Title: Structure in the Phase Space and Dark Matter Astronomy
Date: Sep 23, 2011 03:40 PM

URL: http://pirsa.org/11090081

Abstract:

Pirsa: 11090081 Page 1/84



Unraveling Dark Matter
Perimeter Institute
September 23, 2011

Structure in the Phase Space
and Dark Matter Astronomy

| i

s WY
] .'L'l PERI“ETERHIHSHT:FE FOR THEORETICAL PHYSICS

Pirsa: 11090081 Page 2/84




Unraveling Dark Matter
Perimeter Institute
September 23, 2011

Triumph of
Modified Newtonian Dynamics
, and the demise of
Dark Matter paradigm

Pirsa: 11090081 Page 3/84




irsa: 11090081

Unraveling Dark Matter
Perimeter Institute
September 23, 2011

Structure in the Phase Space
and Dark Matter Astronomy

Page 4/84




Structure in the Phase Space and Dark Matter Astronomy

Outline

* Introduction: Cold Dark Matter (CDM)
* Why phase space of CDM haloes is hierarchical
* Bound Structures & CDM detection

* Future Prospects for dark matter astronomy
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Quoted _1 literature

In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) siee 4 ~we /), bom 1286 in Faryumad, near Sabzevar;
types of meni' 112

sl € dlu ¢ Sla € S0
Sl g S 25 ol
Sl € Sls 5 Sl € LK
sledas € fo8 I
515 € Sy o 515 € LS
S i faga KU
slid dls y Slu & WK
Sl adlsl Se b o

* One who knows and knows that he knows... His horse of wisdom will reach the skies.

* One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesnt know, but knows that he doesnt know... His limping mule will eventually get him home.

» One who doesn' know and doesnt know that he doesn't know... He will be etemally lost in his hopeless oblivion!
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en.wikipedia.org/wiki/There_are known_knowns

Oumd from Persnan Ilteraane
In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) see 4 “we /), Dom 1286 in Faryumad, near Sabzevar;
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Slpas S 28 5 oa
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Sl € Sls y Sl &€ X T ol
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« One who knows and knows that he knows... His horse of wisdom will reach the skies.
+ One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!
» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.
» One who doesnt know and doesnt know that he doesnt know... He will be etermally lost in his hopeless oblivion!
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6 Structure in the Phase Space and Dark Matter Astronomy

en.wikipedia.org/wiki/There_are_known_knowns

Quoted from Persian literature
In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) sies 4 s /), Dom 1286 in Faryumad, near Sabzevar,
types of men'! 1112
sl € Slu ¢ Sla € LS00
sl 50 S S 5 A ol
Sl € Sl ¢ sla € LS5
e e 2t
Sls &€ sl g 515 € LS
Sl Je 0 fusa S a KU
sli € Sls § Sla € K0
Sl adlal Ke b o

» One who knows and knows that he knows... His horse of wisdom will reach the skies.

+ One who knows, but doesn't know that he knows... He is fast asieep, so you should wake him up!
+ One who doesnt know, but knows that he doesnt know... His limping mule will eventually get him home.
» One who doesnt know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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g Structure in the Phase Space and Dark Matter Astronomy

In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) ;e 4 ~we /), Dom 1286 in Faryumad, near Sabzevar;
types of men' 1112

slud Slu g Sla € S0
sl G S S oA ol
sled Sls y Sl € LK
sledaas p o€ s
sls € Sl ¢ Sl € X0
Sl Jie o fuea Sa KU
slid Sls g Sls € S
Sl sadlsl Sie e

* One who knows and knows that he knows... His horse of wisdom will reach the skies.
» One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesnt know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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en.wikipedia.org/wiki/There_are know
_ Astrolunch Talks U5 Behmevis  arXivorg  Note in Reader {9 CosmoCoffee [Y]My Pt K Facebook Tm g

Quoted from Persian literature
in old Persian literature, One of the poets (Ibn Yamin Faryumadi @) coew 4 s /), bom 1286 in Faryumad, near Sabzevar;
types of men ' 1112
Sy € Sl y slu € LK
lgas 908 2 5l el
Slad slsyslu € K
Slo Gid e € 2K .
Sl € Sly g Slo &€ X
Sles o J3he & 2ueh S 5 KN
Llid Sl g Sla & WS
sl adlyl Se Jea o

» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, s0 you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

+ One who doesn' know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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en.wikipedia.org/wiki/There_are k

Astro Lunch Talks U5 Behmevis | arXivorg  Note in Reader {§9 CosmoCoffee [§|My P K3 Facebook TE 4
Quoted from Persian literature

In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) ses 4 e /), bom 1286 in Faryumad, near Sabzevar,
types of men.' 1112

Sle € slu ¢ slu & S
Sleas G908 2l 5l s
e € Sls y Sls & K

S GR gy € S e
sl € Sl Sls &€ X
Sl J3ie & fugs S A K

Lli G Lls g Sls S WS

Slas adlsl S se Jea

» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

» One who doesnt know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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en.wikipedia.org/wiki/There_are know
Astro Lunch Talks ~ UF Behmevis ) arXivorg  Notein Reader {9 CosmoCoffee [Y|My Pt K Facebook Tm g
Quoted from Persian literature
In old Persian literature, One of the poets (Ion Yamin Faryumadi @) coes 4 “wes /), Dom 1286 in Faryumad, near Sabzevar;
types of men-' 1112
sla € sl g sl & S
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» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, s0 you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

+ One who doesnt know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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Astro Lunch Talks U5 Behmevis | arXivorg  Note in Reader {§9 CosmoCoffee [Y|My Pt K Facebcok dm {
Quoted from Persian literature

In old Persian literature, One of the poets (Ibn Yamin Faryumad @) coes 4 s /), bom 1286 in Faryumad, near Sabzevar;
types of meni' 1112

5l € sls y sla € LS
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» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

+ One who doesn't know and doesnt know that he doesnt know... He will be etemally lost in his hopeless cblivion!
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Quoted from Persian literature
In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) coes 4 e /), bom 1286 in Faryumad, near Sabzevar;
types of men:' 1112
5l € sls y Sls € LS
Slgas 908 w5l o
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i€ Sl y Sl € K
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» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

» One who doesnt know and doesnt know that he doesn't know... He will be etemally lost in his hopeless oblivion!
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en.wikipedia.org/wiki/There are kn
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Quoted from Persian literature

In old Persian literature, One of the poets (Ibn Yamin Faryumadi @) soes 4 s /), bom 1286 in Faryumad, near Sabzevar;

——

types of men:' 1112

Glu € dlu g Slu & X
FEPERLTYY G S T -
Sl Sls s Sl € K
Jli € Sl g Sl € K
Sl J3e & fusa S a Kl

Lli G Sli g Sl S WS

Gilas sadllsl S se Jea

» One who knows and knows that he knows... His horse of wisdom will reach the skies.

» One who knows, but doesnt know that he knows... He is fast asleep, so you should wake him up!

» One who doesn't know, but knows that he doesnt know... His limping mule will eventually get him home.

» One who doesnt know and doesnt know that he doesnt know... He will be etemally lost in his hopeless oblivion!
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Outline

* Introduction: Cold Dark Matter (CDM)
* Why phase space of CDM haloes is hierarchical
* Bound Structures & CDM detection

* Future Prospects for dark matter astronomy
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Dark Matter is Collisionless
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Dark Matter is Collisionless

 Bullet Cluster
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Dark Matter is Cold
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Structure in the Phase Space and Dark Matter Astronomy

Dark Matter is Cold

Wavelength A [h™' Mpc)
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Structure in the Phase Space and Dark Matter Astronomy

Indirect Detection

* Dark Matter can annihilate to
— photons (Fermi)
— electrons/positrons (PAMELA/Fermi/WMAP...Planck)

— Neutrinos (/ceCube)

“FI-: - Tannl 1 H’l[}’ I_ : . 4
dE; ;_’;;;7: dE b = /;J'{Xirf X

imoath = o eseson (Mendee: 0 e 3 rOfm "ERONET SUDPINOE | Ul s Sl

Springel, et al. 08

Page 22/84

e — =T = L B |




Structure in the Phase Space and Dark Matter Astronomy

Directional DM detection

* Solar system is moving towards the Cygnus

constellation in the Milky Way, at 250 km/s

- We should see a DM wind coming from Cygnus, which
distinguishes it from any other background
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

