PUMPING

A. Interaction of alkali-metal atoms with circularly
polarized light

Optical pumping uses light to spin-polarize both the
electron spin S and the nuclear spin Ia of the alkali-
metal atoms1 (Happer, 1972). The atoms are subject to a

1Here and later, the subscripts a and b refer to alkali-metal
and noble-gas atoms, respectively.

FIG. 1. Image of a human lung using spin-exchange-polarized
3He (MacFall et al., 1996).

FIG. 2. Experimental arrangement for spin-exchange optical
pumping.

630 T. G. Walker and W. Happer: Spin-exchange optical pumping . . .

Rev. Mod. Phys., Vol. 69, No. 2, April 1997
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Making a Spin Polarized Pendulum
● Alternating Alnico and SmCo5 magnets 
● At 1 Tesla, Alnico has a spin density of   ~ 7.8 ·1022  spins/cc 
● At 1 Tesla, SmCo5 has a spin density of  ~ 4.2 ·1022  spins/cc
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Making a Spin Polarized Pendulum
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Making a Spin Polarized Pendulum
● Alternating Alnico and SmCo5 magnets 
● At 1 Tesla, Alnico has a spin density of   ~ 7.8 ·1022  spins/cc 
● At 1 Tesla, SmCo5 has a spin density of  ~ 4.2 ·1022  spins/cc 

● Place them North pole to South Pole to contain the 
magnetic flux:

19
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Making a Spin Polarized Pendulum
● Alternating Alnico and SmCo5 magnets 
● At 1 Tesla, Alnico has a spin density of   ~ 7.8 ·1022  spins/cc 
● At 1 Tesla, SmCo5 has a spin density of  ~ 4.2 ·1022  spins/cc 

● Contains a Spin Gradient but no magnetic field!

20
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Short-range, spin-dependent interactions of electrons: a probe for exotic
pseudo-Goldstone bosons

W. A. Terrano, E. G. Adelberger, J. G. Lee, and B. R. Heckel
Center for Experimental Nuclear Physics and Astrophysics,

Box 354290, University of Washington, Seattle, Washington 98195-4290
(Dated: August 12, 2015)

We used a torsion pendulum and rotating attractor with 20-pole electron-spin distributions to
probe dipole-dipole interactions mediated by exotic pseudo-Goldstone bosons with mb ≤ 500 µeV
and coupling strengths up to 14 orders of magnitude weaker than electromagnetism. This corre-
sponds to symmetry-breaking scales F ≤ 70 TeV, the highest reached in any laboratory experiment.
We used an attractor with a 20-pole unpolarized mass distribution to improve laboratory bounds
on CP -violating monopole-dipole interactions with 1.5 µeV< mb < 400 µeV by a factor of up to
1000.

PACS numbers: 12.60.Cn, 11.30.Qc, 12.20.Fv

Spontaneously-broken global symmetries play an im-
portant role in particle physics[1]. When the underlying
symmetry is exact, the process always produces mass-
less pseudoscalar Goldstone bosons whose coupling to a
fermion with mass mf is gp = mf/F , where F is the
energy scale of the spontaneously broken symmetry. If
the symmetry is not exact but explicitly broken as well,
as in the chiral symmetry of QCD, the fermionic cou-
plings are unchanged, but the resulting pseudo-Goldstone
bosons, such as the QCD pions, acquire a small mass
mb = Λ2/F where Λ is the explicit symmetry-breaking
scale of the effective Lagrangian. Searches for the ultra-
weak, long-range interactions mediated by exotic pseudo-
Goldstone bosons, therefore, provide very sensitive and
general probes for new hidden symmetries broken at ex-
tremely high energies.
The tree-level potentials from pseudoscalar boson ex-

change are purely spin-dependent. The classic pseu-
doscalar potential is the dipole-dipole interaction

Vdd =
g2ph̄

2

16πm2
ec

2r3

[

(σ̂1 · σ̂2)
(

1 +
r

λ

)

− 3 (σ̂1 · r̂)(σ̂2 · r̂)

(

1 +
r

λ
+

r2

3λ2

)]

e−r/λ , (1)

where λ = h̄/(mbc). Axion-like bosons with an addi-
tional scalar coupling, gS, can also generate a monopole-
dipole interaction[2]

Vmd =
h̄gsgp
8πmec

[

(σ̂ · r̂)

(

1

rλ
+

1

r2

)]

e−r/λ . (2)

Because these potentials average to zero for unpolarized
bodies, traditional searches for new macroscopic forces
are essentially insensitive to such bosons. Motivated by
theoretical conjectures that propose additional pseudo-
Goldstone bosons such as axions, familons, majorons,
closed-string axions and accidental pseudo-Goldstone
bosons (see [3] for a recent review), we developed a
generic “pseudo-Goldstone detector” with high sensitiv-
ity to both Vdd and Vmd interactions. We combined the

strategies of previous Eöt-Wash torsion-balance probes
of electron-spin-dependent forces[4, 5] (closed magnetic
circuits containing high and low spin-density materi-
als) and short-distance gravity[6, 7] (planar geome-
try, high-multipolarity signals and continuously rotating
attractors) to produce the torsion-pendulum/rotating-
attractor instrument shown in Fig. 1. The small scale
of our device allowed us to probe Vdd interactions
with mb ≤ 500 µeV. Previous studies with polarized
electrons[5] and neutrons[8, 9] were restricted to mb

<
∼

5 µeV.

