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Abstract: | will describe various efforts to understand the phase space structure of dark matter halos. Implications for dark matter detection
experiments will also be discussed.
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Formation of dark matter halos within
the context of the standard CDM paradigm
is a relatively “clean” physics problem
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Formation of dark matter halos within
the context of the standard CDM paradigm
is a relatively "clean” physics problem
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Formation of dark matter halos within

the context of the standard CDM paradigm
is a relatively “clean” physics problem
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dark halo phenomenology
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In addition, there are hints of self-similarity between
halos of a different size
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Ultimate goal as dark matter theorists:
to develop a generative, theoretical
(or at least phenomenological)
model for dark matter halos

build synthetic halos
indistinguishable from the halos
found in simulations
enerative model —>
push beyond resolution limits
of present-day simulations

see also work by other conference participants Taylor, Afshordi, Vogeisberger, Kuhlen,
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In short, we aim to model the phase space
distribution function of dark matter particles
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All dark matter detection experiments probe
the DF, i.e., detector response involves some
integral over the DF
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standard model used in DM detection experiments assumes a
Maxwellian velocities in the Galactic rest frame
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standard model used in DM detection experiments assumes a
Maxwellian velocities in the Galactic rest frame
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Baby steps toward a generative model:

Given p(r) and the assumptions of
spherical symmetry and isotropic
velocities, find f(E) via the Eddington
inversion formula

For “flattened” and rotating halos, consider f(E, L.)

For velocity anisotropy, consider f(E. L)

... three integral DFs
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Challenges, I
Limited resolution

The best present-day simulations for MW-sized
halos are performed with of order 1 billion
particles or a mass resolution

In typical WIMP models, the first objects
to form in the Earth. Thus, we are 9 or more orders

of magnitude short of doing fully realistic simulations
of a MW-sized halo
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Challenges, II
Pathological behavior of the
CDM power spectrum at very small scales

For the first objects in the CDM hierarchy structures
form over a wide range of scales nearly simulfaneously.

Clustering no longer hierarchical and a significant dynamic
range in simulations is difficult fo achieve.

Other schemes fo understand structure formation
(e.g., perturbation theory) also have problems
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substructure can enhance the signal from
indirect detection experiments, which probe annihilation by—products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 120/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 121/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-prodgcts
and are therefore sensitive to the line-of-sight integral of p~

log

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 122/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 123/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by—products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 124/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 125/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 126/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 127/670




substructure can enhance the signal from
indirect detection experiments, which probe annihilation by-products
and are therefore sensitive to the line-of-sight integral of p

log ¢

integrated los density-squared from simulations
from Kuhlen et al, 2008

Pirsa: 11090109 Page 128/670




meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)

AT
2 :— [ TR
= _ .
Ly = - s
11- -
; = "=
e — "7y
£ -
slope =zw: -
ar - -
E -
i 3 v
m T ; k-
dN L b iiiaisaad . -
o _lf e EE R L -
- A ‘ ™
din f . -
a -
- L
1 I T
-
- T |
L] ¥ g
w = -
L
. - .
normalizaton g | 1L >
1
- . L]
wE - B
. L
it ikl ik e it bl e L il b il il ke
Pirsa: 11090109 W ' w o w e w e e e W et e e e e e W ™ e " Page 130/670

M, M) W, [m]




meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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meta-analysis of subhalo mass function derived from 21
different simulation studies (see Elahi et al 2009)
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calculation of the boost factor requires a bold
extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for
“realistic” extrapolations
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calculation of the boost factor requires a bold
extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for
“realistic” extrapolations
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calculation of the boost factor requires a bold

extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for

“realistic” extrapolations
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calculation of the boost factor requires a bold
extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for
“realistic” extrapolations
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calculation of the boost factor requires a bold
extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for
“realistic”’ extrapolations
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calculation of the boost factor requires a bold
extrapolation of the subhalo mass function to small scales.
Our analysis found relatively modest boost factors for
“realistic” extrapolations
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

L
=

: phase mixing in a simple
<] 7 toy model
NB: evolution is reversible!
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Challenges, I
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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} phase mixing in a simple
a 7 toy model
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

r
=

_ phase mixing in a simple
1 toy model
NB: evolution is reversible!
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Challenges, I
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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phase mixing in a simple
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Challenges, I
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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. I phase mixing in a simple
I :
- - = . toy model
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Challenges, lll
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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_ phase mixing in a simple
» toy model
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Challenges, I
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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! . f | : phase mixing in a simple
3 - 1 » toy model
i : NB: evolution is reversible!
. ]
i _-
10 I L =50 7
P
S\
r =
. QRN T
SN 5% =
L e . ;
T = adapted from Tremaine, 1999
irsa: 11090109 i

Page 165/670




Challenges,
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

rl
=

. phase mixing in a simple
"' » toy model
i NB: evolution is reversible!
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Challenges,
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

rl
L=

- phase mixing in a simple
= » toy model
3 NB: evolution is reversible!
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Challenges, llI
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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_ phase mixing in a simple
v toy model
NB: evolution is reversible!

(]
-rrtrr-erethpeeerre -1--1-'-*-"4- N e e

adapted from Tremaine. | 999

¥
..._],.-.r1.r-.|r1|--||r
j*ﬂ-—
s T
i A
‘x('t {\L’f‘ N )
| |

-r-'r--|—+-1--r-

irsa: 11090109 Page 168/670




Challenges, llI
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

r
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! phase mixing in a simple
= - toy model
i NB: evolution is reversible!
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Challenges,
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
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along a particle’s orbit is constant
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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Challenges, I
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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- T = . toy model
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant

phase mixing in a simple
toy model
NB: evolution is reversible!
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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T I .
. T g ] toy model
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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phase mixing in a simple
toy model
NB: evolution is reversible!
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Challenges,
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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= - T - » toy model
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Challenges,
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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Challenges, Il
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
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along a particle’s orbit is constant
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Challenges, llI
Liouville’s theorem and the phase-space sheet

for collisionless system’s, the phase space density
along a particle’s orbit is constant
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Phase-space structure of cold dark matter halos
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Another baby step toward a
theoretical model for a dark matter halo:
spherical collapse of a scale-free perturbation

in an expanding Universe
each point on curve
represents spherical

shell with radial
velocity dr/dt and particles in Hubble flow
radius r(t) = /
8 IS Do
£ 3 : ——
E T
-

particles falling in for first time

“radius
Fillmore & Goldreich. 1984 and Bertschinger. 1985
Note that this solution
(a) satisfies Liouville’s theorem (i.e., phase space
DF remains a cold, 3D sheet in 6D phase space)

(b) solution is tme-reversible
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theoretical model for a dark matter halo:
spherical collapse of a scale-free perturbation

in an expanding Universe
each point on curve
represents spherical
shell with radial
velocity dr/dt and

_ _ particles in Hubbile flow
radius r(t)

'

radial velocity

particles falling in for first time

" radius
Fillmore & Goldreich. 1984 and Bertschinger, | 985
Note that this soluton
(a) satisfies Liouville's theorem (i.e., phase space
DF remains a cold, 3D sheet in 6D phase space)
(b) solution is tme-reversible

Pirsa: 11090109 Page 202/670
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vertical line marks detector
at fixed position where
velocity distmbution
of dark matrer parucles is a
seres of peaks

v

see papers on zxon detecuon
by Silawe and collaborators

f(v)
— =_

—

log(dR/dQ)

Q
for WIMPs we have a series

of steps in recoil energy. Q
(see Soff. LMW, Frieman 2001)
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
| D spectrum of modes
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smooth, spherical infall. Initial perturbation is monotonic in r.

The Fillmore-Goldreich-Bertschinger solutions assume

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

I D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation
on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume

smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse
| D spectrum of modes
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The Fillmore-Goldreich-Bertschinger solutions assume
smooth, spherical infall. Initial perturbation is monotonic in r.

