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A cosmological 
constant, 
a dynamical 
scalar, …?

A new 
massive 
particle 
or black hole?



Fritz Zwicky and Vera Rubin: dynamical evidence for invisible mass in 
galaxy clusters and galaxies

v ⇡
p
GM(R)/R

Existence of Dark matter

M33

from Wikipedia



Two clusters of galaxies collide at 4500 km/s

Collisions of Galaxy Clusters: Bullet Cluster





Planck CMB TT power spectrum:
fit by ΛCDM.

source: nasa.gov

Dark matter distribution 
inferred from gravitational 
lensing in CL 0024+17 (blue 
shading)

Cosmic Microwave Background
(radiation from recombination 
epoch)

More Cosmological Evidence



The Dark Matter Abundance

If dark matter is a type of weakly-interacting massive 
particle (WIMP), with mass around 100 GeV (100 ⨉ proton/
nucleon mass), there is about one dark matter particle in 
every coffee-cup sized volume.

ρ ≈ 0.3 GeV/cm3

The motion of stars in our 
galactic neighborhood tells us 
the local mass density in dark 
matter:

DM particles are constantly 
passing through us unnoticed.



What do We Know about Dark Matter? 
It exists and is about 85% of the total matter in the 
Universe! 

It is stable and interacts gravitationally. 

It interacts very little with light: neither emits nor 
absorbs light.

It is (mostly) collisionless. On large scale, dark matter 
halos are roughly spherical, more precisely, triaxial; 
consistent with N-body collisionless, non-dissipative dark 
matter simulations. 



Questions about Dark Matter 

What is dark matter? 

What are its properties? What is its mass? Does it interact 
beyond gravity? 

How to explain its relic abundance? 

Is there only one species of dark matter? Or is there a dark 
world with multiple particles and forces?  (don’t forget the 
normal matter comes from a very complicated model — the 
Standard Model).



Zoo of Dark Matter Models
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Two Fantastic Dark Matter Beasts
connecting particle physics with cosmology and 
astrophysics

What if part of dark matter behaves like ordinary 
matter, dissipates energy and forms structure? 

What if dark matter behaves more like waves than 
particles? 



Double Disk Dark Matter 

What if part of dark matter behaves like ordinary  
matter, dissipate energy and form structure? 

It’s clearly not a minimal scenario. Yet standard 
model is not even close to minimal with 6 quarks, 6 
leptons, 4 gauge bosons and 1 Higgs boson. Among 
all the known sub-atomic particles, protons, 
electrons, photons, neutrinos are stable.  



Dissipative Dynamics of Baryons  
Spiral galaxies, such as our 
Milky Way, have a disk 
structure (the baryonic 
disk). 

Scale height ~ 0.3 kpc, 
scale radius ~ 3 kpc                  
Why this flattened 
structure?

The answer lies in energy dissipation processes. Particles 
(protons, electrons, atoms) scatter and emit photons that 
carry away kinetic energy but not (much) angular 
momentum. Shrink but keep spinning: forced to form a 
disk.



Partially Interacting Dark Matter

Bullet Cluster (Markevitch 
et al. ’03):

No more than ~1/3 of the 
DM remained behind in 
the center instead of 
passing into the lensing 
regions.

Could <1/3 of DM have very strong interactions, like 
baryons (or even stronger)? If a small fraction, will not 
have a dramatic effect on halo shapes.



Double Disk Dark Matter
JF, A. Katz, M. Reece and L. Randall, PRL, 2013; Phys. Dark Univ. 2013 

A simple model: copy baryonic sector in the dark sector (the 
majority of dark matter is still a cold collisionless particle). 

                                             Proton X
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                                             Photon %D



Double Disk Dark Matter
JF, A. Katz, M. Reece and L. Randall, PRL, 2013; Phys. Dark Univ. 2013 

A simple model: copy baryonic sector in the dark sector (the 
majority of dark matter is still a cold collisionless particle). 

