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> Current state-of-the-art
» ... of cosmological DM-only N-body simulations at the Galactic scale

> Examples of uses for DM question (past, present, and future)

 Local Group dwarf galaxies (abundance, properties, formation
history...)

 Strong gravitational lensing effects

 Direct detection experiments

* Indirect detection efforts

« Sommerfeld-enhanced subhalo annihilation signal

» Current limitations and future directions
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Whereas previous simulations were almost completely smooth in the central region, with
VL-1l we resolve lots of subhalos and tidal streams even down to 8 kpc.
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Whereas previous simulations were almost completely smooth in the central region, with

VL-1l we resolve lots of subhalos and tidal streams even down to 8 kpc.
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Via Lactea Il — the inner 100 kpc

Whereas previous simulations were almost completely smooth in the central region, with
VL-II we resolve lots of subhalos and tidal streams even down to 8 kpc.
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=SDSS Field of Streams Belokurov et al. (2006) =
-*_The heating of stellar tidal streams holds great potential to
- constrain the abundance of small scale DM structure.
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Dwarf Spheroidal Satellite Galaxies
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Dwarf Spheroidal Satellite Galaxies
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This will allow direct tests of CDM theory!
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More and better measurements of stellar veIoc;|t|es (including
proper motions?!?) in the centers of dSph's will be useful.
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The Missing Satellites “Problem”
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There appears to be a discrepancy between the
number of luminous satellites and the number of
dark matter halos predicted from simulation.

Solutions: Observational Completeness?
Astrophysics? Particle physics?

Simulated subhalos
abundance from Via Lactea
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sky coverage (~1/5)
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The Subhalo Population — Tidal Mass Loss

> Subhalos orbit through host halo and are subject
to tidal interactions.

> Strongest during peri-center passage.
> Tidal mass loss from outside in.

> Diverse amount of tidal mass loss.

> Reduces M,, V R

max’ \ink-ve

Kuhlen et al. (2008)
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The Subhalo Population — Tidal Mass Loss

Concentration Versus Radius
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> Tidal mass loss is stronger for more > Subhalos are more concentrated in the inner
massive halos (higherV__ @ z=1). regions.
> Halos with V__ =10 km/s retain about > This due to both tidal stripping and an earlier
max

formation time.
> c(r=8kpc) ~ 3 X c(field)

40% of their mass from z=1 to today.

> 97% of all z=1 subhalos still have an
identifiable remnant at z=0.



The Subhalo Population — Spatial Distribution
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The subhalo radial distribution is
anti-biased with respect to the DM
density: fewer subhalos in the
center.

(cf. Ghigna et al. 2000; de Lucia et al. 2004)

Depends on selection:

 disappears down to ~30 kpc for
peak(Vmax)-selected.

(cf. Nagai & Kravtsov 2005; Faltenbacher &
Diemand 2006)



The Subhalo Population — Spatial Distribution

10° M, (6,003)
5 km/s (6,011) The subhalo radial distribution is
0 km/s (5.,991) anti-biased with respect to the DM
density: fewer subhalos in the
center.
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(cf. Ghigna et al. 2000; de Lucia et al. 2004)

Depends on selection:

 disappears down to ~30 kpc for
peak(Vmax)-selected.

The radial dependence of the umber, mass, and luminosity &
of subhalos differs. This needs to be better understood.
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Strong Gravitational Lensing Effects

Flux ratio anomalies
(Metcalf & Madau 2001, Dalal & Kochanek 2002, etc.)
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Strong Gravitational Lensing Effects

Flux ratio anomalies
(Metcalf & Madau 2001, Dalal & Kochanek 2002, etc.)
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Strong Gravitational Lensing Effects
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Flux ratio anomalies
(Metcalf & Madau 2001, Dalal & Kochanek 2002, etc.)
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The effects of substructures on strong Ienses (flux ratlo
anomalies, time delay perturbations) should also be
mvestlgated with reallstlc DM S|mulat|ons
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Direct Detection

The scattering event rate (events/recoll energy) is given by:

dR \ T PxPn [}L)Z + frz (A — Z))2 9 h }L [f)
= NpMy =2 = - F<E ‘
dER ra 2my 12, 12 Ex] /i

dv

. )
LT
WIMPs and Neutrons
scatter from the
Atomic Nuctélus

This depends on the local DM density p, and the

velocity distribution function f(v). o\
¥
A typical assumption is p,=0.3 GeV/cm?* and ’

f(v) a Maxwellian with o = 220 km/s =
truncated at an escape speed of 500-600 km/s.

