
New axion models/astrometric probe

JiJi Fan
Brown University

Snowmass CF3 meeting: cosmic/astrophysical probes of DM, Aug 17, 2020



Some developing opportunities to enhance the communication/collaboration 
between different sub-communities on dark matter-related physics through the 
snowmass process.   

- New developments of ALP model-building and implications for cosmic/
astrophysical probes of ALP;

- Astrometric probe of dark matter: stellar surveys such as Gaia (have been 
discussed a bit in one previous meeting; will provide a couple more inputs for 
further discussion). 

These topics are relevant to the discussions of CF1/CF2/TH9 as well. 

Plan



Model Building: 
go beyond vanilla 
models 

Terrestrial experiments: ADMX, Casper, 
ABRACADBRA….

Astrophysical/cosmic tests: stellar probes, 
superradiance,…

Axion (QCD axion and ALP) 

could be relevant for CF2, CF3, TF9  



New QCD axion DM Models
Vanilla QCD axion DM model: axion mass ~ 10-6 eV (decay constant ~ 1012 GeV); 
misalignment mechanism. 

Light QCD axion DM: axion mass << 10-6 eV, evade the cosmological upper bound 
on the decay constant. Some new ones with associated new phenomenology:

- Transferring axion energy density to other species (e.g., dark photons): Agrawal, 
Marques-Tavares, Xue; Kitajima, Sekiguchi, Takahashi 2017; 

- Dynamical axion mass during and after inflation: Co, Gonzalez, Harigaya 2018; 
Manuel Buen-Abad, Fan 2019;
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Figure 1. A schematic picture of the scenario. Red: axion potential during inflation; blue: axion
potential after inflation. The red dot represents the axion at the end of the inflation. Dashed
vertical lines indicate the minima of the potentials.

It is clear that in order for the scenario to be feasible, one needs to satisfy at least the

following four requirements:

• A large enough UV instanton’s contribution to raise the axion mass around or above

the Hubble scale during inflation: m̃UV & HI � m̃
IR.

• Enough dilution of the initial misalignment angle due to inflation: ✓dil ⌧ 1.

• Approximate alignment of the minima of the QCD axion potential in the early Uni-

verse and today: ✓mis ⌧ 1. This requires any new CP phases that might have been

introduced in the mechanism to be tiny.

• Suppression of the UV instanton’s contribution to the QCD axion after inflation, so

that its mass reduces to the usual value determined by the IR instantons: m
UV

⌧

m
IR.

While we focus on using the small instantons to raise the axion mass during inflation,

the general requirements above apply to any model that tries to have a dynamical axion

mass to relax the initial misalignment angle and lift the upper bound on the axion decay

constant. While it is possible to have a mechanism to satisfy one of the four conditions,

e.g. to make the axion heavy during inflation, it is generally quite challenging to have a

coherent story to meet all of them at the same time.

3 The model

In this section, we will present a plausible model and its main ingredients to satisfy all

the requirements outlined in the previous section. We use an enhanced short-distance

instanton e↵ects to raise the axion mass during inflation and a dynamical Yukawa coupling

mechanism to suppress the UV instantons after inflation. We demonstrate that there is

viable parameter space in which the initial misalignment angle when QCD axion starts to

oscillate is greatly suppressed.
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Heavy QCD axion DM: axion mass up to meV (decay constant down to 109 GeV) 

- Axion initial misalignment angle is 𝝿 after inflation: Raido, Takahashi, Yin 2017; 
Co, Gonzalez, Harigaya 2018; Huang, Madden, Racco, Reig 2019; 

standard one: 
10-6 eV

QCD axion DM

10-3 eV10-9 eV 
(GUT scale 
QCD axion)



Models on very large axion couplings
Taking into account of the cosmological constraints on axions, a lot of searches 
(both terrestrial or astrophysical) for axions are only sensitive to very large axion 
couplings. Are these searches looking for any feasible axion models? 

