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What We Do Know

Where it is

How much is out 
there

What it’s doing

(to some degree) 
what it isn’t

Planck Collaboration



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



Candidates (incomplete list)

✦ Weakly Interacting Massive Particles (WIMPs)

‣ Something not included in the Standard Model of Particle 
Physics, generally with weak interactions

‣ May be thermally produced (or not)

Annihilating (e.g., SUSY neutralino WIMP)

Decaying (e.g., sterile neutrino)

Warm (WDM) (e.g., axino)

Self-interacting (SIDM) (particle + dark sector force)

Axion (e.g., QCD axion / string axion) (Mack 2011; Mack & Steinhardt 2011)

Fuzzy DM (tiny mass, large deBroglie wavelength)

MACHO (e.g., primordial black holes) (Mack, Ostriker & Ricotti 2007; R,O,M 2008)



Possible Hints/Signals 
from Indirect Detection



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 di!usion time of e! and e+, tdi! = 2! 105 yr
is adopted. We take the magnetic field outside the DC
to be Bdi! = 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 di!erence
between their cooling processes. Only for background
positrons and electrons the cooling is e!ective 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 cuto! energy " TeV.
The cuto! energy of e! cooling marks the supernova

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

cuto!. 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!

… or background 
uncertainties



Decay?

… but maybe line 
contamination

Excess x-rays in galaxy clusters

Bulbul et al. 2014



Astrophysical Impact
6 M.R. Buckley, A.H.G. Peter / Physics Reports 761 (2018) 1–60

Fig. 1. Estimates for the range of particle physics and astrophysics figures of merit (⇤�1 and Mhalo) for a variety of dark matter models. The range of Mhalo

covered by ‘‘evolutionary’’ and ‘‘primordial’’ self-interacting dark matter models (SIDM) are overlapping. The former covers the range 106–1015 M� , and
the latter the range below 1011 M� . See text for further details.

these questions, the answer is a qualified yes. For example, stars in the visible sector might act as microlenses for dark
matter astronomers, as they do for visible-sector applications [53]. The abundance and stability of such objects may hint at
nuclear fusion-type processes. But for some of these questions – e.g., three generations of quarks and leptons – the answer
might be no.

This thought experiment is not an attempt to argue that a dark-matter scientist could immediately determine the unique
properties of the baryons. As we demonstrated, there are several possible branches that our hypothetical researcher may
wander down; it is not clear that all other options would not also lead to self-consistent results. Indeed, one might expect
the same level of vigorous debate as to the nature of this mysterious extra component of the Universe as found among our
baryonic theoretical physicists. However, the dark-matter scientist would be able to map out some of the most important
features of the StandardModel, like electromagnetism,whichwere also the first StandardModel features thatwere described
by modern theory by visible-sector scientists.

3. Metrics for dark matter models

As our thought experiment demonstrates, much may be learned about the complicated Standard Model particle physics
through measurements of the gravitational imprint of baryons if we were dark-matter scientists surveying the Universe.
We can uncover non-trivial dark matter physics in the same manner. A comprehensive characterization of dark matter
microphysics requires a combination of approaches: laboratory-based particle physics searches for interactions with the
Standard Model, and the astronomical searches for interactions within a dark sector and also (as we will see) with the
Standard Model. To organize these searches, we need a compact space in which to classify models in terms of their
observability in the laboratory and in the sky. Our goal with this section is to motivate a specific choice for this space, and to
show how particle dark matter models inhabit it. The space is designed to be well-matched to the ways particle physicists
and astronomers think about dark matter, making the mapping between the particle and astronomical spaces transparent
and straight-forward, and compact but informative enough so that one might define ‘‘figures of merit’’ to quantify howwell
future experiments and observations will constrain dark matter models.

We classify darkmattermodels by their interaction strengthwith the StandardModel,⇤�1, and the cosmological scale at
which we expect to see a deviation from the Cold Dark Matter (CDM) paradigm, Mhalo. The former defines the sensitivity of
particle physics detectors and the latter defines the largest size of the systems that must be understood in order to discover
model-specific dark matter structures. We consider each axis of this parameter space in turn, and classify some well-known
dark matter models by where they fall in the resulting two-dimensional parameter space. We summarize our estimates for
these models in Fig. 1, with details given in the text. Because one of our goals is to enable better communication between

Peter & Buckley 2018

halo mass vs SM interaction

(where we expect to see a deviation from CDM)



The Cosmic Frontier



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

Usual treatment: 
• monolithic halos 
• immediate uniform energy deposition



Annihilation in the Intergalactic Medium

Better: 
• 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?

PYTHIA code: dark matter 
annihilation events

MEDEA2 code: energy 
transfer to baryons

Halo models: density profile, 
mass-concentration



Comparing: 
dark matter 
annihilation 
energy
(over Hubble time)

to: 
gas binding 
energy
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Annihilation Feedback on Halo Gas

Schon, Mack+ 2015, MNRAS [arxiv: 1411.3783]
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Halo Structure and Environment
Improved code: tracks 
full particle cascades & 
deposition within halos

Main questions: 

‣ Where is the energy 
deposited?

