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The Problem of Dark Matter
• We know dark matter exists.

!2

K.G. Begeman, A.H. Broels, R.H. Sanders. 1991. 
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The Problem of Dark Matter
• …but where is it?

!3

5

FIG. 3: Background model in the fiducial mass in a reference
region between the NR median and �2� quantile in cS2b,
projected onto cS1. Solid lines show that the expected number
of events from individual components listed in Table I; the
labels match the abbreviations shown in the table. The dotted
black line Total shows the total background model, the dotted
red line WIMP shows an m = 50 GeV/c2, � = 10�46cm2

WIMP signal for comparison.
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FIG. 4: The spin-independent WIMP-nucleon cross sec-
tion limits as a function of WIMP mass at 90% confidence
level (black) for this run of XENON1T. In green and yellow
are the 1- and 2� sensitivity bands. Results from LUX [27]
(red), PandaX-II [28] (brown), and XENON100 [23] (gray)
are shown for reference.

this, and therefore assume their rate is proportional to
the ER rate, at 0.10+0.10

�0.07 events based on the outliers ob-
served in the 220Rn calibration data. The physical origin
of these events is under investigation.

The WIMP search data in a predefined signal box was
blinded (99% of ERs were accessible) until the event se-
lection and the fiducial mass boundaries were finalized.
We performed a staged unblinding, starting with an ex-
posure of 4 live days distributed evenly throughout the
search period. No changes to either the event selection
or background types were made at any stage.

A total of 63 events in the 34.2-day dark matter
search data pass the selection criteria and are within the
cS12 [3, 70] PE, cS2b 2 [50, 8000] PE search region used
in the likelihood analysis (Fig. 2c). None are within
10 ms of a muon veto trigger. The data is compatible
with the ER energy spectrum in [9] and implies an ER
rate of (1.93 ± 0.25) ⇥ 10�4 events/(kg⇥ day⇥ keVee),
compatible with our prediction of (2.3 ± 0.2) ⇥ 10�4

events/(kg⇥ day⇥ keVee) [9] updated with the lower Kr
concentration measured in the current science run. This
is the lowest ER background ever achieved in such a dark
matter experiment. A single event far from the bulk
distribution was observed at cS1 = 68.0 PE in the ini-
tial 4-day unblinding stage. This appears to be a bona
fide event, though its location in (cS1, cS2b) (see Fig. 2c)
is extreme for all WIMP signal models and background
models other than anomalous leakage and accidental co-
incidence. One event at cS1 = 26.7 PE is at the �2.4�
ER quantile.

For the statistical interpretation of the results, we
use an extended unbinned profile likelihood test statis-
tic in (cS1, cS2b). We propagate the uncertainties on
the most significant shape parameters (two for NR, two
for ER) inferred from the posteriors of the calibration
fits to the likelihood. The uncertainties on the rate of
each background component mentioned above are also
included. The likelihood ratio distribution is approxi-
mated by its asymptotic distribution [25]; preliminary
toy Monte Carlo checks show the e↵ect on the exclusion
significance of this conventional approximation is well
within the result’s statistical and systematic uncertain-
ties. To account for mismodeling of the ER background,
we also calculated the limit using the procedure in [26],
which yields a similar result.

The data is consistent with the background-only hy-
pothesis. Fig. 4 shows the 90% confidence level upper
limit on the spin-independent WIMP-nucleon cross sec-
tion, power constrained at the �1� level of the sensitivity
band [29]. The final limit is within 10% of the uncon-
strained limit for all WIMP masses. For the WIMP en-
ergy spectrum we assume a standard isothermal WIMP
halo with v0 = 220 km/s, ⇢DM = 0.3 GeV/cm3, vesc =
544 km/s, and the Helm form factor for the nuclear
cross section [30]. No light and charge emission is as-
sumed for WIMPs below 1 keV recoil energy. For all
WIMP masses, the background-only hypothesis provides
the best fit, with none of the nuisance parameters rep-
resenting the uncertainties discussed above deviating ap-
preciably from their nominal values. Our results improve
upon the previously strongest spin-independent WIMP
limit for masses above 10 GeV/c2. Our strongest exclu-
sion limit is for 35-GeV/c2 WIMPs, at 7.7 ⇥ 10�47cm2.

These first results demonstrate that XENON1T has
the lowest low-energy background level ever achieved by
a dark matter experiment. The sensitivity of XENON1T
is the best to date above 20 GeV/c2, up to twice the

Xenon1T 1705.06655
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Figure 9. Upper limits (95% confidence level) on the DM annihilation cross section derived from a combined analysis of the nominal
target sample for the bb̄ (left) and ⌧+⌧� (right) channels. Bands for the expected sensitivity are calculated by repeating the same analysis
on 300 randomly selected sets of high-Galactic-latitude blank fields in the LAT data. The dashed line shows the median expected sensitivity
while the bands represent the 68% and 95% quantiles. Spectroscopically measured J-factors are used when available; otherwise, J-factors
are predicted photometrically with an uncertainty of 0.6 dex (solid red line). The solid black line shows the observed limit from the
combined analysis of 15 dSphs from Ackermann et al. (2015b). The closed contours and marker show the best-fit regions (at 2� confidence)
in cross-section and mass from several DM interpretations of the GCE: green contour (Gordon & Macias 2013), red contour (Daylan et al.
2016), orange data point (Abazajian et al. 2014), purple contour (Calore et al. 2015). The dashed gray curve corresponds to the thermal
relic cross section from Steigman et al. (2012).

sensitivity is a factor of ⇠ 1.5 for hard annihilation spec-
tra (e.g., the ⌧+⌧� channel) compared to the median
expected limits in Ackermann et al. (2015b). More pre-
cisely determined J-factors are expected to improve the
sensitivity by up to a factor of 2, motivating deeper spec-
troscopic observations both with current facilities and fu-
ture thirty-meter class telescopes (Bernstein et al. 2014;
Skidmore et al. 2015).