Yes! Alignment/kinetic mixing in multi-axion scenario.                                            
Farina, Pappadopulo, Rompineve, Tesi; Agrawal, Fan, Reece, Wang 2017; Agrawal, 
Fan, Reece 2018; Dror, Leedom 2020
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II. AXION MASS AND COUPLING

The axion decay constant, fa, relates the terms of the
axion potential to its couplings with Standard Model
fields. The potential arises from non-perturbative contri-
butions of gauge or string theories and explicitly breaks
the continuous shift symmetry of the axion. We use the
standard parametrization of the potential, which is a sim-
ple cosine of the form

V (a) ' µ
4 cos

a

fa
, (1)

where µ is a scale associated with the explicit breaking
of the global symmetry. If the potential arises from a
composite sector (as in the case of the QCD axion), the
explicit breaking scale corresponds to the maximum scale
at which states must show up in the spectrum. The full
axion potential is expected to be more complicated than
the simple cosine above, but we can consider 1 to be the
first term in a Fourier decomposition of the potential. An
important feature of 1 is the existence of terms beyond
the mass term and that the coe�cients of these higher
order terms are not arbitrary. The size of the quartic de-
termines the point at which the quadratic approximation
breaks down and has significance for axion cosmology.

Axions may also couple to Standard Model fields, with
the leading operators obeying the axion shift symmetry.
In this work we focus on two types of operators for axion
dark matter, the prospective photon and nucleon cou-
plings,2

L �
Ca�↵

8⇡fa
aF F̃ +

CaN

fa
@µaN̄�

µ
�5N , (2)

where here and throughout we suppress the Lorentz in-
dices on the gauge interactions, FF̃ ⌘ Fµ⌫ F̃

µ⌫ and
F̃

µ⌫
⌘

1
2✏

µ⌫↵�
F↵� . The parameters Ca� and CaN rep-

resent combinations of couplings in the UV theory and
are O(1) for generic axions. Demanding that the theory
be invariant under axion discrete shift transformations
requires the coe�cient Ca� to be an integer 3 and hence
cannot represent a large ratio of scales without additional
model building. There may also be contributions to the
above couplings from the IR if the axion mixes with dark
sector particles, similar to the QCD axion-meson mixing,
but such contributions will be unimportant for our con-
siderations. The relationship between the axion potential

2 Other couplings of ultralight axions with matter are the gluon
operator, aGµ⌫G̃µ⌫ , the electron operator, @↵aē�↵e, and the
muon operator, @↵aµ̄�↵µ. The gluon operator requires tuning
to be sizable around the fuzzy dark matter regime and has other
constraints [18], the electron coupling can be probed using tor-
sion pendulums [19], and the muon operator has other strong
constraints making it di�cult to see experimentally [20, 21].

3 If there is additional axion coupling in the phase of the mass
matrix of some new fermions, Ca� only needs to sum to an integer
with the coe�cient of the coupling, see e.g., [22]

and its coupling to matter is made manifest in (1) and
(2). To make contact with other studies, we define

ga� ⌘
Ca�↵

2⇡fa
, gaN ⌘

CaN

fa
. (3)

In principle it is possible that the particle searched for
by dark matter experiments is not a true axion, in the
sense that it is not shift symmetric, but a light pseu-
doscalar with a potential,

La =
1

2
m

2
aa

2
. (4)

In this case the corresponding coe�cients in-front of the
terms in (2) do not correspond to any symmetry breaking
scale, but are instead completely free parameters associ-
ated with the scale of integrating out heavy fields. This
would prevent us from using the arguments of section III
to restrict the dark matter parameter space. While such
models seem viable, they are highly fine-tuned and do
not exhibit the desirable features of axion models. One
way to see the tuning is to consider the additional terms
in the e↵ective theory that arise when integrating out the
heavy fields that lead to the couplings in (2). For exam-
ple, in addition to the aF F̃ term, the low energy theory
of a simple pseudoscalar will include terms such as a2FF ,
a
3
FF̃ , etc. These terms will always be generated as they

are no longer forbidden by any symmetry, and lead to
corrections to the scalar potential which destabilize the
light scalar. Thus any simple pseudoscalar becomes un-
natural and the motivation to consider such a particle as
dark matter is rendered null. Therefore, we take the po-
sition that the target particles of experimental searches
are indeed ultralight axions with a full trigonometric po-
tential, and we now examine the cosmological limitations
of such dark matter candidates.