The key element of our instrument was a spin-ring

FIG. 1: Left: the 20-pole spin pendulum and spin-attractor;
µ-metal cans on the pendulum and attractor are cut away to
show the Alnico (green) and SmCo5 (blue) segments and one
of the 4 pairs of calibration cylinders (red). The mirror cube
allowed us to monitor the pendulum twist angle. The mag-
netic shield surrounding the entire pendulum is not shown.
Lower and upper right: top views of the spin and mass at-
tractors, respectively. Arrows indicate net spin density and
direction.
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CPT, fifth force tests
21

FIG. 1: Scale cross-section of the Eöt-Wash rotating torsion balance; 1: torsion fiber, 2: auto-

collimator, 3: Q21 gravity-gradient compensator, 4: nested magnetic and electrostatic shields, 5:

turntable, 6: Q31 gravity-gradient compensator, 7: vacuum vessel, 8: spin pendulum, 9: ther-

mal shield, 10: 3-axis Helmholtz coil system, 11: thermally controlled feet, 12: mode spoiler, 13:

co-rotating slip-ring assembly, 14: upper fiber attachment mechanism. Two additional layers of

magnetic shielding (not shown for clarity) are immediately inside and outside of the vacuum vessel.

gradients were reduced by a stationary set of Helmholtz coils and 4 layers of co-rotating mu-

metal shielding. Gravity gradients were canceled as described in Ref. [13], with a precision

that was limited by the fluctuating water content of the ground outside our laboratory.

For this measurement, we made several substantial improvements to the instrument used

in Ref. [12]. The turntable was upgraded by a “feet-back” system, described in more detail

in Appendix B, that kept its rotation axis vertical to better than 10 nanoradians. The

autocollimator system that monitored the pendulum twist was upgraded from that described

in Ref. [13] by using the “two bounce” geometry discussed in Ref. [14]. We also improved

the resolution of the temperature monitoring system and upgraded the co-rotating magnetic

shielding.

The overall performance of the rotating balance is shown in Fig. 2. Except for signals

at integer multiples of the turntable frequency caused by reproduceable irregularities in the

turntable drive system, the noise in the twist signal is close to the thermal value expected

from internal losses in the tungsten suspension fiber. Systematic errors associated with the

8

2

FIG. 1. (color online) Spin pendulum. The light green and
darker blue volumes are Alnico and SmCo5, respectively. Up-
per left: top view of a single magnetized “puck”; its spin
moment points to the right. Lower right: the assembled
pendulum with its magnetic shield shown cut-away to reveal
the 4 pucks inside. Two of the 4 mirrors (light gold) used
to monitor the pendulum twist are prominent. Arrows with
filled heads show the relative densities and directions of the
electron spins, open-headed arrows show the directions of B.
The pucks are arranged so that the spin dipole is centered
on the pendulum, and the di↵erent materials have a vanish-
ing composition-dipole moment. The 8 tabs on the shield
held small screws that were used to tune out the pendulum’s
residual q21 gravitational moment. The 103 g pendulum had
a rotational inertia of 169 g cm2.

magnetizations. The resulting device had a negligible ex-
ternal magnetic field but carried both net spin S, orbital
angular momentum L and a total angular momentum
J = �S. The net spin dipole was calibrated using the
Coriolis force from the earth’s rotation on the electron-
spin “gyroscope”. The device was su�ciently sensitive
to yield an upper limit of ⇡ 2⇥ 10�22 eV on the energy
required to invert an electron spin about a direction fixed
in inertial space; this is equal to the electrostatic energy
of 2 electrons separated by 48 astronomical units. How-
ever that analysis, which searched for a preferred frame,
would have averaged away the time-varying signal of Eq.
3.

Here we analyze a larger data set (taken for Refs. [17–
19]) that spanned 2438 days in 241 subsets. During
each subset the experimental conditions (for example the
turntable rotation rate, the angle of the spin dipole in
the turntable frame[17–19] and the positions of external
sources[18, 19]) remained constant. The subsets had du-
rations between 0.8 and 10 days. Our data consisted
of 15588 individual measurements. Each measurement
typically contained exactly 2 full turntable revolutions
and lasted for ⇠ 2800 s, a duration long compared to the
pendulum’s free-oscillation period of ⇡ 200 s. Following
Ref. [17], we assumed that during an individual measure-
ment the pendulum’s energy as a function of turntable

FIG. 2. �N and �W values from all 241 subsets. The di↵erent
subsets have varying noise levels which are reflected in the
assigned uncertainties (not shown).