The limits derived from LAT data coincident with con-
firmed and candidate dSphs do not yet conclusively con-
firm or refute a DM interpretation of the GCE (Gor-
don & Macias 2013; Daylan et al. 2016; Abazajian et al.
2014; Calore et al. 2015). Relative to the combined anal-
ysis of Ackermann et al. (2015b), the limits derived here
are up to a factor of 2 more constraining at large DM
masses (m

DM,bb̄ & 1 TeV and mDM,⌧+⌧� & 70 GeV)
and a factor of ⇠ 1.5 less constraining for lower DM
masses. The weaker limits obtained at low DM mass
can be attributed to low-significance excesses coincident
with some of the nearby and recently discovered stellar
systems, i.e., Reticulum II and Tucana III. While the
excesses associated with these targets are broadly con-
sistent with the DM spectrum and cross section fit to
the GCE, we refrain from a more extensive DM interpre-
tation due to the low significance of these excesses, the
uncertainties in the J-factors of these targets, and the
lack of any significant signal in the combined analysis.

Ongoing Fermi -LAT observations, more precise
J-factor determinations with deeper spectroscopy, and
searches for new dSphs in large optical surveys will each
contribute to the future sensitivity of DM searches using
Milky Way satellites (Charles et al. 2016). In particular,
the Large Synoptic Survey Telescope (Ivezic et al. 2008)
is expected to find hundreds of new Milky Way satellite
galaxies (Tollerud et al. 2008; Hargis et al. 2014). Due to
the di�culty in acquiring spectroscopic observations and
the relative accessibility of �-ray observations, it seems
likely that �-ray analysis will precede J-factor determi-
nations in many cases. To facilitate updates to the DM

search as spectroscopic J-factors become available, the
likelihood profiles for each energy bin used to derive our
�-ray flux upper limits will be made publicly available.
We plan to augment this resource as more new systems
are discovered.

After the completion of this analysis, we became aware
of an independent study of LAT Pass 8 data coincident
with DES Y2 dSph candidates (Li et al. 2016). The �-ray
results associated with individual targets are consistent
between the two works; however, the samples selected for
combined analysis are di↵erent.
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FIG. 5: Axion-photon coupling excluded at the 90% con-
fidence level assuming a local dark matter density of 0.45
GeV/cm3 for two dark matter distribution models. The
shaded region corresponds to the range of the axion photon
coupling models discussed in [23].

The total power and expected axion SNR were used
to set a limit on the product of axion coupling and local
dark matter density. Two models for the axion spectral
line shape were examined: completely virialized axions
with a velocity dispersion of 160 km/s and a velocity
relative to earth of 220 km/s, and axions with a veloc-
ity dispersion and relative velocity of 60 km/s or less,
as would be predicted by a caustic model [25] or a dark
disk model [26]. Expected signals for both models su-
perimposed on real data are shown in Fig. 4. Models
with lower velocity dispersions produce narrower peaks

in the power spectrum, with a consequently higher SNR.
The 90% confidence bound on axion coupling with a local
dark matter density of 0.45 GeV/cm3 is shown in Fig. 5.

We exclude at 90% confidence realistic axion models
of dark matter, with a local density of 0.45 GeV/cm3 for
axion masses ranging 3.3 µeV to 3.53 µeV. This extends
the excluded region from that covered in ref. [18], exclud-
ing plausible axion dark matter models from 1.9 µeVto
3.53 µeV. Additionally, we have demonstrated the first
application of a dc SQUID amplifier in a high field en-
vironment with a noise temperature comparable to our
previous runs. In the next phase of ADMX, the SQUID
and cavity will be cooled with a dilution refrigerator to
100 mK, allowing the detector to scan over the plausi-
ble axion mass range several hundred times faster at the
present sensitivity, or to be sensitive to even the most
pessimistic axion-photon couplings over the entire axion
mass range while still scanning ten times as fast as the
present detector.
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The Problem of Dark Matter
• We have well-motivated ideas about what the particle physics of dark 

matter could be: 
• Axions! (solve the CP-problem) 
• WIMPs! (solve the Naturalness                                                       

and Hierarchy problems) 
• sterile neutrinos 

• We just haven’t found convincing                                              
evidence for any of them. 

• The question we theorists want to answer: 
• What is the particle physics of dark matter?
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Back to the Basics
• What do we know about dark matter? 

• It exists! (in galaxies today) 
• It existed in the early Universe 
• It doesn’t interact with unsuppressed weak/EM/strong charges 
• It was non-relativistic by 
• If fermionic, its mass is                . If bosonic,  
• It doesn’t interact with itself very much. 

• That is it. That’s everything we know for a fact about dark matter. 
• But how do I know any of this?

!6
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Gravity!
• Every property of dark matter we know of (other than non-

observation in the lab) comes from its gravitational interactions.

!7

Dark Matter exists today in galaxies 
and clusters 

Non-relativistic by matter/radiation 
equality
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Gravity!
• Every property of dark matter we know of (other than non-

observation in the lab) comes from its gravitational interactions.

!8

Dark Matter existed in the early 
Universe. 

No unsuppressed E&M 
interactions
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Gravity!
• Every property of dark matter we know of (other than non-

observation in the lab) comes from its gravitational interactions.

!9

No unsuppressed strong nuclear 
interactions

Burles, Nollett & Turner (1999).
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Gravity!
• Every property of dark matter we know of (other than non-

observation in the lab) comes from its gravitational interactions.

!10

Lower mass limits 
Lack of large self-interactions
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So What?
• We’re interested in the particle physics of dark matter, not the 

astrophysics. 
• How do we extract these things from the distribution and evolution 

of dark matter?

!11
N-Body Shop
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A Thought Experiment
• Imagine you’re a scientist in the dark sector: you can see dark 

matter, but not baryons. 
• Using the Dark CMB, you discover the existence of some 

mysterious substance with 
• What can you learn about its particle physics? 

• Dark scientists would by stymied if they use                                      
the classic experimental triad

!12Early Universe Annihilation
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Credit to Annika Peter (OSU) for idea. 
Buckley & Peter 1712.06615
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A Thought Experiment
• But what if you turn to the 

astrophysics? 
• The z of matter-radiation equality 

gives you baryonic light degrees 
of freedom. 