III. AXION MATTER-POWER SPECTRUM

A scalar field evolving in a purely quadratic poten-
tial has a scale-invariant matter-power spectrum, match-
ing that of ⇤CDM. However, if the potential contains
higher order terms, the scalar equation of motion will
possess non-linear terms which impact the growth of per-
turbations, with positive (negative) contributions wip-
ing out (enhancing) small scale structure. For an ax-
ion with field amplitude a0(z) at redshift z the condi-
tion for the axion fluid to behave like cold dark matter
is a0(z)/fa ⌧ 1. The cosmic microwave background is
the most sensitive probe of the matter-power spectrum,
measuring deviations at a part per thousand, and sets
a bound around recombination on any additional en-
ergy density fluctuations, �⇢/⇢ <

⇠ 10�3, corresponding
to, a0(zrec)/fa <

⇠ 10�3. Its important to note that this
bound does not rely on the specific production mecha-
nism and must be satisfied for any light axion making up
the entirety of dark matter.

Matter power 
spectrum constraints 

Dror, Leedom 2020



ALP self-interactions
Usually, ALP has attractive leading-order self-interaction

New models where ALP’s leading self-interaction is repulsive (Fan 2016): 

E.g: axion from 5D gauged U(1)

Why does it matter? 

- Formation of galactic scale BEC condensate: Guth, Hertzberg, Prescod-
Weinstein 2014;

- Properties of boson stars and gravitational wave detection of merging boson star: 
Croon, Fan and Sun 2018.

instanton effect

V(f) = L4
✓

1 � cos
✓

f

f

◆◆
, (8)

where L is of order the QCD scale.1 Expanding the potential in terms of f/ f , one finds that m
2 = L2

f
and

the leading self-interaction, originating from the negative quartic coupling term, � m
2

24 f 2 f4, is attractive. In
general, a pNGB from the breaking of a compact group has a periodic trigonometric potential and a single
sin or cos potential always leads to an attractive self-interaction.

One might wonder whether a pNGB from breaking of a non-compact group could have a repulsive self-
interaction, for example, a dilaton from the spontaneous breaking of scale invariance. Indeed, the dilaton
potential is not periodic at all. Yet I will show that in calculable models, explicit breaking will generate
a triple coupling of the dilaton, which leads to an effective attractive self-interaction in the NR limit! One
might also wonder whether repulsive self-interactions could be achieved in “monodromy" type potential:
a cosine or sine potential modulated by a non-periodic function [38]. Yet the monodromy potential locally
is similar to a single trigonometric potential and still leads to an attractive self-interaction.

Now one could see that it is highly non-trivial to construct an ultralight repulsive dark matter model.
Yet it is not impossible. One way to obtain repulsive self-interaction is to have multiple trigonometric terms
in a potential with specific coefficients. For instance, suppose the scalar potential has several cosine terms,
some with negative coefficients while others have positive coefficients. If the cosine terms with negative
coefficients contribute dominantly to the mass term while those with positive coefficients contribute domi-
nantly to the quartic interaction, the mass term and quartic term in the scalar potential will have the same
sign and the scalar has a repulsive self-interaction. This can only be achieved for specific sets of coeffi-
cients. I will show that this mechanism could be realized in an axion model from a 5D gauged U(1) theory
containing massive charged matter.

Another possible class of scalar dark matter models with repulsive self-interaction is the “little dark
matter" models. In this scenario, I propose that dark matter is a pNGB (inside a multiplet) from a collective
symmetry breaking, which has been used in the little Higgs models to stabilize the electroweak scale at
TeV [39, 40]. The essence of collective symmetry breaking is to generate a positive quartic coupling for the
pNGBs without a mass term at tree level. However, the quartic couplings in the little dark matter models
are too big and much above the self-interaction bound in Eq. 7 for dark matter mass at or below the eV
scale. It is still interesting as it could be a viable self-interacting MeV dark matter model.

Below in Sec. 3.2, I will present the model with an axion from a 5D gauged symmetry as a proof of
concept that an ultralight scalar with repulsive self-interactions could exist. Then I will go through two
classes of pNGB models to demonstrate that a large variety of models with scalar potentials completely
different from the single cos or sin potential in minimal pNGB models still lead to attractive self-interactions
(Sec. 3.3 and Sec. 3.4). Finally I will discuss the little dark matter models in Sec. 3.5 which gives a repulsive
self-interaction but violates the self-interaction bound from the Bullet Cluster.