In the standard model for structure formation

on all scales and structure formation proceeds
perturbations exist hierarchically

single mode -- planar collapse

I D spectrum of modes
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E 1 i -
// (/J /1 $ t | dark matter detector at

: W§ f,; 7 position of red line
3 3 v “sees’ particles with

: : complicated velocity
L e distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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= T i
f/ f/} /,l : ' / dark matter detector at
i 9 “ : position of red line
3 W z % : “sees” particles with
- ; complicated velocity
I VTS S distribution (peaks and subpeaks)
E & ‘@!;: £ ]

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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i
' dark matter detector at
C/; / pos'rti'on nf red lirfe
3 “sees” particles with
- : complicated velocity
= N distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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3V, v :

'_ y‘t : 4 : dark matter detector at

E - /z . position of red line

- VLV : 3 “1 : - - i :

_ : v sees’ particles with

: : : complicated velocity

E o\ 1 A~ distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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,:/‘/ ?/] /'t / / dark matter detector at

position of red line

“sees’’ particles with

complicated velocity
distribution (peaks and subpeaks)

|
1rr}||1|
|

W
Ll

SEERE
'

[
. W
XEL

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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. . I :
E (A 1 i y
// ": /t - t Z dark matter detector at

: /% Ca /3 position of red line
3 W 3 v “sees’’ particles with
:' : : complicated velocity
1_/ N\ R TT distribution (peaks and subpeaks)
” al - 1 :
T '.Q!;. £ ]

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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_ dark matter detector at
/7 position of red line
: “sees’’ particles with
] complicated velocity
Y VR distribution (peaks and subpeaks)

&

éx
. . H-"a.. bl I Sdabed

(R

-
RLEREERERE
-

EEERER]

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks

irsa: 11090109 Page 261/670




;/‘/ % ; 4 ' dark matter detector at

: "A /: ¢ position of red line
3 W z % : “sees” particles with
,' - j complicated velocity
= AN\ D TR distribution (peaks and subpeaks)
~ a8l F ?
. F ‘@!j_ £ ;

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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3 : dark matter detector at

3 L/"Vg s position of red line

3 5 v “sees’’ particles with

' o : complicated velocity

= A\ T I o TE distribution (peaks and subpeaks)
" Al : : E

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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dark matter detector at
position of red line
“sees’ particles with
complicated velocity
distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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I, A TP T
/ 4 /t t//!.‘ '_ dark matter detector at

: /* o / position of red line

* T w3 /S 1

3 L/W 3 L “sees’’ particles with

: : ] complicated velocity

2 = U (R distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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2 I i ]
,‘/\/r “ /1 z\//!.‘ -: dark matter detector at
: L[/LV— {34 v position of red line
3 & v “sees’’ particles with
, : : complicated velocity
E o\ T E TP distribution (peaks and subpeaks)
A~ : ] '
PN AR

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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: R
',/\/ L’l/l $ L] : dark matter detector at
3 - /< ' /4 . s 2
: $: /3 position of red line
3 v b3 L “sees” particles with
: ] complicated velocity
PR S distribution (peaks and subpeaks)
(/"/ ¥ - i ' ._

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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X ( - :- | o
,/‘/4 /E /‘/!,\ 3 dark matter detector at

? /3 e /] sition of red line

. g - vy J 3 P

3 W 5 v “sees’’ particles with

: : : complicated velocity

A U T distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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position of red line
L “sees” particles with
: L complicated velocity
il ™ WL distribution (peaks and subpeaks)

I W B R
/ /] /E / L '- dark matter detector at
: ¢

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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E o T i o
/ VJ /t t/'/t -' dark matter detector at

: /= v 3 ition of red line

: : L, /i position o

3 W = v “sees” particles with

: s : complicated velocity

:'_,./ N\ TR distribution (peaks and subpeaks)
- : | :

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

if DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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i
' dark matter detector at
K position of red line
L “sees’’ particles with
: L complicated velocity
2 U distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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0

L] dark matter detector at

e, /i position of red line

L “sees’” particles with

j complicated velocity

N distribution (peaks and subpeaks)

-rr|-r|||||

EEEEERR

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(V) will be a collection of peaks and subpeaks
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: 4 T i
/ b:'_/l - ' dark matter detector at
Ny : f/; Pé position of red line
3 3 L “sees” particles with

. complicated velocity
e " distribution (peaks and subpeaks)

AR LR REAN

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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_- L =1 ; . t =35 -
/ r/:‘/'t //'_.‘ Z dark matter detector at

i 1 position of red line
7 “sees’’ particles with
, t , complicated velocity
A U TP S distribution (peaks and subpeaks)

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)

If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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dark matter detector at

X
b
P,

a

/L /z v position of red line
3 W = L “sees’ particles with
.' + ] complicated velocity
= A\ I TR distribution (peaks and subpeaks)
A~ Al (b f
* ;'@[,,-3 - N ) .

ideal terrestrial detector occupies a 3D plane
(fixed position, all of velocity-space accessible)
If DF is a 3D surface (albeit curled up on all scales),
f(v) will be a collection of peaks and subpeaks
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Two Questions:

Do N-body simulations correctly
evolve the phase space sheet?

If they did, can we properly visualize/study it?

irsa: 11090109 Page 276/670




Two Questions:

Do N-body simulations correctly
evolve the phase space sheet?

If they did, can we properly visualize/study it?

irsa: 11090109 Page 277/670




Two Questions:

Do N-body simulations correctly
evolve the phase space sheet?

If they did, can we properly visualize/study it’

irsa: 11090109 Page 278/670




Two Questions:
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Two Questions:

Do N-body simulations correctly
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Two Questions:

Do N-body simulations correctly
evolve the phase space sheet?

If they did, can we properly visualize/study it?
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Use simulation to characterize

J(v.xy)

see LMW & Dubinski | 998: Moore et al
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

f(v.xy)

see LMW & Dubinski | 998: Moore et 3
2001 and many ochers

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

Jiv; x4]

see LMW & Dubinski | 998:- Moor= et al
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xq4)

see LMW & Dubinsii | 998: Moore et 2
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xq4)

see LMW & Dubinski | 998: Mooare et al
200! and many ochers

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

flv.xy)

see LMW & Dubinski | 998: Moore et al
200| and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xq)

see LMW & Dubinsii | 998: Moore et 3
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xy)

see LMW & Dubinski | 998: Moore et al
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xq)

see LMW & Dubinsii | 998: Moore et i
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.x4)

see LMW & Dubinsii | 998: Moore et ai
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

_f[ Y Xf{}

see LMW & Dubinsia | 998: Moor= et 3l
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.Xq)

see LMW & Dubinski | 998: Moore et ai
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

Fiv:. x3)

see LMW & Dubinski | 998: Moore et 3
200| and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xy)

see LMW & Dubinsii | 998: Moore et ai
200! and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

J(v.xq4)

see LMW & Dubinsii | 998: Moores et 3
200| and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Use simulation to characterize

f[ V. X,)

see LMW & Dubinski | 998: Moore et ai
2001 and many others

Pick a region of the simulated
halo representative of the Earth.
Select particles in this region and

compute f(v).
From f(v), compute dR/dQ

“Uncertainty principle” for phase space:
Larger volumes give better velocity-space resolution
but worse spatial resolution, and vice versa
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Stff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that paosition, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.

Pirsa: 11090109
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Stff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Stiff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Stiff & LMW (PRL. 2003)

final n'matep

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles iniual timestep -
that cover the full velocity space.

Evolve the full system, including the test
particles,

backward in time to the initial epoch.
interate to refine

Test particles at the initial epoch with zero of i)

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Stff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Stiff & LMW (PRL. 2003) e
n ﬂmEStEP

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles iniual timestep .
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

interate to refine

Test particles at the initial epoch with zero of fiw)
velocity map out region of velocity space in
the final frame where the dark matter DF is

non-Zero.

Pirsa: 11090109 Page 306/670




Stff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system. including the test
particles,
backward in time to the initial epoch.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles initial timestep -
that cover the full velocity space.

Evolve the full system, including the test
particles,

backward in time to the initial epoch.
interate to refine

Test particles at the initial epoch with zero of fiv)

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles iniual timestep -
that cover the full velocity space.

Evolve the full system. including the test
particles,

backward in time to the initial epoch.
interate to refine

Test particles at the initial epoch with zero of fiv)

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.

Pirsa: 11090109

final time:itep

initial timestep

interate to refine

aof fiv)

Page 313/670




Stiff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles initial timestep -
that cover the full velocity space.

Evolve the full system, including the test
particies,

backward in time to the initial epoch.
interate to refine

Test particles at the initial epoch with zero of fév)

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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final tmestep

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles iniual timestep =
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

interate to refine

Test particles at the initial epoch with zero of fv)
velocity map out region of velocity space in
the final frame where the dark matter DF is

non-Zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system. including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.

Pirsa: 11090109

final umestep

initial timestep

interate to refine

aof fiv)

Page 321/670




Stiff & LMW (PRL. 2003)

Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero
velocity map out region of velocity space in

the final frame where the dark matter DF is

non-Zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system. including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero
velocity map out region of velocity space in
the final frame where the dark matter DF is

non-Zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system,. including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in

the final frame where the dark matter DF is
non-zero.
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Follow the formation of a halo using a
simulation.

At the final frame, select a position
representative of the dark matter detector.

At that position, lay down test particles
that cover the full velocity space.

Evolve the full system, including the test
particles,
backward in time to the initial epoch.