• Two-point correlation of dark 
halos gives you Baryon Acoustic 
Oscillation — baryons are 
strongly self-interacting 

• A difference between dark matter 
halos and baryonic galaxies — 
baryons must be capable of 
cooling.

!13

Illustris Simulation

M104 (Hubble)
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A Thought Experiment
• Baryons have some effective 2-to-3 scattering mechanism. 

• Reasonable to conclude that the light d.o.f. are responsible

!14
EAGLE Simulation
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A Thought Experiment
• Scattering rate implied by disk cooling would be too high for a 

thermal relic: the baryons consist of particles but not antiparticles! 
• Other particle physics solutions certainly possible, but if the dark 

scientists consider a           gauge interaction, they’ll find they need 
• a virialized kinetic energy set by a heavy particle 
• a scattering rate set by a light particle. 
• a fine-structure constant large enough to allow thermal 

bremsstrahlung, but not too large so that the biggest galaxies 
can’t reionize.

!15
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A Thought Experiment
• Can’t guarantee that dark scientists would hit on the right answer. 

• But they can learn that baryons must be multicomponent, strongly 
interacting, with a complicated cooling history involving relativistic 
particles. 

• So, let’s ask: if we’re studying the dark matter particle physics… 
• …what can astrophysics do for us?

!16
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Particle Physics from Astrophysics

• Not a novel idea — we constrain dark matter models with 
astrophysics all the time. 

• Sterile neutrinos: 
• Warm dark matter free-streams                                                       

out of small structures in the                                                                 
early Universe. 

• Self-Interacting Dark Matter: 
• Bullet Cluster, tri-axiality of halos, etc                                              

limit

!17

5

decay rate increases as the fifth power, but the number
density in the field of view decreases proportionally with
the mass. Using the production relationship, Eq. (7), the
diffuse X-ray background limit of Ref. [57] is

ms < 8.89 keV

!

ΩDM

0.26

"0.538

, (9)

for central values of the cosmological parameters, and is
shown in Fig. 2. The constraints from unresolved X-ray
sources derived by Mapelli & Ferrara [58] are similar to
Eq. (9), when using the production relation Eq. (7) [59].

III. PERTURBATION EVOLUTION

The standard cosmological model of structure forma-
tion from adiabatic Gaussian fluctuations seeded by an
inflationary epoch is affected by perturbation growth in
the radiation through matter dominated eras. The distri-
bution of velocities of the dark matter suppresses fluctua-
tions below its free streaming scale, which increases with
the mean dark matter velocities and decreases with its
mass. Since sterile neutrinos are produced non-thermally,
their full energy distribution must be included in an ac-
curate calculation of the fluctuation spectrum arising
from the linear growth epoch. I use the approach of
the covariant multipole perturbation evolution equations
for massive neutrinos in Ref. [60] and implemented in
the Code for Anisotropies in the Microwave Background
(CAMB) [61]. The multipole equations depend on the
value of the massive neutrino energy distribution and
its momentum derivative, but I will not reproduce them
here.

I calculate the growth of perturbations through the
radiation and matter dominated epochs of sterile neu-
trino dark matter with CAMB. I include directly
the numerically-calculated momentum-dependent sterile
neutrino distribution functions and their derivatives from
the solution of the quasi-classical Boltzmann Eq. (1) as
described in the previous section. The resulting linear
matter power spectra today at redshift zero are shown in
Fig. 3 for a range of sterile neutrino masses from 0.3 to
140 keV, along with the related CDM case.

A useful form of the suppressed perturbation power
spectrum Psterile(k) relative to the CDM case is a sterile
neutrino transfer function of the form

Ts(k) ≡

#

Psterile(k)

PCDM(k)
, (10)

which can be used to convert any CDM transfer function
to that of sterile neutrino dark matter. I find a fitting
function that describes the transfer function of the form

Ts(k) = [1 + (αk)ν ]
−µ

, (11)

where

α = a
$ ms

1 keV

%b
!

ΩDM

0.26

"c !

h

0.7

"d

h−1 Mpc, (12)

FIG. 3: Shown are the resulting linear matter power spectra
for nonthermal sterile neutrinos in the mass range 0.3 < ms <
140 keV (gray/cyan). The thick (red) low-k suppression case
is for the lower-mass limit inferred from the Lyman-α forest
(ms > 1.7 keV) , and the thick (blue) high-k suppression case
is for the upper-mass limit from X-ray observations of the
Virgo cluster (ms < 8.2 keV). The CDM case is the dashed
(black) line. Measures of large-scale structure in the linear
regime are in the region of 0.01h Mpc−1 < k < 0.2h Mpc−1

for galaxy surveys, while neutral gas clustering observed in
the Ly-α forest may extend observations of linear structure
to 0.1h Mpc−1 < k < 3h Mpc−1.

and a = 0.189, b = −0.858, c = −0.136, d = 0.692,
ν = 2.25, and µ = 3.08. The fitting form is valid for 0.3 !
ms ! 15 keV. This fitting function is shown relative to
the numerical results in Fig. 4 as well as previous results
by Ref. [44]. Note that all of the features of the numerical
results are not obtained in the fit due to the nonthermal
character of the sterile neutrino distribution, particularly
for ms = 1.7 keV where peak production occurs near the
quark-hadron transition.

The result presented here for the relative sterile neu-
trino transfer function is similar, yet significantly differ-
ent from previous work [43, 44], with the difference at-
tributed the use here of the non-thermal sterile neutrino
momentum distribution due to the physics described in
§II. The results derived here differ in cosmological pa-
rameter dependence of Ts(k) from 2% to 18% and in
the rapidity of the cutoff µ at 45% relative to that in
Refs. [43, 44]. Using the transfer function derived here
and small scale clustering data sets including the inferred
matter power spectrum from the high-resolution Lyman-
α forest from Viel et al. [62], Ref. [42] found lower lim-
its on the mass of the sterile neutrino dark matter at
1.7 keV (95%CL) from the CMB, the SDSS 3D Pg(k)
of galaxies [63] plus SDSS Lyman-α forest [64], and a
lower limit of 3.0 keV (95%CL) if the inferred matter
power spectrum from the high-resolution Lyman-α for-
est of Ref. [62] is used, which however has significant
systematic uncertainties.