                                   Dark Proton X

                                   Dark Electron C 

                                   Dark Photon %D



Cooling (energy dissipation) processes:

Bremsstrahlung:
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Compton scattering on the 
“dark CMB”:
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Once temperature of the dark sector is low, dark 
recombination happens (proton + electron form atoms) and 
atomic cooling processes are turned on. 

A complete computation of cooling rates including atomic 
processes: E.Rosenberg, JF, Phy. Rev. D, 2017



Viability of Double Disk Dark Matter
Purple regions cool calculably in age of universe with 5% 
interacting DM. 2
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FIG. 1. Cooling in the (mC ,↵D) plane. The purple shaded region cools adiabatically within the age of the universe. The light
blue region cools out of equilibrium. We take redshift z = 2 and TD = TCMB/2. At left, mX = 100 GeV; at right, mX = 1 GeV.
The density chosen corresponds to a 20 kpc NFW virial cluster. The solid purple curves show where the cooling time equals the
age of the universe; they have a kink where Compton-dominated cooling (lower left) transitions to bremsstrahlung-dominated
cooling (upper right). The dashed blue curve delineates fast equipartition of heavy and light particles. Below the dashed black
curve, small ↵D leads to a thermal relic X, X̄ density in excess of the Oort limit. To the upper right of the dashed green curve,
the XC binding energy is high enough that dark atoms are not ionized and cooling would be through atomic processes we do
not calculate.

A stronger bound arises when dissipation and hence
cooling occurs with the consequent formation of a dark
disk. The total amount of matter in the neighborhood
of the Sun is measured and known as the Oort limit.
According to [11], the total surface density in the Milky

Way near the Sun, ⌃ ⌘
R +1.1 kpc
�1.1 kpc ⇢(z)dz, is measured

as 71 ± 6 M�/pc2. The surface density accounted for
in visible matter is smaller, between 35 and 58 M�/pc2.
Comparing these two numbers, we find that a surface
density in dark matter as large as 46 M�/pc2 is allowed
by the data at 95% CL. We model the DDDM disk as an
isothermal sheet [12]:

⇢(R, z) =
✏diskM

gal
DM

8⇡R2
dzd

exp(�R/Rd)sech
2(z/2zd). (1)

When the disk height zd ⌧ 1.1 kpc, the
surface density is zd-independent: ⌃disk =
✏diskM

gal
DM/(2⇡R2

d) exp(�R/Rd). We take the scale
radius of the disk to be similar to that for baryons,
Rd ⇡ 3 kpc; then the bound on ⌃ implies:

✏disk
<⇠ 0.05. (2)

In other words, we estimate that as much as 5% of the
DM in the galaxy can be localized in a thin disk. This
matches the mass of the baryonic disk and implies the
DDDM density in the universe can be comparable to
that of baryons. Measurements of kinematics of visible
objects, like the billion stars the Gaia satellite [13] will

measure, might detect the gravitational e↵ects of such a
structure.
Model and Early Cosmology. We construct

DDDM to mimic baryonic matter in many respects. The
simplest such model has a heavy field X and light field
C that are charged +1 and �1 respectively under a
gauged U(1)D with coupling strength ↵D. Kinetic mix-
ing bounds can be circumvented in several ways [3]. Non-
abelian models with small coupling constant are also suit-
able. We will typically take mC ⇠ 1 MeV and mX ⇠ 1
to 100 GeV. Related scenarios include Hidden Charged
Dark Matter [14] and Atomic Dark Matter [15–17]. Our
innovation is considering that this sector may constitute
only a fraction of the dark matter and so can have dissi-
pative dynamics without conflicting with data.1

We assume that at early times the dark sector and
the Standard Model were in thermodynamic equilibrium
above the weak scale. As the universe cooled and Stan-
dard Model degrees of freedom decoupled from the ther-
mal bath, the dark sector became cooler than the SM sec-
tor by a factor ⇠ ⌘ TD/Tvis. Estimates show that ⇠ ⇡ 0.5
at the times relevant for BBN and CMB observations.
Bounds on relativistic degrees of freedom are typically
expressed in terms of e↵ective neutrino species, with 95%
CL bounds �N

BBN
e↵,⌫ < 1.44 [19] and �N

CMB
e↵,⌫ < 1.0 [20]

1
Other scenarios, like Dynamical Dark Matter [18], are similar in

spirit but di↵er in details.