Test particles at the initial epoch with zero

velocity map out region of velocity space in
the final frame where the dark matter DF is
non-zero.
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector
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> velocity distribution measured
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

= reverse-run method picks
2 - out peaks in velocity space
o even with low-res simulation
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

= reverse-run method picks
out peaks in velocity space
. even with low-res simulation
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

reverse-run method picks
out peaks in velocity space
even with low-res simulation
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
3 y using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

reverse-run method picks
out peaks in velocity space
even with low-res simulation
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

_:: reverse-run method picks
= - out peaks in velocity space
I even with low-res simulation
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final frame for spherical collapse
from high-res shell-model calculation

red line marks position of detector

velocity distribution measured
using standard method with low-res simulation
too few particles to map out true
peak structure in velocity space

reverse-run method picks
out peaks in velocity space
even with low-res simulation
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Reversibility ... there’s the rub

Our method requires that the simulation be reversible
Liouville’s theorem must be satisfied.

Of course, cosmological N-body simulations
are never reversible

Our fix: use an extra large softening length
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Reversibility ... there’s the rub

Our method requires that the simulation be reversible
Liouville's theorem must be satisfied.

Of course, cosmological N-body simulations
are never reversible

Our fix: use an extra large softening length
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An aside on softening in N-body simulations:

Generally, the inverse-square force-law of gravity
is “softened” to damp down unphysical two-body interactions.

Softening lengths used in N-body simulations
are large enough to suppress the most significant
two-body interactions. But particles still “jump” from
one phase-space sheet to another, thereby spoiling
Liouville's theorem and reversibility.
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here, the Fillmore-Goldreich-Bertschinger solution goes unstable ---

Pirsa: 11090109

once particles jump from one phase space sheet

to another, reversibility is lost
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here, the Fillmore-Goldreich-Bertschinger solution goes unstable ---
once particles jump from one phase space sheet
to another, reversibility is lost
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

®(r) = -
( b+ Vb2 + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

Jear (X, V. ti) e ((x—x)%/2A%) —((v—vi)?/2A7)
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

d(r) = —
( b+ Vb2 + 2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

—{ (x—x,; }2__f"'_’Ai ) —(-{'V—V.:, 'il_a‘fi_\f )

fsat (x. V. f-_.; ) p W - ¢

Page 356/670




Pirsa: 11090109

Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

P(r)y = -
( b+ Vb2 + 2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

Jsar (X, V. ;) e~ ((x=x:)%/2A%) —((v—v:i)?/2A7)
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

P(r) = S —
| b+ Vb2 + 2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

d(r) = —
(' b+ Vb2 +r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

Pr) = R
‘ b+ Vb% + 2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

Jear (X, v, 1;) e~ ((x—x:)7/2A7) —((v—vi)7/247)

Page 360/670




Pirsa: 11090109

Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

D(r) = R
7) b+ Vb2 + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

((xmm?/22) o ((v—v0)?/282)
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

®(r) = —
(' b+ Vb2 + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables
GM
b+ vb? +r?

®(r) =

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

fﬁat (X. v. t; ) X E—(i_x—x,]"";’ui) F_([v—v;}‘:.-‘“ﬂii)
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GMN
b+ vVb% + r2

P(r) =

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

Jsar (X, v, t;) e~ ((x—x:)%/24%) —((v—vi)*/247)
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

®(r) = —
(' b+ Vb2 + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

»
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

P(r) = P—
| b+ Vb% + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GA
b+ VvVb* +r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

®(r) =

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite

— ~'x—x,)l_f3.l"]. = {\r—v{_}:.-'“ﬂ_\l
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables
GM
b+ Vb2 +r2

®(r) =

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

®(r) = _
(' b+ Vb2 + r2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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Pirsa: 11090109

Fantin, Merrifield, & Green, 2007 and 201 |

use backward integration method on a simpler problem:
tidal disruption of a satellite in a fixed isochrone potential
which admits analytic angle-action variables

GM

P(r) = S—
() b+ Vb% + 2

FMG pick position of detector at final epoch and consider test-
particles at this postion with different velocities.

These particles are evolved backward in time to initial epoch
(“trivial” one-step calculation)

phase space coordinates of test particles at initial epoch
are compared to DF for initial satellite
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

type of orhit i

crcusar
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velocity dispersion
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

type of orhit
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

type of erhit

Srcuar raciasi
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

speed

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

.6 0N

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due
to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

L 4 i L S
0.5 08

For a different approach based on “geodesic deviation” for
Prsa; 11050109 nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellice mation

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellice mation

0.6 0% |

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

0. 0.x |

For a different approach based on “geodesic deviation™ for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite mation

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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velocity-space distribution in a terrestrial detector due

Pirsa: 11090109

to three subhalos (Fantin et al. 2007)

angle relative to satellite motion

(L6 X

For a different approach based on “geodesic deviation” for
nearby orbits, see Vogelsberger et al. 2008
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

type of orhit

Qrcular radial

0ol
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velocity dispersion
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

type of orhit
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Fantin et al. explore different orbits and effect of initial
internal dispersion of the satellite

tyvpe of orbit
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Possible phenomenological
model for local f(v)

f(V): Z fﬁ ("—ri-o'ij..ﬁ)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) = Z fn (‘_rz Jij..&‘)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fV)= D> fa (Vi 045.8)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) — Z f*-r (‘_rt JU-H)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fV)= D) fa(Viioij0)

streamns

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) = Z fs (Vi, 04j.5)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) — Z f,, (i’; O'i_j.-':-‘)

= streams
key question: how many streams
and what is their distribution
v (see Helmi & White 1999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fV)= Y fi(Vi. 0ijs)

—
- streams
e
key question: how many streams
and what is their distribution
v (see Helmi & White |999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) — Z f«. (\_ﬁ Ji_}.-‘w‘)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

FV)= D) fo (Vi 0ijs)

>
key question: how many streams
and what is their distribution

- (see Helmi & White 1999
= Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

flv) = Z Js (Vi, 0ij.5)

—
i streams
T
key question: how many streams
and what is their distribution
v (see Helmi & White 1999
- Vogelsberger et al. 2008)
=4
<
~
x
= | y
= ]
S
derer=Spr
My, sume
- =
standard Maxwellian _—/” N\
\\ <
> N
3 1
. N
Pirsa: 11090109 = X N Page 403/670




Possible phenomenological
model for local f(v)

fa)= 3% L% 5.

-.."7_‘_"_..- streams
key question: how many streams
and what is their distribution

v (see Helmi & White 1999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fv) = Z fs (Vi, 0ij.s)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)

—
=3
=
““_-n.
=
-
il
£
he.
aeceT=her
‘Iﬁ"‘-q jume
Q =
standard Maxwellian j.” g
v
g
T N\
Pirsa: 11090109 = % Page 405/670




Possible phenomenological
model for local f(v)

flv) = Z Js (Vi, 0i5.5)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) = Z Js (Vi, 0ij.5)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999

Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

Jlv)= Z fs (Vi, 0ijs)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999

Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) " Z f~. (\_ﬂ Jij‘ﬁ)

2
key question: how many streams
and what is their distribution

- (see Helmi & White 1999
= Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) = Z f& ({rt Crij..&‘)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

Fv)= Y fi (Vi 0ijis)

streams

f(v)

key question: how many streams
and what is their distribution

v (see Helmi & White 1999
. Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

flv) = Z Js (Vi, 0i5.6)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999

Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fV)= Y fi(Vi, 0ijs)

...:_‘_":. streams
key question: how many streams
and what is their distribution
v (see Helmi & White 1999
= Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) = Z f*v (‘_rr. Jij.n‘)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999

- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V): Z f- (‘_’ré- Jij..‘:’e‘)

f(v)

key question: how many streams

and what is their distribution
v (see Helmi & White 1999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

jiw) = Z Js (Vi, 0ij.5)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) = Z Js (Vi, 0ij.5)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogeisberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) = Z f~. ({ﬂ JU--‘-‘)

—
>
e
f—
key question: how many streams
and what is their distribution
v (see Helmi & White 1999
. Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

fV)= D> fa(Vi.oij)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V) — Z fﬁ, (\_"; Jij.-‘i)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)

—
o
~
-‘\“-‘1.
=
-
T
=8
b
dere——Sprr
'.% o
Q E \ L
"'.
Li” -
\ =
‘::' A \\
s N
Pirsa: 11090109 %Il!

