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Ultra-light axion dark matter
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Light axion dark matter 

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

Concrete realization (ALP): an angular field of periodicity            i.e. an axion-
like field  with a potential from non-perturbative effects (not QCD axion).

m ⇠ ⇤2/F

Relic abundance: 

� ⇠ F at early times until H ⇠ m

subsq. oscill. : �� / a�3

V (�)

(standard story - see Kolb & Turner;  
    review by Marsh)

self � interaction can be ignored

L ⇥ �1

2
(⇥�)2 � �4(1� cos [�/F ])

2�F

2�F

(low scale inflation)

Fuzzy dark matter  
Hu, Barkana, Gruzinov

�� ⇠ m2F 2 , �rad. ⇠ H2M2
pl ⇠ m2M2

pl ⇠ T 4

massm ⇠ 10�22±1 eV

⌦axion ⇠ 0.1

✓
F

1017 GeV

◆2 ⇣ m

10�22 eV

⌘1/2



Ignoring self-interaction:
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High occupancy implies        should be thought of as a classical scalar.  
See simulations by Hsi-Yu Schive, Tzihong Chiueh & Tom Broadhurst, 
Mocz et al., Veltmaat & Niemeyer.

An alternative viewpoint:       as a (classical) fluid. 

� = m |⇥|2

Recall conservation of probability:    current / i(�r�⇤ � �⇤r�)

i.e.  ⇥ =
p

�/mei�

Reinterpreted as conservation of mass: 
⇥̇+� · ⇥v = 0 where v =

1

m
�� i.e.   a superfluid.

Dynamics of a free massive scalar
m�1 ⇠ 0.06 pc

(mv)�1 ⇠ 2 kpc (10 km s�1/v)



Fluid formulation
Euler equation:
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More precisely, an unusual form of stress:
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(Madelung)

Can be implemented in standard hydrodynamics codes (Mocz & Succi).

For linear perturbations (on cosmological bgd.):

Jeans scale                             

Perturbations suppressed on small scales - could help avoid small scale problems  
of standard CDM (Hu, Barkana, Gruzinov: Fuzzy DM ; Amendola, Barbieri).

Typical focus: density profile (cusp versus core), number of satellite galaxies.

Issue: baryonic effects complicate the interpretation of the data.

⇠ 0.1Mpc



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array



Fornax galaxy and its globular clusters

Dynamical friction issue:  Tremaine 1976

ESO/Digitized Sky Survey 2



Chandrasekhar’s classic calculation:

Dynamical friction

globular cluster   M

Quantum stress smooths out density wake, lowering friction.

Use known solution for the Coulomb scattering problem:

⇤ / F [ i�, 1, ikr(1� cos ⇥) ] where      is the confluent hypergeometric func.F

� ⌘ (GM/v2)/k�1 with                                    de Broglie wavelengthk�1 = (mv)�1 =

v

v

Small        means quantum stress is important.�

integrate momentum flux to compute friction: 
I

dSj Tij  Key -

(see also Lora et al.)
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Given the density profile of a galaxy (which can be experimentally determined), 
standard CDM has a definite prediction for the dynamical friction, which can be 
checked against observations.

Fuzzy DM of m                                         can lower dynamical friction by an order of 
magnitude.

Conclusion:

Would be useful to study other systems: Lotz et al. 2001

⇠ 10�22 � 10�21 eV



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array
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Recall tidal disruption:
GMhost

R2

r

R
⇠ GMsat.

r2

r = disruption radius

Quantum pressure is expected to alter this.
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- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array



Figure 2: A slice of density field of ψDM simulation on various scales at zzz=== 000...111. This scaled sequence
(each of thickness 60 pc) shows how quantum interference patterns can be clearly seen everywhere from
the large-scale filaments, tangential fringes near the virial boundaries, to the granular structure inside the
haloes. Distinct solitonic cores with radius ∼ 0.3− 1.6 kpc are found within each collapsed halo. The
density shown here spans over nine orders of magnitude, from 10−1 to 108 (normalized to the cosmic mean
density). The color map scales logarithmically, with cyan corresponding to density ! 10.

graphic processing unit acceleration, improving per-
formance by almost two orders of magnitude21 (see
Supplementary Section 1 for details).