* Gravitational evidence for DM comes from potential:

&3 p(x)/|x-x’|

Pirsa: 11090081




Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

. G[avitational evidence for DM comes from potential:
[ d3x p(x)/ x|

* Direct detection: p(x) at solar system
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

* Gravitational evidence for DM comes from potential:
&3 p(x)/|x-x’|

* Direct detection: p(x) at solar system

* Indirect detection (annihilation):/d3x p(x)>
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

* Gravitational evidence for DM comes from potential:
[ d3x p(x)/|x-x’|

* Direct detection: p(x) at solar system

* Indirect detection (annihilation):/d3x p(x)>

—=>WIMP detection is much more sensitive to DM sub-
structure:

Pirsa: 11090081 Page 27/84
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

* Gravitational evidence for DM comes from potential:
&3 p(x)/|x-x’|

* Direct detection: p(x) at solar system

* Indirect detection (annihilation):/d3x p(x)>

—->WIMP detection is much more sensitive to DM sub-
structure:

Boost = <p?>/<p>2-1

Pirsa: 11090081 Page 28/84
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

» Gravitational evidence for DM comes from potential:
&3 p(x)/|x-x’|

* Direct detection: p(x) at solar system

* Indirect detection (annihilaﬁon):/d3x p(x)>

—->WIMP detection is much more sensitive to DM sub-
structure:

Boost = <p?>/<p>2-1
-2 Boost to annihilation signal (indirect detection)

(e.g., Taylor & Silk 2003)

Pirsa: 11090081 Page 29/84
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

» Gravitational evidence for DM comes from potential:
[d3x p(x)/|x-x’|

* Direct detection: p(x) at solar system

* Indirect detection (annihilation):fd3x p(x)>

—->WIMP detection is much more sensitive to DM sub-
structure:

Boost = <p?>/<p>2-1
—2> Boost to annihilation signal (indirect detection)
(e.g., Taylor & Silk 2003)

- Variance for direct detection
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Structure in the Phase Space and Dark Matter Astronomy

WIMPs: from gravity to detection

* Gravitational evidence for DM comes from potential:
[ d3x p(x)/|x-x’|

* Direct detection: p(x) at solar system

* |Indirect detection (annihilation):fd3x p(x)>

—->WIMP detection is much more sensitive to DM sub-
structure:

Boost = <p?>/<p>2-1
-2 Boost to annihilation signal (indirect detection)
e.g., r.I};ft?r & Silk 2003)

- Variance for direct detection

(e.g., Stiff, Widrow, & Frieman 2001)
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Outline

* Introduction: Cold Dark Matter (CDM)
* Why phase space of CDM haloes is hierarchical
* Bound Structures & CDM detection

* Future Prospects for dark matter astronomy
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Hierarchy in the Phase space

* CDM is really cold iy = o (T

R 6VCDM -~ 10_11(: (0.07 em/s)-(1 + z)° "'.:'i;“"'l'
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchy in the Phase space

e CDM is rea“y cold s j, ( IT )_-
- 6VCDM - 10_11(: (0.07T em/s)"(1 +z)" n R"-fh’\'-.

* Phase space density remains constant in lieu of collisions
(Liouville’s Theorem):
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchy in the Phase space

* CDM is really cold oone) = 12 (Teun )
- 6VCDM - 10-11C (0.07 em/s)" (1 + .)* :r—l'-i;-"h".
* Phase space density remains constant in lieu of collisions

(Liouville’s Theorem):
— At CDM freeze out:

. - " -3 -2 2 [ r =3 |'-I
Jepm ~ (Pepm/ My )0V ~ 10 H'\I{_n'\ | (em/s) T (cm)

Pirsa: 11090081 Page 35/84
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchy in the Phase space

+ CDM is really cold iong) = T (Tam )’

my, \ Tb.
- 6VCDM - 10-11(: (0.07 em/s)" (1 + z)° :r-.'.'i;o V).
* Phase space density remains constant in lieu of collisions