3.2 A Working Example: Axion from a 5D Gauged U(1)
I will first show an axion model that could lead to repulsive self-interaction in the NR limit as a proof of
concept. The axion considered here is not a QCD axion. In the model, the axion is a remnant of a five
dimensional U(1) gauge symmetry. In the 5D theory, the fifth dimension is compactified on a circle with
radius R. The axion is identified as the gauge invariant Wilson loop of the fifth component of the gauge
field, A5, around the circle

f(xµ) ⌘ f

I
dx

5
A5(xµ, x5),

f ⌘
1

2pRg4
, (9)

1More precisely, the QCD axion potential is V(f) = �m
2
p f

2
p

r
1 � 4mumd

(mu+md)2 sin2
⇣

f
2 f

⌘
[36]. The quartic coupling is �0.35 m

2

f 2 f4 [37].
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where L is of order the QCD scale.1 Expanding the potential in terms of f/ f , one finds that m
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coefficients contribute dominantly to the mass term while those with positive coefficients contribute domi-
nantly to the quartic interaction, the mass term and quartic term in the scalar potential will have the same
sign and the scalar has a repulsive self-interaction. This can only be achieved for specific sets of coeffi-
cients. I will show that this mechanism could be realized in an axion model from a 5D gauged U(1) theory
containing massive charged matter.

Another possible class of scalar dark matter models with repulsive self-interaction is the “little dark
matter" models. In this scenario, I propose that dark matter is a pNGB (inside a multiplet) from a collective
symmetry breaking, which has been used in the little Higgs models to stabilize the electroweak scale at
TeV [39, 40]. The essence of collective symmetry breaking is to generate a positive quartic coupling for the
pNGBs without a mass term at tree level. However, the quartic couplings in the little dark matter models
are too big and much above the self-interaction bound in Eq. 7 for dark matter mass at or below the eV
scale. It is still interesting as it could be a viable self-interacting MeV dark matter model.

Below in Sec. 3.2, I will present the model with an axion from a 5D gauged symmetry as a proof of
concept that an ultralight scalar with repulsive self-interactions could exist. Then I will go through two
classes of pNGB models to demonstrate that a large variety of models with scalar potentials completely
different from the single cos or sin potential in minimal pNGB models still lead to attractive self-interactions
(Sec. 3.3 and Sec. 3.4). Finally I will discuss the little dark matter models in Sec. 3.5 which gives a repulsive
self-interaction but violates the self-interaction bound from the Bullet Cluster.

3.2 A Working Example: Axion from a 5D Gauged U(1)
I will first show an axion model that could lead to repulsive self-interaction in the NR limit as a proof of
concept. The axion considered here is not a QCD axion. In the model, the axion is a remnant of a five
dimensional U(1) gauge symmetry. In the 5D theory, the fifth dimension is compactified on a circle with
radius R. The axion is identified as the gauge invariant Wilson loop of the fifth component of the gauge
field, A5, around the circle
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where index µ labels the four dimensions we live in and g
2
4 = g

2
5/(2pR) is the effective 4D gauge coupling

The 5D gauge symmetry A5 ! A5 + ∂5c translates into a shift symmetry of f. At energies below 1/R, one
obtains an effective field theory for f with the one-loop effective potential generated by 5D matter with
charge q and mass m5 [48–51]

V(f) = �
3(�1)S

4p2
1

(2pR)4

•

Â
n=1

cne
�2pnRm5 cos

✓
nqf

f

◆
,

cn =
(2pRm5)2

3n3 +
2pRm5

n4 +
1
n5 , (10)

where S = 0 for bosons and S = 1 for fermions. This model has been discussed in the context of “Extranat-
ural Inflation” [52]. If m5 � 1/(2pR), the higher order harmonic terms with n > 1 will be suppressed by
e
�2pnRm5 . If m5 ⌧ 1/(2pR), the higher harmonics will be suppressed by 1/n