angle �tt was

E(�tt) = �Ne� · � = �Ne� cos� (4)

where Ne is the number of polarized electrons in the pen-
dulum, � is the direction of the spin dipole, � is a vector
assumed to be approximately fixed in the lab during an
individual measurement, and � = �tt � �0 was the in-
stantaneous angle between the rotating spin dipole and
�. Therefore the pendulum experienced a torque

T (�tt) = �@E/@� = Ne(�W cos�tt � �N sin�tt) (5)

that was inferred by correcting the measured pendulum
twist angle in the rotating frame for pendulum inertia
plus electronic and digital time constants. Each mea-
surement yielded independent determinations of �N and
�W, where N and W are local North and West direc-
tions. Measurement uncertainties in each data subset
were deduced from the scatter of the points in that sub-
set. We suppressed lab-fixed signals (arising from the
Coriolis force as well as from many other less interesting
e↵ects) by setting to zero the average �N and �W values
in each of the 241 subsets. Figure 2 displays the �N and
�W values of our measurements.
We searched our �N and �W values for signals from

axions with va in an arbitrary direction in the equa-
torial (X,Y) plane. (Signals for va along Z were not
considered here as they have no sidereal modulation
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Quantum Gyroscope:
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triply-modulated signal

Turntable; Earth rotation; Axion mass

● Turntable reduces 1/f  noise 
● sidereal allows long-term stability

23
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Analysis strategy
1. Extract pendulum torque at 

turntable frequency using 6.7 
year span of  data 

2. Linear fit of  resulting data to 
basis functions that include 
sidereal and axion oscillations 

3. Repeat for 67,200 axion 
frequencies in our band (10-9 
Hz — 3.2 10-4 Hz)

24
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and are more di�cult to distinguish from mundane lab-
fixed e↵ects[20].) We made evenly-spaced scans over
67,200 values of fa. At each fa we computed 8 ba-
sis states: b

i
XNcos, b

i
XWcos, b

i
XN sin, b

i
XWsin, plus cor-

responding states for va along Y. Here, for example,
b
i
XNcos = K

i
XN⌘

i cos!ti where K
i
XN transforms trans-

forms equatorial (X,Y) to local (N,W) coordinates and
varies at the sidereal frequency; ⌘i = sin(!⌧ i/2)/(!⌧ i/2)
accounts for the attenuation of fa by the finite length of
the measurements: ti and ⌧

i are the mean time and du-
ration of the ith measurement, and ! = 2⇡fa. We zeroed
the average values of the 8 basis states in each of the 241
subsets as well. This procedure ensured that the e↵ects
of zeroing the mean values of the � data subsets, the
varying lengths and uncertainties of the subsets, as well
as the gaps between the subsets were handled correctly.
Our constraints for axion velocities along X were derived
from a linear fit that yielded quadrature amplitudes aXcos

and aXsin

�
i
N = b

i
XNcos aXcos + bXNsin aXsin

�
i
W = b

i
XWcos aXcos + bXWsin aXsin , (6)

with similar expressions for aYcos and aYsin.
We first analyzed the frequency range of our highest

sensitivity (1 ⇥ 10�8  fa  1 ⇥ 10�4 Hz); here the
maximum fa was small compared to the inverse dura-
tions of the measurements so that the basis states were
not appreciablly attenuated. For each fa, we determined
4 quadrature amplitudes and their uncertainties. Re-
sults are shown in Figure 3. All 4 quadrature ampli-
tudes are characterized by Gaussians with zero mean and
� = 0.154 zeV. The distributions of the quadrature am-
plitudes divided by their uncertainties are also zero-mean
Gaussians but with � = 1.0, We marginalised over the
uninteresting phase �a by computing radial amplitudes
aX =

p
|aXcos|2 + |aXsin|2 and aY =

p
|aYcos|2 + |aYsin|2.

As expected, aX and aY are well modeled by the Rayleigh
distribution whose only free parameter is the Gaussian �.

The spectral distribution of aX is shown in Fig. 4. The
small bump centered at fa ⇡ 11.6 µHz occurs when fa

and the sidereal frequency coincide. In that case our
procedure of zeroing the average value of the basis states
reduced their mean magnitudes by a factor

p
2. This

automatically increased the fitted amplitudes (and their
uncertainties) by the same factor. A careful examination
revealed that the central values in the bump region ex-
ceed the expected increase by an additional 40%, which
accounts for the observation that 5.2%, rather than 5.0%,
of the points in Fig. 4 lie above the lower blue curve. We
checked that the excess on the bump was not an arti-
fact of our analysis using a simulation where we kept
the actual uncertainties and times of our � data, but re-
placed the central values of the �s with values normally-
distributed around 0 by the actual uncertainties. The

FIG. 3. (color online) Upper 2 panels: histograms of aXcos

and aXsin coe�cients for 10�8  fa  10�4 Hz. Results for
aYcos and aYsin are very similar. All 4 quadrature amplitudes
are characterized by zero-mean Gaussians with � = 0.154 zeV.
Lower panel: histogram of corresponding aX amplitudes. The
results follow the expected Rayleigh distribution, the 95%-
confidence upper-limit on aX (as well as on aY) is 0.38 zeV.

simulated data showed no additional excess, and we con-
clude that the excess arose from a subtle systematic with
a characteristic period of about 1 day. Binning the data
as function of time of data did reveal a systematic e↵ect:
the scatter of the points in night-time data was less than
that of the day-time data, but correcting for this had no
significant e↵ect on the results.