‣ What is the effect on 
the halo environment?

Schon, Mack & Wyithe 
2018, MNRAS [arxiv:1706.04327]



Halo Structure and Environment

Annihilation 
products 
filtered 
through halo 
baryons

escaping photons

escaping 
electrons

direct 
injection
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Halo Structure and Environment

10 Schön et. al.

Figure 7. Code output showing the energy distribution of particles escaping a 106M� halo at redshift 20. The upper most plot shows the distribution of
escaped electrons (left), photons (middle) and positrons (right) for 5 GeV electrons injected into the halo. The plots directly below show the same but for a
5 GeV photon. The lower two plots show the total spectrum where the third row shows the original, un-modified injected annihilating spectrum for a 5 GeV
DM particle annihilating via muons. The lowest most plot shows the spectra after the injected particles have passed through the halo. In both plots the pink
columns show photons, blue electron and green positrons and results are given as a fraction of the halo’s total annihilation power.

Given a �b = 100, a number of dark matter candidates would
reduce the infall of gas onto the halo to a degree that potential
baryonic structure formation could be effected. For the dark matter
model with the most pronounced impact on �b, 130 a MeV particle
with a concentrated Einasto profile (black curve), a 105M� halo

would have to increase in mass by a factor of 2 � 3 at redshift 20
and 4� 5 at redshift 40 to recover a �b of 100. It is again important
to note that the large �b produced for halos with mass > 106M�
arise due to the non-inclusion of shock heating surrounding the ha-

c� 0000 RAS, MNRAS 000, 000–000

Schon, Mack & Wyithe 2018, MNRAS [arxiv:1706.04327]



Probing Cosmic Dawn

current instruments
next decade

SKA

JWST

Djorgovski et al., Caltech



The 21cm Line

z=0
ν=1420 MHz

z=6
ν=200 MHz

z=13
ν=100 MHz

z=20
ν=70 MHz

Advantages for studying 
reionization / dark ages:

Unsaturated line => strong dependence on H 
properties, low attenuation

Can be seen in absorption or emission against CMB -- 
no bright source needed

z=50
ν=28 MHz



High-redshift 21cm Astronomy

Redshift
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Spin temp

Compton 
scattering 
inefficient

Atomic 
collisions

Atomic 
collisions 
inefficient

Lyman-alpha 
pumping

• The spin temperature 
determines the 
relative occupancy of 
the hyperfine levels

• The brightness 
temperature measured 
by observations is 
determined by the 
spin temperature’s 
coupling to the CMB 
temperature



High-redshift 21cm Astronomy
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FIG. 1: Top panel: Evolution of the CMB temperature TCMB

(dotted curve),the gas kinetic temperature TK (dashed curve),
and the spin temperature TS (solid curve). Middle panel:
Evolution of the gas fraction in ionized regions xi (solid curve)
and the ionized fraction outside these regions (due to di!use
X-rays) xe (dotted curve). Bottom panel: Evolution of mean
21 cm brightness temperature Tb. In each panel we plot curves
for model A (thin curves), model B (medium curves), and
model C (thick curves).

lies upon reionization proceeding rapidly leading to a
distinctive step-like feature in the frequency direction,
which would not be expected to be produced by the
spectrally-smooth foregrounds. With the assumption of
sharp reionization, EDGES [62] places an initial con-
straint that T̄b < 450 mK at z = 8. While this is far from
the expected signal amplitude, such constraints will im-
prove with time. E!orts are also underway to extend the
frequency coverage to ! ! 50 MHz to access the transi-
tion from an absorption to emission signal. As Figure 1
indicates, this transition is likely to be significantly larger
in amplitude (" 100 mK) than that at the end of reion-
ization (" 20 mK).

B. Fluctuation History

The three dimensional nature of the 21 cm signal
makes it di"cult to convey the evolution of the fluctua-
tions with a single 2-dimensional plot. We therefore plot
the evolution of four individual comoving wavenumbers
k = 0.01, 0.1, 1, and 10 Mpc!1, spanning the range
that might be observed. On large scales we expect con-
tamination from foregrounds to limit the detection of the
power spectrum. On small scales thermal broadening of
the 21 cm line will smooth the signal. It is also to be ex-

pected that many of our approximations will break down
as small scale information about the sources becomes im-
portant (see for example [63] for the importance of higher
order correlations on small scales during reionization).
For the mean histories shown in Figure 1, we calculate
the evolution of the 21 cm angle-averaged power spec-
trum, which is plotted in Figures 2, 3, and 4, for models
A, B, and C, respectively.

