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Concordance Model
✓ dark matter 
✓ dark energy 
✓ hot big bang 
✓ inflation 
✓ homogeneity 
✓ isotropy 
✓ general relativity



The Relativistic Binary Pulsar B1913+16: Thirty Years of Observations and Analysis LIGO
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The 
Standard 
Model of 
Particle 
Physics



ATLAS, 2019

ATLAS, 2020ATLAS detector

CMS event display



“Maximally 
Boring Universe”

“Nightmare 
Scenario”



So what now?

Test the paradigm in new regimes, in new ways; find 
the edges of validity 

(Look for the most promising ways to break things.)



Dark matter: Concordance cosmology, but not 
Standard Model



Image: dark matter: K. Mack; Andromeda Galaxy: GALEX, JPL-Caltech, NASA



What We Don’t Know

Origin / particle type

Particle mass

Thermal history

Non-trivial evolution?

One component or many?

Non-gravitational interactions (self or SM)?

Small-scale behavior (mass of smallest halos)

Particle Zoo



Planck Collaboration

What We Do Know

Where it is

How much is out 
there

What it’s doing

(to some degree) 
what it isn’t



Dark matter… 
How do I know thee? 

Let me count the ways… 



1. Rotation Curves

Rubin, Ford & Thonnard 1978

What we learn:

mass fraction

distribution



2. Cluster Dynamics

What we learn:

mass fraction

distribution

Zwicky 1937



3. Cluster Gas

What we learn:

mass fraction

distribution

~90% of the luminous 
matter in a cluster is 

hot gas



4. Strong Gravitational Lensing

What we learn:

mass fraction

distribution



5. Weak Gravitational Lensing

What we learn:

distribution

shape

structure

Dietrich et al. 2016



6. Cosmological Microlensing

What we learn:

mass fraction

smoothness

Lewis & Irwin 1996
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6. Cosmological Microlensing

What we learn:

mass fraction

smoothness

Mediavilla et al. 2009
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Figure 2. Example of magnification maps for the case κ = γ = 0.45. From top to bottom and from left to right, maps correspond to α = 0.01, 0.05, 0.10, 0.15, 0.20,
0.25, 0.30, 0.50, 1.00.

2. OBSERVED MICROLENSING MAGNIFICATIONS AND
MACRO-LENS MODELS

We collected the data, ∆m (see Equation (4)), examining all
the optical spectroscopy5 found in the literature (see Table 1). In
most cases, the microlensing magnification or the scaling of the
emission line ratio with respect to the continuum ratio are di-
rectly provided by the authors or can be estimated from a figure.
For SDSS 0806+2006, FBQ 0951+2635, SDSS J1001+5027,
QSO 1017−207, SDSS J1206+4332, HE 1413+117, and SBS
1520+530 we used the electronically available or digitized spec-
tra of the images to estimate the microlensing magnification
following the steps described in Mediavilla et al. (2005). In
Table 1, we include (when available) the flux ratios for each
line and its corresponding continuum. Specific details of the
procedure followed to obtain the data are also given.

6 There are also several X-ray events in the literature that have been
explained in terms of microlensing (e.g., Pooley et al. 2007 and references
therein). These events probably arise from a tiny inner region, as compared
with the optical continuum emitting region, and deserve an analogous but
separate study when a sufficiently large sample of X-ray microlensing
measurements become available.

For some of the image pairs (∼30% of the sample) there
are mid-IR flux ratios available. Except for one system, SDSS
J1004+4112 (where image C is probably affected by extinction,
Gómez-Álvarez et al. 2006), they are in very good agreement
with the emission-line flux ratios (see Table 2). The average
difference between mid-IR and emission line flux ratios is only
0.11 mag (0.07 mag if SDSS J1004+4112 is removed). In fact,
the agreement is unexpectedly good taking into account the
possible influence of extinction and source variability. In any
case, this comparison supports the consistency of the basic
hypothesis (that the emission line fluxes are not affected by
microlensing) and the reliability of the data.