. \ Page 420/670
k"
\




Possible phenomenological
model for local f(v)

flv) = Z Js (Vi, Gij.s)

—
i streams
e
key question: how many streams
and what is their distribution
v (see Helmi & White 1999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

FV)= D) fo (Vi oijs)

-
key question: how many streams
and what is their distribution

v (see Helmi & White 1999
= Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(v) = Z Ta V%, 5i3.5)

—

b streams

L —

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
- Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

f(V)‘: Z f*-v (‘_’ri-o'ij..:-:)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

F= > LW 65.)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Possible phenomenological
model for local f(v)

FV)= ) fs(Vi. 0ijs)

streams

f(v)

key question: how many streams
and what is their distribution
v (see Helmi & White 1999
Vogelsberger et al. 2008)
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Challenges, 1V
Identification of substructure

Identification of halos, subhalos, and tidal streams is a
time-honored endeavor in numerical cosmology

Methods include:

FOF (Davis et al 1985)
DENMAX (Berfschinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)




Challenges, IV
Identification of substructure

Identification of halos, subhalos, and tidal streams is a
time-honored endeavor in numerical cosmology

Methods include:

FOF (Davis et al 1985)
DENMAX (Bertschinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)
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time-honored endeavor in numerical cosmology

Metheods include:

FOF (Davis et al 1985)
DENMAX (Bertschinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
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ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)




Challenges, 1V
Identification of substructure

Identification of halos, subhalos, and tidal streams is a
time-honored endeavor in numerical cosmology

Methods include:

FOF (Davis et al 1985)
DENMAX (Bertschinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)




Challenges, 1V
Identification of substructure

Identification of halos, subhalos, and tidal streams is a
time-honored endeavor in numerical cosmology

Methods include:

FOF (Davis et al 1985)
DENMAX (Beri‘schinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)
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Methods include:
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DENMAX (Beri‘schinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)




Challenges, IV
Identification of substructure

Identification of halos, subhalos, and tidal streams is a
time-honored endeavor in numerical cosmology

Metheods include:

FOF (Davis et al 1985)
DENMAX (Bertschinger & Gelb 1991)
SKID (Stadel 2001)
SUBFIND (Springel et al 2001)
6DFOF (Diemand et al 2006)
ENLINK (Sharma & Johnston 2009)
HSF (Maciejewski et al 2009)




STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(xv) = fa(xv) + ) fo(x, V)

In a2 small region of the
parent halo, DF is the
product of density and an fn (X, V) = pn (x) €
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

fx.v) = fa(x.v) Zf (%, V)

In a2 small region of the
parent halo, DF is the e
product of density and an Ja(x, ¥v) =pp(x)e "
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(x.v) = fa(x.v) Zf (x, v)

In a2 small region of the
parent halo, DF is the 45
product of density and an Ja (X, v) = pp(x)e "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 2011)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(x,v) = fan(x,v) - Zf(xv

In a small region of the
parent halo, DF is the L
product of density and an Jn (X, v) = pp (x)e™ "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(x.v) = fn(x.v) Zf(xv

In a2 small region of the
parent halo, DF is the i
product of density and an Jo (X, v) = pp(x)e "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

fx,v) = fr(x,v) + Zf (x. v)

In a2 small region of the
parent halo, DF is the i 5.2
product of density and an Jn (X, v) = pp(x)e™ "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 2011)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(xv) = fa(x.v) + ) fo(x. V)

In a2 small region of the
parent halo, DF is the P
product of density and an frn(x, v) = pp (x) 779 Yi/<%hn
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 2011)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

fx.v) = fa(x,v) + Y fu(x. V)

In a2 small region of the
parent halo, DF is the B
product of density and an Jh (X, v) =pp(x)e”
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(x,v) = fa(x,v) Zf (x. V)

In a2 small region of the
parent halo, DF is the e
product of density and an Jh (X, v) = pp (x)e™ "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elzhi, LMW, Thacker 2011)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

f(x.v) = fr(x,v) + Zf,@ (x. V)

In a2 small region of the
parent halo, DF is the Eie e
product of density and an Jr (X, v) = pp(x)e "7
anisotropic Maxwellian-like
velocity distribution
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STructure Finder

hunting for peaks above the Maxwellian Sea
(Elahi, LMW, Thacker 201 1)

Model the distribution of dark matter as a smooth
background (the parent halo DF) and contributions
from substructure (streams and subhalos)

fxv) = falxv) + ) fi(x V)

In a2 small region of the
parent halo, DF is the | T
product of density and an Jr (X, v) = pp (x)e™ "7 T3/
anisotropic Maxwellian-like
velocity distribution
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Likewise, we write the DF for the substructure as

Js(x.v) = ps(xX—X0)g(V— Vo: 0s)

{.’”\
|

f(v) = f(x,v)

T
4 6
.
to pick out substructure
(streams or subhalos) divide out 3 .
by the local Maxwellian = I | Z
é 1 j‘ll..
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Likewise, we write the DF for the substructure as

fs(x. V) = ps(x—x%x0)g(V—vp: oy)

B
/
[
/
\,
!'nl
L ] !
0 2

f(v) = f(x,v)

s
4 6

.
to pick out substructure
(streams or subhalos) divide out 3

by the local Maxwellian

J

T]ITITT!'F

—
-
i
=
—_—
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-
-
S
—

-
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Likewise, we write the DF for the substructure as

fs(xX.V) = ps(x—Xg)g (V — Vo: 0g)

/\

f(v) = f(x,v)

Ty
4 6

v

to pick out substructure
(streams or subhalos) divide out af
by the local Maxwellian

[(v)/ (V)
— i\J
|[T|TTT![|[T’
I.--_‘_‘—-——_
pos:
|
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Likewise, we write the DF for the substructure as

fs(x. V) = ps(x—x%X0)g(v—vp: o)

f(v) = f(x,v)

to pick out substructure
(streams or subhalos) divide out
by the local Maxwellian

Pirsa: 11090109

f(v)fﬁw(v)

3

g

\"'""_.‘
6
v
L | ]
g 2 4 6
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Likewise, we write the DF for the substructure as

fs(x. V) = ps(x—xg)g(v—vg: o)
= ~
x' I
o f
-— | . | \\—‘
0 2 4 6

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

T'IITl[Trll

((v)/ gV
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Likewise, we write the DF for the substructure as

fs(X, V) = ps(x—xg)g(v— vp; og)

,.\
/
/
L I ! I
0 2

f(v) = f(x,v)

D m——
4 6

v

to pick out substructure |
(streams or subhalos) divide out af ]
by the local Maxwellian '

f(v)/ (V)
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Likewise, we write the DF for the substructure as

fs(x.v) = ps(x—x0)g(v—vqg: os)

/\
o

f(v) « [(x,v)

\'“‘_‘“—""i
4 6

v

to pick out substructure
(streams or subhalos) divide out 3f

——

by the local Maxwellian = | :
w 2 —

—
-

—

-—

1 - '
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Likewise, we write the DF for the substructure as

fs(x,v) = ps(x—x%g)g(v—vp; 05)

3
% &
s
— A\
=
E

v

St
4 6

to pick out substructure
(streams or subhalos) divide out 3¢
by the local Maxwellian

iJ
I

-
= f
- L
e
——
-

f(
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Likewise, we write the DF for the substructure as

[s(xX. V) = ps(x—%0)g(V—vo: o)

f(v) = f(x,v)
"oy

to pick out substructure
(streams or subhalos) divide out af
by the local Maxwellian

L LB |
—
|

[(v)/ (V)
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Likewise, we write the DF for the substructure as

Js(x. V) = ps(x—X0)g(V—Vp: o)

\
\I‘]
LT W D
O 2 4 6

v

f(v) = f(x,v)

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

'IITlfT!l'F

f(v)/ flm(\.‘)

|[1ITT
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Likewise, we write the DF for the substructure as

fs(x. V) = ps(x—Xg)g(Vv — vg; 04)
% &
~— f
- L& ; \,\____|
0 2 4 6

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

ITI[T!l'I

f(v)/ fhu( V)
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Likewise, we write the DF for the substructure as

[s(X. V) = ps(x—Xp)g (Vv —Vvp: o)

2
/ \1
i | | \-—_—f
0 <

4 6

f(v) = f(x,v)

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

'I"IITerr"l'F

f(v)/ flm( V)
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Likewise, we write the DF for the substructure as

fs(xX.V) = ps(x—Xp)g(Vv— vy; o)
‘ &
s [
= T ITPR T —
0 2 4 6

v

to pick out substructure
(streams or subhalos) divide out 3}
by the local Maxwellian

-
e
=
w 2
—_

f(v)/

Pirsa: 11090109

Page 457/670




Likewise, we write the DF for the substructure as

fs(xX. V) = ps(x—X¢)g(Vv—vg; 05)

"\

/
/\
o 2

f(v) = f(x,v)

A trrr
4 6

v

to pick out substructure
(streams or subhalos) divide out af
by the local Maxwellian

U LB |
— ]
i

[(v)/1g(V)
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Likewise, we write the DF for the substructure as

Js(X.v) = ps(x—X0)g(V— Vp; o)

|
N\
P

v

f(v) = f(x,v)

Tt
4 6

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

'IlTlfT'l'I:

((v)/fy(V)
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Likewise, we write the DF for the substructure as

fs(x. V) = ps(x—x%9)g(Vv—vo:; o)
s P
%
= |
Z F .
0 2 4 6

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

((v)/ (V)
3 E
™

= ——
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Likewise, we write the DF for the substructure as

fs(x.v) = ps(x—xg)g(Vv—vg; g4)