5.
One might wonder whether one could change the sign of the self-interaction by having both fermions

and bosons contributing to the potential with opposite signs. Let’s first consider a set of n 5D bosons and
m 5D fermions with the same mass m5 ⌧ 1/(2pR). In this case, the higher harmonics with n > 1 could be
neglected. The bosons have a set of charges denoted by {qBi} and the fermions have charges denoted by
{qFi}. The effective axion potential contains

V(f) � �L4

 
n

Â
i=1

cos
✓

qBif

f

◆
�

m

Â
i=1

cos
✓

qFif

f

◆!
, (11)

where L is determined by R and m5. These two sums prefer different minima so at one minimum, the two
sums will contribute to the potential oppositely. Expanding the potential around f = 0, one gets

V(f) �
L4

2 f 2

 
n

Â
i=1

q
2
Bi
�

m

Â
i=1

q
2
Fi

!
f2 +

L4

24 f 4

 
�

n

Â
i=1

q
4
Bi
+

m

Â
i=1

q
4
Fi

!
f4. (12)

Requiring f = 0 to be a minimum2 and to obtain a repulsive self-interaction, the following conditions have
to be satisfied

n

Â
i=1

q
2
Bi

>
m

Â
i=1

q
2
Fi

(13)

n

Â
i=1

q
4
Bi

<
m

Â
i=1

q
4
Fi

. (14)

The two inequalities cannot be satisfied if either n or m is one. One needs at least two light fermions and
two light scalars with charges chosen carefully to satisfy the two inequalities, for instance, qB1 = 1, qB2 = 2
and qF1 = 2.1, qF2 = 0.6. While satisfying the two inequalities is a tuning in the charge space as shown in
Fig. 1, it serves as a proof of concept that there exists light scalars with repulsive self-interaction.

So far I have assumed all the 5D matter has the same mass m5 ⌧ 1/(2pR). One could also play with
models with both different masses and charges. For instance, in the presence of a 5D boson with mass
2pmBR = 1 and charge qB = 1 and a 5D fermion with mass 3.8 < 2pmFR < 5.8 and charge qF = 2, the
effective axion quartic interaction is repulsive. Again only small islands of the parameter space in this setup
allow for a repulsive self-interaction.

3.3 Dilaton

Now I will discuss a model where a pNGB arises from spontaneous breaking of a non-compact global
symmetry, the conformal symmetry. Although the potential is very different from that of QCD axion, it still
leads to an attractive self-interaction in the NR limit.

2It is a local metastable minimum with a lifetime longer than the age of the Universe given f � L.
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Gaia: the new era in astrometry



From astrometry to particle physics
Gravitational probe of dark matter: map out and constrain dark matter distributions 
and substructures, which could be crucial inputs for DM searches and could probe 
DM cosmological history and non-gravitational interactions in the dark sector. 

- Emergence of possible new model for local DM velocity distribution                          
Necib, Lisanti, Belokurov… 2018 -present

- Constrain an extended thin dark disk aligned with the milky way disk                 
DR1(TGAS): Schutz, Lin, Safdi and Wu 2017; DR2: Buch, Leung, Fan 2018 

- Halometry: search for DM subhalos using weak gravitational lensing in the time domain  
Mishra-Sharma, Mondino, Van Tilburg, Taki, Weiner 2018 - present

- Identifying DM subhalos using gap and spur features of GD-1 stream: Price-Whelan, 
Bonaca 2018… 

- …………



(Local) Dark Matter Distributions 
Relevant for a lot of DM searches, including terrestrial experiments (CF1 and CF2).

Local DM density: still a lack of analysis of Gaia higher z data (z: scale height) to 
determine DM local density with a high precision? Estimates of red clump stars in 
TGAS/Raves up to z=1.5 kpc (Hagen, Helmi 2018) 

0.018± 0.002M�/pc
3 = 0.69± 0.08GeV/cm3

<latexit sha1_base64="U2bRq2hpNlg+4sm4t8C8J+49uFU="></latexit>



(Local) Dark Matter Distributions 
Relevant for a lot of DM searches, including terrestrial experiments (CF1 and CF2).