Figure 1 shows the frequency of observed microlensing mag-
nifications, fobs(∆m). This histogram exhibits two significant
characteristics: the relatively high number of events with low or
no microlensing magnification and the concentration (∼80%) of
the microlensing events below |∆m| = 0.6. Any model attempt-
ing to describe microlensing magnification should account for
these features. At a lower level of significance, the presence of
two events of high magnification, ∆m ∼ 1.5, should also be
noted. The data presented in Table 1 come from many different
bibliographic sources with the subsequent lack of information

α=0.01 α=0.05 α=0.1

α=0.15 α=0.2 α=0.25

α=0.3 α=0.5 α=1

Can constrain the 
fraction α of matter 
in compact objects 
(stars/black holes)



6. Cosmological Microlensing

What we learn:

mass fraction

smoothness

Mediavilla et al. 2017

Can constrain the 
fraction α of matter 
in compact objects 
(stars/black holes)

distribution of compact objects of identical mass plus a smooth
distribution of dark matter representing the rest of the mass.
Notice that this composite mass function can also reproduce
some basic features of the bimodal mass distribution with two
single-mass populations of compact objects of very different
masses but comparable contributions to the mass density (see
Schechter et al. 2004; and also Gil-Merino & Lewis 2006). We
will discuss this issue in more detail later.

Our study is based on the data and simulations from
Jiménez-Vicente et al. (2015a) in the optical range and
Jiménez-Vicente et al. (2015b) in X-rays, who used microlen-
sing magnification measurements from 24 gravitationally
lensed quasars. In these studies, an estimate of the abundance
of microlenses (i.e., of compact objects) is obtained by
comparing the observed microlensing magnification for each
pair of lensed quasar images, Δmij, with the simulated values
for these measurements as a function of the physical parameters
of interest. We refer the reader to those works for details on the
microlensing data sets, simulations, and statistical procedure.
The most relevant physical parameters affecting the amount of
observed microlensing are the fraction of total matter in
microlenses, α; their average mass, M; and the size of the
accretion disk source, rs. For the present study, focused on the
abundance and mass of the microlenses, we will consider α and
M as the physical variables and rs as a fixed parameter which,
to avoid circularity, we will relate to reverberation mapping
studies. The impact of the uncertainties on this parameter,
nevertheless, will be discussed later. Following a similar
procedure as in Jiménez-Vicente et al. (2015a, 2015b), we
can derive from the simulations the probability of the
observed microlensing measurements, Δmij, conditioned to
the parameters (α,M), B%p m M,ij( ∣ ), and, using Bayes’s
theorem, the probability density function (PDF) for the
parameters B B% r %L M m p m M, ,ij ij( ∣ ) ( ∣ ).

The natural scale of microlensing is the Einstein radius that
increases with the microlenses mass, I r M , and corre-
sponds to the size of the region in which the magnification
induced by an isolated microlens is noticeable. As a
consequence of this, gravitational microlensing is invariant
under a transformation of the mass of the microlenses,

l aM M , if the size of the source is transformed as
l ar r M Ms s (mass–size degeneracy). Using this invariance,

it is straightforward to transform the PDFs B %L r m,s ij( ∣ )
obtained by Jiménez-Vicente et al. (2015a, 2015b) for a fixed
M to B %L M m, ij( ∣ ) adopting now a fixed value for rs.

There are two main sources of rs measurements: microlen-
sing of quasars with central supermassive BH masses in the
% _ :M10 10BH

8 9– range, and reverberation mapping (RM;
Blandford & McKee 1982; Peterson 1993), that has provided
sizes for several nearby AGN with% 1 :M10BH

8 . To break
the mass–size degeneracy of microlensing, we can compare the
results of both methods in the common range, anchoring the
%rs BH( ) dependence inferred from microlensing (Morgan

et al. 2010; Mosquera et al. 2013) to RM measurements.
When this comparison is done in the optical (Edelson
et al. 2015; Fausnaugh et al. 2016 and references therein), it
is found that microlensing size estimates (Mosquera
et al. 2013) agree remarkably well with those inferred from
RM. Thus, we can adopt, from the %rs BH( ) dependence
(Mosquera et al. 2013) validated with RM, a reference value for
rs of 5 lt-day corresponding to% _ :M10BH