Azabajian astro-ph/0511630
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• So what’s new? 
• On the astrophysics side: 

• New big-data surveys and observatories:                                 
SDSS, DES, GAIA, LSST, JWST, WFIRST(?),… 

• New dwarf galaxies, gravitational lensing, stellar kinematics, galaxy 
surveys, galaxy evolution from high-z to today,… 

• On the theoretical physics side: 
• A recognition that WIMPs are not the end-all-be all 
• A need for new data to narrow down the possibilities

!18

Particle Physics from Astrophysics
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The Goal
• Use astrophysical probes of the structure of dark matter to constrain 

the particle physics of the dark sector. 

• Compare to “pure” cold dark                                                                  
matter — gravity-only interactions 
• Predicts a primordial power                                                                        

spectrum of dark matter                                                                 
structure that extends down                                                                  
to arbitrarily small scales. 

• This is perhaps the key                                                          
prediction of cold dark matter.

!19

Romulus-25 Simulation (ChaNGa) 
M. Tremmel (visualization A. Ponzen)
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Halos

!20
Buckley & Peter 1712.06615
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Views of Dark Matter
• Particle physicists and astrophysicists speak different languages: 

• Dark matter as a particle physicist                                                                         
problem: 
• What is its mass?  
• Its interactions?  
• How does it fit into some                                                                                                      

larger model?

!21

Buckley & Peter 1712.06615
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Views of Dark Matter
• Particle physicists and astrophysicists speak different languages: 

• Dark matter as an astrophysicist                                                                         
problem: 
• How is it distributed in the                                                     

Universe?  
• Is our cosmology correct?  
• Are we modeling galaxies                                                        

correctly? 
• Not always clear how a particle                                                                     

model of dark matter fits into this

!22Buckley & Peter 1712.06615



38

A Common Language
• A parameter space that captures 

important phenomenology for 
both particle physics and 
astrophysics. 

• Particle Physics parameter: 
strength of interaction with the 
Standard Model 

• Astrophysics parameter: the 
mass of a dark matter halo at 
which a deviation from pure     
CDM occurs 

!23

Buckley & Peter 1712.06615



38

Example: WIMPs
• The canonical dark matter model 
• Weak-scale interactions: 

• Density perturbations that follow                                                        
“pure” CDM down to very low scales 
• Suppressed by thermal contact                                                    

with the Standard Model at high                                       
temperatures.

!24

4 A. M. Green, S. Hofmann and D. J. Schwarz

tain the normalisation of the solution to eq. (10). Expanding
the result for y ≫ 1, we find

∆cdm(y) = −9φ0 c y
ν/2

!

ln

"

k
keq

#

+ b

$

, (11)

where keq = 1/(aH)eq, c(ν) = Γ[1 + 2ν]/(2νΓ2[1 + ν])
and b(fb) = 1/2 ln(25/3) − γE − 1/2 − 2/ν − 2Γ′[ν]/Γ[ν],
e.g. ν(fb) = 1.80 (2), c[ν(fb)] = 1.37(3/2) and b(fb) =
−1.57 (−1.74) for fb = 0.16 (0). Note that before zb, CDM
density perturbations grow as ∆cdm ∝ aν/2. Later the
baryons follow the CDM and the matter fluctations grow
as a. For the peculiar velocity and the Newtonian gravita-
tional potential we obtain

vcdm(y) =
keq
k

%

y
2

d
dy

∆cdm(y) ,

φ(y) = −3
4

&

keq
k

'2

(1− fb)
∆cdm(y)

y
. (12)

In the following, we omit the subscript cdm.
For redshifts zeq > z > zb (between matter-radiation

equality and the epoch at which small-scale baryon pertur-
bations start growing) we find the transfer function for the
CDM density perturbations for modes which satisfy k > kb

T∆(k, z) = (6c)2
(

ln k
keq

+ b
)2

* 1+zeq
1+z

+ν
, (13)

and the transfer function for the Newtonian gravitational
potential on these scales is given by

Tφ(k, z) =
,

27(1−fb)c
4

-2
(

ln k
keq

+ b
)2 &

keq

k

'4
* 1+zeq

1+z

+ν−2
. (14)

The transfer function for the velocity depends on the initial
time and is therefore not a very useful quantity.

4 POWER SPECTRA

In this section we present the dimensionless power spectra
(defined as PX(k, z) = (k3/2π2)⟨|X(k, z)|2⟩) normalized to
the WMAP measurements (Spergel et al. 2003; Verde et al.
2003). For simplicity we assume that gravitational waves
have a negligible contribution to the CMB anisotropies and
that the density perturbations have a Harrison-Zel’dovich
primordial power spectrum (n = 1). We find for k > kb and
zeq ≫ z > zb

P∆(k, z)
10−7A

= 1.06 c2
(

ln k
keq

+ b
)2

D2(k)
* 1+zeq

1+z

+ν
, (15)

Pv(k, z)
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, (16)

Pφ(k, z)

10−7A
= 0.60 c2(1− fb)

2

×
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+ν−2
, (17)

where A = 0.9± 0.1 according to Spergel et al. (2003). Note
that from the WMAP data n = 0.99± 0.04, which is consis-
tent with our assumption of n = 1. The scale of equality is
keq = (0.01/Mpc)(ωm/0.14) and 1 + zeq = 3371(ωm/0.14).

Fig. 1 shows the power spectrum for the density contrast
at a redshift of 500, close to the end of the linear regime of

k > kb

B
A

Figure 1. The dimensionless power spectrum of the CDM density
contrast at z = 500 for models A and B from the text (full lines).
Without the effects of collisional damping and free streaming, the
power spectra would be given by the dotted lines.

structure formation. It can be observed that the induced
cut-off is indeed very sharp and that the power spectrum
has a maximum close to the cut-off.