&
/ \w
G <

f(v) = f(x,v)

T
4 6

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

'I'1I[lTTr"|'I'

f(v) fhl(v)

Pirsa: 11090109

Page 461/670




Likewise, we write the DF for the substructure as

fs(xX,v) = ps(x—x%g)g(v—vp; 05)

a
N\
PEE

f(v) « f(x.,v)

D m——
4 6

v

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

£V
I

-
—
=
=]
[ F—
—

f(v)/
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Likewise, we write the DF for the substructure as

fs(x.v) = ps(x—%X0)g(V—Vo: 05)

—
- /“
b
S ||
| S
X
—
} i
 —
(SN
L ¥ :

to pick out substructure
(streams or subhalos) divide out 3
by the local Maxwellian

'I|TlfT!

f(v)fﬁw(v)
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Construct halo cells usmng kd-tree chosen 10 max- ;

mmze Shannoa-catropy 0 cach dimension thereby 5
mmmuzing the vanabon iz density m each cell '

Caicuiate for ail cells the backgromed ceater—of- |
mass velocty ¥ & velocity dispersion tensor o7 |

Caicuiate & mterpolate the background ve-
locaty deasaty function fi (V) to any po-
sibon using mverse-distance mterpolanon

For cach parncle find nearest velocury negh- )
bors from subset of nearest physical nexghbors

[ Calculate the local velocity density function fi(v) for
L each particie using velocxty newghbors & a kernel scheme |

L 4
Cmn:hg:ﬂlmcmdﬁnfh |
construct “normalized” distnbution of ranos

"
Idennfy cuthers above the cut mn the “nor- I
malhzed™ rato distnbuton, & hnk them

Figure |. Flow chart of sTF algonthm
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Construct haio cells usmng kd-tree chosen 10 max-
mmuze Shannos-catropy n cach dimension thereby
mimmuzing the vanabion i density m each cell

Caiculate for ail cells the background center-of-
mass veloaty ¥ & velocity dispersion tensor o7

Caicuilate & mterpolate the background ve-
locaty demsuty funcnon fi.(v) t© any po-
sibon using mverse-distance interpolaton

v

For each paruciec ind ncarest veloaty nergh-
bors from ssbset of nearest physical nexghbors

v

Caiculate the local veloaty densaty function fi(v) for
each parncle using veloaty newghbors & a kernel scheme

b4

Caicuilate the loganthmc rano of f; 0 fi .. &
construct “normalized” distibution of ranos £

L
Idennfy outhers above the cut m the “nor-
malized” rato dstnbubon, & hnk them

Figure |. Flow char of sTF algornthm.
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Construct haio cells using kd-tree chosen 10 max-
muze Shannos-entropy n cach dimension thereby
mimmmuzng the vanaton in density m each cell

Calculate for all cells the background center-of- |
mass veloaty ¥ & velocity dispersion tensor o7 |

. v
| Caiculate & mterpoiate the background ve-
locaty deasaty funcnon fi (v) to any po-
sibon using mverse-distance interpolanon J|

v
For cach parucie find nearest velocity neigh-
bors from sebset of nearest physical nexghbors |

Calculate the local veloaty densaty function fi(v) for |
cach parncle using velocxty neighbors & a kernel scheme |

L
Idennfy ocuthers above the cut m the “nor-
malized” rato distnbubon, & hnk them

Figure |. Flow chart of str aigonthm
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Construct haio cells using kd-tree chosen 10 max- 1
mize Shannos-entropy n cach dimension thereby I
mimmuzng the vanation m density m each cell !

Caiculate for ail cells the background center of-
mass velocty ¥ & velocity dispersion tensor o7

Cﬂhtmhmw !
locaty demsaty funcnon fi.(v) o any po-
H mmmm J

L
( For cach parucie find ncarcst velocity neigh- 1
bors from ssbset of nearest physical nexghbors |

b
Calculate the local veloaity deasaty funcnon fi(v) for |
cach parncle using veloaty neighbors & a kerned scheme |

4
Calculate the loganthmic rano of f; © fi,.. & |
L construct “normalized” distmbuton of ranos £

T
Idennfy outhers above the cut m the “nor-
malized” rano dstnbubon. & bnk them

® L of st¥ £ Page 467/670
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Construct halo ceils using kd-tree chosen o max-

mize Shannon-entropy mn cach dimension thereby |
mummuzng the vanabon in density m each cell

Caiculase for 2l celis. the buckgromsd center-of-
mass veloaity ¥ & velocity dispersion tensor o

cmtmuw*

For cach parucie find ncarest velocity neigh- )
bors from subset of nearest physical neighbors |

Calculate the local veloaty densaty funcoon fi(v) for
each parncle using velocity neighbors & a kernel scheme

r
Idennfy outhers above the cut m the “nor-
mahzed™ ano dsinbubon. & Ink them

. Flow chart of
Pirsa: 11090109 Figure | <TF algormhm.
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Construct halo cells using kd-tree chosen 10 max-
umze Shannoa-entropy n cach dimension thereby 5
mmamzng the vanabon n density m each cell .

Calculate for ail ceils the background centerof-
mass veloaty ¥ & velocity dispersion tensor o7

Caiculate & mnterpolate the background ve-
locity deasaty funcnon fi (V) to any po-
siton using mverse-distance interpolanon

For cach parucic find nearest veloaty nexgh- !
bors from subset of nearest phywical nexghbors |

Calculate the local velocity density funcnon fi(v) for |
cach parncle using veloaty neighbors & 2 kerned scheme |

4
Cm&wmdﬁnfb!
construct “normalized” distnbution of rabos

v
' Idennfy outhers above the cut m the “nor- 'I
malized” rato distnbubon, & hnk them !

Figure |. Flow chart of sTF slgonthm
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Construct halo cells using kd-tree chosen 1o max-

mze Shannos-entropy in cach dimension thereby |
mimmmzing the vanation i density m cach cell |

Caiculate for ail cells the background center of- |
mass veloaty ¥ & velocity dispersion tensor o |

Caiculate & mterpolate the background ve-
locaty demsaty funcnon fi (V) to any po-
siion using mverse-disiance interpolanon

For cach partucie find nearest velocity neigh- )
bors from subset of nearest physical nexghbors i

Caiculate the local veloaty density function fi(v) for !
each parucle using veloaty nexghbors & a kernel scheme )

.4

Caicuiate the loganthmc ano of f; © fi . &
construct “normalized” distnbuton of ranos £

hd
Idennfy ocuthers above the cut m the “nor- !
malized”™ rano distnbunon, & hnk them |

Figure |. Flow chart of sTF algonthm.
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Construct haio cells using kd-tree chosen 10 max- |

mmze Shannos-cntropy n cach dimension thereby -
mummmzing the vanabon m density m each cell !

Caiculate for all cells the background center-of-
mass velocty ¥ & velocity dispersion tensor o

L 4
Caiculate & mterpolate the background ve-
locity deasaty function fi . (v) to any po- .
siton using mMverse-distance interpolanon ,l

4
For cach parucie find nearest velocaty nexgh-
bors from subset of nearest physical nexghbors

Calculate the jocal veloaty density funcuon fi(v) for l
L cach parncle using velocty neighbors & a kemnel scheme

.
Caiculate the loganthmic ano of fy 0 fi .. &
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor- '
malized™ rano distnbuton. & Iink them |

Figure |. Flow chart of sTF algonthm
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Construct halo cells using kd-tree chosen to max- ;
mize Shannon-entropy n cach dimeasion thereby :
mmunuzing the vanation i density m each cell |

Caicuiate for all cells the background center-of-
mmi&mmmﬁj

Caicuilate & mterpolate the background ve-
locity deasity functnion fi (v) 0 any po-
sibon using mverse-distance interpolaton

bors from subset of nearest physical nexghbors |

v

T

Calculate the local velocity densaty funcnon f(w) for '
L each parncle using velocity neighbors & a kemnel scheme |

L
Cm&hm::lndf;nfb! &
construct “normalized” distnbution of ranos £

¥
Idennfy outhers above the cut m the “nor-
malized” rano dstnbuton. & hnk them

L TF
Pirsa: 11090109 Figwre |. Flow chart of algonthm
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Construct halo ceils using kd-tree chosen 1o max- |

mze Shannon-catropy in cach dimension thereby
mummmuzing the vanabon m density m each cell

Caicuiate for all ceils the background center-of- i
mass veloaty ¥ & velocity dispersion tensor o |

Caicuilate & mnterpolate the background ve-
locaty deasuty funcnon fi (v) o any po-
siion using mverse-distance interpolaton

For cach parncle find nearest velocuty nesgh- "
bors from sebset of nearest physical nexghbors |

Calculate the local veiocity deasity funcnon fi(v) for |
cach parucle using veloaty nexghbors & 3 kerned scheme |

.4

Caicuilate the loganthmic rano of fi © fi,.. & |
comstruct “normalized” distnbution of ratos £

L
Idennfy outhers above the cut m the “nor- |
malized” rato dstnbunon, & hnk them

Figure |. Flow chart of s7F algonthm.
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Construct halo ceils using kd-tree chosen 1o max-
mmze Shannos-entropy n cach dimension thereby
mimmuzing the vanabon i density m each cell

Caiculase for ail celis the buckgromsd center—of-
mass velocity ¥ & velocity dispersion tensor o |

Cﬂh&mhhd:m-dw—
locaty demsaty funcnon fi (v) to any po-
siton using mverse-distance interpoianon

For cach parucic fimd nearest velocty nexgh-
bors from subset of nearest physical nexghbors

Calculate the local velocity densaty funcunon fi(w) for
each parncle using veloaty newghbors & a kermnel scheme

L &

b 4
Caicuilate the loganthmc rano of fy 0 fi, .. &
construct “normalized” distnbution of ranos £

i
Idennfy outhers above the cut i the “nor-
malized” rato distnbubon, & bnk them

Figure |. Flow chart of sTF algonthm
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Construct haio ceils using kd-tree chosen 10 max- |
mize Shannos-catropy in cach dimension thereby :
mimmmzng the vanabon i density m each cell .

