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Goals (Lecture |)

® Explain the arguments for particle dark matter.

® Qutline current observations of the dark matter
distribution in the cosmos, and their implications.
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Historical review




The missing mass

Zwicky, 1933: estimated the mass in a galaxy cluster in two ways.

Method | Method 2

Estimate mass from mass-to-light Use virial theorem + measurements of
ratio, calibrated to local system.  galaxy velocities to estimate gravitational
potential, and hence infer mass.

Count galaxies
Galactic velocities measured

Add up total luminosity R
y Doppler shifts
)

Convert to mass using mass-to-

1 ! Bk
light ratio of ~3, calibrated from KE = —§P]i in equilibrium
local Kapteyn stellar system. ki

Mass estimate |

These numbers are different by 2+ orders of magnitude (second one is larger).

One possibility: there is (lots of) gravitating non-luminous matter.



Rotation curves

P
£
X
>
x
<
-
L= 4
10
(V'
o)
w
=
<
-
Q.
z
>
=
Q
o)
-l
w
>

15
DISTANCE FROM NUCLEUS (kpc)

Rubin, Ford & Thonnard, 1980

® Rubin, Ford & Thonnard 1980 (following work in
the 1970s): galactic rotation curves are flat, not
falling as one would expect if mass was
concentrated in the bulge at the Galactic center.

® Modified gravity! Or some “dark’” unseen matter?
If the latter, needs to extend to much larger radii
than the observed Galactic disk - “dark halo”.
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New matter or modified
gravity!

Clowe et al 2006: studied the Bullet
Cluster, system of two colliding clusters.

® X-ray maps from CHANDRA to
study distribution of hot plasma
(main baryonic component).

® Weak gravitational lensing to study
mass distribution.

Result: a substantial displacement
between the two.

Attributed to a collisionless cold dark
matter component.When the clusters
collided, the dark matter halos passed
through each other without slowing
down - unlike the gas.




Particle DM or MACHOs!?

® MACHOs = Massive Compact Halo Objects, e.g. brown dwarfs, primordial
black holes. Effectively collisionless, and probably exist to some degree: can

they be most of the dark matter?

® Tisserand et al, 2006: search for microlensing events due to MACHOs passing
near the line of sight between Earth and stars in the Magellanic clouds,
temporarily amplifying star’s flux. (Related study by Wyrzykowski et al '09.)

® Found | candidate event, ~40 would have been expected if the dark matter
in the halo was entirely ~0.4 solar-mass objects.

7
® Ruled out MACHOSs of mass between 0.6 x |10 and |5 solar masses, as
the primary constituents of the Milky Way halo.

® Can also look for disruption of binary systems by massive objects passing
through (e.g. Monroy-Rodriguez and Allen ’14), which appears to rule out
MACHOs above ~5 solar masses comprising 100% of the halo.



The cosmic microwave
background

Emission of
Cosmic Background
Radiation Dark
Ages First
Stars

First
Supernovae

and Protogalaxy
Black Holes Mergers

Modern Galaxies

® When the universe was ~400 000 years old (redshift ~ 1000), H gas became largely neutral,
universe transparent to microwave photons.

® Cosmic microwave background (CMB) radiation was last scattered at that time.VVe can
measure that light now.

® Gives us a snapshot of the universe very early in its history.



CMB anisotropies

Angular scale
0.2

Universe at z~1000 was a hot, nearly
perfectly homogeneous soup of light
and atomes.

Oscillations in temperature/density
from competing radiation pressure
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and graVit)’. Multipole moment, ¢

Figure 37. The 2013 Planck CMB temperature angular power spectrum. The crroe bars include cosmic variance, whose magnitade
is indicated by the green shaded arca around the best fit model. The low-€ values are ploced 20 2, 3,4, 5,6, 7,8, 9.5, 11,5, 115, 16,
Agrrarg - Y

19.2 nd 4.5,

Photon temperature anisotropies
today provide a “snapshot” of
temperature/density inhomogeneities
at recombination.

Table 8. Coastraints on the basic six-parameter ACDM modd using Planck data. The top section contains constraints on the six
primary paramesers inchaded directly in the estimation peocess, and the bottom section contains constraints on derived parametess

Peaks occur at angular scales
corresponding to a harmonic series
based on the sound horizon at
recombination.