Fig. 1 demonstrates that despite the completely
different calculations employed, the pattern of fil-
aments and voids generated by a conventional N-
body particle ΛCDM simulation is remarkably in-
distinguishable from the wavelike ΛψDM for the
same linear power spectrum (see Supplementary Fig.
S2). Here Λ represents the cosmological constant.
This agreement is desirable given the success of stan-
dard ΛCDM in describing the statistics of large scale
structure. To examine the wave nature that distin-
guishes ψDM from CDM on small scales, we res-
imulate with a very high maximum resolution of
60 pc for a 2 Mpc comoving box, so that the dens-
est objects formed of " 300 pc size are well re-
solved with ∼ 103 grids. A slice through this box
is shown in Fig. 2, revealing fine interference fringes
defining long filaments, with tangential fringes near

the boundaries of virialized objects, where the de
Broglie wavelengths depend on the local velocity of
matter. An unexpected feature of our ψDM simula-
tions is the generation of prominent dense coherent
standing waves of dark matter in the center of every
gravitational bound object, forming a flat core with
a sharp boundary (Figs. 2 and 3). These dark matter
cores grow as material is accreted and are surrounded
by virialized haloes of material with fine-scale, large-
amplitude cellular interference, which continuously
fluctuates in density and velocity generating quan-
tum and turbulent pressure support against gravity.

The central density profiles of all our collapsed
cores fit well with the stable soliton solution of the
Schrödinger-Poisson equation, as shown in Fig. 3
(see also Supplementary Section 2 and Fig. S3). On
the other hand, except for the lightest halo which
has just formed and is not yet virialized, the outer
profiles of other haloes possess a steepening loga-
rithmic slope, similar to the Navarro-Frenk-White

3

Schive, Chiueh, Broadhurst



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array



Law, Majewski, Johnston model of Sagittarius stream



12 HEZAVEH ET AL.

Figure 8. Reconstructed source continuum emission from Band 6 (top panel)
and Band 7 (bottom panel) data on a 10 milli-arcsec pixel grid. The white
dashed curve shows the tangential caustic predicted by our best-fit smooth
model.

5.3. Bounds on the subhalo mass function
Our modeling of the mass distribution around SDP.81 tells

us where subhalos appear to be present, as well as where sub-
halos appear to be excluded, and by combining those two con-
straints we can derive bounds on the mean abundance n(M)
of dark matter subhalos in the vicinity of SDP.81. Specifi-
cally, we use our nonlinear mass model to tell us the number
and masses of the detected subhalos, as well as the area over
which those subhalos are found, and we use our linearized
�E maps to determine the area on the sky where subhalos
are excluded. Each piece (detections and exclusions) gives a
likelihood for the mean number density of subhalos, P[n(M)],
and by multiplying the likelihoods derived from the detec-
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Figure 9. Search for additional substructure. Top panel shows a map of
linearized �E for a second subhalo, of mass M = 108.6M�, following the
inclusion of one subhalo of mass M ⇤ 109M� at the location of the blue
circled cross, using a joint analysis of bands 6 and 7. After adding the subhalo
to the main lens model, no additional subhalos of this mass are found. The
bottom panel shows a similar analysis for a lower mass subhalo, showing a
marginal improvement of E at another point near the first detection.

Table 1
Best-fit lens parameters with 68% uncertainties

Parameter Definition Value
� radial slope 1.06±0.03
log10(M10kpc) mass within 10 kpc (M�) 11.60±0.006
⇤x ellipticity x 0.371±0.019
⇤y ellipticity y �0.046±0.008
xlens lens x (00) 0.481±0.006
ylens lens y (00) 0.154±0.005
⇥1 external shear 0.0004±0.006
⇥2 external shear 0.0017±0.006
A3 m=3 multipole [5.90±6.26]�10�3

B3 m=3 multipole [25.44±6.00]�10�3

A4 m=4 multipole [12.53±10.10]�10�3

B4 m=4 multipole [6.52±11.20]�10�3

log10(Msub) subhalo mass (M�) 8.96±0.12
xsub subhalo position x (00) �0.694±0.025
ysub subhalo position y (00) 0.749±0.044

TABLE 1.— Table of best-fit parameter values from a joint fit to bands 6 and
7 data. Positions are in arcseconds relative to the ALMA phase center.

Hezaveh, Dalal et al.  ALMA



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array
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Importance of ionizing background and reionization history fluctuations?



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference
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- direct detection
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FIG. 3: Axion parameter space, (m, gN ). The QCD axion paired with the ULA is shown for reference, along with the specific
point fQCD = 1011 GeV, which is our reference value. BHSR excludes a range of masses at 2� independent of DM abundance
and coupling strength [76]. SN1987A excludes the shaded region with gN & 8.2 � 10�10, independent of DM abundance and
axion mass [79]. The region both allowed and detectable using cosmology, and relevant to the small-scale crises of CDM is
10�22 eV . m . 10�18 eV [24–26, 28–30]. We show the ZN models in this regime only, and also show the target region where
fULA allows for the ULAs to be the dominant form of DM without fine tuning. The region accessible to direct detection using
the spin precession technique of CASPEr-Wind [34, 35] is also shown. The cosmologically relevant regime of the ZN models
lies well within the projected sensitivity of CASPEr-Wind, and is not excluded by any other probes.