Calculate for ail cells the background center—of-
mass velocity ¥ & velocity dispersion tensor o

4
Caicuilate & mterpolate the background ve-
locaty demsaty funcnon fi (v) to any po-
sibon using mverse-distance interpolanon

For cach parncle find nearest veloaity neigh- 1
bors from sebset of nearest physical nexghbors i

v
Calculate the local veloaty densaty funcnon fi(v) for |
. each parncle using veloaty neighbors & 2 kernel scheme |

|

'
Caicuiate the loganthmc ano of f; 0 fi . &
\ construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor- :
malized™ rapo distnbubon. & hnk them i

Figwre 1. Flow chart of st¥ aigonthm.
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Construct halo cells using kd-tree chosen 1o max-

mmuze Shannoa-entropy n cach dimension thereby
mimmuzing the vanation m density m each cell

Calculate for all ceils the background centerof-
mass veloaty ¥ & velocity dispersion tensor o

wamuww
locaty deasaty funcnon fi..(v) to any po-
sinon using mverse-distance interpolaton

For cach parucic find ncarest velocty nexgh-
bors from subset of nearest physical nexghbors

L4
G =

Calculate the local velocity deasity function fi(v) for |
. cach parncle using velocity nexghbors & 2 kemeil scheme |

L
Caicuilate the loganthmuc rano of fy w0 f,, .. &
\ construct “normalized” distmbution of ranos £ I

L
Idennfy outhers above the cut m the “nor-
\ malized” rano distnbuton. & hnk them

L. Fiow chart of =15
Pirsa: 11090109 Ft,l' #m
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Construct halo cells using kd-tree chosen 10 max-
mize Shannos-eatropy n cach dimension thereby I
i mimmmzng the vanabon i density m each cell i

Caiculase for ail cells. the backgrousd center-of-
mass velocty ¥ & velocity dispersion tensor o |

4
Caiculate & mterpolate the background ve-
locaty demsaty funcnon fi (v) o any po-
sibon using mverse-distance interpolaton

For cach partucie find nearest velocity nexgh- )

[ Calculate the local velocity deasity function fi(v) for |
each parucle using velocity newghbors & a kernel scheme |

*
Caicuiate the loganthmic rano of fj w0 fi, .. &
construct “normalized” distnbuton of ranos £

L
Idennfy ocuthers above the cut m the “nor- |
malized” rato dstnbunon, & hnk them

Figwre |. Flow char of stF aigonthm.
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Construct halo ceils using kd-tree chosen 10 max- |
mmze Shannos-entropy in cach dimension thereby :
mimmmuzing the vanabion i density m each cell |

Caicuiate for all cells the background center-of-
mass velocty ¥ & velocity dispersion tensor o7 ‘

Caicuiate & mterpolate the background ve- !
locity deasaty funcnon fi (v) to any po- |
sibon using mverse-distance interpolanon

For cach parncle find nearest velocity neigh- ]
bors from subset of nearest physical nexghbors

L

' whkxﬂmmm&{ﬂh

L4
Idennify outhers above the cut m the “nor-
malized™ rato distnbuton, & hnk them

Figure |. Flow chart of s7F algonthm
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Construct haio cells using kd-tree chosen 10 max- |
mize Shannoa-eatropy 10 cach dimension thereby |
mimmuzing the vanabon o density m each cell

Caicutate for ail cells. the backgrowsd center-of-
mass veloaty ¥ & velocity dispersion tensor o

Caiculate & mterpolate the background ve- |
locaty deasaty funcnon fi (v) to any po-
siton using mverse-distance interpolanon

i
For cach parucie find nearest velocity neigh- "

Calculate the local velocty deasaty functon f(v) for |
cach parucle using veloary nexghbors & a kerned scheme

r
Caiculate the loganthmic ratio of f 1 fi.. & |
construct “normalized” distmbution of ranos £ |

r
[ idennfy outhiers above the cut m the “nor-
mahzed” rano dstnbuton. & hnk them )

Figure |. Flow chart of s75 algonthm.
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Construct halo cells using kd-tree chosen 10 max- |

umze Shannos-eatropy n cach dimension thereby
mumumuzing the vanation i density m each cell |

Caiculase for all cells the backgrowsd center of-
mass veloaty ¥ & velocity dispersion tensor o7

Cﬂhlm&bﬂp_n'w
locaty deasuty funcnon fi. (v) 0 any po-
sibon using mverse-distance interpolanon

For cach parucic find nearest velocty neigh- |
bors from subset of nearest physical nexghbors i

Calculate the local veloaty density function fi(v) for '
L each parncle using veloary neighbors & a kemel scheme

4

Caicuiate the loganthmc ano of fy 0 fi, .. & |
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor- i
malized” rano d&sinbunon, & Ink them

Figure |. Flow char of stF aigonthm.
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Construct halo ceils using kd-tree chosen 1o max-
mmze Shannon-entropy n cach dimeasion thereby
mmmmzing the vanation n density m each cell

Caicuiate for all cells the background center-of- '
mﬂmﬁi&mmmaﬁj |

Caiculate & interpolate the background ve-
locaty demsaty fumcnon fi (v) to any po-
siion usmng mverse-distance interpolaton 5

For cach parucie find nearcst veloaty neigh-
bors from subset of nearest physical nexghbors |

Calculate the local velocty deasity function fi(v) for |
cach parucle using velocty neighbors & 2 kernel scheme |

—

4

Caiculate the loganthmc ano of f; © fi .. & ]
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut i the “nor-
malized™ rato distnbuton. & hnk them

Figure |. Flow chart of sTF aigonthm Page 481/670
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Construct halo ceils using kd-free chosen 1o max-
mize Shannon-entropy in cach dimension thereby
mimmmuzing the vanabion n density m each celil

Caicuiate for all cells the background center-of-
m“i&”&qﬂmmaﬁj i

4
Caiculate & mterpolate the background ve-
locity deasaty function fi (V) to any po-
siion using mverse-distance interpolanon ‘|

For cach parucic find nearest veloaty nexgh-
bors from subset of nearest physical neighbors ),

L

— 3

Calculate the local velocity densaty function fi(wv) for
_ each parncle wsing velocty neighbors & 2 kernel scheme

¥
Idennfy outhers above the cut m the “nor- ]
malized” rato dstnbuton, & Ink them I

Figure |. Flow chart of sTF aigonthm Page 482/670
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Construct halo cells using kd-tree chosen 1o max- |

umze Shannos-entropy n cach dimension thereby
mummmzing the vanabon m density m each cell

Caicuilate for all cells the background center-of- i
mass velocty ¥ & velocity dispersion tensor o |

Caiculate & mterpolate the background ve-
locaty deasaty funcnon fi (v) to any po-
sibon using mverse-distance interpolanon

For cach parucie find nearest velocity neigh- )
bors from subset of nearest physical nexghbors |

Calculate the local veloaty density function fi(v) for '
L each partcle using veloaty neighbors & a kernel scheme |

*
Caicuiate the loganthmc ano of fy 0 fi . & |
construct “normahzed” distnbuton of ranos £

L
idennfy outliers above the cut m the “nor- '!
mahzed” rano dstnbunon, & hnk them

Figure |. Flow chart of sTF aigonthm
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Construct haio cells using kd-tree chosen 1o max- 's
mmze Shannos-catropy n cach dimension thereby |
mmmmuzing the vanabon m density m each cell I

Caicuiate for all cells the hackground center-of- |
mass veloaty ¥ & velocity dispersion tensor o ;

locaty deassaty funcnon fi (v) to any po-
| mmmm

v
For cach paruce find nearest velocity neigh- )
bors from sabset of nearest physical neighbors |