9 . Other possible

prescriptions also based in RM results would produce very
similar values for the size of the accretion disk.9

In the case of X-ray observations the results and their
interpretation are less clear, but available RM measurements of
many AGN (see Uttley et al. 2014; Kara et al. 2016 and
references therein) are in reasonable agreement with microlen-
sing studies with a size proportional to the central black hole
mass of roughly 10 gravitational radii, that for% _ :M10BH

9

corresponds to 0.6 lt-day. In any case, the dependence on size
can be made explicit as a scaling factor proportional to rs

2 (see
below).
The resulting PDFs, B %L M m, ij( ∣ ), are shown in Figure 1 for

the optical microlensing measurements analyzed in Jiménez-
Vicente et al. (2015a) corresponding to a rest wavelength of
∼1736Å and in Figure 2 for the X-ray data discussed
in Jiménez-Vicente et al. (2015b). The first result (see Figure 1)
is that the optical data strongly constrain the compact
object masses to the range 1 1:M r M0.05 5 lt days

opt 2( ‐ )
:M r0.45 5 lt days

opt 2( ‐ ) at the 90% confidence level. In
principle, a change in ropts toward larger values could push up
the limits of the mass interval, but notice that the accretion disk
size needed to include microlenses of ∼10Me at the upper limit
of the 90% significance level interval is _r 24 lt days

opt ‐ , which
is very difficult to accept taking into account the RM estimates
for the size of the accretion disks (see Edelson et al. 2015;
Fausnaugh et al. 2016 and references therein). The X-ray data also
concentrate the probability on relatively low masses but allow a
relatively unconstrained upper limit, with a confidence interval of

:M r0.04 0.6 lt dayss
X 2( ‐ ) 1 1M :M r35 0.6 lt dayss

X 2( ‐ ) at

Figure 1. Likelihood function, B %L M m, ij( ∣ ), for the BH (or any type of
compact objects acting like microlenses) mass fraction, α, and mass, M,
obtained from microlensing optical data considering an rs=5 lt-days size
source. The contours are drawn at likelihood intervals of 0.25σ for one
parameter from the maximum. The contours at 1σ and 2σ are heavier.

9 The fit of the combined RM and microlensing data by Edelson et al. (2015)
for % _ :M10BH

9 gives rs=6.5 lt-day. An extrapolation using the
theoretical %rrs BH

2 3 law to the 109 Me mass of the results obtained from
RM of three well-studied cases, MGC 08-11-011, NGC 2617, and NGC 5548
(Fausnaugh et al. 2016), results in rs=4.3 lt-day. See also Jiang et al. (2016).

2

The Astrophysical Journal Letters, 836:L18 (5pp), 2017 February 20 Mediavilla et al.



7. Disk Stability

What we learn:

distribution

abundance

Flat stellar/gaseous disks are unstable 
to perturbations without dark matter 
halos extending beyond the stars

Hohl 1971

Ostriker & Peebles 1973



8. CMB Acoustic Peaks

What we learn:

ratio of DM/
collisional 
matter

thermal history

Hinshaw et al. 2013

WMAP 9 
SPT 
ACT

odd-numbered peaks 
boosted relative to even as 
baryon fraction increases



8. CMB Acoustic Peaks

What we learn:

ratio of DM/
collisional 
matter

thermal history

Planck 2018

Concordance Model

✓ dark matter
✓ dark energy
✓ hot big bang
✓ inflation
✓ homogeneity
✓ isotropy



9. Matter Power Spectrum

What we learn:

ratio of DM/
collisional 
matter

thermal history

Chabanier et al. 2019



9. Matter Power Spectrum

What we learn:

ratio of DM/
collisional 
matter

thermal history

Kennedy et al. 2013

Current limits: 
mX > few keV



10. Large Scale Structure

What we learn:

ratio of DM/
collisional 
matter

thermal history

Paul Angel, Tiamat Simulation

Excellent agreement 
between simulations 

and galaxy distribution 
on the largest scales



10. Large Scale Structure

What we learn:

ratio of DM/
collisional 
matter

thermal history

Frenk & White 2012

Excellent agreement 
between simulations 

and galaxy distribution 
on the largest scales



11. Galaxy/Cluster Collisions

What we learn:

distribution

separation from 
collisional 
matter

self-interaction

NASA/Clowe et al. 2006

Difficult to explain 
without 

collisionless matter



11. Galaxy/Cluster Collisions

What we learn:

distribution

separation from 
collisional 
matter

self-interaction

NASA/Clowe et al. 2006

Difficult to explain 
without 

collisionless matter



11. Galaxy/Cluster Collisions

What we learn:

distribution

separation from 
collisional 
matter

self-interaction

NASA/Clowe et al. 2006

Difficult to explain 
without 

collisionless matter



12. Big Bang Nucleosynthesis

What we learn:

amount of 
baryonic matter

PDG 2018

Remaining mystery: 
lithium abundance 
(but still need low 
baryon fraction)



13. Local Stellar Motions

What we learn:

local dark 
matter density

Buser 2000

Estimates:
ρDM ~ 0.3 GeV/cm3

       ~ 0.008 MSun/pc3



13. Local Stellar Motions

What we learn:

local dark 
matter density

Lisanti et al. 2019

Measurements in 
strong tension with 

MOND explanations

3

FIG. 1. Illustrative plot presenting the potential ability of
dark matter and MOND to predict the measured values of
the circular velocity at the Solar position, vc(R0), and the
vertical velocity dispersion at some reference height above
the midplane, �z(zref). For this figure, the baryonic profile
has been fixed such that it is consistent with measurements
of the stellar disk and bulge, as well as the gas disk. The
black point marks the measurements taken from Refs. [21]
and [29] (see text for details). The blue solid curve is the
prediction for dark matter with a spherical NFW profile and
the dashed blue curve is the prediction for dark matter with
a slightly prolate profile. The red solid curve is the predic-
tion for MOND using Eqs. (2) and (3). The MOND model
requires equal enhancements of the radial and vertical accel-
erations and cannot simultaneously fit both. On the other
hand, both dark matter scenarios are able to accommodate
the measurements. The prolate halo does slightly better be-
cause it increases the enhancement of the radial acceleration
relative to the vertical acceleration, a feature that is the exact
opposite of the MOND behavior.

the radius of the Solar position. Thus, most of the lo-
cal enhancement occurs in the radial direction with the
vertical enhancement suppressed by ⇠ z/R0.

The situation is quite di↵erent in a MG scenario, where
the galactic dynamics are driven solely by the baryonic
distribution. For many such models, the response to
matter is highly non-linear, making a prediction of the
dynamics at a given point within the galaxy non-trivial
to calculate. However, as we demonstrate in this work,
one need only characterize some general properties of the
gravitational response to matter to provide discriminat-
ing power between MG and DM. The particular charac-
teristics that are important to classify are: (1) the para-
metric functional relationship between the local dynami-
cal acceleration, a, and the baryonic matter distribution,
⇢B; (2) the tensor structure of this function; and (3) the
degree to which this function varies in the region of in-

terest within the MW.
For example, in many formulations of MOND, the ob-

served acceleration, a, depends only on ⇢B via the New-
tonian acceleration, aN. The asymptotic behavior of
MOND is designed to reproduce the observed flatness
of rotation curves in galaxies and is determined by

a =

(
aN a � a0
p
a0aN a ⌧ a0 ,

(1)

where a0 is a constant acceleration scale that sets the de-
viation from Newtonian gravity. In general, the solution
for a is model-dependent and di�cult to obtain. How-
ever, under certain conditions (see App. A), the dynamics
of MOND reduce to the following form:

a = ⌫

✓
aN
a0

◆
aN . (2)

The function ⌫(aN/a0) is known as the interpola-
tion function and satisfies the asymptotic conditions of
Eq. (1), but is otherwise arbitrary. Thus, for the case of
MOND, Eq. (2) is the parametric functional relationship
between the dynamical acceleration and the baryonic dis-
tribution and it manifests as a scalar enhancement to the
Newtonian acceleration.
Finally, if one is only interested in fitting a MOND

model to Galactic observables in a localized region near
the Sun, then the Newtonian acceleration, aN, does not
vary too much from some particular reference value,
aN,ref . Therefore, one can expand ⌫(aN/a0) in a Tay-
lor series, giving