(Liouville’s Theorem):
— At CDM freeze out:

. . S, | 2 P - _a _a
f{ DM ™~ {Pcpm/ T, o, DM ™ 10 ”r‘ml('".\ | (em/s) (em)

— Within our Galaxy:

(Mo/m )
" L= Fal |/ s Yra r j 1 3 -1
Feoat) ~ ‘ - ~ 10 m_ " (GeV) (em/s)""(cm)

(10 kpc)*(200 km/s)*
11772
- 8 =
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchy in the Phase space

+ CDM is really cold odena) = T (Tam )’

LY \ Tf"\_ J
— 6VCDM et 10'11(: ~ (0.07 em/s)*(1 + z)° m_*(GeV),

* Phase space density remains constant in lieu of collisions

(Liouville’s Theorem):
— At CDM freeze out:

fepm ~ (Pepm/my )0vcpyy ~ 107° m3 (GeV) (em/s) ™ (cm) ™

— Within our Galaxy:

. ': -1{.31]-.”" x / -22 L(GeV \ =3 =3
(fcoMm) ~ (10 kpt'! 31900 kan /s)3 ~ 10 m, (GeV) (em/s) “(em)
-> Most of the phase space is empty! 11727
- s @
Pirsa: 11090081 Page 37/84
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchy in the Phase space

+ CDM is really cold setons) = Zon (Tam )’

I,
- 6VCDM s 10_11c - (0.07 em/s)" (1 + =)° .fr.-;"li{;r\-l.

* Phase space density remains constant in lieu of collisions

(Liouville’s Theorem):
— At CDM freeze out:

. am e . 2 F ™ Y =T -3
_ft DM ™ 'j‘H'li‘*‘[_' H'J'_'~ ,If]'f‘. T\ S 1” f.”\lf_'l'l"\ ] ICINl/S) {cIn)

— Within our Galaxy:

'r‘ (.‘l{:‘l]. ”L.‘ ! 1'] L, |1{_. .\-ll ~ il -
§ A, ~ “n V) (em/s) "’ (cm)
S (10 kpc)*(200 km/s)* e - e
- Most of the phase space is empty! 1127
- Structures on all scales
Pirsa: 11090081 Page 38/84
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchical Micro-Structure of the
Phase Space




Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

* Bound sub-haloes (cluster
in real/phase space)

Kuhlen, Diemand, et al.
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Structure in the Phase Space and Dark Matter Astronomy

Hierarchical Micro-Structure of the
Phase Space




Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

* Bound sub-haloes (cluster
in real/phase space)

Kuhlen, Diemand, et al.
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Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

* Bound sub-haloes (cluster
in real/phase space)

» Tidal debris (cluster in
initial conditions)

Kuhlen, Diemand, et al.

NGC 3923

Pirsa: 11090081 Page 43/84
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Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

Kuhlen, Diemand, et al.
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9 Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

* Bound sub-haloes (cluster
in real/phase space)

» Tidal debris (cluster in
initial conditions) - Kuhlen, Diemand, et al.

R

* Fundamental discreteness NGC 3923

9 ana!ogous to galaxy shat noise

A -ﬂ_H-a d8e H'"“ LU i 1 S ;_" ol tl.inl:"_'_:'
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9 Structure in the Phase Space and Dark Matter Astronomy

Three types of phase structures

-

* Bound sub-haloes (cluster
in real/phase space)

* Tidal debris (cluster in
initial conditions)

Kuhlen, Diemand, et al.

N
* Fundamental discreteness NGC 3923
-> analogous to galaxy shot noise
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Structure in the Phase Space and Dark Matter Astronomy

Correlation Functions quantify
Hierarchy

. Large Scale Structure Projected Correlation Function

S
. SDSS Masjedi, et al.
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Structure in the Phase Space and Dark Matter Astronomy

Correlation Functions quantify
Hierarchy

Phase Space Correlation Function _
. Large Sc U S — on Function

g \\ o i
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* LI wviasjcus, et al.
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Structure in the Phase Space and Dark Matter Astronomy

Outline

* Introduction: Cold Dark Matter (CDM)