This translates into a bound |gN | . 8�10�10 GeV, which
is applicable to all ALPs, regardless of their DM contri-
bution. Our models easily avoid the SN1987A constraint,
due to the large values of fULA, as shown in Fig. 3.

A direct coupling of axion DM to nucleons induces
nuclear spin precession with respect to the DM wind,
and this could be detected using nuclear magnetic reso-
nance [34]. An experiment to detect this e�ect works on
similar principles to the Cosmic Axion Spin Precession
Experiment (CASPEr), and has been dubbed “CASPEr-
Wind.” In contrast, the original CASPEr experiment of
Ref. [35] has been dubbed “CASPEr-Electric.” CASPEr-
Electric uses the axion coupling to the neutron EDM, and
requires an applied electric field in order to detect axions.
In our model, the QCD axion has an EDM coupling via
GG̃, but the ULA has no such coupling due to the vanish-
ing color anomaly. As the ULA contributes the dominant
form of DM, this renders our model largely invisible to
CASPEr-Electric.

CASPEr-Wind searches for axions using the nucleon
coupling, and thus requires no applied electric field.
Approximate sensitivity curves for CASPEr-Wind are

shown in Fig. 3. ULAs oscillate with a very low fre-
quency, and for m = 10�22 eV the spin precession fre-
quency � = m�1 ⇥ 10�7 Hz. The corresponding period
is t ⇥ months. No detailed experimental study has been
made of the sensitivity of CASPEr-Wind to such low fre-
quencies, and as such the backgrounds and other issues
are unknown. We extrapolate the sensitivity from the
lowest mass considered in Ref. [34], m = 10�14 eV, as
a constant, gN = 10�20 GeV�1 (assuming a 3He sam-
ple). This is likely a conservative extrapolation, assum-
ing that all low frequencies can be constrained simulta-
neously with a broadband search. A constant sensitivity
at low frequencies in a broadband search is expected if
the only limitations are magnetometer and magnetiza-
tion noise. The projected sensitivity of CASPEr-Wind
is broad, and even under these conservative assumptions
covers the cosmologically and astrophysically relevant re-
gion of the ZN ULA models.

from Kim, Marsh 2015  (see also Graham, Rajendran 2013,   Budker et al. 2013)

@µ� �̄�µ�5�



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference

- Lyman-alpha forest

- tidal streams and gravitational lensing

- direct detection

- detection by pulsar timing array
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Abstract: An ultralight free scalar field with mass around 10�23 � 10�22 eV is a

viable dark mater candidate, which can help to resolve some of the issues of the

cold dark matter on sub-galactic scales. We consider the gravitational field of the

galactic halo composed out of such dark matter. The scalar field has oscillating in

time pressure, which induces oscillations of gravitational potential with amplitude

of the order of 10�15 and frequency in the nanohertz range. This frequency is in the

range of pulsar timing array observations. We estimate the magnitude of the pulse

arrival time residuals induced by the oscillating gravitational potential. We find that

for a range of dark matter masses, the scalar field dark matter signal is comparable

to the stochastic gravitational wave signal and can be detected by the planned SKA

pulsar timing array experiment.ar
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See also Martino, Broadhurst, Tye, Chiueh, Schive, Lazkoz
             Blas, Nacir, Sibiryakov



 

 
Fig. 1. Residual pulse times of arrival, !t, for the four pulsars used in our analysis. These 
are PSR J1909-3744 (panel A), PSR J0437-4715 (panel B), PSR J1713+0747 (panel C), and PSR 
J1744-1134 (panel D). 
  

Shannon et al. 



- dynamical friction

Possible diagnostics of FDM vs conventional CDM:

- evaporation of sub-halos by tunneling

- interference
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Additional slides follow.



Question: shouldn’t the quantum and classical answers be identical? 

Recall that for Coulomb differential cross section,

quantum = classical.

But recall also the integrated cross section has a logarithmic divergence. 

Thus, we expect dynamical friction                                                                              ,      / ln [r/rc] where r ⇠ size of galaxy

rc ⇠ GM/v2 or k�1

This is borne out by analytic calculation, made possible by obscure identities 
involving hypergeometric functions.



