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What do we know about the properties of dark matter?

- the kinetic temperature is encoded
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What do we know about the properties of dark matter?

- Kkinetic temperature must be cold(ish)

Hlozek et al. 2012

10°F

I o H emission from quasar

H absorption :
\ 1

\ | \T ‘Metal® absorption lines

P YRR

Wi

3 3500 4000 4500 5000 5500 6000
. Wavelength (Angstroms)

10%

0) [Mpc3]

P(k.z

102 «  SDSS DR7 (Reid et al. 2010)

: LyA (McDonald et al. 2006)
—&— ACT CMB Lensing (Das et al. 2011)
ACT Clusters (Sehgal et al. 2011)
CCCP II (Vikhlinin et al. 2009)

- pest constraints from
Ly-a forest (e.g. Viel
et al. 2013) >~ bkeV

1L
107 | — BCG Weak lensing \
: (Tinker et al. 2011) ‘o - COﬂStraIﬂS WDM
*  ACT+WMAP spectrum (this work) \ :
N\
1073 102 10! 10°
k [Mpc‘ll
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So, what is Dark Matter?

for our macroscopic purposes it suffices to assume that

microscopic » continuum [imit
proton = 1GeV, WIMP 100GeV? -> 1027/g
cold (or at most lukewarm) > Vthermal € Vbulk
e.g. thermally produced at very early times, cooled since then
- - - <
negligible cross-section > DM Oem
weak-scale or even weaker collisionless

self-gravitating

(but in principle any of these can be dropped)

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016



Kinetic description in terms of Vlasov-Poisson

Density of particles in phase space

= distribution function f(x, v, t)

Evolution governed by Boltzmann equation

of v
| 5 fo_VX¢VVf_C[f]
Ot
velocities grav. forces particle-particle
advect in advect in interactions
configuration momentum =0
space space

+ Poisson equation for grav. potential

for C[f]=0:

Vip = 4;TG (f —p)d" Vlasov-Poisson

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016



Kinetic description of dark matter

Density of particles in phase space given by

= distribution function f(x, v, t)

A / \
> @ @ =
> @ o %o =
hot 6 . ‘. ‘ ‘
case ol @ Q .Q Q
) ® © o ////////——\\\\\\\\~
~ | @
N " > N >
position X velocity v

>

velocity distribution function
cold p(V\X) — f(X7 v, t)/n(x)
case

SR

velocity v

mass density Is zeroth-moment

>

position x p(x) = mx/f(x,v,t) d"v
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Kinetic description of dark matter

Density of particles in phase space given by

= distribution function f(x, v, t)

\
/

Q

> @

‘ .

hot *f>; ..‘n oo phase space of n+n dim:
case 9 ‘ ‘ .‘ ‘

>le®® ® generally,

Dosition x f1s truly 2n-dimensional
INn cold limit,

cold
case

SR

velocity v

>

position X

fis only n-dimensional
= monokinetic
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What is special about a cold-collisionless system?

)

velocity

-
/ Fig. from Shandarin&Zeldovich 1989

Vanishing collision-term

= not in hydro limit

position

_ = velocity can be multi-valued
The 1D structure winds up

but never tears or mixes! = cannot stop at low order moments
(neighbours stay neighbours!) = have to discretize distribution function
topologically preserved = singular caustics emerge (see later)

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016
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Lagrangian description

Lagrangian description, evolution of fluid element
QCR? = R": qr (x4(1),vg(t))

/\

density
constant

density 1

85137;
8(17

P = MpDM

For DM, motion of any point q depends only on gravity

C N unlike hydro, no internal
(Xq; Va) = (Vq; =V ) temperature, entropy, pressure

S0 the quest is to solve Poisson’s equation
Ap = 4ArnGp

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016



How to solve these systems: the N-body approach...

The N-body approximation:
cover distribution function with N ‘coarse-graining’ particles

iE{l...N}H(Xi,Vz')/ T

= EoM are just Hamiltonian N-body eq. (method of characteristics)

for small N, density field is poorly estimated,
p = mpZ(SD(x —x;) QW
continuum structure is given up, but ‘easy’ to solve for forces

hope that as N->very large numbers, approach collisionless continuum,
but always ad hoc choice of W

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016 9



Huge successes!
Predicting the distribution of matter of the Universe

. o1 % F 5% % 55 S R pIAL R N T jV 2
ool . » '{ ‘\. b’ : 'ﬂ i« s 4 _:— . ST ¥ A Ta s S5l : e 2 .
S e M | NG AL . B % BeT wunevyay o |npUt.
-:‘-’ 3 4 ; i >_". '9’ :‘:- 3 .-'-. ‘. . . 4 4
AL 7 "l'o A i -

Powerspectrum of perturbations
+cosmological model

mass functions of clusters
distributions of galaxies
- BB evolution of structure over time
g Bt abundance of satellites
o S density profiles

the workhorse
of computational

Angulo et al. 2012 | cosmology
a lot is owed to this method!
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Can we break it?

there is a regime where this method doesn’t do well at all!
Universes with smooth primordial density fields (always at SOME scale)

glass 1287 glass 256

o)
o)
Q)J) T large softening needed.

sliee SN grid 128° these are no ‘clumps’,
1 just convergent points!

but want small softening
to get small scale structure!

Wang&White 2007

it should not collapse
along vertical direction!

Most obvious for non-CDM simulations! T )
this info is not local!