⌫

✓
aN
a0

◆
= ⌫

✓
aN,ref

a0

◆
+ ⌫0

✓
aN,ref

a0

◆
aN � aN,ref

a0
⌘ ⌫0 + ⌫1 · aN (3)

to first order, where we have parametrized in terms of
the constants ⌫0 ⌘ ⌫(aN,ref/a0)� ⌫0(aN,ref/a0) · aN,ref/a0
and ⌫1 ⌘ ⌫0(aN,ref/a0)/a0.1 In doing so, the arbitrary
function in Eq. (2) is reduced to two constants, which
can be treated as free parameters of the model. This
expansion allows one to test MOND and present results
in a model-independent manner. A similar procedure
could be envisioned for any IR modification of gravity
which predicts a specific response to the baryonic mass
profile.
Given the phenomenology of each of these types of

models, one can now ask which is better suited to si-
multaneously fit observations of the local radial and ver-
tical accelerations. Measurements of these values are
often inferred indirectly from the local circular veloc-
ity, vc(R0), which correlates with the radial acceleration

1 Note that in this parametrization, one can only constrain the
value of ⌫1, i.e., ⌫0(aN,ref/a0)/a0, and not the scale a0 itself.



Bonus: Gravitational Waves

What we learn:

rules out some 
DM emulators

NASA Goddard

Heinkelmann & 
Schuh 2010

Near-simultaneous arrival of light & 
gravitational waves in GW170817 
inconsistent with models where GWs 
and light follow different geodesics 
(Boran et al. 2018)



“Gravitational wave probes of 
dark matter: challenges and 
opportunities“, Bertone+ incl. 

Mack, arXiv:1907.10610 

Virgo LIGO

LISA NANOGrav
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Annihilation

(Indirect Detection)

Production

(Collider Searches)
diagram: Jonathan Feng



Possible Hints/Signals



Annihilation?

Daylan et al. 2014

Gamma rays in the 
Galactic Center

… but maybe pulsars

Excess positrons at 
high energy

AMS Collaboration 2013 Kohri et al. 2015
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III. ANTIPROTON AND POSITRON FITTINGS

FIG. 1: Antiproton fraction fitted to the data. The data
points are taken by [1] for AMS-02, and by [15] for PAMELA.
The dotted line is plotted only by using the background
flux [33]. The shadow region represents the uncertainties of
the background flux among the propagation models shown
in [1].

In Fig. 1, we plot the antiproton fraction at the Earth
in our model (See the model B shown in Ref. [4]). For
the background flux, we adopted the 15% smaller value
of the mean value shown in [33]. Here, the radius of a
spherical DC, RDC = 40 pc is adopted. The target proton
density is set to be n0 = 50 cm−3. The spectral index
s = 1.75 and the maximum energy Emax = 100 TeV are
assumed. We take the duration of the pp collision to be
tpp = 2 × 105 yr. The total energy of the accelerated
protons is assumed to be Etot,p = 3 × 1050 erg. The
distance to the front of the DC is set to be d = 200 pc.
About the diffusion time of e− and e+, tdiff = 2× 105 yr
is adopted. We take the magnetic field outside the DC
to be Bdiff = 3 µG (See [4] for the further details).
In Fig. 2 we also plot the positron fraction and the total

e−+e+ flux. It is remarkable that we can automatically
fit the observational data of both the positron fraction
and the total e− + e+ flux by using the same set of the
parameters [4].
The positron fraction rises at higher energies than that

of the antiproton fraction (Fig. 2), because the spectral
index of the background antiproton is harder than that of
the background positron. This comes from a difference
between their cooling processes. Only for background
positrons and electrons the cooling is effective in the cur-
rent situation.
In Fig. 3, we plot the positron to antiproton ratio as a

function of the rigidity. Here the local components repre-
sent the contribution of the nearby SNRs produced only
by the pp collisions. From this figure, we find that both
of the positron and the antiproton can be consistently

FIG. 2: (a) Positron fraction (solid line), which includes
the electrons and positrons coming from the DC and back-
ground electrons (dotted line, for example see Refs. [29, 30]).
Filled circles correspond to the AMS-02 data [1, 34, 35] and
PAMELA data [5] (b) Total electron and positron flux (solid
line). The flux of the electrons and positrons created only in
the DC (background) is plotted by the dashed (dotted) line.
Observational data by AMS-02, Fermi, HESS, BETS, PPB-
BETS, and ATIC2 [6–8, 36] are also plotted. The shadow
region represents the uncertainty of the HESS data.

fitted only by adding astrophysical local contributions
produced from the same pp collision sources.