Measuring dark matter
from the CMB

® Model universe as photon bath + o ——r ——y -
coupled baryonic matter fluid + 100 F |
decoupled “dark’ matter ' '
component (+ “dark’ radiation, i.e.
neutrinos).

30 8

® Dark component: does not
experience radiation pressure,
effects on oscillation can be
separated from that of baryons. dol- ]

60 =

® Result: this simple model fits the
data well with a dark matter 20k ]
component about 5x more ' '
abundant than baryonic matter
(total matter content is ~0.3 x TR E T BT o—
critical density).
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Wayne Hu, http://background.uchicago.edu/~whu/
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Structure formation

e CMB also maps out initial A e Y
conditions for cosmic structure o -
formation. i o

e After the photons decouple from 2 B
the baryons, overdensities continue 7 t L

X -l \ e i .;M A QNI o - ' X

to grow under gravity, eventually SRR e .l o
collapsing into virialized structures. ==~ , " a5

® Can describe using the power A J 7 e
spectrum for matter fluctuations at

any redshift: | .’ ¢




Hot or cold? (or warm)

Structure formation varies markedly according to the kinematics of the dark
matter, in particular whether it can free-stream during the growth of
perturbations.

If most DM is “hot” (relativistic during the early phases of structure
formation), free-streaming erases structures on small scales. Large structures
form first, then fragment.

If most DM is “cold” (non-relativistic throughout this epoch), small clumps of
DM form first, then accrete together to form larger structures.

The relative ages of galaxies and clusters tell us that the bulk of DM must be
cold - if dark matter was hot, galaxies would not have formed by the present
day.

Equivalently, hot dark matter predicts a low-mass cutoff in the matter power
spectrum, that is not observed.

Neutrinos are hot dark matter - but cannot be all the DM.



DM as new physics

Standard Model (SM) of particle physics has been spectacularly successful - but no
dark matter candidate.VVe need something:

® Stable on cosmological timescales
® Near-collisionless, i.e. electrically neutral

® “Cold” or “warm” rather than “hot” - not highly relativistic when the modes
correspondin% to the size of Galactic dark matter halos first enter the horizon
(around z~10  temperature of the universe around 300 eV).

Only stable uncharged particles are neutrinos, and they would be hot dark matter.

DM is one of the most powerful pieces of evidence for physics beyond the SM.

Everything we have learned so far has come from studying the gravitational effects
of dark matter, or from its inferred distribution.



VVhat more can we say
from observations of




The data

® Abundance of dark matter at the epoch of last scattering:

0.h2? = 0.1186 =+ 0.0020
h = Hy/(100km/s/Mpc) = 0.6781 = 0.0092

® The power spectrum of matter fluctuations, measured from the CMB
and direct observation.

® The distribution of dark matter today, in ob]ects close enough that we
an pl O:-‘h ir dark n natter con dl ectly,

XS h




The dark matter
abundance

® Any DM model must explain why the DM has its (precisely measured) abundance.

THERMAL OR NON-THERMAL!?
Was the dark matter in thermal equilibrium with the
Standard Model during the radiation-dominated epoch?

THERMAL

Explain how the early abundance
of dark matter was depleted

-Asymmetric: small asymmetry
between dark matter and
antiparticle sets final abundance
-Symmetric: interactions set final
abundance

NON-THERMAL

Explain how the required amount
of dark matter was produced
-Initial condition from reheating?
-Misalignment mechanism

-Phase transition

-Thermal parent - interactions
with state in thermal equilibrium
determine its abundance



A case study: thermal VWIMPs

® |n the early universe, let the DM
particle be thermally coupled to the
SM. Can annihilate to SM particles, or
SM particles can collide and produce it.

YX <— oM SM

® Jemperature(universe) < particle mass
=> can still annihilate, but can’t be
produced.

Yx — oM SM
YX < oM SM

® Abundance falls exponentially, cut off
. o o . 100
when timescale for annihilation ~ c=m/T (time ~)
Hubble time. The comoving dark matter ¢4 (known) late-time density is set by
density then freezes out. annihilation rate.