Vogelsberger et al. (2009)
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The DAMA controversy

An annual modulation of the scattering The DAMA collaboration has a reported an
rate is expected, owing to the_mo_tlon O.f 8-0 detection of this modulation and
the Earth around the Sun, which itself is interpreted it as WIMP scattering.

moving through a Galactic DM “wind”.
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Velocity Distribution in Via Lactea/GHALO

Halo restframe Earth restframe (Summer)
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Inelastic Dark Matter (Tucker-Smith & Weiner 2001) provides one way to

reconcile DAMA with other experiments.

IDM is a simple extension of standard WIMP DM, with 2 new properties:
1) the DM particle X has an excited state X* with m .-m, = 6 ~100 keV

2) only inelastic scattering is permitted: X N > X* N

Only encounters with enough kinetic energy to excite the DM particle will lead to
scattering:
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Annual Modulation and Peak Day
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Inelastic DM and Via Lactea

DARA ™

An example: M,=150 GeV, exclusion plots
in (5,0,) space. )

100 150 100 150 100

100 150

i (ke'V)

150 100

i (ke'V)

VL-1 best-fit Maxwellian All VL-II particles with Favorable sample
8kpc < D < 9kpc sphere (r=2kpc)

The shape, location, and extent of the iIDM parameter space preferred by the DAMA
measurement depends quite sensitively on f(v).

Global epartures from M-B and local variations can make the DAMA measurement
compatible with all current experimental limits.



Inelastic DM and Via Lactea

An example: M,=150 GeV, exclusion plots
In (6,0,) Space.
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8kpc < D < 9kpc sphere (r=2kpc)

Direct detection event rates can depend significantly on the
ocal phase-space distribution of DM, especially for inelastic
DM. Directionally sensitive experlments are being designed...
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Indirect Detection

Gamma Rays

IceCube Ll

1.5 kilometers




Indirect Detection

DM (WIMP) annihilation signal

[Colafrancesco 2006 (astro-phi0610521)]
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Simulated Dark Matter Annihilation Map
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Galactic Center: GR Point Sources

H.E.S.S. Atmospheric Cerenkov Telescope
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Backgrounds: Galactic GR Background

Strong et al. 2004
“conventional model”

¢ EGRET -3
o LAT T

— Model ([:2 + IC + Brem) + EG + instr
(GALPROP conventional)

GALPROP: Moskalenko & Strong



Backgrounds: Extragalactic GR Background
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The Total Signal

M, =100 GeV

(ov) =3 x 107 em® 571

s

'N3+Nb

We calculate a signal-to-noise ratio for every subhalo: S/N =
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Known MW dSph Satellites as Annihilation Sources

[ Ngan=44

¥ T T T1] T T T T T 1T ™ T

: Ndarkz 37

Viax KM /s]

Ndar‘lvl:282

Name D Lot Lo.a Frot Fe
[kpc [ID{I’JU,;‘?. pc‘3: [lﬂﬁﬂf.?. pc‘S: []D_Bﬂff; pc7] []D_Sﬂf?’;, pc_s]
Segue 1 23 2.8 (&:83) 2.5 (5:50) 41 (11" 12 (5%
Ursa Major 11 32 3.5 (33) 3.1 (81 28 (3%9) 9.5 (%)
Ursa Minor 66 6.2 (21) 4.7 (33) 11 (55) 5.2 (52)
Draco 80 7.0 (g:0) 5.6 (571) 8.8 () 4.3 (37)
Carina 101 7.0 (33) 5.6 (53 5.5 (33) 3.1 (18)
Wilman 1 38 0.88 (325 0.85 (5%3) 4.9 (3%) 2.6 (§2)
Coma Berenices 44 1.2 (35) 1.1 (3:30) 4.8 (3%) 2.5 (T8)
Sculptor 80 2.9 (3:3) 2.5 (35 3.7 (28) 2.0 (15)
Ursa Major I 106 3.3 (53) 2.5 (15 2.3 (3%) 1.3 (33,
Fornax 138 3.5 (3) 2.9 (33 1.4 (15) 1.00 (§:34)
Sextans 86 1.2 (577 1.1 (5.6o) 1.3 (353 0.86 (:35)
Leo II 205 4.6 (53) 3.1 (51 0.88 (5% 0.55 (553
Canes Venatici [ 224 4.6 (32) 3.1 (3% 0.73 (5:30) 0.48 (5:52)
T T I I ' 1Y -~ o~ B 4\ - o 1 0 T | R BN