(e.g. Centrella&Melott 1983, Melott&Shandarin 1989, Wang&White 2007)

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016 11



Evolving the fine-grained distribution function

actual distribution function N-body just have particles
A A
>

>
= 2, © @ o
= — T\ s (@
s e
g g
>

> . >

position X position X

But need to split

now: connect particles by interpolating functions
elements, when
structure of distribution

A
function becomes

complicated -> costly! R
Hahn&Angulo 2016 posItion X

sussieeCeomiol 2 density = 1 / projected length
put mass not at particles, but in-between

velocity v

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016 12



With refinement, it is possible to track very
complicated orbits

orbit of square in chaotic potential...

movie by T. Sousbie, using ColDICE code (Sousbie&Colombi 2016)

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016 13
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So what do we gain for structure formation?

The real space density, velocity field, etc., at any given point can
then be determined from all elements that contain that point (see
also Shandarin et al. 2012).

time

Structure formation is like high-dimensional origami:

folding a n-dimensional sheet in 2n-dimensional space
(See also Neyrinck 2014, for the connection to mathematical origami).

each fold is a caustic

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016
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So what do we gain in 3+3D?

4 !"7; 4 ¢ %
. T
A ' %

L J »

% N x

A \

B
- -

6 .'\\":'f% e SRS
renderlng pomts for particles. rendering tetrahedral phase space cells.

Same SImU|atIOn data' (Abel, Hahn, Kaehler 2012)
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If one uses this approach self-consistently,
it cures the fragmentation problem of N-body

First determination
of WDM halo mass function

1
107°F 250eV
[ Tree—PM o—=
PM A A
T4PM - - £
107k E

dn/dInM [(h/Mpc)?]

n/ncdm

1010 1(:)11 1612 1613 1614
M [h™'Mg]

Angulo, Hahn & Abel 2013
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Structure formation in WDM very different than in CDM
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no progenitors below some mass
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Incorporating this into mass-function calculations

From peaks in the initial density field to mass functions
non-trivial with cut-off, requires more careful treatment of collapse

than vanilla pertectly cold CDM

Oliver Hahn (OCA)
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New insights from mean field dynamics

It is possible to "

iInvestigate 128

moments 10

of the
Boltzmann

hierarchy 5

a-posteriori 2

0

15

Measurements

impossible o

from N-body §

New insights °
into DM dynamics

.
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o
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Structure formation in WDM very different than in CDM

collapse from initially
smooth field

no progenitors
below certain mass

caustics
everywhere

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016
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Mass distribution in halos follows very simple functional form

Navarro, Frenk & White (1995,1996)
Po

M, kpe-?

g p/10w

8!

oln p

Fig. 3.— Density profiles of four halos spanning four
orders of magnitude in mass. The arrows indicate the
gravitational softening, h,, of each simulation. Also
shown are fits from eq.3. The fits are good over two
decades in radius, approximately from h, out to the
virial radius of each system.

log pr® [10"M,/Mpc]

0.0
~0.1E

I'200 :

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016

Navarro 2009

21



How do the first CDM micro halos form?

'"'-Iy vJ'-”-H 'lIRR
M ‘gw-" ; ff"‘

jges  Box M v S High Resolution sub-Box
u?‘( %il "\“H& ‘ l‘ & i RLETSES (11 gl - 49 ; £
B

) Halo E

Angulo, OH et al. 2016

“zoom simulations” of 5 haloes, effective resolution 131 0723
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How do the first CDM micro halos form?

collapse from phase rapid mass growth by many major mergers
smooth field

Angulo, OH et al. 2016

Oliver Hahn (OCA) ICTP workshop, Trieste, May 4, 2016 23



How do the profiles of first haloes evolve?

1.8 |

1.6

14 |

1.2

Figure 7.

against the halo virial mass M;,.
show the median value in each mass bin. Whiskers are the first and

third quantiles.

(Equation (2) in the text).
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(see also e.g. Ishiyama et al. 2010, Anderhalden & Diemand 2013)
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Do microhaloes become slowly NFW-like as they grow? How?

ICTP workshop, Trieste, May 4, 2016
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Evidence that mergers drive a transformation towards NFW

Good evidence that violent relaxation (Lynden-Bell 1967) is driving this
this is a collective relaxation process (much like Landau damping)

Double Merger: A+B 0.5 T ]
Triple Merger: A+B+C i Isolated ]
0.0 .

Quintuple Merger: A+..+E L Double Mer‘ger ]

Triple Merger

,
—-0.9f[" ' ]
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6 [
10°¢ gl

_2.0 L

_2.5 1 1 __
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1’./Fvir |

dlog(p)/dlog r

10°F

p/pback

Single
3 Double Merger
107 ¢ Triple Merger

- Quintuple Merger

0.01 0.10 1.00 0% ..

1a/rvir 0 2 4 6 8 10
Anaulo. OH et al. 2016 Time (Gyrs)

see also Ogiya et al. 2016
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Why do we always see NFW Iin most simulations?

Angulo, OH et al. 2016

10%¢
3 Hernquist

- | Single
[ | Double Merger
103k Triple Merger

F | Quintuple Merger

NFW/Hernquist
particularly resilient

Y P to perturbations
§_1:O Ve e—————
C Initial Slope '\ e
S —25Ei. . . . :
© 0.01 0.10 1.000.01 0.10 1.000.01 0.10 1.00 See alSO Work by El
£/t /T r/rur Zant, claiming that
Hernquist/NFW perturbations are
for power law : .
rofiles. result shows no evolution efficiently spread
P ’ in slope through such haloes
depends :
before quintuple
on slope
merger!

How many of these steep haloes survive?
What is the contribution to an annihilation signal?
Do all of the microhaloes form like single power law profiles?
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New tessel
overcce

angle on
small scale
of dark matter

" -
L\ “ - constraints on
a varticle nature..)
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