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Candidates (incomplete list)

✦MACHOs (e.g., primordial black holes)
‣ Mack, Ostriker & Ricotti 2007, Ricotti, Ostriker & Mack 2008,  

Mack & Wesley 2008

✦Axions/axion-like particles
‣ Mack & Steinhardt 2011, Mack 2011

✦ Weakly Interacting Massive Particles 
(a.k.a., WIMPs)
‣ Something not included in the Standard Model of 

Particle Physics



Annihilating WIMPS

?

Why annihilating dark matter?
‣ Good candidates in supersymmetry (e.g. 

neutralino), Kaluza-Klein theory (e.g. B1)

‣ Early thermal equilibrium and freeze-out gives 
natural production mechanism

Key detection signature: 
WIMP annihilation



Dark Matter: Indirect Detection

?

‣ signature: cosmic rays, gamma rays, neutrinos 
(annihilation products)

‣ results: inconclusive

‣ the future: giant cosmic ray array (CTA), high-
resolution gamma-ray astronomy



Gamma Rays

Gamma-ray excess in Galactic Center 
at 1-3 GeV

31-40 GeV WIMP 
annihilation?

In favor: spatial distribution 
looks plausible; fairly simple WIMP 
model, possible new hints seen in 
Andromeda 

Against: Galactic Center is messy; 
complicated analysis; statistics 
favor point sources (Lee et al. 2015)

Daylan et al. 2014



Gamma Rays

However: Statistical distribution 
appears to be more consistent with 
point sources (probably pulsars)

Lee et al. 2015



Cosmic Rays

??

AMS Collaboration, 2013

Image credit: NASA

Image credit: PAMELA Collaboration

PAMELA and the AMS 
instrument  (and several 
others) saw an excess of 
positrons in their 
measurements -- could it be 
dark matter annihilation?

3 TeV DM with high cross-
section proposed as explanation



Cosmic Rays

But: pulsars also 
make electron-
positron pairs

Limited directional 
information

A couple of nearby 
pulsars could produce 
entire signal

Grasso et al. 2009

Image credit: PAMELA Collaboration

Image credit: NASA



Cosmic Rays

Feng & Zhang 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

Kohri et al. 2015

anti-protons

Image credit: PAMELA Collaboration

Image credit: NASA
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Figure 3: Single pulsar model can explain the positron fraction very well. According

to the fitting result, the spectral indices are almost the same.
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Dark Matter: Indirect Detection

?

‣ signature: cosmic rays, gamma rays, neutrinos 
(annihilation products)

‣ results: inconclusive

‣ the future: giant cosmic ray array (CTA), high-
resolution gamma-ray astronomy



Dark Matter: Direct Detection

?

‣ signature: nuclear recoil

‣ results: inconclusive

‣ the future: directional 
detection (see: CYGNUS 
project)

Image credit: UC Berkeley



Direct Detection

CDMS Collaboration, 2013



Direct Detection

LUX

SuperCDM
S

SuperCDMS Collaboration, 2014



Neutrino Wall

Billard et al. 2013
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Neutrino Wall

O’Hare, from paper in prep
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Annual Modulation

DAMA/LIBRA experiment results



summer

winter
Himawari 8 satellite image



Dark Matter: Direct Detection

SABRE

me

?

‣ signature: nuclear recoil

‣ results: inconclusive

‣ the future: SABRE, 
directional detection 
(see: CYGNUS project)



Dark Matter: Production

?

‣ signature: missing energy

‣ results: no signal (yet)

‣ the future: more LHC data, future 
colliders

ATLAS



Cosmological DM Signatures

Density field

angular dependence of 21cm power spectrum

lensing (CMB, LSS)

Energy injection (annihilation, decay)

Structure formation

velocity offset between dark matter & baryons

Small-scale structure and bias (warm dark matter)

Radio counterparts (axions, annihilation)



Paul Angel, Tiamat Simulation

Dark Matter: Cosmology



Annihilation “Feedback”

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 Over Cosmic Time

First question to ask:  
When is annihilation 
power strongest?

Balance:  
density of universe 
(decreasing with time)  
vs 
growth of structure 
(increasing with time)

power

volume

=

h�vi⇢2�
m�

velocity-averaged self-
annihilation rate 

dark matter density 

dark matter particle mass

h�vi

⇢�

m�



Annihilation Over Cosmic Time

“structure” 
component

total signal
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Annihilation Over Cosmic Time
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Annihilation Over Cosmic Time
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See Mack 2014, “Known Unknowns of Dark 
Matter Annihilation over Cosmic Time”
in MNRAS [arxiv: 1309.7783] for details



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?

Sarah Schon,
very-soon-to-be-PhD



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

Annihilation Feedback on Halo Gas

Schon, Mack+ 2015, MNRAS [arxiv: 1411.3783]
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Annihilation Feedback on Halo Gas

Schon, Mack+ 2015, MNRAS [arxiv: 1411.3783]

Comparing:  
dark matter 
annihilation 
energy
(over Hubble time)

to:  
gas binding 
energy
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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 
2017 [arxiv:1706.04327]



Halo Structure and Environment

Annihilation 
products 
filtered 
through halo 
baryons

escaping photons

escaping 
electrons

direct 
injection

Schon, Mack & 
Wyithe 2017 [arxiv:
1706.04327]
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Halo Structure and Environment

Schon, Mack & Wyithe 2017 [arxiv:1706.04327]

10 Schön et. al.

Figure 7. Code output showing the energy distribution of particles escaping a 10

6
M� 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 10

5
M� 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 > 10

6
M�

arise due to the non-inclusion of shock heating surrounding the ha-

c� 0000 RAS, MNRAS 000, 000–000



Alteration of halo collapse

Heating of halos alters 
Jeans mass (mass at which 
collapse possible)

This can prevent or 
delay collapse for 
small halos at high redshift

Schon, Mack & Wyithe 
2017 [arxiv:1706.04327]

§6.4 Raising the Jeans Mass 131

Figure 6.15: Modification of �b from DM annihilation for a 105Msol halo at redshift 20.0.
Different colours correspond to different DM, and symbols to different DM masses.
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Velocity Offsets Tseliakhovich & Hirata 2010 
McQuinn & O’Leary 2012 
Fialkov et al. 2014 
Ali-Haimoud et al. 2014

animation by Daniel Eisenstein



variance of 
perturbations 
in relative 
velocity

Tseliakhovich & Hirata 2010 
McQuinn & O’Leary 2012 
Fialkov et al. 2014 
Ali-Haimoud et al. 2014

Velocity Offsets



Tseliakhovich & Hirata 2010 
McQuinn & O’Leary 2012 
Fialkov et al. 2014 
Ali-Haimoud et al. 2014

2x106 MSun

8x105 MSun

no offset

no offset

higher offset ➞
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Velocity Offsets



linear matter power spectrum

Tseliakhovich & Hirata 2010 
McQuinn & O’Leary 2012 
Fialkov et al. 2014 
Ali-Haimoud et al. 2014

without offset

with offset

21cm angular 
power spectrum

Velocity Offsets



Probing “Cosmic Dawn”

current instruments
next decade

SKA

JWST

Djorgovski et al., Caltech
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Take-Home Messages

The fundamental nature of dark matter 
is still a mystery (but 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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