Astrometry Probe of Dark Matter Structure 
Gaia Satellite

A European Space Agency 
satellite that will provide 
position and velocity 
measurements for a bi!ion 
stars in our galaxy.

To infer the dark matter distribution, solve the Poisson 
equation and the Jeans equation (collisionless Boltzmann 
equation), assuming tracer stars in equilibrium (not necessarily 
true):

|z|, or the galactic latitude |b|. Since, until the release of DR2, radial velocities have been only
available for a subset of tracers, previous analyses chose a region with |b| ⌧ 1 (in radians).
With that choice, substituting vR by its mean value,

hvRi = �u� cos l cos b� v� sin l sin b� w� sin b, (2.2)

where u� = 11.1± 0.7stat ± 1.0sys km/s and v� = 12.24± 0.47stat ± 2.0sys km/s [73], only has
a subdominant contribution to w since sin b ⌧ 1.

We explore the possibility of using the z-cut [74] in Appendix C by including the newly
measured radial velocities in DR2. Unfortunately, DR2 only contains radial velocities for
approximately 2% of A stars, 53% of F stars, and 62% of early G stars for |z| < 20 pc. We
check that the percentage of tracers with radial velocity doesn’t change significantly for higher
values of z. In that case, only including stars with vR available could potentially introduce a
selection bias, while approximating vR by its mean value might result in large errors at higher
b (even at low z). Thus, defining the midplane region using a z-cut isn’t viable currently, but
that could change with future data releases.

We follow Ref. [67] in choosing |b| < 5� as our midplane cut. After imposing an additional
cut to remove stars with negative parallaxes, we are left with 310, 2213 and 2166 A, F and early
G stars respectively. The mean of the best fit Gaussian distributions to the midplane vertical
velocity, weighted by the star counts of each tracer population in the midplane, is w = 6.9±0.2
km/s. We take this to be the Sun’s vertical velocity w� and note that it is consistent within
1� with the value in Ref. [73]. Subtracting w� from the stars’ vertical velocity, we find the
distributions are roughly symmetric about w = 0. The resultant normalized midplane vertical
velocity distribution f0(w) with a w-bin size of 1.5 km/s (see Appendix B for more details
about this choice) is plotted in the left panel of Fig. 5. We consider the asymmetry between
the star counts in �|w| and +|w| bins to be the systematic uncertainty, which may be due to
non-equilibrium effects. We illustrate the magnitude of this uncertainty in the right panel of
Fig. 5 by adding it in quadrature with the statistical error for every w bin. In practice, though,
we propagate these errors into the uncertainty of the prediction density, as we elaborate in
Sec. 4.1.

We also check the isothermality of the tracers by fitting the midplane data with Gaussian
distributions. From the fits, we find that the velocity dispersions �z are 6.1, 10.4, 16.6 km/s
for A, F and G stars respectively. The �2’s of the fits are 14.2, 38.6 and 30.0 for 14, 21 and
30 degrees of freedom respectively. The Gaussian (isothermal) distributions give reasonable
fits for A and G stars, but not as good a fit for F stars. In the rest of our analysis, we always
use the distributions from data and never use their Gaussian fits.