* Why phase space of CDM haloes is hierarchical
* Bound Structures & CDM detection

* Future Prospects for dark matter astronomy
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Structure in the Phase Space and Dark Matter Astronomy

Bound Substructures
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2 Structure in the Phase Space and Dark Matter Astronomy

Bound Substructures

* Small sub-haloes become
resilient to tidal stripping
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Structure in the Phase Space and Dark Matter Astronomy

Bound Substructures

* Small sub-haloes become
resilient to tidal stripping

» Stable clustering hypothesis:

# of pairs at small physical separation remains
constant (Davis & Peebles 77)
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2 Structure in the Phase Space and Dark Matter Astronomy

Bound Substructures

* Small sub-haloes become
resilient to tidal stripping
» Stable clustering hypothesis:

# of pairs at small physical separation remains
constant (Davis & Peebles 77)

* We extend this to the phase
space
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Structure in the Phase Space and Dark Matter Astronomy

Bound Substructures

* Small sub-haloes become
resilient to tidal stripping
» Stable clustering hypothesis:

# of pairs at small physical separation remains
constant (Davis & Peebles 77)

* We extend this to the phase
space

* Unlike the halo model, *

captures the full hierarchy: sub-
haloes, sub-sub-haloes, etc. (also much
fewer parameters)
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Structure in the Phase Space and Dark Matter Astronomy

Why Stable Clustering?

 Tidal Forces can only do finite work on tightly
bound objects:

lALﬂ < lAIj /dt(‘dic“)jo)l E A.I‘g[/dtvg@

= 4xG|Azi| [ dt poir(t) x || [ dt/1? — const. x | Az

R
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Structure in the Phase Space and Dark Matter Astronomy

Why Stable Clustering?

* Tidal Forces can only do finite work on tightly
bound objects:

‘AU-,;‘ < IA.I'; /dt((),C)JOH ,_,'E AIE’/deQO
= 4?TG|AI;;[/CH Puir(t) < |Ax;] /dt/t2 — const. X |Ax;]
A

Of(E) Ec‘?f(E) _zan W—
ot OF

in progress, with Farbod Kamiab
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4 Structure in the Phase Space and Dark Matter Astronomy

sub-haloes and stable clustering

» Stable clustering in phase space can be used
to describe bound sub™-halo hierarchy
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes and stable clustering

» Stable clustering in phase space can be used
to describe bound sub™-halo hierarchy
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes and stable clustering

» Stable clustering in phase space can be used
to describe bound sub™-halo hierarchy
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes and stable clustering

» Stable clustering in phase space can be used
to describe bound sub™-halo hierarchy
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Structure in the Phase Space and Dark Matter Astronomy

DM annihilation profile:

stable clustering vs. simulations

1
Mf.ub > 1 OEM-E.
M, > 106M,
M, > 107M,
0.1 D - Msub > ]UEM"EZ
> 0.01
= =
= 0.001
= 0.0001 =~ =
i Springel, et al. 08 -
-5 J_J_J_J.Jllll 21 3 sl bkl L AL i i 3l
0.001 0.01 0.1 1
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Structure in the Phase Space and Dark Matter Astronomy

Massaging the tidal stripping
prescription ...
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mean profile -
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes in Direct Detection!

* Temporal auto-correlation of DM detection in
several years...

DL)DIL+4L)) /(D))
=
=
=

irsa; 11090081 at {years) Page 63/84
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Structure in the Phase Space and Dark Matter Astronomy

DM annihilation profile:

stable clustering vs. simulations

l T 1——|—'r|||r] ' ey

M, . > 10°M,

0.1 smooth halo
_: f,.-
> 0.01
g § e
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes and stable clustering

» Stable clustering in phase space can be used
to describe bound subn-halo hierarchy
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Structure in the Phase Space and Dark Matter Astronomy

Massaging the tidal stripping
prescription ...

1 . —
mean profile
0.1 F
; M(<r)/ My
§ 0.01 :r-_
J ;
=
~
- 0.001 |
0.0001 -
3 i
- J.rll-'
103 : —
0.001 0.01
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Structure in the Phase Space and Dark Matter Astronomy

sub-haloes in Direct Detection!