(ov) ~ 3 x 107*°cm?® /s ~ ma* /(100 GeV)?
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The WIMP miracle

In a thermal scenario, weak-scale annihilation cross
section naturally yields the observed abundance of
dark matter.

Suggestive of new physics not too far above the weak
scale - SUSY?

However, simplest scenarios are challenged by lack of
detection on other fronts; often need some extra
ingredient to get the correct abundance.

See particle dark matter lectures by Tim Tait.



Two paths from here

<\

Annihilation & similar What can we learn from
processes could produce probing the dark matter
Standard Model Partlcles ) distribution, beyond just its
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The matter

® At large scales (up
to k~0.2 Mpc )
can be predicted
directly from CMB
anisotropy
measurements.
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® Measurements of
galaxies anc
clusters (esp. at
higher redshift)
allow the matter
power spectrum to
be filled in to down 10°°
to ~10 solar 3
masses, k~2 Mpc ).
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LyA (McDonald et al. 2006)

BCG Weak lensing (Tinker et al. 2011)

CCCP II (Vikhlinin et al. 2009)

ACT Clusters (Sehgal et al. 2011)

SDSS DR7 (Reid et al. 2010)

ACT CMB Lensing (Das et al. 2011)
¥  ACT+WMAP spectrum (this work)
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The matter power spectrum

® At large scalesI (up
to k~0.2 Mpc ),
can be predicted
directly from CMB
anisotropy
measurements.

Measurements of
galaxies and
clusters (esp. at
higher redshift)
allow the matter
power spectrum to
be ﬁIIecI:IZin to down
to ~10 solar 3
masses, k~2 Mpc ).

10°

-
>

P(k,z=0) [Mpc?]
=

S
)

10] !

++o—+—0 <> -

LyA (McDonald et al. 2006)

BCG Weak lensing
(Tinker et al. 2011)

CCCP II (Vikhlinin et al. 2009)

ACT Clusters (Sehgal et al. 2011)

SDSS DR7 (Reid et al. 2010)

ACT CMB Lensing (Das et al. 2011)
ACT+WMAP spectrum (this work)

1073

102

k [Mpc™!]

10~}

10°

Hlozek et al ‘12



Limits on hot dark
matter (HDM)

® HDM free-streaming suppresses the growth of matter perturbations at
early times, damps the matter power spectrum on small scales.

® Model-dependent limits depending on HDM mass:

® |f HDM is still relativistic at surface of last scattering (z~1000, T~0.3
eV), then it can also affect the CMB, behaving as (dark) radiation
rather than matter (see e.g. Hannestad et al ’ |10 for discussion).

® | ikewise, subdominant HDM can affect cosmological evolution,
altering matter power spectrum + CMB fluctuations.

® Combined limits for axion and neutrino HDM (Archidiacono et al ’| 3):
Neutrinos (3 fermion species) Axion (| scalar species)

O ity e DA mg < 0.67eV
W 2 DT i e , =~ 0.0lm,/eV



Limits on warm dark
matter (VWDM)

® “Lyman-alpha forest”: distant quasars emit radiation which is absorbed by
extragalactic neutral hydrogen. The resulting spectral lines measure the

redshifts of these clouds.

|
® Probe of the matter power spectrum at z~2-6, at scales from ~1-100 Mpc .

® VWarm dark matter, like HDM, suppresses density fluctuations below a
(WDM-mass-dependent) comoving wavenumber.

® View etal’l3:if all dark matter is WDM, mypm > 3.3 keV (95%).
Corresponds to cutoff scale of ~3x10 solar masses.

8
(Incidentally, Vegetti et al ’12 claim detection of a 2x10 solar mass dark satellite
at z=0.881 via gravitational lensing.)

® A subdominant component of WDM is hard to constrain; Boyarsky et al '09
found any mass was allowed if <35% of the DM was warm.



Decoupling from the
Standard Model

® |F dark matter has non-negligible interactions with the Standard Model (not guaranteed)
then DM may be kinetically coupled to SM in early universe.

® j.e.even “cold” non-relativistic DM is maintained at the temperature of the SM, by its
coupling to the Standard Model thermal bath.