5 DISCUSSION

The mechanisms of collisional damping and free streaming
of WIMPs lead to a cut-off in the CDM power spectrum,
which sets the typical scale for the first haloes in the hier-
archical picture of structure formation. A rough estimate of
the redshift at which typical fluctuations on comoving scale
R go nonlinear can be made via

σ(R, znl) = 1, (18)

where σ(R, z) is the mass variance defined by

σ2(R, z) =

. ∞

0

W 2(kR)P∆(k, z)
dk
k

, (19)

where W (kR) is the fourier transform of the window func-
tion divided by its volume. In accordance with the usual
procedure, we take the window function to be a top hat. For
this calculation we need the power spectrum on all scales,
however our calculation of the CDM transfer function is only
valid for k > kb ∼ 103Mpc−1. We therefore instead use
the matter transfer function found neglecting the baryon
density (i.e. fb = 0) which is valid for k > keq and take
Ωm = 0.36(0.22) for model A (B). This introduces errors at
the 10% level, however the criteria for nonlinearity [eq. (18)]
is only an order of magnitude estimate. Finally we include
the power spectrum on scales k ∼ keq by normalizing σ(R, z)
to σ8 ≡ σ(8/hMpc, 0) = 0.9± 0.1 (Spergel et al. 2003), tak-
ing into account the suppression of the growth of ∆ at late
times due to the cosmological constant.

In fig. 2 we plot znl, as defined by eq. (18), as a func-
tion of the scale R. The plateau at R < 1 pc is due to the
sharp cut-off in the power spectrum. We can now give a more
precise picture of the onset of the hierarchical structure for-
mation process; non-linear structure formation starts at a
redshift zmax

nl , which takes values in the range 30 to 80, and
zmax
nl ∼ 60 for the best fit WMAP matter density. To be
more specific, this is the epoch when the typical overdense

c⃝ 2003 RAS, MNRAS 000, 1–5
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Example: Axions
• All phenomenology controlled by a 

single parameter,  

• Or could be axion-like, suppressing 
interactions even further (ALPs or 
fuzzy dark matter) 

• Halos modified by large wavelengths, 
possible BECs (caustics? or axion 
“nuggets”?)
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AX-GADGET: a new code for Fuzzy Dark Matter models 13

 CIC  CIC+QP

 FIC  FIC+QP

Figure 9. Density distribution of four simulations starting from standard initial conditions (top) or suppressed with AxionCAMB
(bottom) and evolved with (right) or without (left) Quantum Potential e↵ects.

The SPH implementation that computes the QP and
its contribution to particle acceleration with three cycles on
all the FDM particles has been built analogously to the ex-
tremely optimized baryonic one, in order to spread the com-
putation and memory load across the CPUs. Therefore, AX-

GADGET should perform in a similar way to a hydrodynami-
cal simulation with no CDM particles. As a consequence, the
overhead compared to a collisionless CDM-only simulation
is still significant, but definitely much weaker compared to
grid-based FDM full-wave solvers (such as e.g. Schive et al.
2010).

In Fig. 10 we show the CPU time and the overhead for
the CIC, CIC+QP, FIC and FIC+QP simulations, paired
with respect to initial conditions to highlight the additional
computational load of the QP computation. Contributions of
the routines of gravity solver are presented, along with SPH
routines devolved to the bare computation of the density
derivatives, the QP acceleration acting on particles and the
respective imbalance between CPUs.

As we can see, starting from CDM initial conditions (left
panel) results in an overhead of a factor of ⇠ 3 right from

the beginning of the simulation in the case when the QP
is included. This is due to extra work –needed to compute
the QP– arising from the reaction to the out of equilibrium
configuration provided in the initial conditions. As one can
see from the figure, this overhead only weakly grows during
the remainder of the simulation up to a total factor of ⇠ 5 at
z = 3. When FDM initial conditions are used (right panel),
the overburden is indeed less pronounced in the early phases
of the evolution whereas the final computational time is a
factor ⇠ 5 larger than the case without QP also in this case.

We find that the major contribution to CPU time is
the one associated to the imbalance between CPUs in the
SPH calculation –namely SPH density imbalance and SPH

acceleration imbalance–, while the time spent for the bare
SPH calculation – SPH density and SPH acceleration – make
up for less than 20% of the total time of the simulation.

Therefore, we conclude that given the relatively low
overhead obtained for simulations starting from suppressed
initial conditions, the inclusion of the QP in the dynamics
implemented in AX-GADGET – as would be required from
theory – does not a↵ect dramatically the performance and

MNRAS 000, 1–17 (2018)

AX-GADGET: a new code for Fuzzy Dark Matter models 13

 CIC  CIC+QP

 FIC  FIC+QP

Figure 9. Density distribution of four simulations starting from standard initial conditions (top) or suppressed with AxionCAMB
(bottom) and evolved with (right) or without (left) Quantum Potential e↵ects.

The SPH implementation that computes the QP and
its contribution to particle acceleration with three cycles on
all the FDM particles has been built analogously to the ex-
tremely optimized baryonic one, in order to spread the com-
putation and memory load across the CPUs. Therefore, AX-

GADGET should perform in a similar way to a hydrodynami-
cal simulation with no CDM particles. As a consequence, the
overhead compared to a collisionless CDM-only simulation
is still significant, but definitely much weaker compared to
grid-based FDM full-wave solvers (such as e.g. Schive et al.
2010).

In Fig. 10 we show the CPU time and the overhead for
the CIC, CIC+QP, FIC and FIC+QP simulations, paired
with respect to initial conditions to highlight the additional
computational load of the QP computation. Contributions of
the routines of gravity solver are presented, along with SPH
routines devolved to the bare computation of the density
derivatives, the QP acceleration acting on particles and the
respective imbalance between CPUs.