The evolution of #̄Tb
clearly shows three regimes: the

post-reionization regime at low redshifts (z < zreion)
where the 21cm fluctuations from residual hydrogen fol-
low the matter power spectrum, an intermediate red-
shift regime (xreion < z < ztrans) where Ly" coupling
produces a large signal and complicated astrophysics
leads to significant scale dependence, and a high red-
shift collisionally-coupled regime where 21 cm fluctua-
tions track the density field (z > ztrans ! 23). For peda-
gogical purposes, let us describe the evolution on a single
comoving scale (say, k = 0.1 Mpc!1) and draw attention
to the main features. Thermal decoupling at z " 200 is
a gradual process and, initially, #̄Tb

grows due to a com-
bination of the growth of density fluctuations and the
steady gas cooling below TCMB. As the gas rarifies and
cools, collisional coupling becomes less e!ective and, at
z " 60, #̄Tb

begins to decrease in amplitude. Note that
the continuing growth of structure o!sets the turnover
on #̄Tb

from the minimum of Tb, seen in Figure 1 to oc-
cur at z ! 90. As collisional coupling diminishes, the
signal drops towards zero. This occurs while TK < 30,
a regime where #1!0(TK) drops exponentially with TK

[32] and results in a rapid drop of the signal at z ! 40.
Before the signal drops all the way to zero, significant
star-formation occurs and the resultant Ly" production
leads to the beginning of Ly" coupling by z ! 25. The
exponential increase in the global star formation rate at
these redshifts is responsible for the rapid increase in Tb

and #̄Tb
. With this rise in signal, we enter into a regime

dominated by astrophysics and begin to see complicated
scale dependence.

Initially, Ly" fluctuations boost the signal somewhat
above the level of density fluctuations alone. However, X-
ray heating follows not far behind and contributes to #̄Tb

with the opposite sign (hotter regions produce a weaker
absorption signal, see Pritchard and Furlanetto [29]). In
this competition, X-ray driven temperature fluctuations
dominate causing #̄Tb

to pass through a zero point (seen
as a sharp dip at z " 18 in all three plots). Tempera-
ture fluctuations dominate as T̄K approaches TCMB and
T̄b vanishes. In proceeding to the emission regime, we
note based on Figure 1 that the brightness fluctuations
emitted Tb are generically smaller than they were during
the absorption regime, leading to a decreasing trend in
#̄Tb

. As reionization gets underway, ionization initially
causes #̄Tb

to drop leading to a pronounced dip in its
evolution. This occurs as a result of the clustering of
ionizing sources in over dense regions causing the ionized
HII regions to “mask out” those dense regions that have
been producing the strongest 21 cm signal. As reioniza-

dark ages
star formation

Pritchard &
 Loeb 2008

• The spin temperature 
determines the 
relative occupancy of 
the hyperfine levels

• The brightness 
temperature measured 
by observations is 
determined by the 
spin temperature’s 
coupling to the CMB 
temperature

Tb /
Ts � T�

Ts



Exotic Physics & 21cm
Anything injecting 
energy in the Dark 
Ages: smoking gun for 
exotic physics

Mack & Wesley, arXiv:0805.1531

Example: 
primordial black hole evaporation

Unfortunately: very 
difficult to observe



Dark Matter & 21cm

Evoli et al. 2014

DM annihilation at cosmic dawn

Annihilating dark matter can 
heat and ionize the IGM, 
altering the 21cm signal at 
cosmic dawn  
 
(and even dominate heating at 
certain redshifts)



Dark Matter & 21cm

Bowman et al. 2018
Pritchard & Loeb 2010

EDGES Experiment



EDGES

Bowman et al. 2018

EDGES Experiment



EDGES

Bowman et al. 2018

EDGES Experiment

Cold dark matter coupling?
Barkana 2018; Barkana+ 2018; 
Berlin+ 2018; Muñoz & Loeb 2018 



EDGES

Bowman et al. 2018

EDGES Experiment



EDGES

Bowman et al. 2018

EDGES Experiment

Higher radiation background?
Ewall-Wice et al. 2018
Pospelov et al. 2018



Dark Matter & 21cm
EDGES Experiment

Foreground 
problems?
Hills et al. 2018

also
Spinelli et al. 2019
Sims & Pober 2020



Dark Matter & 21cm
Upcoming high-redshift 21cm experiments will probe 
matter power spectrum to much smaller scales

Chabanier et al. 2019 Muñoz, Dvorkin & Cyr-Racine 2020

Δ2(k) =
k3

2π2
P(k)



Work in Progress



Alternative DM Thermal Histories

Standard thermal WIMP 
dark matter

• WIMP-interaction-
strength cross section 
mostly ruled out

➡ consider alternative 
histories

Kolb & Turner 1990



Alternative DM Thermal Histories

• dark matter coupled to Standard Model only via mediator
• mediator dominates during radiation domination, initiating 

temporary matter-dominated era
• mediator decays, heating dark matter

A. Erickcek, H. Ganjoo et al., in prep
Early matter-dominated epoch



Alternative DM Thermal Histories

A. Erickcek, H. Ganjoo et al., in prep

Potential impacts 
on:
• annihilation 

signal
• small-scale 

matter power 
spectrum
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SKA

JWST



Take-Home Messages

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

To determine dark matter’s impact on high-redshift 
astrophysics, we need to understand small halos 
and their evolution (see: next talk!)



end