3 Poisson-Jeans Theory

The phase space distribution function of a population of tracer stars follows the collisionless
Boltzmann equation. Assuming the population is in equilibrium, one can integrate its Boltz-
mann equations over velocity to obtain a set of moment equations: the Jeans equations [72].
Using cylindrical coordinates (r,�, z) and focusing on the Jeans equation in the z direction
we have, for each tracer population,

1
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where ⌫i is the stellar number density of the i-th species, �rz(��z) are the off-diagonal entries
in the velocity dispersion tensor that couple radial (axial) and vertical motions, �z is the
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Astrometry Probe of Dark Matter Structure 
Gaia Satellite

J. Buch, S. Leung and JF, JCAP, 2018
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Figure 4: Vertical number density profiles in z = 20pc bins for A (blue), F (green), and
early G (orange) stars.

We notice that increasing the cylinder radius R from 150 pc to 200 pc results in an overall
broadening of the tracers’ density distribution. This is similar to the broadening reported by
Ref. [67] in the TGAS data. A broader density distribution could potentially lead to a much
stronger constraint on the local DM content since additional matter tends to pinch the density
distribution. Ref. [67] attributed the broadening to the so-called “Eddington” bias: higher
parallax uncertainties of distant stars could lead to a smearing of the density distribution
at large |z|. While this could be true for the TGAS catalog, the parallax uncertainties are
significantly reduced in DR2 and remain small at large |z|: the average and 1� variation of
parallax uncertainty is below 10 pc (still smaller than the bin size 20 pc) at z = 200 pc in
DR2, even when R is increased to 250 pc as shown in Fig. 13. Thus, it seems unlikely that
the broadening of the density distribution is due to the “Eddington” bias.

2.3 Midplane Velocity Distribution

The last ingredient we need from the data is the vertical velocity distribution in the midplane,
i.e. at z = 0. The vertical velocity of a star is given by,

w = w� +
µb

$
cos b+ vR sin b, (2.1)

where w� is the Sun’s vertical velocity that we determine by fitting a Gaussian distribution
to the data,  = 4.74 km yr s �1 is a unit conversion constant, µb is the proper motion along
the galactic latitude b in mas/yr, $ is the parallax in mas, and vR is the radial velocity in
km/s.

There are two options for defining the ‘midplane region’,7 imposing a cut on the height
7At larger b and consequently larger z, the kinematically hotter stars broaden the distribution [35]. Mean-

while, simply choosing stars with z = 0 yields poor statistics.
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Figure 5: Midplane velocity distributions of A, F, and early G stars after subtracting w�
(left). The best-fit Gaussian distribution to f0(|w|) with error bars that include contributions
from the statistical uncertainty due to Poisson error and the asymmetry in �|w| and +|w|
bins (right).

vertical velocity dispersion (the diagonal zz component of the velocity dispersion tensor) and
� is the gravitational potential. The first term, usually referred to as the “tilt” term, is
negligible for small z; for instance, in case of G stars, �rz < 20 km2/s2 for |z|. 200 pc [75].
The second term, the so-called “axial” term, is also negligible since our volume of interest is
assumed to be (approximately) axisymmetric. In our analysis, we only keep the third term on
the left hand side of the Jeans equation, leading to a simple solution for the i-th population,

⌫i(z) = ⌫i(0)e
��(z)/�2

z;i . (3.2)

In deriving the result, we assume that each population is well thermalized near the galactic
plane and thus take �z;i to be a constant. If all constituents of a population have the same
mass, then the mass density ⇢i is proportional to the number density ⌫i and satisfies,

⇢i(z) = ⇢i(0)e
��(z)/�2

z;i . (3.3)

The gravitational potential is determined by the mass density of the local neighborhood
through the Poisson equation,

r
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= 4⇡G⇢tot(z), (3.4)

We treat the effective contribution from the radial term, 1
r

@
@r

�
r @�
@r

�
, as a constant mass

density8 with a value (3.4± 0.6)⇥ 10�3 M�/pc3 determined from the TGAS data [76].
8For an axisymmetric system, the radial term can be related to Oort’s constants. Strictly speaking, the

Oort’s constants and consequently the radial term also depend on z. However, since our tracers only explore
a small volume close to the midplane, the variation is smaller than the measurement uncertainty [39].
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~ 1% of the total dark matter 
in the MW could be in a 
dark disk 
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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⇠ 1012M� 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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Aside: power of Gaia
Local DM velocity distributions and substructures: 
Bozorgnia et. al 2018, 2019; Necib et.al 2018, 2019; still a lot 
of work to do to clear up the picture. 