N(>F,,.), N(>F)

Known MW dSph Satellites as Annihilation Sources

[ Ngan=44

¥ T T T1] T T T T T 1T ™ T

: Ndarkz 37

Viax KM /s]

Ndar‘lvl:282

Name D Lot Lo.a Frot Fe
[kpc [ID{I’JU,;‘?. pc‘3: [lﬂﬁﬂf.?. pc‘S: []D_Bﬂff; pc7] []D_Sﬂf?’;, pc_s]
Segue 1 23 2.8 (&:83) 2.5 (5:50) 41 (11" 12 (5%
Ursa Major 11 32 3.5 (33) 3.1 (81 28 (3%9) 9.5 (%)
Ursa Minor 66 6.2 (21) 4.7 (33) 11 (55) 5.2 (52)
Draco 80 7.0 (g:0) 5.6 (571) 8.8 () 4.3 (37)
Carina 101 7.0 (33) 5.6 (53 5.5 (33) 3.1 (18)
Wilman 1 38 0.88 (325 0.85 (5%3) 4.9 (3%) 2.6 (§2)
Coma Berenices 44 1.2 (35) 1.1 (3:30) 4.8 (3%) 2.5 (T8)
Sculptor 80 2.9 (3:3) 2.5 (35 3.7 (28) 2.0 (15)
Ursa Major I 106 3.3 (53) 2.5 (15 2.3 (3%) 1.3 (33,
Fornax 138 3.5 (3) 2.9 (33 1.4 (15) 1.00 (§:34)
Sextans 86 1.2 (577 1.1 (5.6o) 1.3 (353 0.86 (:35)
Leo II 205 4.6 (53) 3.1 (51 0.88 (5% 0.55 (553
Canes Venatici [ 224 4.6 (32) 3.1 (3% 0.73 (5:30) 0.48 (5:52)
T T I I ' 1Y -~ o~ B 4\ - o 1 0 T | R BN




MW dSph Satellites as Annihilation Sources
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Indirect Detection: the leptonic signal

There are currently at least four unexplained observations of energetic
electrons and positrons in the Milky Way halo.

1) The WMAP “haze” 2) The INTEGRAL/SPI 511 keV Galactic
Center signal
3) The PAMELA measurement of a 4) The ATIC and PPB-BETS
positron excess at E > 10 GeV. measurements of an (e*+e-) bump at

E ~ 500 - 800 GeV.
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Indirect Detection: the leptonic signal

There are currently at least four unexplained observations of energetic
electrons and positrons in the Milky Way halo.

1) The WMAP “haze” 2) The INTEGRAL/SPI 511 keV Galactic
Center signal
3) The PAMELA measurement of a 4) Fermi does not see the ATIC/PPB-
positron excess at E > 10 GeV. BETS bump. Lack of feature implies
M >~1TeV.
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Could this be DM annihilation?

A typical M. ~1 TeV WIMP DM particle would need to have a cross section ~1000 larger
than the thermal relic value to explain the PAMELA and ATIC/PPB_BETS/Fermi results.

The local DM distribution is not clumpy enough to give such a large boost factor.

Extrapolating the VL-II subhalo
abundance in mass, taking into
account radial anti-bias, gives a
local boost factorof B=1.4.

B No Sommerfeld
BsE ~ 1/v

:.__' .. l ,."'.."i."':l"

In VL-II about 1% of locations at
8kpc happen to be close enough to
a subhalo to give B~10.

Need some other mechanism to
Increase the cross section
- Sommerfeld enhancement?

Kuhlen & Malyshev 2009 T 1<P¢]



Could this be DM annihilation?

A typical M. ~1 TeV WIMP DM particle would need to have a huge cross section to explain
the PAMELA and ATIC/PPB_BETS/Fermi results.