Satisfied that the statistical properties of aX and aY

were well described by the Rayleigh distribution, we
widened our scan to cover frequencies between 10�9

Hz and 3.2 ⇥ 10�4 Hz. Now the frequency interval
in our 67,200 point scan nearly equaled the inverse of
the 2438-day span our our data and the high-frequency
signals were appreciably attenuated by the finite dura-
tions of the measurements. Our Ce/Fa constraints from
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Results:
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and are more di�cult to distinguish from mundane lab-
fixed e↵ects[20].) We made evenly-spaced scans over
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the measurements: ti and ⌧

i are the mean time and du-
ration of the ith measurement, and ! = 2⇡fa. We zeroed
the average values of the 8 basis states in each of the 241
subsets as well. This procedure ensured that the e↵ects
of zeroing the mean values of the � data subsets, the
varying lengths and uncertainties of the subsets, as well
as the gaps between the subsets were handled correctly.
Our constraints for axion velocities along X were derived
from a linear fit that yielded quadrature amplitudes aXcos

and aXsin

�
i
N = b

i
XNcos aXcos + bXNsin aXsin

�
i
W = b

i
XWcos aXcos + bXWsin aXsin , (6)

with similar expressions for aYcos and aYsin.
We first analyzed the frequency range of our highest

sensitivity (1 ⇥ 10�8  fa  1 ⇥ 10�4 Hz); here the
maximum fa was small compared to the inverse dura-
tions of the measurements so that the basis states were
not appreciablly attenuated. For each fa, we determined
4 quadrature amplitudes and their uncertainties. Re-
sults are shown in Figure 3. All 4 quadrature ampli-
tudes are characterized by Gaussians with zero mean and
� = 0.154 zeV. The distributions of the quadrature am-
plitudes divided by their uncertainties are also zero-mean
Gaussians but with � = 1.0, We marginalised over the
uninteresting phase �a by computing radial amplitudes
aX =

p
|aXcos|2 + |aXsin|2 and aY =

p
|aYcos|2 + |aYsin|2.

As expected, aX and aY are well modeled by the Rayleigh
distribution whose only free parameter is the Gaussian �.

The spectral distribution of aX is shown in Fig. 4. The
small bump centered at fa ⇡ 11.6 µHz occurs when fa

and the sidereal frequency coincide. In that case our
procedure of zeroing the average value of the basis states
reduced their mean magnitudes by a factor

p
2. This

automatically increased the fitted amplitudes (and their
uncertainties) by the same factor. A careful examination
revealed that the central values in the bump region ex-
ceed the expected increase by an additional 40%, which
accounts for the observation that 5.2%, rather than 5.0%,
of the points in Fig. 4 lie above the lower blue curve. We
checked that the excess on the bump was not an arti-
fact of our analysis using a simulation where we kept
the actual uncertainties and times of our � data, but re-
placed the central values of the �s with values normally-
distributed around 0 by the actual uncertainties. The

FIG. 3. (color online) Upper 2 panels: histograms of aXcos

and aXsin coe�cients for 10�8  fa  10�4 Hz. Results for
aYcos and aYsin are very similar. All 4 quadrature amplitudes
are characterized by zero-mean Gaussians with � = 0.154 zeV.
Lower panel: histogram of corresponding aX amplitudes. The
results follow the expected Rayleigh distribution, the 95%-
confidence upper-limit on aX (as well as on aY) is 0.38 zeV.

simulated data showed no additional excess, and we con-
clude that the excess arose from a subtle systematic with
a characteristic period of about 1 day. Binning the data
as function of time of data did reveal a systematic e↵ect:
the scatter of the points in night-time data was less than
that of the day-time data, but correcting for this had no
significant e↵ect on the results.

Satisfied that the statistical properties of aX and aY

were well described by the Rayleigh distribution, we
widened our scan to cover frequencies between 10�9

Hz and 3.2 ⇥ 10�4 Hz. Now the frequency interval
in our 67,200 point scan nearly equaled the inverse of
the 2438-day span our our data and the high-frequency
signals were appreciably attenuated by the finite dura-
tions of the measurements. Our Ce/Fa constraints from

Error bar set by scatter of 
the 67,200 measurements
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Nuclear-spin  
interactions

● Much larger spin/magnetic ratio 

● Probes higher energy scales for given coupling 

● Thermal polarizations  
(earths field) ~10-10 

● hyper-polarization 
provides ~ O(10-50%) 

31

7

to Eq. 1.6 allows us to rewrite it in the form of a standard pseudoscalar Yukawa interaction

�
m 

F
 ̄�µ�5 (1.7)

with the pseudoscalar coupling constant gp =
m 

F
determined by the mass of the probe

fermion and the symmetry breaking scale. Clearly, when looking for symmetries broken at

very high energy scales, we must probe for very weak dipole-dipole interactions.