® Such a tight coupling damps DM density fluctuations - specifically, fluctuations that have
“entered the horizon” (have characteristic length smaller than the horizon scale) at the
time of kinetic decoupling are suppressed (review by Bringmann 0903.0189).

—3
_6 degif44 v Tkd typically ~1 MeV or
[ ———— O] " 4

50 MeV higher - can be much higher

® Furthermore, even non-relativistic dark matter can free-stream after it is decoupled - it
just doesn’t go very far, so suppresses power only on very small scales.

Characteristic scale Resulting mass cutoff

L+ In (g4 Tha/50 MeV) /19.1 )
M,




Does CDM have
problems on small
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The “missing satellite
problem™

® Traditional N-body simulations
model the formation of halos
assuming cold, collisionless dark
matter (interacting only by gravity).

® Evolve assuming initial random

fluctuations + cosmology
determined by CMB.

® The predicted number of high-
mass subhalos of the Milky Way
exceeds the observed number of
luminous satellites by ~| order of
magnitude (Klypin et al 1999,
Moore et al 1999).




Is it still 2 problem?

Brooks et al ‘12

® Not all halos may form stars. In
particular, in small halos:

® Significant mass may be

evaporated during reionization
(e.g. Okamoto & Frenk ’09).

® Satellites may be tidally stripped

as they move through the host
halo’s disk.

® Supernovae may expel material
from the halo.

® Furthermore, faint galaxies may be
present but not observed.




“Too big to fail”

®
As \N.e”. as the general bright MW dwarf spheroidals o ¢
deficit in satellites, (95.4% confidence)

simulations predict many
more massive and dense
satellites than are seen
(Boylan-Kolchin et al ’12).
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® Original argument: star
formation should not be
suppressed in such
massive halos, nor should
they go unobserved.
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“Too big to fail in the
Local Group™

® Similar results from studies — Subhalos
of dwarf galaxies in the Field halos
Local Group, but away from
the Milky Way and
Andromeda Galaxies
(Garrison-Kimmel et al | 4).

® Simulations again over-
predict dense massive halos
that should host substantial B MW satellites
star formation - issue not S
isolated to the Milky Way.




Could it be a fluke?

® Chance of consistency is ~1.4% according to very recent study by Jiang and van den Bosch
(using semi-analytic prescription for subhalos), considering only the largest known MW

satellite galaxies.
4

® Consistency probability drops to < 5x|10 when lower-mass satellites are considered.

® Explore consistency between distribution of subhalo masses, in simulations vs observations.

log[M,]=11.4 log[M,]=11.8 log[M,]=11.8 log[M,]=12.0

Q=0.150
Milky Way

20 40 60 80 O 20 40 60 80 O 20 40 60 B8O O 20 40 60 80
V. [km/s] V.. [km/s] V.. [km/s] V... [km/s]




The density profile of
dark matter halos

® Dark matter N-body
simulations typically
predict a ~universal
density profile for halos.
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The cusp-core problem

® DM-only simulations typically predict DM density continuing
to grow toward the center of halos, down to the resolution
of the simulation - a “cusp”.

® However, observations find evidence for flatter “cored”
profiles in several regimes (going back to 1994, see e.g.

review by de Blok '09):

® Dwarf spheroidal galaxies

® Satellites of the Milky Way
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Dwarf galaxies

® Dwarf galaxies are generally small

7-9 : THINGS disk T Yr| simuloti ith SN feedback
(10" solar masses) and have high e v muietions w eeahoc
. : THINGS dwarfs + = T DM only simulations
mass-to-light ratios. O . . .
LITTLE THINGS Di Cintio et al. (2014)
® Recent years have seen great DDO 210 |
improvements in data. Haro 36

® Example:THINGS and LITTLE
THINGS surveys of the Local Group
(Oh et al’12,’15) measured inner
slopes for 7 and 26 dwarf galaxies

respectively, finding power-law indices
of -0.29 £ 0.07 and -0.34 + 0.24.

-

® Typical “core” size is 0.1-1 kpc.
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® Measurements span ~2+ orders of
magnitude in mass.