As we can see, starting from CDM initial conditions (left
panel) results in an overhead of a factor of ⇠ 3 right from

the beginning of the simulation in the case when the QP
is included. This is due to extra work –needed to compute
the QP– arising from the reaction to the out of equilibrium
configuration provided in the initial conditions. As one can
see from the figure, this overhead only weakly grows during
the remainder of the simulation up to a total factor of ⇠ 5 at
z = 3. When FDM initial conditions are used (right panel),
the overburden is indeed less pronounced in the early phases
of the evolution whereas the final computational time is a
factor ⇠ 5 larger than the case without QP also in this case.

We find that the major contribution to CPU time is
the one associated to the imbalance between CPUs in the
SPH calculation –namely SPH density imbalance and SPH

acceleration imbalance–, while the time spent for the bare
SPH calculation – SPH density and SPH acceleration – make
up for less than 20% of the total time of the simulation.

Therefore, we conclude that given the relatively low
overhead obtained for simulations starting from suppressed
initial conditions, the inclusion of the QP in the dynamics
implemented in AX-GADGET – as would be required from
theory – does not a↵ect dramatically the performance and
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Example: SIDM

!26

Buckley et al 1405.2075
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Example: SIDM
• Model-dependent particle physics 
• Alters halos in two ways: 

• Primordially: suppressed                                                               
initial power spectrum, fewer                                                      
small haloes today with lower                                                   
central densities. 

• Evolutionarily: scattering today                                                  
turns the “cusps” of halos into                                                      
“cores.”

!27
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FIG. 1: Comparison between the linear matter power spectra as a function of wavenumber k for SIDM with a light mediator
(here, dark atoms) and that of WDM with a free-streaming length comparable to the sound horizon of the former. We also
display the standard matter power spectrum for cold collisionless dark matter as well as a fit to the Silk damping envelope of
SIDM. The left panel displays the benchmark model for which rDAO � rSD (strong DAO), while the right panel shows the
scenario for which rDAO ⇠ rSD (weak DAO). Here, ⇠0 ⌘ ⇠(TCMB,0).

In Fig. 1, we show the linear power spectrum of CDM, compared to that of a dark atom model, with two benchmark
parameter sets that exemplify strong (left panel) and weak (right panel) DAOs. The power spectrum is calculated
using the full Boltzmann equations for dark matter coupled to dark radiation [53]. The two parameters sets are:

Strong DAO: mD = 1 GeV, ↵D = 8⇥ 10�3
, BD = 1 keV, ⇠(TCMB,0) = 0.5 (9)

Weak DAO: mD = 1 TeV, ↵D = 9⇥ 10�3
, BD = 1 keV, ⇠(TCMB,0) = 0.5, (10)

where TCMB,0 is the temperature of the CMB today. In this paper, we will denote the two models as ADMsDAO and
ADMwDAO. We note that both models considered in this work are in agreement with the cosmological constraints
presented in Ref. [74]. In the ADMsDAO case, we observe that the power spectrum displays a number of nearly-
undamped oscillations before the Silk damping cuto↵ (dot-dashed damping envelope) becomes important on smaller
scales. In contrast, for the ADMwDAO case even the first oscillation is strongly Silk-damped as compared to the CDM
amplitude. In both cases, we observe that the overall shape of the linear matter power spectrum of SIDM models with
long range forces significantly departs from that of WDM and CDM (also shown in Fig. 1) on small length scales,
but is otherwise identical to CDM on larger cosmological scales. The evolution of the two key scales, rSD and rDAO,
as a function of the scale factor a is shown in Fig. 2. The scale factors of kinetic decoupling aD, used in Eqs. (7)
and (8), are also shown as vertical dashed lines. As expected, (rDAO/rSD)|a=aD � 1 in the strong DAO case, while
(rDAO/rSD)|a=aD ⇠ 1 in the weak DAO case.

In this work, we are interested in the impact of the dark matter microphysics (through its e↵ect on the matter
power spectrum and the self-scattering cross section) on the number density and distribution of small scale structure
in the Universe. It is therefore useful to convert the length scales rDAO and rSD (or, their equivalent wavenumbers)
into the mass of a collapsed dark matter halo of the corresponding size. The mass of dark matter enclosed today by
wavenumber k is approximately:

M(k) ⇡ (1012 M�)

✓
k

Mpc�1

◆�3

. (11)

For comparison, in supersymmetric models with a “standard” neutralino dark matter candidate, the mass cut-o↵
in the power spectrum is set by the temperature at which the dark matter kinetically decouples from the relativistic
Standard Model neutrinos. Under reasonable assumptions for the neutralino physics, this occurs around T ⇠ 30 MeV
[112–115]. The physical Jeans wavenumber, setting the scale at which perturbations will begin gravitational collapse
(assuming sound speed vs) is:

kJ =

✓
4⇡⇢(T )

m
2
Plv

2
s

◆1/2

. (12)

Here ⇢(T ) is the total energy density of the Universe at temperature T . Assuming that the Universe is radiation-
dominated at this point in its history, the Jeans wavenumber for such models is kJ ⇠ 106 Mpc�1, and so dark matter

Buckley et al 1405.2075
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FIG. 7: Radial density profiles for four example halos at z = 0 with masses of M = 1.4 ⇥ 1014, 1.7 ⇥ 1013, 5.5 ⇥ 1012, and
1.6⇥ 1012M� (from top left to bottom right). The vertical dashed line marks the resolution limit 3✏ of our simulation, where
✏ ⇠ 2.8h�1 kpc is the Plummer-equivalent softening length. Notice how only the simulation with self-interactions develops
cored dark matter profiles, clearly resolved at the highest masses. The remaining simulations have less dense low-mass (close
to the filtering mass scale) halos than CDM due to the modification of their initial power spectrum. Although less dense than
CDM, these halos still have a steep NFW-like inner density profile. The value of the virial mass in each legend is that of the
CDM simulation.

only the collisional run has the deviation from NFW profiles in the inner slope of halos, as discussed previously.
This reduction in halo density in simulations with suppressed small scale power (relative to CDM) can be seen

statistically in Fig. 8. Here, for each halo within a simulation, we plot the maximum velocity Vmax (a measure of the
total enclosed mass) versus the radius Rmax at which this maximum velocity is found. The black solid line and shader
area show the median and 1� regions of the CDM distributions. For the other simulations, only the median is drawn.