1.2.2 Pseudo-Goldstone Boson Mass

If the theory also contains terms explicitly breaking the hidden symmetry, the coupling

strength in Eq. 1.7 is still valid but the Nambu-Goldstone boson acquires a mass. If

the explicit symmetry breaking scale of the e↵ective Lagrangian is ⇤, the the mass of the

pseudo-Goldstone is [14]

mp =
⇤2

F

so that high symmetry breaking scales F tend to produce lighter Goldstone bosons.

1.2.3 Conjectured Pseudo-Goldstone Bosons

Ringwald [15] gives a nice review of conjectured symmetries and their associated Nambu-

Goldstone, as well as other mechanisms for producing light pseudo-scalar bosons, sometimes

referred to as axions or axion-like-particles. Examples that have attracted theoretical at-

tention include:

• Axions, A(x) are Nambu-Goldstone bosons that couple to the CP-violating component

of the QCD gluon fields
↵s

8⇡
Gµ⌫G̃µ⌫ . This term replaces the QCD theta parameter

✓QCD with the dynamical quantity A(x)/fA which drives the strong CP-violation

parameter to 0 and explains why there is no observed CP-violation in QCD despite

instanton e↵ects that produce exactly this CP-violating term.

• Majorons are the Nambu-Goldstone bosons produced by the breaking of global lepton

number symmetry at a high energy scale fL. A see-saw mechanism between the heavy
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Princeton Axion Project
• Main issues: 

1. cancel magnetic perturbations  
2. keep sensitivity to non-magnetic interactions 

I. Compare two nuclear spins in same volume 
II. Compare electron-spin to nucleon spin
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Nuclear spin hyper-
polarization

33

Basic Spin-Exchange Apparatus

Spin-Exchange Optical Pumping 

Spin-Exchange: 〈  K. S

Spin-Exchange w/ Noble Gases

[Rb]𝑘𝑘𝑠𝑠𝑠𝑠= 1014cm−3 × �6.8 × 10
−20cm3/s He

1.8 × 10−16cm3/s Xe

= � 40 hr
−1 He

1 min −1 Xe

Spin-Exchange: 〈  K. S

Spin-Exchange w/ Noble Gases

[Rb]𝑘𝑘𝑠𝑠𝑠𝑠= 1014cm−3 × �6.8 × 10
−20cm3/s He

1.8 × 10−16cm3/s Xe

= � 40 hr
−1 He

1 min −1 Xe

angular momentum 
from laser ->  
electron ->  
nucleon

Walker 2011
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electron-nucleon  
comagnetometer
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Figure 3.1: a) K-3He comagnetometer at the compensation point. Ba
c compensates for Bn

such that the K atoms see the low field condition of SERF. b) A small adiabatically applied
Bx field rotates the total applied field vector. The 3He rotates to follow the total field and its
e↵ective magnetic field cancels the change in magnetic field seen by the K. c) An anomalous
field perpendicular to the pump and probe beams couples only to the K and rotates the
spins into the probe beam. This leads to a signal response. d) An anomalous field couples
only to the nuclear spins. The spins follow the combined magnetic and anomalous field and
rotate out of the page. This leaves an uncompensated magnetic field projecting into the
page. The K spins rotate under this field and project onto the probe beam in the opposite
direction as in image (c).
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electron-nucleon  
comagnetometer

35

So simple!
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Existing data
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4.1), and at 1.8 and 2.8 Hz, the mechanical resonance frequency of the optical table.

It is not clear what contributed to the increased comagnetometer sensitivity to the

chiller (a systematic study was not performed due to time constraints); the elevated

noise at the mechanical resonances is simply an effect of averaging a large number of

spectra, some of which were acquired during periods of increased vibrational noise.
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Figure 5.3: Power spectral density of the comagnetometer noise (blue solid line)
estimated from the actual data that were used in the measurement of anomalous spin
coupling field. The filtered spectrum (red dashed line) results from the application of
an effective bandpass filter.