L4
Caiculate & mterpoiate the background ve- ‘

| Calculate the local veloaty densaty function fi(wv) for
L each partcle using velocity neighbors & a kernel scheme |

L
Caicuiate the loganthmc rano of fy w0 fi, .. & i
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor-
malized” ratno dstnbubon, & hnk them

_ Figwre |. Flow chart of s7F aigonthm.
Pirsa: 11090109 - Page 484/670




Construct halo cells using kd-tree chosen to max-
mmize Shannos-entropy in cach dimension thereby
mimmuzing the vanation i density m each cell

Caiculate for all ceils the background center-of- !
mm)i&mym“afj |

For cach parucic find nearest velocty nexgh-
bors from subset of nearest physical neighbors

Calculate the local velocty densaty funcnon fi(w) for
L Cﬂ‘jh FII1jE’!?|IﬁHI‘! U!ﬂ[]:]t,’llﬂ‘!.'lﬂ" J.:4l t!!].Ei scheme

4

Caicuilate the loganthmc ano of f; w0 fi . & |
L construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut in the “nor- |
malized™ rato distnbuton. & hnk them

Figure |. Flow chart of sTF algonthm Page 485/670
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Construct halo cells using kd-tree chosen 10 max-

mmze Shannos-entropy n cach dimension thereby
mummmuzng the vanaton in density m each cell

Caicuiate for all cells the background center-of- :
mass velocty ¥ & velocity dispersion tensor o |

Cﬂtmhmm—
locaty demsaty funcnon fi (v) o any po-
siion using mverse-disiance interpolanon

For cach parucic find nearest velocty neigh-
bors from sebset of nearest physical nexghbors

Caiculate the local velocity density function fi(v) for ‘|
 cach parncle uwsing veloaty neighbors & 2 kernel scheme

I

v
Caiculate the loganthmc rano of f; © fi, . & |
construct “normalized” distmbution of ratos £

L
Idennfy outhers above the cut m the “nor- |
malized” rano dsinbunon, & hnk them

Figure |. Flow chart of =TF asigonthm
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Construct halo ceils using kd-tree chosen 1o max-

mize Shannos-entropy i cach dimension thereby
mimmmuzng the vanabon m density m each cell

Caiculate for all cells the background center-of -
mass veloaty ¥ & velocity dispersion tensor o

Cﬂhtm&huipu-due—
locaty demsaty funcnion fi (v) 10 any po-
siion using mverse-distance interpolanon

For cach parucic find ncarest velocty neagh-
bors from subset of nearest physical nexghbors

v

r

Calculate the local veioaty densaty functon fi(v) for
cach parncle using veloaty neighbors & a kernel scheme

4

Caicuilate the loganthmc rano of fy 0 fi . &
construct “normalized” distnbution of ratos £

L4
Idennfy outhers above the cut m the “nor-
malized” o dsinbunon, & hnk them

Figure |. Flow chart of sTF algonthm
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Construct halo ceils using kd-tree chosen to max- |
mze Shannos-cntropy n cach dimension thereby
mummmzng the vanabon i density m each cell |

Caiculase for 2l celis. the buckgrowsd center-of-
mass velocity ¥ & velocity dispersion tensor o7

Caicuiate & mterpolate the background ve-
locaty deassty funcnion fi (v) to any po-
siton using mverse-distance interpolanon |

v

For cach parucic find nearest velocaty nexgh-
bors from subset of nearest physical nexghbors

| Cakulate the local velocty density function fi(v) for |
| each paricle using velocity nexghbors & 2 kernel scheme |

*
i' Calculate the loganthmc rano of fi © fi . & |
L construct “normahzed” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor- '
malized” rano dsinbubon, & hink them |

Figure |. Flow chart of stF aigonthm.
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Construct halo cells using kd-tree chosen 1o max- |

mmze Shannos-entropy n cach dimension thereby
mmmmzmng the vanation i density m each cell |

Caicuiate for all cells the hackground center-of- i
mass velocty ¥ & velocity dispersion tensor o7 |

4
Caiculate & mterpolate the background ve- !
locaty demsaty funcnon fi (v) o any po-
siion using mverse-distance mterpolanon

For cach parncle find nearcst velocty negh- 1
bors from subset of nearest physical nexghbors i

Calculate the local veloaty densaty function fi(wv) for
each parucie using veloary neighbors & a kemel scheme

.
Cahitﬂ:hm::lmdﬁnfh‘ |
construct “normalized” distmbubon of ranos

L
Idennfy outhers above the cut m the “nor- |
malized” rano distnbubon, & hnk them

Figure |. Flow chart of sTF algonthm
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Construct halo cells using kd-tree chosen 1o max- |
umze Shannos-eatropy n cach dimension thereby 5
mummmzng the vanabon i density m each cell i

Caiculate for ail cells the background center-of- |
mass veloaty ¥ & velocity dispersion tensor o7 |

v
Caicuilate & mterpolate the background ve-
locaty deasaty funcnon fi (v) t© any po-
sibon using mverse-distance interpolaton

For cach parucie find nearest veloaity neigh- ]
bors from subset of nearest physical neighbors i

Calculate the local veloaty density function fi(v) for
L cach parncle using velocty neighbors & a kernel scheme

r
Caiculate the loganthmic rano of f; 10 f,. & ]
i construct “normalized” distnbution of ranos £

4
Identify outhers above the cut in the “nor- i
malized™ rano dstnbunon, & hnk them I

Pirsa: 11090109
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Construct haio ceils using kd-tree chosen 1o max-
mmze Shannoa-eatropy in cach dimension thereby
mimmuzing the vanabon mn density m each cell

Caicutase for ail celils the buackgrousd center-of-
mass veloaty ¥ & velocity dispersion tensor o

Caiculate & mterpolate the background ve-
locaty densaty funcnon fi. (v) o any po-
sibon using mverse-disance interpolanon

v

bors from ssbset of nearest physical nexghbors

v

Calculate the local veiocty densaty funcnon fi(v) for
each parncle using veloaty neighbors & a kemmed scheme

b4

Caicuiate the loganthmc ano of fy o0 fi .. &
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor-
malized” rato distnbunon, & hnk them

Figure |. Fiow chart of sTF algonthm.
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Construct haio cells using kd-tree chosen 1o max-

umze Shannos-catropy n cach dimension thereby I
mimmuzing the vanaton m density m each cell '

| Caicuilate for all cells the background center-of- '
mass velocty ¥ & velocity dispersion tensor o7 |

Caiculate & mterpolate the background ve-
locaty demsaty funcnon fi (v) o any po-
silon using mverse-distance interpolanon

For cach parucic find nearest veloaty naxgh- |
bors from subset of nearest physical neighbors i

Calculate the local velocity demsity funcuion fi(v) for |
| cach parncle using velocity nexghbors & 2 kernel scheme |

b4

Caiculate the loganthmic rano of f; 0 fi,.. & Z
L construct “normahized” distnbution of ranos £ )

L
Idennfy outhers above the cut m the “nor-
malized” rano dstnbubon, & hnk them

Figure |. Flow chart of s7F aigonthm.
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Construct haio cells using kd-tree chosen 10 max- !
imize Shannon-entropy n cach dimension thereby |
mumunuzing the vanation n density m each cell :

Caiculate for all cells the background center-of- .
mmi&mmm"f} |

b
Caicuiate & mterpolate the background ve- '
locaty deasity funcnon fi (V) t© any po-
sibon using mverse-distance interpolanon |

For cach parncle find nearest velocuty neigh- ]
bors from subset of nearest physical neighbors |

Calculate the local velocty deasity funcnion fi(v) for
 cach parncle using velocty neighbors & 2 kernel scheme

b4

Calculate the loganthmic rano of fi 1 fi.. & 1
construct “normalized” distnbution of ranos £ I

L
Idennfy outhers above the cut n the “nor- '
malzed” rato distnbutbon, & nk them |

Figure |. Flow chart of sTF algonthm Page 493/670

Pirsa: 11090109




Construct halo ceils using kd-tree chosen 1o max-

mmze Shannos-catropy in cach dimension thereby
mummmzng the vanabon i density m each cell

Caicuilate for all cells the background center-of- 'I
mass velocity ¥ & velocity dispersion tensor o |

Caicuilate & mterpolate the background ve-
locaty demsaty funcnon fi (v) to any po-
sibon using mverse-distance interpolanon

bors from subset of nearest physical nexghbors

Calculate the local velocity demsity funcnion fi(v) for |
L each partcle using veloary neighbors & a kermel scheme |

L
Caicuilate the loganthm ano of f) 0 fi . & |
ﬁ construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor- |
malized” ratno dstnbunon, & hnk them

Figwre |. Flow chart of sTF algonthm.
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Construct halo cells usang kd-tree chosen 1o max- :
mze Shannos-entropy 0 cach dimension thereby |
mummmuang the vanabon = density m cach o<l |