With Sommerfeld enhancement and a
~TeV particle, the data can be nicely fit: But so can, for example, pulsars...
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This seems to me to be a stalemate. Have Iocal anti-particle
flux measurements told us all they can?
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Example: Sommerfeld-enhanced subhalo annihilation signal
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Three regimes: (cf. Lattanzi & Silk 2008)
|. Large velocities (e,>1): no enhancement
1.
lll.Low velocities (e, <e,), depends on m,:
either saturation: S = 1/e,
or resonances (bound states) at some
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Arkani-Hamed et al. (2008)
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With Sommerfeld Enhancement

Three regimes: (cf. Lattanzi & Silk 2008)

|. Large velocities (e,>1): no enhancement

. .. (87
Il.Intermediate velocities (e,<e <1): S~ m—
v

lll.Low velocities (e <c,), depends on m,:
either

or resonances (bound states) at some
values of m,;:

10*

10°
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AH-A: m,/m,=107° A=0.3
AH-B: m,/m =10"° A=0.25
AH-C: m,/m,=10"° A=0.145




With Sommerfeld Enhancement

The Sommerfeld enhancement also brightens the central regions of subhalos!
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Many of these Sommerfeld
y ; Table 2: Detectable Subhalos. The number of subhalos that would be detected with > 50 significance by Fermi
models will be strongly 5. and 10 years e models. In the two

constrained by Fermi data.

Model
LS-1
LSs-2
LS-3

LS-4
MPV-1a
MPV-1b

MPV-1a

MPV-1b .
MPV-2a

4500 | 40000 3.3 MPV-2b



For DM-only simulations like the ones | discussed:

1) We're only beginning to resolve the ~100 parsec scale in subhalos

- Better match between observationally constrained properties and simulated
subhalos: M, ,, central (phase-space) densities.

2) Local phase-space structure at ~8kpc has not yet converged

- Implications for direct detection (especially for inelastic DM), and local DM
annihilation (positron fraction, e*e" flux, neutrinos, ...).

- Relevance for stellar tidal streams?

3) Cosmic variance?
- How representative is any one high resolution numerical simulation?

4) More analysis of the existing simulations is needed
- time evolution, subhalo merger trees, tidal streams, etc.



Absence of Baryonic Physics!!!




Current Limitations and Future Directions

Absence of Baryonic Physics!!!

Where is it most critical and likely to change things?

1) For the Galactic Center and the smooth host halo profile
- Gas cooling and settling drags DM to center: adiabatic contraction
- Dynamical friction of infalling satellites with dense baryonic condensations can

Romano-Diaz et al. 2008

remove DM from center
- S0 can stellar bars and a binary SMBH...
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2) Increase substructure survivability and hence spatial distribution
- Central baryonic condensation might make them more resilient to tidal stripping.
- Greater retained mass means more efficient dynamical friction.



Absence of Baryonic Physics!!!
Where is it most critical and likely to change things?

1) For the Galactic Center and the smooth host halo profile
Gas cooling and settling drags DM to center: adiabatic contraction

- Dynamical friction of infalling satellites with dense baryonic condensations can
remove DM from center

- So can stellar bars and a binary SMBH...

2) Increase substructure survivability and hence spatial distribution
- Central baryonic condensation might make them more resilient to tidal stripping.
- Greater retained mass means more efficient dynamical friction.

3) Increase disk heating? (e.g. Kazantzidis et al. 2009)



current Limitations anOi: s e

Absence of Baryonic Physics!!!

Where Is it most critical and like

1) For the Galactic Center and the W

remove DM from center
-+ S0 can stellar bars and a binary SMB

2) Increase substructure survivabili
- Central baryonic condensation might
- Greater retained mass means more ef

3) Increase disk heating? (e.g. Kaza

4) Modify DM velocity dispersions in the host halo, in subhalos?
- Implications for Sommerfeld-enhanced models



Current Limitations ancOi s e

Absence of Baryonic Physics!!!

Where iIs it most critical and like

1) For the Galactlc Center and the §§ 10

remove DM from center
-+ S0 can stellar bars and a binary SMB

2) Increase substructure survivabili
- Central barvonic condensation miaht

Baryonic physics must be included, but l
> It's computationally much more expensive

> |t makes the results dependent on subgrid physics, ad-hoc
assumptions about gas cooling, star formation, feedback, etc.
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