Before proceeding, we briefly describe the filtering process: the signal in time

domain to be filtered is transformed to the frequency space using the (discrete) fast

Fourier algorithm11 (FFT), and the Fourier transform is multiplied by the filter func-

tion (based on the Fermi-Dirac distribution):

F (f) =
1

e(f−fc)/fw + 1
(5.1)

11More specifically we used the FFT routine provided in the Matlab environment, which is based
on the FFTW library [[74]].
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He-? gyroscope with Rb 
pump & Rb read-out

37

2

Cell

Oven

Pump

Lock-in

EOM

PD

Probe

PBS

PO QWP

(a)

(b)

AOM

Shielding

20 40 60 80 100 120 140

Time ( s)

-1

-0.5

0

0.5

1

R
a

w
 P

r
o

b
e

 s
ig

n
a

l 
(
V

)

E
O

M
 +

 R
b

 
(
a

r
b

. 
U

)

μ

Probe EOM driver Rb

-1

-0.5

0

0.5

1
π

π

FIG. 1. (a) Parallel pump-probe pulsed 87Rb magnetometer
with one optical axis along ẑ. (b) An EOM square wave alter-
nates �+/�� pump light and ⇡±y pulses are applied to retain
87Rb polarization. We shutter the probe laser with an AOM
to detect only 87Rb polarization transitions. A constant By

field changes the 87Rb transition phase and is detected with
a lock-in referenced to half the EOM square wave frequency.

magnetic Faraday rotation of an o↵-resonant probe beam
passing through the cell and onto a balanced polarime-
ter. An acousto-optic modulator turns on the probe laser
only during the ⇡ pulses to minimize unnecessary probe
broadening during the pump intervals. A constant By

field causes an advancement or retardation of the 87Rb
polarization phase during the ⇡ pulse flip (Fig. 1b). The
balanced polarimeter signal is sent to a lock-in amplifier
referenced to half the EOM frequency and the lock-in
output is proportional to By. We obtain a magnetic field
sensitivity of 300 fT/

p
Hz in our miniature cells, and are

able to operate this scheme with B0 parallel or perpen-
dicular to the optical axis.

We make miniature vapor cells using an anodically
bonded glass-Si-glass construction [3] in a custom-built
system able to fabricate cells containing isotopically en-
riched alkali metals and noble gases. The Si wafer is
2 mm nominal thickness with a 7⇥ 7 array of machined
holes with a diameter d = 2.005 ± 0.005 mm. To vary
the cell size we polished one side of the wafer at a small
angle so the height of the cells varied from 1.666 mm to
1.988 mm across the wafer. To remove contaminants the
wafer is baked under high vacuum inside the fabrication
system. To close the cells we use 0.1 mm thick alumi-
nosilicate glass SD-2, which has low permeability to 3He
[30]. After anodically bonding the glass on one side of
the cells, we distill 99.9% isotopically pure 87Rb metal
and then bond the second glass in an atmosphere of 80
torr N2, 6.5 torr 129Xe, and 1400 torr of 3He. Heating
during the anodic bonding causes bu↵er gas pressure loss
in some cells of up to 30%. A cryogenic storage system

FIG. 2. a) Spin precession signal from 129Xe at 73.3�C with
T2 = 308 sec. The inset shows a picture of the cell. b) The
dependence of 129Xe T2 on the Rb number density. The inset
shows that 129Xe T2 at 120�C depends on 87Rb pump light
intensity and on deviations of ⇡ pulse amplitude from optimal
conditions due to Xe di↵usion in a 87Rb polarization gradient.

recaptures the remnant bu↵er gas mixture for future use.

The dominant sources of 129Xe spin relaxation are col-
lisions with cell walls and Rb-Xe collisions. Collisional
Xe-Xe [31] and magnetic field gradient relaxations are
negligible. 129Xe is first polarized along the B0 field
by continuously pumped 87Rb. We can also polarize
129Xe with B0 perpendicular to the optical axis by ap-
plying fast ⇡ pulses with �+/�� pumping that result
in a time-averaged Rb polarization along B0. A tip-
ping pulse places the 129Xe spins perpendicular to B0

and 129Xe precession and decay is detected with the
pulse-train 87Rb magnetometer. An example of the sig-
nal is shown in Fig. 2a. The data is fit to the func-
tion A exp(�t/T2) sin(!Xet). We measure the 129Xe 1/T2

as a function of cell temperature and Rb density as
shown in Fig. 2b and extract a 129Xe wall relaxation time
Tw = 305 ± 5 s. We check the 3He and 87Rb densities
by measuring the Rb absorption spectrum of the probe
laser. In this cell we find the Rb absorption FWHM of
23.4 ±1 GHz which corresponds to 1000 torr 3He pres-
sure [32]. From the slope in Fig. 2b we find a Rb-Xe
spin-exchange rate of (7.8± 0.7)⇥10�16 cm3/s, which is
in agreement with the spin-exchange rate of 7.2⇥ 10�16