Belokurov, Zucker et al. SDSS II data



pt mass scatter



New Observables for Direct Detection of Axion Dark Matter

Peter W. Graham and Surjeet Rajendran
Stanford Institute for Theoretical Physics, Department of Physics, Stanford University, Stanford, CA 94305

We propose new signals for the direct detection of ultralight dark matter such as the axion. Axion
or axion like particle (ALP) dark matter may be thought of as a background, classical field. We
consider couplings for this field which give rise to observable e↵ects including a nuclear electric dipole
moment, and axial nucleon and electron moments. These moments oscillate rapidly with frequencies
accessible in the laboratory, ⇠ kHz to GHz, given by the dark matter mass. Thus, in contrast to
WIMP detection, instead of searching for the hard scattering of a single dark matter particle, we
are searching for the coherent e↵ects of the entire classical dark matter field. We calculate current
bounds on such time varying moments and consider a technique utilizing NMR methods to search
for the induced spin precession. The parameter space probed by these techniques is well beyond
current astrophysical limits and significantly extends laboratory probes. Spin precession is one way
to search for these ultralight particles, but there may well be many new types of experiments that
can search for dark matter using such time-varying moments.
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I. INTRODUCTION

The existence of dark matter is concrete evidence for physics beyond the standard model. It is reasonable to expect
the dark matter to interact non-gravitationally with the standard model. The identification of such interactions
may allow new probes of the Universe and unveil new structures in particle physics. The generic expectation of the
existence of new physics at the weak scale lead to the Weakly Interacting Massive Particle (WIMP) hypothesis -
the dark matter is a weak scale particle that interacts with the standard model with weak scale cross-sections. A
variety of experimental approaches have been developed to test the WIMP hypothesis. These include techniques
to observe the direct scattering of WIMP particles with nuclei [1] and electrons [2, 3], the detection of cosmic rays
produced from the annihilation [4–6] or decay [7, 8] of dark matter particles as well as searches in colliders for weakly
interacting particles [9–11]. These techniques have been deployed in a variety of dedicated experiments that have
placed significant constraints on the parameter space of viable WIMP dark matter [12–15]. Further, direct probes at
the Large Hadron Collider (LHC) of frameworks such as supersymmetry that have provided the theoretical support
for WIMP dark matter have placed stringent constraints on such models [16]. In fact, these stringent constraints arise
from the assumption that the new physics at the LHC always produces a metastable WIMP particle. Indeed, the
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Search for axion-like dark matter through nuclear spin precession in electric and
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We report on a search for ultra-low-mass axion-like dark matter by analysing the ratio of the spin-
precession frequencies of stored ultracold neutrons and 199Hg atoms for an axion-induced oscillating
electric dipole moment of the neutron and an axion-wind spin-precession effect. No signal consistent
with dark matter is observed for the axion mass range 10

�24 eV  ma  10
�17 eV. Our null result

sets the first laboratory constraints on the coupling of axion dark matter to gluons, which improve
on astrophysical limits by up to 3 orders of magnitude, and also improves on previous laboratory
constraints on the axion coupling to nucleons by up to a factor of 40.

I. INTRODUCTION

Astrophysical and cosmological observations indicate
that 26% of the total energy density and 84% of the total
matter content of the Universe is dark matter (DM) [1],
the identity and properties of which still remain a mys-
tery. One of the leading candidates for cold DM is the
axion, a pseudoscalar particle which was originally hy-
pothesised to resolve the strong CP problem of quantum
chromodynamics (QCD) [2–9]. Apart from the canonical
QCD axion, various axion-like particles have also been
proposed, for example in string compactification models
[10–15].

Low-mass (ma . 0.1 eV/c
2) axions can be produced

efficiently via non-thermal production mechanisms, such
as vacuum misalignment [16–18] in the early Universe,

⇤ Corresponding author, N.Ayres@sussex.ac.uk
† Corresponding author, mrawlik@phys.ethz.ch

and subsequently form a coherently oscillating classical
field [19]: a = a0 cos(!t), with the angular frequency of
oscillation given by ! ⇡ mac

2
/~, where ma is the axion

mass (henceforth, we shall adopt the units ~ = c = 1).
The oscillating axion field carries the energy density
⇢a ⇡ m

2
aa

2
0/2. Due to its effects on structure forma-

tion [20], ultra-low-mass axion DM in the mass range
10

�24 eV . ma . 10
�20 eV has been proposed as a DM

candidate that is observationally distinct from, and pos-
sibly favourable to, archetypal cold DM [15, 21–24]. The
requirement that the axion de Broglie wavelength does
not exceed the DM size of the smallest dwarf galaxies
and consistency with observed structure formation [25–
27] give the lower axion mass bound ma & 10

�22 eV,
if axions comprise all of the DM. However, axions with
smaller masses can constitute a sub-dominant fraction of
DM [28].

It is reasonable to expect that axions interact non-
gravitationally with standard-model particles. Direct
searches for axions have thus far focused mainly on their
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