DM velocity distributions                Direct detection (nuclear 
scattering, electron scattering): J. Buch, M. Buen-Abad, JF, 
S.C. Leung 2019, 2020. 



A Final Story for Entertainment: Comets and 
Solar Oscillation

L. Randall and M. Reece, PRL, 2014
Large meteorite strikes on Earth cause big 
impact craters that are very likely 
responsible for some mass extinctions.  

Crater record on earth: ~ 35 million year 
period (not statistically significant!). 

Pingualuit Crater 



Solar oscillatory motion around the 
plane of the galaxy (artist’s rendition 
from APS Physics Viewpoint, Alan 
Stonebraker)

Many comets exist in the 
“Oort cloud” at distances ~ 
104 AU. (Inferred—not 
directly observed.) They are 
perturbed by tidal forces.

The rate at which comets 
fall into the inner Solar 
System is proportional to 
the local density.

One explanation: Oort cloud comet more tidally perturbed as 
the Solar System passes through the galactic midplane. 



Yet the baryonic mid-plane is not dense enough to explain 
the 35 million year periodicity. Add gravity through adding a 
very thin dark disk (now in strong tension with Gaia data 
though there is caveat in the equilibrium analysis based on 
Gaia).  
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FIG. 4. Preferred parameters. One-dimensional projections of the prior (blue, dashed) and posterior (orange, solid) probability
distributions. (a) The surface density of the dark disk, which the posterior distribution prefers to be between about 10 and
15 M�/pc

2. (b) The dark disk thickness, which fits best at about 10 parsec scale height but extends to thinner disks. The
posterior distribution is flat even for very thin disks, because comet showers last for around a million years even if the Solar
System passes through the disk in a shorter time. (c) The local density of disk dark matter (relevant for solar capture or direct
detection), which has significant weight up to several GeV/cm3. (d) The interval between times when the Sun passes through
the dark disk, which fits best at values of about 35 Myr.

tributions for a few of our parameters in Figure 4. The
posterior distribution strongly favors a dark disk surface
density of ⌃D ⇠ 10 M�/pc2 and scale height zDd ⇠ 10
pc. These parameters are not yet tested, but involve a
large enough dark matter disk density that we expect
measurements of stellar kinematics from the Gaia satel-
lite [14, 15] to be a stringent test of the proposal in the
near future.

We can also examine the current volume density of dis-
sipative dark matter in the Sun’s neighborhood accord-
ing to the model. The posterior distribution peaks at low
values but is significant and relatively flat between 1 and
5 GeV/cm3. These densities are significantly larger than
those generally assumed in dark matter direct detection
experiments on the basis of a spherical dark matter halo
with no dark matter disk, so there are interesting model-
dependent prospects for detecting low-energy nuclear re-
coils induced by the dark matter in the disk [19–21].

In this note we have only presented results for the case
when the dark matter disk lies in the same plane as the
visible disk. We have also considered a toy model of
a misaligned, but co-rotating, disk, which in the one-
dimensional approximation is simply vertically displaced
with respect to the baryonic disk. In this case we find
individual model points with larger improvements in like-
lihood than for the case of aligned disks. However, after

marginalizing over all of the model parameters (includ-
ing the vertical displacement), the look-elsewhere e↵ect
leads to a smaller Bayes factor of 1.5. Details of this case
will be reported elsewhere.
We conclude that if a dark disk exists, it could play

a significant role in explaining the observed pattern of
craters, and possibly even mass extinctions. We have also
demonstrated how to use measurements of the galaxy and
solar system to weight models with di↵erent parameters
and ascertain the statistical significance of our hypoth-
esis. With the prospect of better data that will further
constrain the model in the future, the statistical tests will
become even more stringent, validating or ruling out our
proposal. Meanwhile we find this a fascinating possibility
worthy of further exploration.
Acknowledgments. We thank Paul Davies for sug-