Local DM velocity distribution: a lot of excitements and debates                                                   
- debris flow of the Gaia Enceladus (sausage): two lobes in the radial velocity 
distribution. Necib, Lisanti and Belokurov 2018; …

- Stellar streams: shards (S1, S2 streams) Myeong, Evans,                                  
Belokurov….2018, 2019; Nyx stream Necib, Ostdiek…2019; 
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Figure 6. The same as Fig. 4, except for the substructure population. The radial distribution has characteristic lobes at
±148 km/s that are likely related to tidal debris that is stripped as a merging satellite moves towards/away from the Galactic
Center on its orbit. The distributions remain constant over the entire z-range.

ically symmetric, and that its velocity components are
uncorrelated. Most importantly, we take it to be in
steady state, which allows us to ignore partial deriva-
tives of f1(v) with respect to time. When we state that
a population is in equilibrium, we mean specifically that
it is in steady state with @fi/@t = 0.
As a point of contrast, we will assume that Popula-

tion 2 has not reached steady state—or, at the very least,

that we cannot confirm whether it has. Additionally, we
will assume that its spatial density is spherically sym-
metric, that its velocity components are uncorrelated
and have vanishing mean at present-day, and that the
mean velocities and dispersions are spatially invariant
in the region of interest.
The radial Jeans equation for this two-component

model is

⇠2 ⌫2
@µr,2

@t
+


⇠1 �

2

r,1
@⌫1

@r
+ ⇠2 �

2

r,2
@⌫2

@r

�
+

⇠2 ⌫2

r

⇥
2�2

r,2 � �
2

�,2 � �
2

✓,2

⇤
= � (⇠1⌫1 + ⇠2⌫2)

@�

@r
, (5)

where ⌫i is the number density, µr,i is the radial velocity
mean, and �r,i, �✓,i, ��,i are the velocity dispersions for
the i

th population and � is the gravitational potential.
Using Eq. (5), one can recover the classical argu-

ment laid out in Drukier et al. (1986) that motivates a
Maxwell-Boltzmann velocity distribution for DM. The

observation of a flat rotation curve near the Solar posi-
tion suggests a logarithmic potential for the Milky Way
halo of the form �(r) = v

2

c ln(r)+ constant, where vc is
the circular velocity. If we assume that all of the DM is
in steady state (⇠1 = 1, ⇠2 = 0) and that its number den-
sity is described as a falling power law, ⌫1 / r

�b, then
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FIG. 1: Left: Yearly average of the DM speed distribution F (v) for the SHM (purple) and Nyx (blue) and S1 (red)
streams, normalized to their maximums respectively. Right: Yearly average of the mean inverse speed g(vmin) for the
SHM and the Nyx and S1 streams. The vertical dotted lines represent vmp of each distribution.

for the same distributions as before, as well as dotted ver-
tical lines for vmin = vmp. From the left panel in Fig. 1,
we can see that the integrand in Eq. 4 has most of its
support for values of vmin < vmp, which results in an ap-
proximate plateau at smaller vmin’s for g(vmin). However,
for vmin > vmp, Eq. (4) integrates over a diminishing por-
tion of F (v), which results in the tail of g(vmin). We can
then speak of a “width” for g(vmin), given by vmp. Indeed,
comparing S1 with Nyx, we see how g

S1
(vmin) has sup-

port over a wider range of vmin’s than g
Nyx

(vmin), since
vmp,S1 > vmp,Nyx.

Notice that the maximum height of g(vmin), given by
g(0) at vmin = 0, is inversely correlated with its width.
The reason is that g(0) is the mean inverse speed of the
distribution, which can be related to vmp as follows:

g(0) =

⌧
1

v

�
⇠

1

hvi
⇠

1

vmp

, (6)

where h· · ·i represents the integral over the speed distri-
bution. Thus, since vmp,S1 > vmp,Nyx, we have g

Nyx
(0) >

g
S1

(0).

Having described the particularities shown by g(vmin)
for components of di↵erent vmp’s, we now focus on their
consequences for , through the (q, E) dependence of vmin

in Eq. (3). We also need to inspect the interplay of dif-
ferent factors making up the integrand in Eq. (2), which
involve not only g(vmin) but also the crystal form factor.