(phenomenological constraint)
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The Crisis at Small Scales
• There are already indications of 

deviations from pure CDM: 

• Missing Satellites 
• “Too Big to Fail” 
• cusp/core 

• Has driven model-building that 
alter halos at these scales

!28
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Lessons from a Crisis
• CDM predictions were derived from dark-matter only simulations 
• But baryons can have an important effect on the structure of halos at 

exactly the scales where the deviations appear. 
• May solve the “Crisis.” 

• Take-away: we need to know                                                             
the predictions of CDM+                                                                    
baryons if we are to use                                                         
astrophysics to discover                                                               
particle physics.

!29

Satellite dynamics 3

Fig. 1.— Observational data from the MW and M31 satellites compared to the satellite populations of two simulated MW-mass hosts.
Left: vmax at z = 0 for the SPH satellites as a function of their V -band magnitude. The solid circles are gas-free at z = 0, and are true
dSph analogs. The empty circles are SPH satellites that still contain gas. The empty red squares and empty blue diamonds are vc at the
half light radii for MW and M31 dSphs, respectively. Right: vmax at z = 0 for the satellites in the DM-only runs as a function of the
V -band magnitude or their matched SPH counterpart. The baryonic simulated dSphs have the same range of magnitudes and velocities as
the observed dSphs, while the high vmax values of the DM-only simulations are inconsistent with the observations. The circles with red
rings indicate satellites for which the SPH counterpart has been completely tidally destroyed.

2012; Hearin et al. 2013). Indeed, Z12 found a tight cor-
relation between v@infall and the stellar mass of the sub-
halos in these simulations.
We use AHF (Knollmann & Knebe 2009; Gill et al.

2004) to identify halos and subhalos at every output step,
and trace back the most massive progenitor of each satel-
lite. We find that the faintest halos are also the lowest
mass at infall. All of our halos with v@infall < 20 km/s
have stellar masses below 105 M⊙, and MV fainter than
−7. All of our SPH satellites brighter than MV = −8
have v@infall > 20 km/s. However, there is some stochas-
ticity in halos with 20 < v@infall < 25km/s. In this mass
range, some dwarfs are bright enough to be considered
classical dSphs, but some are too faint.
The nature of the star formation in the subhalos varies

with mass. All of the more massive, luminous satellites
with v@infall > 25 km/s are able to retain gas until in-
fall, allowing their star formation histories (SFHs) to ex-
tend at least until infall. On the other hand, halos with
v@infall ! 25km/s typically lose their gas prior to accre-
tion onto the parent halo. Heating from the uniform UV
background, combined with early star formation and SN
feedback, removes a substantial amount of gas from these
low mass halos, leaving them gas poor. These halos lose
10− 90 times more mass in gas than stars formed by the
time of their accretion. The remaining gas has low sur-
face densities and is inefficient at producing stars. The
low level of star formation that can occur prior to infall
is relatively constant rather than stochastic.
Halos with v@infall > 25km/s are able to re-

tain more of their gas for longer, allowing them to
have extended SFHs (in line with observational data,

see Grebel & Gallagher 2004; Dellenbusch et al. 2008;
Weisz et al. 2011). In halos with v@infall > 30km/s,
the SFHs tend to be episodic and bursty, unlike the
lower mass satellites. With their deeper potential wells,
the more massive halos achieve an initially higher star
formation rate (SFR) than the lower mass halos as
gas cools in the central galaxy. The subsequent SN
feedback following a burst of star formation heats the
surrounding gas, shutting off star formation for a pe-
riod of time until the gas can again cool and con-
tinue with another burst. The bursty SFHs in the
most massive halos lead to DM core creation prior
to infall (see also Read & Gilmore 2005; Macciò et al.
2012b; Pontzen & Governato 2012; Teyssier et al. 2012b;
Peñarrubia et al. 2012; Garrison-Kimmel et al. 2013).1

Many subhalos lose most of their gas after infall and
are gas-free by z = 0.2 While some subhalos lose their
gas nearly instantly at infall, some are capable of retain-
ing their gas for an extended time, and even having a
low level of star formation. However, the SFRs become
strongly suppressed after infall, and no subhalo continues
to undergo the bursty star formation that contributes to
DM core creation.

3. INTERPRETING OBSERVED DWARF SPHEROIDALS

1 Note that some authors have suggested that processes such as
dynamical friction or angular momentum transfer are also respon-
sible for DM core creation (e.g., El-Zant et al. 2001; Tonini et al.
2006; Del Popolo 2009).

2 Satellites that retain gas until z = 0 may be artificially gas-
rich, due to inefficient stripping of gas in this implementation of
SPH (Agertz et al. 2007).

Brooks & Zolotov 1207.2468



38

Benchmark Scenarios
• What can particle theorists do to help? 

• Understand what the new data sets are going to say about galaxy 
structures across mass scales 

• Develop robust predictions from dark matter models, in a way that 
is applicable to astrophysicists. 
• Help analyze the data! 

• Provide concrete models for novel non-CDM phenomenology

!30
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Astrophysical Opportunities

!31
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Collapsing Dark Matter
• CDM subhalos are expected to be 

tidally disrupted this close to the 
Milky Way disk. 
• So astronomers haven’t looked 
• Can we develop a dark matter 

model which makes denser 
subhalos that would survive 
close to a galaxy? 

• Without modifying the bigger 
halos. 

• That is: get small halos to cool 
and collapse, while keeping the 
big halos untouched.

!32
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A Baryonic Analogy
• We have a model which already does this: baryons 
• Baryons in Milky Way-mass galaxies (                              ) cool and 

collapse 
• Baryons in galaxy clusters do not. 

• Why? 
• Because the virial temperature of                                                  

clusters is too high. 
• Can’t radiate away the kinetic                                                   

energy in a dynamical time. 
• Sets a maximum mass for galaxies.