gesting this intriguing idea, and for subsequent related
correspondence. We thank Oded Aharonson, Jo Bovy,
Sean Carroll, Ken Farley, Marat Freytsis, Fiona Harri-
son, and David Krohn for useful discussions or correspon-
dence. The work of LR was supported in part by NSF
grants PHY-0855591 and PHY-1216270. MR thanks the
KITP in Santa Barbara for its hospitality while a por-
tion of this work was completed. The KITP is supported
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Other Possible Interesting Consequences
Direct detection and solar capture of dissipative dark matter, 
Fan, Katz, Shelton, JCAP, 2014; 

Andromeda plane of satellites, Randall, Scholtz, JCAP, 2015; 

Point sources of dissipative dark matter, Agrawal, Randall, JCAP, 
2017; 

Collapsed dark matter structures, Buckley, DiFranzo, PRL, 2017;

Accretion of dissipative dark matter onto active galactic 
nuclei, Outmezguine, Slone, Tangarife, Ubaldi, Volansky, JHEP, 2018;

Binary pulsars probing dark disk Caputo, Zavala, Blas Phy. Dark Univ. 
2018;            

………………………



What if dark matter behaves more like waves than 
particles? 

Light Scalar Dark Matter



Fields and Particles
Usually we think dark matter as a collection of collisionless 
particles. 

But if dark matter is very light, it has very high density (large 
occupation number) and it behaves like classical field (wave). 

Recall coherent state: close to                                                        
a classical solution with                                                  
approximately well-defined particle                                        
number. 

ϕ(t) ≈
ρDM

mϕ
cos(mϕt)



de Broglie wavelength > inter-particle spacing

Plug in

                                      collective behavior  

Such light dark matter must be a boson (such as a scalar): 
for fermions, Pauli exclusion requires a large Fermi velocity, 
inconsistent with observed dark matter distribution 
(Tremaine-Gunn bound). 

λdB ≳ 1
n1/3

DM
⇒ 1

mDMv
≳ ( mDM

ρDM )
1/3

v ∼ 200 km/s, ρ ∼ 0.3 GeV/cm3

⇒ m ≲ 0.2 eV



Light scalar dark matter may form smaller clumps, “dark 
stars”. Properties depend on self-interactions of the 
bosons. 
QCD axion with attractive 
self-interaction

10�11M�

130 km
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axion-like particle with repulsive 
self-interaction (JF, 2016)
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Visinelli, et.al; Schiappacasse, 
et.al; Eby et.al 2017

Giudice et.al, 2016; Croon, JF, Sun, 2018 

Mergers of binary may be detected 
at a gravitational wave detector 
such as LIGO.

Boson stars



Modifying late-time Hubble diagram
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Figure 1. Comoving angular-diameter distance measurements,
DA(z), together with best-fit models. BAO results have been con-
verted from DA(z)/rs to DA(z) by assumption of rs = 138.09
Mpc. Supernovae distance moduli have been converted to DA(z)
assuming M = �19.26. In the residuals panel, �DA(z) =
DA(z) � DA,⇤CDM(z) where DA,⇤CDM(z) is the comoving
angular-diameter distance for the best-fit ⇤CDM cosmology. The
gray band shows the 68% confidence interval for the spline model.
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Figure 2. Expansion rate measurements together with best-fit mod-
els. BAO data have been converted to H(z) by assumption of
rs = 138.09 Mpc. The gray band shows the 68% confidence in-
terval for the spline model.

R18), used for calibrating the Pantheon binned distance mod-
uli (“SNe”, Scolnic et al. 2018), which in turn are used to
calibrate the BAO distance and H(z) constraints from BOSS
galaxies (“BAO”, Alam et al. 2017). The CDL based rs re-
sults are shown as blue circles in the top panel of Fig. 3.