IV. CONCLUSION

We have discussed the anomaly of the antiproton frac-
tion recently-reported by the AMS-02 experiment. By
considering the same origin of the pp collisions between
cosmic-ray protons accelerated by SNRs and a dense
cloud which surrounds the SNRs, we can fit the data
of the observed antiproton and positron simultaneously
without a fine tuning in the model parameters. The ob-
served fluxes of both antiprotons and positrons are con-
sistent with our predictions shown in Ref. [4].
Regardless of the model details, the ratio of antipro-

tons and positrons is essentially determined by the fun-
damental branching ratio of the pp collisions. Thus the
observed antiproton excess should entail the positron ex-
cess, and vice versa. This does not depend on the propa-
gation model since both antiparticles propagate in a sim-
ilar way below the cooling cutoff energy ∼ TeV.
The cutoff energy of e− cooling marks the supernova

age of ∼ 105 years [18, 37], while we also expect a e+

cutoff. The trans-TeV energy will be probed by the fu-
ture CALET, DAMPE and CTA experiments [38, 40].
An anisotropy of the arrival direction is also a unique
signature, e.g., [39].
The boron to carbon ratio as well as the Li to car-

bon ratio have no clear excesses [1]. This suggests that

Excess antiprotons 
at high energy

… but maybe 
supernova remnant

Not pulsars!



Decay?

… but maybe line 
contamination

Excess x-rays in galaxy clusters

Bulbul et al. 2014

and see: Nadler+ (DES) 2021



Scattering?

… but maybe a foreground 
subtraction problem

Super-cold neutral hydrogen 
at high redshift

Pritchard & Loeb 2010

x-rays

stars

Bowman et al. 2018



Scorecard

Direct Detection inconclusive

Indirect Detection inconclusive

Production no signal

Astrophysical 
Evidence very strong



The Cosmic Frontier

redshift:      40         20                 10                              0

CMB                     Cosmic Dawn                      Reionization                             Today



Paul Angel, Tiamat Simulation

Dark Matter: Cosmology



Impact of Dark Matter Annihilation

If dark matter annihilates across all of 
cosmic time, how does it affect the first 
stars and galaxies?

photons
gamma rays
Lyman(alpha/Werner)

ionization

heating

Major unanswered question:



Annihilation in the Intergalactic Medium

halo

halo
halo

halo



Annihilation in the Intergalactic Medium

halo

halo
halo

halo

Annihilation energy: 
• produced by halos 
• deposited in IGM — heat, ionization



Annihilation in the Intergalactic Medium

Additional physics: 
• structured halos 
• delayed energy deposition

inverse 
Compton 
scattering



Annihilation Feedback on Halo Gas

If dark matter is annihilating 
within baryonic halos, 
does this constitute an effective 
“feedback” process?

CHIMERA code: 
modified custom-built 
code (in collaboration with 
S. Schön) to calculate 
energy transfer to baryons

Preliminary results: 
arxiv:1411.3783, 
1706.04327



Probing Cosmic Dawn

current instruments
next decade

SKA

JWST

Djorgovski et al., Caltech



Euclid (vis/IR)
JWST (vis/IR)

Nancy Grace Roman (IR)

SKA (radio) Vera Rubin Obs (vis)



Take-Home Messages

The fundamental nature of dark matter is 
still a mystery  
- but it is almost certainly real 
- and we are getting clues

To identify dark matter from astrophysics, we need 
multi-messenger signals and a solid 

understanding of astrophysical foregrounds
Future surveys can probe the particle physics of 
dark matter and produce a more consistent picture 
of cosmology
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