!33
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Like Baryons, But Dark
• The simplest example: 

• Two component dark matter: 
• Charged under dark electromagnetism  (     ) 

• A halo will collapse if the virial kinetic energy                                    
can be radiated away in the dynamic time. 
• Primarily through collisional excitation of the bound state by free 

!34

dynamic time

collisional cooling rate

Buckley & Difranzo 
1707.03829
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Like Baryons, But Dark
• For a halo to collapse, it must first exist. 
• Dark photon acoustic oscillations in the early Universe will erase 

small scale-structures.  
• We will have to require small 

!35
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Rashkov et al. 3
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Fig. 1.— Distributions of the peak mass Mh at infall for 3,204 VLII subhalos (in blue) above Mh = 107 M⊙ (left panel) and of their infall
redshift (right panel). Tagged subsets of dark matter particles in these systems are followed in post-processing from infall to the present.
Subhalos that at z = 0 host a SDSS-detectable dSph populate the higher-mass and lower-redshift ends of these distrubutions (in red). The
gaps in the redshift distribution correspond to ∆z = 1 intervals where VLII snapshots were not analyzed in detail (see Table 1).

listed in Table 1 together with the corresponding redshift.
In each snapshot, all (sub)halos were identified with the
6DFOF group finder (Diemand et al. 2006), and linked
from snapshot to snapshot to their most massive progen-
itor: the halo ‘tracks’ built in this way contain all the
time-dependent structural information necessary for our
study. We use them to identify the simulation snapshot
in which each subhalo reaches its maximum mass Mh be-
fore being accreted by the main host and stripped. By
neglecting all subhalos with Mh < 107 M⊙, we restrict
our analysis to 3,204 such tracks that contribute mass to
the main host halo at z = 0. The mass distribution of the
selected subhalos at infall and the distribution of infall
redshifts are shown in Figure 1. The gaps in the red-
shift histogram correspond to epochs in which no VLII
snapshots were studied in detail (see Table 1). Due to
the great computational effort necessary in the analysis
of a single VLII snapshot, 6DFOF was applied only to
the 27 ones listed here, and expanding this analysis to
more snapshots is beyond the scope of our work. Ha-
los that are accreted by the main host in these intervals
are tagged at the next available snapshot. As the halos
we consider are composed of a large number of particles,
they are well resolved even ∼0.5-0.8 Gyr (typical snap-
shot separation) after accretion, making it unlikely that
this time discretization affects significantly our results.
A subset of dark matter particles in each subhalo is

then “tagged” as stars at infall, and no subsequent star
formation is assumed to take place - hydrodynamical
simulations suggest that ram pressure stripping would
deplete the subhalo gas reservoir and shut star forma-
tion off shortly thereafter (e.g. Mayer et al. 2006). It is
therefore at infall that tagged particles acquire a stellar
mass msp, an age tsp, and a metallicity [Fe/H]sp: any
subsequent evolution of the tagged stellar populations
is purely photometric and kinematical in character, as
systems age and are accreted and disrupted in a cosmo-
logical “live host”.
The following three prescriptions determine msp, tsp,

and [Fe/H]sp, and were tuned to match certain structural
and statistical properties of the surviving dSph popula-

tion at z = 0: the star formation efficiency M∗/Mh is
fit to reproduce the satellite luminosity function, the se-
lection of particles painted in halos is made to fit the
current extent of their luminous component, and the as-
signed metallicities are designed to place satellites on the
observed metallicity–luminosity relation today. The first
two prescriptions thus determine the value msp for each
tagged particle, while the third determines its [Fe/H]sp.
The age tsp of the stellar population consistently follows
from the star formation efficiency prescription and the
history of dark matter build-up of the subhalo it was
tagged in.
In the spirit of Koposov et al. (2009) and Kravtsov

(2010), the total stellar mass tagged at infall is assumed
to scale as a power-law of the host subhalo mass,

M∗

Mh
= 1.6× 10−5

!

Mh

109 M⊙

"1.8

. (1)

Kravtsov (2010) used a slope of 1.5 but argued that
the results would not change drastically if a somewhat
steeper (2.0-2.5) slope was assumed. Koposov et al.
(2009) similarly adopted a slope of 2.0. Our relation has
a somewhat higher normalization than both. The differ-
ence likely arises from the conversion of the assigned stel-
lar mass to a V-band luminosity. Koposov et al. (2009)
assume a mass-to-light ratio M/L = 1 to be typical for
old stellar populations, while we find that M/L ∼ 3 − 4
better fits the range of ages and metallicities we assign to
the infalling satellites (see below). A similar argument
holds for the Kravtsov (2010) relation, which directly
assigns a V-band luminosity to a halo of a given mass,
instead of a stellar mass. Additionally, some of the halos
in VLII lose a fraction of their stellar mass after accre-
tion from tidal stripping, an effect that may not have
been treated in the other two studies.
Our stellar mass-subhalo mass relation at infall has a

scaling similar to the low-mass end (Mh ∼ 1011.5 M⊙)
galaxy stellar mass–halo virial mass relation, M∗/Mh ∝
M1.9

h , derived at z = 1 by Behroozi et al. (2010) using
an abundance matching technique. It implies a star for-

Collapsed Halos
• Can dial                          to pick a                                              

maximum collapsed 
• ~10% of the parent halo will be in                                                

collapsed subhalos                                                                           
(per decade of           ) 

• What happens then? 
• Collapses to ~50% of original size, then fragments. 
• The final number and size of the fragments would depend on the 

microphysics of the dark matter models 
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Halo Hunting
• One would expect ~2000 compact halos of mass                    in the 

Milky Way would be something we know couldn’t exist. 
• As far as I can tell, that isn’t the case. 
• Objects are too diffuse for MACHO searches to apply. 

• A useful benchmark                                                                                                        
for GAIA. 
• Can we find                                                                                

these things?
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Astrophysical Opportunities
• Dark matter is new physics. 

• We theorists just need a 
hint as to what kind of new 
physics 

• Astrophysicists need to 
know what to look for. 

• Gravity has been the key to 
dark matter 
• It has a lot more to tell us
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