3.1.1. CDL + ⇤CDM

First, we have assumed the ⇤CDM model – using it to pro-
vide the parameterized shape of H(z)/H0. We find

rs = (137.6± 3.45) Mpc. (10)

As a point of comparison we mention a result from Ad-
dison et al. (2018). They take a more comprehensive set of
BAO data, including constraints at lower redshift from galaxy
surveys (Beutler et al. 2011; Ross et al. 2015), and higher
redshift constraints from BOSS Lyman-↵ (Font-Ribera et al.
2014; Delubac et al. 2015; Bautista et al. 2017) and find, from
the BAO data themselves, assuming the ⇤CDM model, that
H0rs = (10119±138) km/sec. Combining this with the R18
result for H0 it becomes

rs = (137.7± 3.7) Mpc (11)

This result is nearly the same, in mean and standard devia-
tion, as our own CDL + ⇤CDM result. The lack of reduction
in uncertainty, despite the much greater amount of BAO data,
is due in part to the lack of use of the SNeIa data, which in-
creases uncertainty in ⌦m, and therefore the shape of DA(z).
The other important factor in the lack of reduction is that the
BOSS galaxy data are unmatched in precision.

Our second CDL + ⇤CDM result comes from replacing
Cepheids (R18) with the SLTD data from H0LiCOW (Birrer
et al. 2018) like explained in §2.2. From our SNeIa + BAO
data we have �BAO ⌘ c/(rsH0) = 29.7± 0.37. Combining
this with H0 = 72.5+2.1

�2.3 km/s/Mpc from Birrer et al. (2018)
we find

rs = 139.3+4.8
�4.4 Mpc. (12)

That uncalibrated supernovae, combined with BAO data, put
a strong constraint on the product rsH0(= c/�BAO) was pre-
viously mentioned in Verde et al. (2017b).

3.1.2. CDL + Spline

To explore the model-dependence of the CDL method for
rs inference, we now drop the assumption of ⇤CDM for pa-
rameterization of the shape of H(z)/H0 and replace it with
our Spline model. Because our BAO results span such a small
range of redshift, we can expect that there is very little sen-
sitivity of the inferred rs to the choice of parameterization,
as long as it is not varying rapidly on redshift intervals com-
parable to the redshift span of the BAO measurements. With
the four-parameter model described in the previous section
we indeed find a very similar result to the ⇤CDM result:

rs = (138.0± 3.59) Mpc. (13)

That this sound horizon result is a little bit larger is con-
sistent with what we see in the residuals panel of Fig. 1.
Namely, the SNe data largely sit above the ⇤CDM best-fit
curve in the redshift interval with the BAO data. The in-
creased freedom of the empirical model reduces the influ-
ence of the SNe outside of this redshift range, boosting D(z)
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axion-photon coupling:
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1 Introduction

Axions, as periodic scalar fields, arise ubiquitously in both low-energy phenomenological

models [1–8] and quantum gravity theories [9]. They serve as an important benchmark

of feebly-coupled light particles beyond the Standard Model (SM). In particular, one of

the most active experimental and observational targets is the coupling of an axion, a, to

photons, which takes the form

La� = �
ga��

4
aFµ⌫F̃

µ⌫ = ga�� aE ·B. (1.1)

The coupling coe�cient ga�� has mass dimension �1 and is inversely proportional to a

high energy scale. For introductions of axion physics basics, see [10–13].

– 1 –

photon axion

Magnetic field (in the intergalactic medium) 

axion

work to appear, M. Buen-Abad, JF and C. Sun

SN



Conclusions
No conclusion yet! We still don’t know what the majority of 
matter in the Universe is. 

Two dark matter beasts from the zoo of dark matter 
scenarios: 

— partially interacting dark matter and double disk dark 
matter; 

 — light scalar dark matter 

They connect particle physics, cosmology, astronomy, 
gravitational waves and even meteorite impact!  

More interdisciplinary fun coming and join the dark matter 
hunt! 



Thank you! 