The left panel of Fig. 2 shows the contours of the silicon
form factor |fSi(q, E)|2 as a function of the transferred
momentum q and deposited energy E.9 Note that the

9 The crystal form factors for silicon and germanium,
are taken from the publically available tables in
ddldm.physics.sunysb.edu/ddlDM/, which were computed
with the QEdark module [32] of Quantum Espresso [46, 47].

form factor is at its largest around the typical values
of momentum transfer in scattering o↵ electrons: q ⇠

few⇥↵me, as well as for energies of order E ⇠ few⇥10 eV.
We also present the curves for which vmin(q, E) = vmp

for SHM, Nyx, and S1, for DM mass m� = 20 MeV. To
the left of these curves (low E) lies the plateau of their
corresponding g(vmin); whereas to their right (high E)
lies its tail. Therefore , and thus the spectrum, decays
at large E. We could also see from the plot that S1 stream
could probe region with larger E with sizable |fSi|2 while
Nyx stream could only probe region with smaller E where
|fSi|2 is suppressed.

From Eq. (3), we observe that increasing m� allows
for a larger region of (q, E) space to yield sizable val-
ues of g(vmin). We show the e↵ects of varying DM mass
in the right panel of Fig. 2. It shows g(vmin(q⇤, E)) at
constant q⇤ = 2↵me, for SHM, Nyx, and S1, and nor-
malized to its largest SHM value: g

SHM
(0). Also plotted

in this panel is the crystal form factors for silicon scaled
by 1/10, at the fixed momentum transferred q⇤. We con-
sider a family of curves with di↵erent DM masses be-
tween 10 and 100 MeV, with decreasing opacity for larger
masses. From the plot, one could see that as expected,
when m� increases, g(vmin(q⇤, E)) has support over larger
energies, where the crystal form factors increase. Thus,
either larger DM masses or components with larger vmp’s
allow for scattering events to occur at larger energies.

In this paper, we focus on silicon target and similar
results could be obtained for germanium target as well.

2. Annual Modulation: the impact of tc and b

We now consider the time-dependence of the spectrum.
As mentioned before, the combined velocities of the Sun
around the Milky Way and of the DM particles in a
given component result in a “DM wind” in the Sun’s
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Potentially big impact on dark matter searches 
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FIG. 6: Discovery reaches for DM (non-modulating) signal and modulation at a SENSEI-like experiment with 1
kg-year exposure shown in the DM mass – cross section plane. Top row: Dashed (solid) yellow contours show the 5�
discovery reach using a MAX (OPT) background model, whereas the modulation discovery is indicated by the
dot-dashed purple contour; these are plotted for DM form factors, (left) FDM = 1 and (right) FDM / 1/q2, assuming
the SHM velocity distribution. Also shown for reference are the latest 90% CL upper limits from SENSEI [11]
(cyan), XENON10 [55] (orange), and XENON1T [13] (gray).a Bottom row: Modulation discovery reaches for: (left)
various fractions of Nyx and S1 streams represented by blue and red contours; (right) S2a and S2b streams along
with the Gaia Sausage indicated by brown, green, and orange contours respectively. All the contours for DM
substructure components assume that it constitutes 100% of the local DM density.
a Despite the more conservative bound shown by XENON1T in Fig. 5 of Ref. [13], we only show the constraints for events with
� 12 e�, in case of FDM = 1, because the charge yield for liquid xenon has never been measured below these energies. Meanwhile, for
FDM / 1/q2, the corresponding constraint of XENON1T lies above the cross section range of the plot.

for both background models, compared to the modulat-
ing one. The discovery contours follow a similar trend for
FDM / 1/q2, except that they are marginally stronger
(weaker) at lower (higher) DM masses. Again, this is ex-
plained by the ‘squeezing’ of the recoil spectrum (more
events in the peak, fewer in the tail) to lower Q bins with

an enhanced crystal form factor at low q, due to the DM
form factor.