Caiculate for all cells the background center-of- ';
mass veloaty ¥ & velocity dispersion tensor o7 |

Caiculate & mierpoiate the background ve-
locity demsaty funcnon fi, (V) © any po-
sibon using mverse-disiance interpoianon

For cach parucie find nearest velocity neigh- |
bors from subset of nearest physical nexghbors ‘,|

Calculate the local velocty deasaty funcnon f(v) for |
cach parncie using velocry nexghbors & a kerned scheme JI

) 4
Caiculate the loganthmic rano of f; 0 fi, . &
construct “normalized” distnbution of rabos £ |

v
Idennfy outhers above the cut m the “nor- I
malized” ato dstnbunon. & Ink them |

Figure 1. Flow chart of st algonthm
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Construct haio ceils using kd-tree chosen 1o max- |
mﬂm—mmﬂmm |
mummmzing the vanabon i density m each cell é

Caicuilate for all celis the hackground center-of- I
mass velocity ¥ & velocity dispersion tensor o7 |

4
Caicuiate & mterpolate the background ve-
locaty dessaty funcnon fi (v) to any po-
siton using mverse-distance interpolaton

L4
For cach parucic fimd nearest velocty nexgh-
bors from sabset of nearest physical neighbors

Calculate the local veloaty densaty function fi(v) for
L each parncle using velocty neighbors & a kernel scheme

b4

Caiculate the loganthmic ano of f; 0 fi, .. & |
construct “normalized” dissnbution of ranos £ !

b4
Idennfy outhers above the cut i the “nor- |
malized” rano distnbunon, & Ink them

Fiswre |. Flow chart of sTF aleormhm.
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’ Construct halo cells esmng kd-tree chosen o max-
umze Shannos-entropy n cach dimension thereby =
. mummuzing the vanabon m density m each cell |

Caiculate for all cells the background center-of-
mass velocty ¥ & velocity dispersion tensor o |

L 4
Caicuiate & mterpolate the background ve-
locaty deasaty funcnon fi (v) to any po-
siion using mverse-distance interpolaton

L4
For cach parucic find nearest velocty nexgh-
bors from subset of nearest physical nexghbors

Calculate the local veloaty deasity fumcnion fi(wv) for
 cach parncle using veloary neighbors & 3 kernel scheme |

b4

’ Caiculate the loganthmic rano of f; © fi, .. &
construct “normalized” distnbution of ranos £

L
Idennfy outhers above the cut m the “nor-
malized” ato dsinbubon, & hnk them

Figure |. Flow chart of sTr algonthm Page 497/670
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’ Construct haio ceils using kd-tree chosen to max- |

mize Shannos-entropy n cach dimensson thereby ,
mummmzing the vanation i density m each cell I

Caiculate for all cells the hackgrund center-of- )
mass velocity ¥ & velocity dispersion tensor o7 |

Caiculate & nterpoiate the hackground ve- 1
locity deasaty funcnon fi, (V) 1© any po-
siion using mMverse-disiance interpolanon

( For cach parucle find nearest velocity nexgh- |
bors from subset of nearest physical neighbors ‘

Calculate the local velocty deasaty functon f(v) for |
cach parucle using velocuty neighbors & a kerned scheme

.
Caiculate the loganthmic rano of f; © f,.. & '!
construct “normalized” distnbuton of ranos £ i

L
Idennfy ocuthers above the cut m the “nor-
malized” rato distnbubon, & hnk them

Figure |. Flow chart of s7F algonthm
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Construct halo ceils using kd-tree chosen 10 max- I
mmze Shannoa-entropy n cach dimension thereby
mimmizing the vanation i density m each cell !

Caiculate for all cells the background center-of-
mass velocity ¥ & velocity dispersion tensor o2 |

h 4
Caiculate & mnterpolate the background ve-
locity deasaty funcnon fi (v) to any po-
sibon using nverse-distance interpolanon

¥
For cach parucic find ncarest velocaty nexgh-
bors from subset of nearest physical neighbors

Calculate the local velocity density function fi(v) for |
cach parncle using velocty neighbors & 2 kernel scheme |

~

v
Caicuilate the loganthmuc ano of f; © fi . & '
construct “normahzed” distnbution of ratos £

v
Idennfy outhers above the cut m the “nor- '!
smlised” ratio diswibution, & lnk them

Figure |. Flow chart of sTF sigonthm Page 499/670
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Construct halo ceils usmng kd-tree chosen 10 max-
mize Shannos-entropy in cach dimension thereby .
mmmuzing the vanation i density m each cell !

Caicuiate for all cells the background center-of-
mass velocty ¥ & velocity dispersion tensor o7

4
Caicuiate & mterpolate the background ve-
locity deasaty funcnon fi (v) to any po-
siion using mverse-distance interpolaton

| For cach parncic find nearest velocity neigh- ]
. bors from sabset of nearest physical neighbors |

b4
f -

Calculate the local veiocty densaty funcnon fi(v) for !
cach parncle using velocty neighbors & 2 kernel scheme |

5\

'
Caicuilate the loganthmc ano of f; 0 fi, .. & |
construct “normalized” distnbution of ratnos £

4
Idennfy outhers above the cut m the “nor- '|
malized” ato dstinbuton, & hnk them |

Pirsa: 11090109 Figure |. Flow chart of sTF sigonthm.
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Construct halo cells using kd-tree chosen to max- )
mize Shannos-entropy in cach dimensson thereby !
mummuzing the vanaton in density m each cell '

v
Calculate for all cells the hackground center-of— |
m'cknyi&mmmafj |

Caiculate & mterpoiate the background ve- )
locaty deasity funcnon fi,. (V) © any po- |
silon using Nverse-distance interpolaton J

For each parncie find nearest velocity neigh-
bors from subset of nearest physical nexghbors |

Calculate the local velocty deasaty functon fi(v) for |
cach pamucie using velocry newghbors & a kernel scheme )

r
Caiculate the loganthmuc rano of f w0 fi .. & '
| construct “normalized” disonbuton of ranos £ -

v
Identfy outhers above the cut m the “nor- .
malized” rato distnbution. & link them I

Figure |. Flow chart of s75 algonthm.

Pirsa: 11090109 Page 501/670




Construct haio ccils using kd-tree chosen 10 max- |

mmze Shannos-entropy in cach dimension thereby |
mmmuzng the vanation n density m each cell |

Caicuiate for all cells the background center-of- |
mass velocty ¥ & velocity dispersion tensor o |

Caiculate & mnterpolate the background ve-
locaty deasaty funcnon fi (v) o any po-
silon using mverse-disiance interpolanon

v
For cach parucic find nearest velocty nexgh-
bors from sabset of nearest physical nexghbors

[ Calculate the local velocity density funcuon fi(v) for |
L each parncle using velocty neighbors & a kemnel scheme )

v
Caicuilate the loganthmc rano of fy 0 fi .. &
construct “normalized” distnbution of ranos £

r
Idennfy outhers above the cut m the “nor- |
malized” rato distnbubon, & hnk them

Figwre |. Flow chart of sTF algonthm
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Construct haio ceils using kd-ree chosen 10 max-
mize Shannon-entropy in cach dimension thereby
mumumuzing the vanaton in density m each cell

v
Caicuiate for all cells the background center-of-
mass veloaty v & velocity dispersion tensor o |

Caiculate & nterpolate the background ve- )
locity deasaty fumcnon fi,. (V) © any po- ‘
siion using mverse-disiance interpolanon

For each parucie find nearest velocuty newgh-
bors from subset of nearest physical neighbors

Calculate the local velocty density functon [i(v) for
cach parucle using velocuy neighbors & a kermnel scheme

r
Cahithhpﬂmmmdﬁnh,‘.&
construct “normalired” distibution of ranos £

v
Identify outhers above the cut m the “nor-
L mahzed™ rano distnbubon, & hnk them

Figure |. Flow chart of s7v algonthm
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Construct halo cells usmng kd-tree chosen 1o max- :
mize Shannon-entropy n cach dimension thereby !
mmumuzng the vanabion n density m each cell i

Caiculate for ail cells the background center—of-
mass velocty ¥ & velocity dispersion temsor o |

Caiculate & mterpolate the background ve-
locaty deasaty funcnion fi (v) 10 any po-
| siion using mverse-distance mierpolanon

For cach parucie find nearest velocity nergh- "

Calculate the local velocity density funcuon fi(v) for |
cach parncle using velocity neighbors & a2 kerned scheme |

b4

Calculate the loganthmic rano of f; © fi,,. & 1
construct “normalized” distnbution of ranos £ i

v
Idennfy cuthers above the cut m the “nor-
malized” rato dstnbuton, & hnk them

Figure |. Flow chart of sTF algonthm
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Construct halo cells using kd-tree chosen 10 max- |
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