* Temporal auto-correlation of DM detection in
several years...

|

= e b M_ 10-12 ¥ -4
. M )-1o
S M_ 10-* M
] 10 100
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Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?
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Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?

* From bound subhaloes:

Boost = O(1) = density variance 104 &
@ solar radius

* Local DM wind may
NOT come from the -
direction of Cygnus! =

* Phase space correlation -
will be probed by :
directional DM /ooy G ;
detection | ; |
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8 Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?

* From bound subhaloes:
Boost = O(1) = density variance 10 . 3
@ solar radius F - :
* Local DM wind may
NOT come from the
direction of Cygnus!

* Phase space correlation z
will be probed by = o)
directional DM ¥ oo
detection o001 |

- 100
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8 Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?

* From bound subhaloes:
Boost = O(1) = density variance 100 3
@ solar radius : ' :
* Local DM wind may
NOT come from the
direction of Cygnus!

* Phase space correlation
will be probed by
directional DM 7 oonp
detection 0.001 5

* Sommerfeld En. 0.0001L

1000 = . . |
: 3

100 B

<f(v)>%-|
o
"

bAV)>,

f{v)l(v
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Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?

* From bound subhaloes:

Boost = O(1) = density variance 10 ¢
@ solar radius -
* Local DM wind may
NOT come from the
direction of Cygnus!

* Phase space correlation
will be probed by
directional DM
detection

* Sommerfeld En.

1000 =
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Structure in the Phase Space and Dark Matter Astronomy

Two Cautionary Notes...
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Structure in the Phase Space and Dark Matter Astronomy

Two Cautionary Notes...

* What about baryons?




Structure in the Phase Space and Dark Matter Astronomy

Two Cautionary Notes...

* What about baryons?

— They can enhance CDM structures through
adiabatic contraction, or destroy them via
gravitational collisions/heating

— Real haloes are almost certainly more
complicated!
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2 Structure in the Phase Space and Dark Matter Astronomy

Final Word
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2 Structure in the Phase Space and Dark Matter Astronomy

Final Word

* We used a novel analytic formalism to show that
hierarchical sub-structure of CDM haloes can yield:

— Boost in DM annihilation

— Time dependence in direct detection signal

— Rich structure for directional DM detection

— Potentially detectable Pulsar Timing residuals

* Correlation Function in Phase Space is a Powerful
tool :
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2 Structure in the Phase Space and Dark Matter Astronomy

Final Word

* We used a novel analytic formalism to show that

hierarchical sub-structure of CDM haloes can yield:
N

( — Boost in DM annihilation
— Time dependence in direct detection signal
\— Rich structure for directional DM detection )
— Potentially detectable Pulsar Timing residuals

* Correlation Function in Phase Space is a Powerful
tool :

* |f/when we detect Dark Matter particles, Dark
Matter Astronomy will be just around the corner
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Structure in the Phase Space and Dark Matter Astronomy

Dark Matter Astronomy?

* From bound subhaloes:
Boost = O(1) = density variance 10— 3

* Sommerfeld En.

o b R R s L b b o N el

@ solar radius

Local DM wind may
NOT come from the
direction of Cygnus!

Phase space correlation
will be probed by
directional DM
detection

1000 = \ .
E 3
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Structure in the Phase Space and Dark Matter Astronomy

DM annihilation profile:

stable clustering vs. simulations

Bound substructure
+tidal cut-off
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Structure in the Phase Space and Dark Matter Astronomy

Massaging the tidal stripping
prescription ...

1 ; YT
mean profile
0.1
M(<r)/ My
0.01
R
B
=
= 0.001
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10-5 ' aaal /
0.001 0.01
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Structure in the Phase Space and Dark Matter Astronomy

DM annihilation profile:

stable clustering vs. simulations
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Massaging the tidal stripping
prescription ...

1 ' rrTYT
mean profile
0.1
M(<r)/ My
0.01
§
S,
=
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- 0.001
0.0001 -
.l'rr.
10-5 S
0.001 0.01
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DM annihilation profile:

stable clustering vs. simulations

Bound substructure
+tidal cut-off
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