Next, we investigate how the unique kinematic fea-
tures of various DM substructure components discussed
in Sec. II C will a↵ect their detection prospects in the
bottom row of Fig. 6. We focus on the discovery of a

17

FIG. 9: Left: Spectrum modulation � dR
dE (E, t) for 100% of the local DM coming from Nyx, for m� = 20 MeV (left)

and m� = 1 GeV (right). Note that in the low mass case, there is only one modulation phase while in the high mass
case, there are two opposite phases at low and high E’s.
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FIG. 10: 5� discovery reaches for a non-modulating DM signal using MAX (left) and OPT (right) background model
for various DM substructure components discussed in Sec. IV A.
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Gravitational probes of DM non-gravitational interactions
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Figure 7: 95% CR upper limit contours for surface density ⌃DD and scale height hDD of a
thin DD for A (blue), F(green), and G (orange) stars using data from DR2 (left panel) and
TGAS (right). The upper bound for the fraction of the total DM mass in the MW that could
exist in a DD, ✏DD, is also shown on the right side of each plot for reference.

where M
gal
DM ⇠ 1012

M� is the total DM mass in the MW, R� ⇠ 8.1 kpc is the Sun’s distance
from the galactic center, and the scale radius of the thin DD is assumed to be equal to that
of baryons, RDD = 2.15 kpc [11]. As indicated in Fig. 7, only ⇠1% of the total DM mass
could reside in a thin DD.

5 Discussion

Our main results from the MCMC sampling of the posterior, e.g. for A stars, imply that
the local DM content can accommodate a constant density ⇢DM = 0.016 ± 0.010 M�/pc3,
or ⇢DM = 0.008+0.011

�0.008 M�/pc3 and a thin DD with ⌃DD = 2.99+3.75
�2.18 M�/pc2, the precise

value depending on hDD. We observe that the 1� uncertainties are fairly large in both
cases and suggest high systematic noise in our determination. We discuss different sources of
the uncertainties in Secs. 5.1-5.3 and comment on the robustness of our dynamical analysis.
Lastly, we cross-validate our statistical setup by repeating our analysis with TGAS data in
the same galactic volume, and comparing the results with those from DR2 in Sec. 5.4.

5.1 Effect of volume cuts

We vary the cylinder radius R and find that the tracers’ vertical density distributions do not
vary much for R . 200 pc. Increasing R from 150 pc to 250 pc, though, results in an overall
broadening of the density distributions. Ref. [56] attributed a similar trend in TGAS data to
the so-called ‘Eddington’ bias, i.e: higher parallax uncertainties of distant stars could lead to
a smearing of the density distributions at large |z|. However, as shown in Fig. 13, the parallax
uncertainties are significantly reduced in DR2 and remain small at large |z| even when R is
increased to 250 pc. Thus, it seems unlikely that the broadening of the density distributions
is due to the ‘Eddington’ bias. A more plausible option is the presence of local disequilibrium
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A massless dark photon leads to energy dissipation of a fraction of DM and formation 
of a dark disk, analogous to our own baryonic disk. (Fan, Katz, Randall, Reece 2013)                                                                     
DR1(TGAS): Schutz, Lin, Safdi and Wu 2017; DR2: Buch, Leung, Fan 2018 

At most ~ 1% of DM 
in the MW that could 
exist in a DD 

 

Assuming A, F, G 
stars are good 
tracers of DM and 
dark disk perfectly 
aligns with 
baryonic disk 



Summary
New theoretical models of QCD axion/ALP DM:

- Open up new parameter space to search for; 

- Point towards different phenomenology. 

Gravitational probe such as stellar survey could be a new very powerful probe of DM, 
e.g.,  

- New insights of DM distributions;

- Test DM non-gravitational interactions. 



Many open questions
- Big assumption: stars are good tracers of DM. Is that true? If so, what kind of 

stars? 

- Gaia analyses based on low z (around the baryonic disk) vs. high z (away from 
the baryon dense region) data? 

- What other DM scenarios could be probed by Gaia results? 

- A lot of the non-standard QCD axion DM models require exotic dynamics 
(during inflation). Feasibilities of inflationary scenarios involved? Any other 
experimental/observational consequences? 

- Gravitational wave probe of boson star mergers: how the self-interaction could 
affect the gravitational wave waveforms? 

- ……



Thank you! 



• Gaia DR2 provides: 
-photometry in 3 bands, for ~1.7 
billion sources between 3< G< 21. 
- astrometric solution for ~1.3 
billion sources.  
- radial velocity spectra (RVS) for 
~7 million sources with G < 12.5

• ~70 scans/source by end of 
survey!