® Also other studies of Local Group and
Milky Way dwarfs find cores (Adams et
al ’14, Kirby et al "14,Tollerud et al ' 14,
Walker & Penarrubia ’l |, Boylan-
Kolchin et al ' I). 108 109 100 10
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Clusters

® Newman etal ’l2
claimed evidence for
shallow profiles in the
cores of seven massive
galaxy clusters, power-
law slope

-0.5 £ 0.1 (stat) £0.14 (sys).

® Equally well fit by flat
core with 10 kpc
radius.

>
L —
n
-
)
©
>
h—
Q0
4y
Q0
O
—_
Q.

® Note: Schaller et al ’ 14
note this study
assumed isotropic
stellar orbits, not fully 0.0 0 2 04 06 O. 8

consistent with gNFW B (DM inner slope)
simulations.




Summary of small-scale
discrepancies

® Predictions from CDM-only simulations seem to systematically
over-predict the density of dark matter on small (~10 kpc and
less) scales. Can be framed as a general “mass deficit” problem.

® Dwarf galaxies with stellar mass ~| 0’ solar masses appear
less concentrated than predicted.

® Flattened cores, ~0.1-1 kpc in size.

® Fewer massivetdense dark matter subhalos than
expected, both among satellites and in the field.

® Cluster halos may also possess ~10 kpc cores.



What can this teach us’




Baryonic possibilities

(see review by Alyson Brooks 1407.7544 and references therein)

Outflows of baryonic matter can remove low-angular-
momentum material from the centers of halos, disrupting cusps.

Can also potentially solve other problems in galaxy formation,
e.g. bulgeless disk galaxies.

Trickle-down solutions: if large host halos are cored and/or less
massive, can also reduce predicted abundance of massive
subhalos (see also Brook & di Cintio '14).

Effect can depend strongly on whether star formation history is
“bursty” or smooth - bursts of star formation create
fluctuations in the gravitational potential, disrupting cusps and
spurring outflows.



Baryonic possibilities:
future tests

At high mass, simulations including
baryons do not seem to predict
cluster cores (but may be partly due
to oversimplified modeling of stellar
orbits).

At low mass, kpc-scale cores require
significant star formatlon estimated
requirement of M.~ 0’ solar masses.

It is p055|ble to push this scale lower
(M*~IO solar masses), but strongly
dependent on star formation history

- Onorbe et al ’I5. . 9.5 100 105 11.0 115 12.0
logno Mhalo[Msun]

Cores in lower-mass dwarfs would
thus be challenging to explain. di Cintio et al ‘13



Dark matter physics

Alternatively, predictions so far assume collisionless cold

dark matter.VWhat if instead some novel DM physics is
responsible!?

® Possibilities include:

® VWarm dark matter.
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Warm dark matter

As discussed previously, suppresses structure at small scales - free-streaming
can disrupt formation of dense early halos, reduce number of small halos.

However, to directly create a | kpc core, warm dark matter would need to
be ~0.1 keV or lighter (Maccio et al ’12) - in conflict with bounds from the
_Lyman-alpha forest.

8
The maximum suppression scale of ~10 solar masses is also too low to
significantly affect the missing satellite problem.

Structure formation is delayed in WDM models as the smallest structures
are wiped out; halos that form at later times are less concentrated, which
alleviates the Too Big To Fail problem (Lovell et al ’12).

However, full solution to TBTF requires mass ~2 keV or lighter (Schneider
et al ’14), in tension with Lyman-alpha forest bounds.

In general, 2+ keV WDM is difficult to distinguish from CDM.



Decaying/inelastic DM

(see e.g.Wang et al 1406.0527 and references therein)

If dark matter possesses a slightly heavier kil @l s
excited state, populated in the early T -9
universe, then decays from that state can + o
. S : — velocity
give the DM a velocity “kick™ at late times. -
i : @
Collisions between DM particles could
; it PSR DOWNSCATTERING
also stimulate de-excitation, with similar DECAY
effects. ®
. . TR
Decays can reduce the internal density + velocity + other
and number of DM halos, alleviating the decay products
€¢ o JEX) €€ o o o X
too blg to fail” and SIS satellite Such small splittings can be natural
problems. in the presence of a symmetry that
. . is broken by radiative effects or a
Velocity kick must be ~ few tens of km/s. higher-dimension operator (e.g.