cm3/s calculated based on previously measured cross-
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We describe a 3He-129Xe comagnetometer using 87Rb atoms for noble-gas spin polarization and
detection. We use a train of 87Rb π pulses and σþ=σ− optical pumping to realize a finite-field Rb
magnetometer with suppression of spin-exchange relaxation. We suppress frequency shifts from polarized
Rb by measuring the 3He and 129Xe spin precession frequencies in the dark, while applying π pulses along
two directions to depolarize Rb atoms. The plane of the π pulses is rotated to suppress the Bloch-Siegert
shifts for the nuclear spins. We measure the ratio of 3He to 129Xe spin precession frequencies with sufficient
absolute accuracy to resolve Earth’s rotation without changing the orientation of the comagnetometer. A
frequency resolution of 7 nHz is achieved after integration for 8 h without evidence of significant drift.
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Spin comagnetometers first introduced inRef. [1] are used
for several types of fundamental physics experiments,
such as tests of Lorentz, CP, and CPT symmetries [2–5]
and searches for spin-dependent forces [6–10]. They also
have practical applications as inertial rotation sensors
[11–16]. When two different spin ensembles occupy the
same volume they experience nearly the same average
magnetic field [17]. The ratio of their spin precession
frequencies fr ¼ ωHe=ωXe can then be used to measure
the inertial rotation rate Ω or a spin coupling beyond the
standard model b:

fr ¼ ðγHeB 0 þ Ωz þ bHez Þ=ðγXeB 0 þ Ωz þ bXez Þ; ð1Þ

where B 0 is the bias field along ẑ and γHe, γXe are the
gyromagnetic ratios for 3He and 129Xe,which arewell known
[18]. Since I ¼ 1=2 nuclear spins are free from quadrupolar
energy shifts [19], fr provides an absolute measure of
nonmagnetic spin interactions—this is particularly important
in searches for spin-gravity coupling [20] (where the inter-
action is hard to modulate), and for use as a gyroscope.
An alkali-metal magnetometer provides a natural way

to detect nuclear-spin signals because Rb atoms are
already used to polarize the nuclear spins by spin-exchange
collisions; these collisions enhance the classical dipolar
field from the nuclear magnetization by a factor κ0 [21],
which is about 5 for Rb-3He [22] and 500 for Rb-Xe [23].
However, the presence of polarized Rb atoms also causes
large noble-gas frequency shifts that affect the accuracy
of Eq. (1). In the past, these frequency shifts have been
avoided in 3He-129Xe comagnetometers by detecting a
smaller dipolar field outside of an alkali-free cell using a
rf coil [24] or a SQUID magnetometer [25].
In this Letter we describe a new method for operating the

3He-129Xe comagnetometer using 87Rb readout with high
sensitivity and accuracy. We develop a 87Rb magnetometer

that can operate in a finite magnetic field of about 5 mG
while suppressing Rb-Rb spin-exchange relaxation to
increase the magnetometer sensitivity. It uses a train of
87Rb π pulses in unison with σþ=σ−-modulated optical
pumping to refocus spin precession of 87Rb in the B 0 field,
while retaining sensitivity to transverse fields [see Fig. 1(a)].
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FIG. 1. (a) The pulse-train 87Rb magnetometer uses ŷ-axis π
pulses with a σþ − σ− pump beam along ẑ and a linearly polarized
probe beam along x̂ (see inset). A B y field gives a paramagnetic
Faraday rotation signal detected with a lock-in. (b) Using a
87Rb-N2 cell at 103 °C and low laser power, we measure the
magnetometer linewidth in zero bias field (stars) and for B 0 ¼
5 mG (circles) as a function of the π-pulse repetition rate. For
comparison we also show a Bell-Bloom magnetometer linewidth
(square) that is limited by Rb-Rb spin-exchange relaxation.
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Current status
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generated by the noble gases in the imperfectly spherical
cell [29]. However, dipolar fields do not cause a significant
frequency shift if the nuclear-spin polarization is exactly
orthogonal to B 0 and remains so throughout the measure-
ment. It is important to tune the pump laser exactly to the
D1 resonance, as the 87Rb pump light shift can cause
tipping of nuclear spins during the measurement. The
precession signals from 3He and 129Xe are on the order
of 0.3 mG; we limit the amplitudes to less than the
magnetometer linewidth to avoid large nonlinearities.
The nuclear-spin precession measurements can be per-

formed continuously with the pulse-train 87Rb magnetom-
eter. However, we find the noble-gas long-term frequency
stability is insufficient with this method because the ŷ pulse
train allows back polarization of 87Rb along the ŷ axis [29].
Therefore, we apply two-axis depolarization using the
pulse sequence πyπxπyπ−xπ−yπxπ−yπ−x. This prevents
continuous use of the 87Rb magnetometer, so we use
Ramsey-type “in-the-dark” measurements. After an initial
precession period, the pump and probe lasers are turned off
with AOMs and mechanically shuttered, and the x̂ 87Rb π
pulses are turned on, interspersing the ŷ pulses. After
waiting about 0.7TXe

2 , the pulse-train 87Rb magnetometer is
used again to detect 3He-129Xe precession; see Fig. 3(a). At
the end of the precession measurement we coherently

put the remaining nuclear polarization along (or against)
B 0 by sending the lock-in output to the x̂ coil, which yields
out-of-phase on-resonance magnetic fields for both 3He and
129Xe [33,34]. We then apply a magnetic field gradient to
dephase any remaining transverse nuclear spin polarization.
The noble gases are then polarized along B 0 for about 20 s
using full Rb polarization, and the cycle repeats.
We process the data by fitting each detection period to

two decaying sine waves and extract the 3He and 129Xe
zero-crossing times upon entering and exiting the dark
period. We use the spin precession frequencies during the
detection periods to find the integer number of precession
periods between the zero crossings in the dark. The
3He-129Xe polarization signals are large enough that the
87Rb magnetometer response becomes slightly nonlinear,
causing 3He-129Xe cross-modulation peaks. We correct for
this effect by fitting with an expanded Lorentzian [29].
From zero crossing times we find the 3He and 129Xe in-
the-dark precession frequencies ωHe and ωXe, and the
frequency ratio fr. The rotation rate is given from Eq. (1),

Ωz ¼ ωXe
γr − fr
ðγr − 1Þ

; ð2Þ

where γr ¼ γHe=γXe. In Fig. 3(b) we show the Allan
deviation of successive measurements of Ωz. The scatter
for successive spin precession cycles is typically about
70 nHz and the fit indicates an angle-random walk of
0.025 deg =

ffiffiffi
h

p
.

The last step in suppressing noble-gas frequency shifts
is to eliminate the effect of 87Rb depolarizing pulses. To
analyze the effects of the pulses on the average nuclear-
spin precession frequency we use average Hamiltonian
theory (AHT) [29]. The πyπyπ−yπ−y 87Rb magnetometer
sequence produces a nuclear-spin frequency shift ωn ¼
γnB 0½1 − ðγnB 1tpÞ2=4%, accurate to third order in γn for
sufficiently small pulse width tp. The pulse field amplitude
B 1 is given by γRbB 1tp ¼ π, so the frequency shift is a
multiplicative correction ðγnπ=γRbÞ2=4 ¼ 5.3 × 10−5 for
3He and 7 × 10−6 for 129Xe frequencies. Finite pulse
duration reduces the shifts by about 5%.
To eliminate these effects we introduce a novel technique

of slowly rotating the plane of the pulses. For example,
consider rotating the pulse train at a rateωr that matches the
3He precession frequency—in the 3He rotating frame the B 0

field is eliminated and the π pulses are the sole source of
the magnetic field, so they produce no frequency shift if
their time average is equal to zero. Experimentally this is
achieved by applying current pulses to both x and y coils
with amplitudes given by cosðωrÞ and sinðωrÞ. This
technique works for any shape of the current pulses and
is insensitive to first-order inaccuracies in their relative
amplitudes and phase. However, there remains a sensitivity
to the planar nature of the pulses, for example, the presence
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FIG. 3. (a) The Ramsey scheme with an inset showing a
3He-129Xe lock-in signal pattern and the fit residuals ×100.
(b) Allan deviation of the rotation rate Ωz with an 7 nHz
(10−2 deg =h) upper limit of the rotation rate stability.
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Replaced Xenon with Neon 
(lower Rb interactions)
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SNR is not a problem
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SERF - magnetometer non-linear response
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Current stability
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Current Problem
41

What changed?
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Plenty of fun to have
1. Rb - pump laser 

2. Rb - probe laser 

3. Rb - RF pulses 

4. He/Ne - Rb 

5. He/Ne - RF pulses 

6. He - Ne contact interaction 

7. He-He/Ne-Ne long-range geometric interactions 

8. Ne quadrupole interactions

42

Measure in the Dark?
Operate at an extremum?

Optically depolarize Rb?

Design cell to 
cancel these?



William Terrano — GGI 2019

Zooming out on the problems

● Self-interacting system:   
Energy splitting depends  
on the superposition you are in. 

43

Rb
Easy Polarization 
Good Read-out

Perturbs 
Spin precession

O(10-3)
Suppresion Required
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109 GeV
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Rb-interaction free system
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Potential for Ultra-light Axion search 46

FDM Commercial Gear
Density: 1 amagat
Polarization: 10%
Cell size: 5 x 4.285 cm
SQUID noise: 0.180 fT
SQUID distance: 4 cm

109 GeV
Astro-

physics

Reach
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He-Ne Goal 2 ⋅ 1010 GeV

2nd Gen
T2 5hrs: Xenon-dimer
Adjustable volume 
(ppm) and
fidelity (ppm)

2nd Gen 1.2 ⋅ 1014 GeV
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FDM Beyond
Decay time T2 limited by 
Xenon-dimers
— Run hotter (T2 x10?)  or 
— Higher pressure (x20)

SQUID noise limited by pickup-
loop inductance:
— Custom SQUID coil (x7) &
— Better coupling (x5)

Big hammer:
— 50 cm cell (x20), gradients at 
nEDM levels

109 GeV
Astro-

physics

Reach

He-Ne Goal 2 ⋅ 1010 GeV

2nd Gen 1.2 ⋅ 1014 GeV

Towards GUT scale
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