Arkani-Hamed et al ’08).



Self-interacting dark matter

In general, interesting to consider the observable implications
of more-complex dark sectors - what if DM has its own
interactions!?

Dark matter must be approximately collisionless (from Bullet
Cluster), but cross section limits are quite large.

Dark matter self-scatterings can transfer energy +
momentum + angular momentum - at low cross sections,
cause particles to move outward from localized dense regions
where scattering is common (Spergel & Steinhart 2000).

At sufficiently high scattering rates, can cause collapse of
cores, formation of “dark disk”, etc (e.g. Fan et al *1 3).



Constraints on SIDM

MW Cluster
10 100

Core-collapse
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NGC 720 Bullet cluster (Randall+2008)
(halo shape) ¢

; W Petef+2013 (revised constraints)
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subhalo evaporation

Gnedin & Ostriker 2001 Buckley & Fox 2010
Loeb & Weiner 2011
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A note on cross sections

UC Davis Bike Barn
pi -24 pi
® | cm/g~2x 107" cm™/GeV.

® So for GeV+ DM, self-
interaction strong enough to
affect dwarfs requires

DA
o>10""cm” = | barn.

| UX Collaboration ‘I3

® For comparison, current bounds on
DM-nucleus scattering cross section
for ~30 GeV DM reach cross
sections of

2

A
)
kS
s

WIMP-nucleon cross section (cmz)
o

45
o~ 10 cm




The effect of SIDM: the
halo mass function

® |mpact on the number of
subhalos, or the subhalo
mass function, is fairly small
(except for models ruled out
for other reasons, as is the
case for the red line here).

® Black line = CDM model,
green/blue lines = SIDM
models (not ruled out).

® Consequently, does not
affect missing satellite
problem.




SIDM and Cores

® Early studies found
that with a cross
section 0/m~0. -1
cm?/g, self-
interaction could
create ~kpc cores
in dwarf galaxies.

® |n MW-scale
galaxies, O(10) kpc
cores can be
produced.




However -

Cannot ignore the
existence of baryons in
SIDM predictions for large
galaxies (Kaplinghat et al
'14,Vogelsberger et al ‘14).

Including baryons reduces
the core size relative to
pure SIDM, with the effect
largest in baryon-
dominated systems.

For MW-size halo, core size
drops to ~0.3 kpc.

Can also render halo non-
spherical where baryons
dominate the potential.
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Fry et al |5 study SIDM case where baryonic effects

are sufficient to create cores, find it is difficult to
distinguish CDM/SIDM in that case.

Argue that a large cross section 0/m >10 cm?/g
would be needed to generate cores in small dwarfs.



Vogelsberger et al ‘12

The effect of SIDM:
Too Big To Fail

® Subhalo concentrations and accordingly
circular velocities are generally reduced.

® Helps to alleviate Too Big To Fail
problem.

® Cross sections required are similar to
those needed to produce cores (since
both require reducing central density of
subhalos).

® Elbert et al ’l4 find that SIDM cross

sections 0/m ~ 0.5-50 cm2/g at dwarf
scales produce cores and alleviate TBTF.




Models for SIDM

Interaction cross sections needed to solve
small-scale problems are typically large by
particle physics standards, implying fairly s L
light force carriers. O

Kaplinghat et al ‘15

Simple model that has been discussed in
depth is “dark photon” - MeV-GeV scale
U(Il) vector boson.
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Generates Yukawa potential if DM is _ 0.1
charged under dark U(1) - naturally yields
velocity-dependent interaction cross
section.

This mass scale can be generated naturally VA _5 f dQQWY W4
in the context of SUSY if the dark photon
VD—term = €Dy Dy

mixes kinetically with the photon, inherited
from the weak scale (Cheung et al ’09). m?i gd€<DY>



SIDM and mergers

® Bullet cluster sets constraints on SIDM close to relevant cross sections -
suggests cluster/galaxy collisions may have sensitivity for detection.

® Simple picture: gas is collisional, stars ~collisionless. Does DM trace gas, stars or
something in between? Offset from stars = diagnostic of self-interaction.

® Difficulties:

® Requires non-equilibrium systems, so the various components have not
relaxed into the common gravitational potential. These are rare.

® Mapping the DM density in detail in colliding systems can be highly non-
trivial.

® VWhat are the systematics and backgrounds?! Not yet well explored (some
work by Schaller et al ’15). For example, it is not always easy to correctly
associate the lensed images with the underlying objects.



Nonetheless...

The behaviour of dark matter associated with 4 bright
cluster galaxies in the 10 kpc core of Abell 3827

Richard Massey"?*, Liliva Williams®, Renske Smit?, Mark Swinbank?, Thomas D.
. ) v ) . )
Kitching?, David Harvey®, Mathilde Jauzac'®, Holger Israel', Douglas Clowe’,

8 Y , 8 ) 8 .
Alastair Edge?, Matt Hilton®, Eric Jullo®, Adrienne Leonard®, Jori Liesenborgs'?,
Julian Merten'"'?, Irshad Mohammed'?, Daisuke Nagai'4, Johan Richard'®,
Andrew Robertson? Prasenjit Saha!® Rebecca Santana! John Stott? & Eric Tittley'®

Galaxy cluster Abell 3827 hosts the stellar remnants of four almost equally bright
elliptical galaxies within a core of radius 10 kpc. Such corrugation of the stellar dis-
tribution is very rare, and suggests recent formation by several simultaneous mergers.
We map the distribution of associated dark matter, using new Hubble Space Telescope
imaging and VLT /MUSE integral field spectroscopy of a gravitationally lensed system
threaded through the cluster core. We find that each of the central galaxies retains a

dark matter halo, but that (at least) one of these is spatially offset from its stars. The

best-constrained offset is 1.6275 45 kpc, where the 68% confidence limit includes both

statistical error and systematic biases in mass modelling. Such offsets are not seen
in field galaxies, but are predicted during the long infall to a cluster, if dark matter
self-interactions generate an extra drag force. With such a small physical separation, it
is difficult to definitively rule out astrophysical effects operating exclusively in dense
cluster core environments — but if interpreted solely as evidence for self-interacting
dark matter, this offset implies a cross-section opyv/m ~ (1.7 £ 0.7) x 10~* cm? /g
X (tinga11/10° yrs) =2, where tinran is the infall duration.



The case of Abell 3827

® System of four elliptical

] N
galaxies in a cluster, §j ; : . ' <
presumably formed recently - - | -
by several simultaneous j ‘ |

mergers.

® Map the mass distribution
using gravitational lensing.
(Used two independent
methods to reconstruct the
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Converting an offset to
a Cross section

Original paper: estimate drag force on
DM from self-interactions, slows the
subhalo’s infall.

Look at difference in accelerations,
assuming same starting point; infer
difference in distance traveled after a
time t; ¢y

Kahlhoefer et al ’|5 argue one must
include the gravitational pull on the
stars from the subhalo - drag force
must outweigh this restoring force in
order for there to be a separation.

Resulting cross section is much higher,
in mild tension with other cluster
bounds.
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Summary (for today)

® The distribution and gravitational effects of dark matter can be a powerful probe of dark-matter

properties and interactions, independent of any interaction with the known particles.We have direct
observational tests of:

® The overall cosmological abundance of dark matter (at least at redshift 1000).

® Any dark matter physics that modifies the low end of the matter power spectrum (e.g. warm dark
matter below the ~keV scale, subdominant hot dark matter, very low decoupling temperatures).

® Any dark matter physics that produces a “drag force” or similar effect on dark matter in merging
clusters.

® Any dark matter physics that modifies ~galactic-scale halos, in regions where stellar orbits can be
used to probe the DM distribution (from dwarfs to the central regions of clusters). Generally
constrains DM-DM interactions with rates > |/Hubble time.

® Understanding systematic uncertainties (and guaranteed effects) due to ordinary / baryonic matter is
important, and a major research direction. Needed to understand possible hints that dark matter may
not be perfectly collisionless and cold.

® At opposite ends of the mass scale, small field dwarfs and galaxy clusters should furnish new probes of
dark sector physics, as the data continue to improve.



