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LECTURE 2:

Proposed Solutions 1



PROPOSED SOLUTIONS
(HISTORICAL OVERVIEW)

A. Systemaitic effects in observations (e.g., Hayashi+2004)

B. Failure of the CDM model or problems with simulations? (del Blok et
al 2001, 2003; Borriello & Salucci 2001) (resolution; relaxation;

overmerging; BARYONS NOT TAKEN INTO ACCOUNT !)
Convergence Tests (Dieman et al. 2004)
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Figure 6. Comparison of the simulated NFW (le ft) and ISO (right) haloas. The top panals compare the simulated riq—cz data points (black) with the observed
distribution from dBMBR and dBB02 (grey data points). No systematiceffects are assumed. The gray dotted lines corvarging on e = 0 represent the theoratical
variations in slope for [SO haloas with R¢ = 0.5, 1 and 2 kpe. The lines corverging on oz = —1 show the variation in slope for ¢/ Voo = 9.8/50, 8.6/100 and
6.1/500 (the slope only depends on the ratio ¢/Vaoo). The bottom panels show the histograms of e values for the two models. The double-hatched histogram
indicates well-resolved galaxies with riq << 0.5 kpe.




Van den Bosch & Swaters (2000). Rotation curves from 19 dwarfs. Claim that
CDM halos are consistent with data. To do this  they had to throw away half of the
Galaxies and adopt unphysics| (zero) L/M ratios” (Moore 2001)

Swaters et al 2003
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But Spekkens et al (2005)
165 LSB, o= 0.22-0.28
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Systematic effects in observations

HI observations, BEAM SMEARING (lirriiteel Seizieizll reselution (12U E2nis OF clresse)): it pesin S =« bl
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2 OTEOVETAITdUIENLSHITILIENE| G LyIIEIASIA ELENTEU M EXG B NT 0T RodUSSI SN NTISHORNERI TEIDTONIESARIEY AUECOTTIE
StTdl| OWEIESERIES RO LAINTEU NI OITTLTESENVE] O Ly A€ SHTEVEISHTE! OWETG T dUIENLS

=2fjaer elsngridinie) un: eumslnzitlon ofeng S4s of rigiugzi, rldiiriugdean, dnucliziancinegls afiens eelzhey, lntinusle
VEIOGILYAJIdUIENLSH

SESPILERUTEICH ECLSIOTIIEATISSINEAT TG ITOT U OO e UEN O LaU OIICUTVENSISUI RCOTILAIEUNINUIE dld!
-Solution:high spatial resolution (< 1kpe, de Blok et al. 2008)
Ha observations -slit misplacement: rrksine) s dyrizimile esritrs oF Eris cz1lzney

-Solutions: repeated 1d long-slit spectra observed by independent observers at different

pes
-optical 3d spectroscopy (Kuzio de Naray et al. 2006, 2008; Spano et al. 2008)

Non=circular motions: it IS cizstmse e ens oeis moves or credbkir oryits, siny dayEiton will [z
LONN NG EIESUNTELEIOT U TEISIOPE

-only of the order of a few km/s (Gentile et al. 2005, Trachternach et al. 2008)

Kuzio de Naray & Kaufmann 2011: High resolution observations can distinguish cored
and cuspy haloes by deriving their asymptotic inner slopes from rotation curve data

(©)



hicq;h-resolution optical velocity
fields from DensePak integral field
(two-dimensional) spectroscopy,
along with derived rotation curves,
for a sample of low surface
brightness galaxies

-> halo central densities better
described by the isothermal halo

: optical velocity
fields of 36 galaxies of different
morphological types

-> slowly rising rotation curves,
consistent with a core.

Observation through a long slit allows

simultaneously taking spectrographs of all parts of the

objects which fall onto the slit. When observing

spectral lines, different Doppler shifts can be observed

along a given spectral line, leading to velocity profiles
of the object along the slit.

Spectrograph Spectrograph

An integral field spectrograph or a spectrograph equipped with an integral field unit (IFU) is an optical
instrument combining spectrographic and imaging capabilities, used to obtain spatially resolved spectra il?

astronomy and other fields of research



Trizory S, ggsaryEitions: Wreie eodllel riive cjona Wrerief?

Error bars large enough so that the
cores are favoured but cusps can
usually not be ruled out (Hayashi et al.
2004).

Power et al. , Hayashi et al. and
Navarro et al. 2003 suggest ways to
reconcile with the observations:

With better simulations, the halos
become progressively shallow from the
virial radius inwards and show no sign
of turninginto a Bower-law (actuall
minimum slope -0.8 (Stadel+ 2009

Simulated haloes Vc are consistent with
70% of LSB rotation curves.

Observational disagreement is with the
fitting formulae, rather than with

simulated haloes.

CDM haloes are non-spherical and 3D.
Comparing rotation speeds of gaseous
disks to spherically-averaged circular
velocity of DM haloes, differences
should be expected.

Hayashi et al. 2004
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Figure 4. Uppu'-leﬁpund:bpﬁdmicslopeofthcdmshypmﬁkofhnbessimulncddmhiglmmmlnﬁmﬂm=?563,ploundl‘ur 2 rconv. Curves
are scaled horizontally to the radius r .y, where the slope takes the isothermal value, dlog p/dlog r (r.3) = —2. NFW and M99 profiles are shown as solid
and dashed curves, respectively. The logarithmic slope increases monotonically with decreasing radius and there is no obvious convergence to a particular
asymptotic value of the central slope. Upper-right panel: same as upper-left panel but for the SCDM Virgo cluster of Ghigna et al. (2000) and SCDM MW and
M31 galaxy haloes of M%9. The profiles of the two galaxy-sized haloes appear to be consistent with those of our haloes. The logarithmic slope of the cluster
halo appears to be slightly steeper than the others, fluctuating about a value of —1.4 at the innermost resolved point. Lower-left panel: halo density profiles
scaled horizontally to radius » .5 and vertically to the corresponding density at that radius p.» = p(r 3). Lower-right panel: same as lower-left panel but for
the Ghigna et al. (2000) and M99 haloes.
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Evolving the Universe in a computer

Time

* Follow the matter in an expanding cubic region

® Start 400,000 years after the Big Bang

® Match initial conditions to the observed Microwave Background
® Calculate evolution forward to the present day



Simulating the evolution of the DM distribution

e Represent the distribution of the N particles of DM in the
simulated region by N_ simulation particles.

Typically N~ /N__ ~10° or more!

ruc

® Place these uniformly within the computational volume

® Perturb their positions and velocities with a random
realisation of the perturbation field predicted at early times
by a theoretical model, e.g. ACDM — Cold Dark Matter + a
cosmological constant + baryons + inflationary initial structure

LA — — _ 3 . .=
e x = V& 2 Gmm r’_j/f;_j L j =1,V

Solve for the gravitational forces

2 o Repeat until
Step the particles forward a few million years

N 4
the present
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The Power Spectrum evolves according linear theory untill:

P(k)= AknTz(k,Z) %~0.2 z~20-50

Then we should obtain a realization of this P(k) using particles:

To create a realization of the perturbation spectrum, a model for an
unperturbed density field is needed
GLASS OR CARTESION GRID

Using the Zeldovich approximation, the density fluctuations are
converted to displacements of the unperturbed particle load
SETTING INITIAL DISPLACEMENTS AND VELOCITIES

grid

The force field simply follows
s . . . . . from the initial realization of
Zeldovich's Lagrangian version of linear theory implies: density fluctuations

Vs

__Ve »
A7 G pa?

Particle displacements: d =X —Xg =

Particle velocities:

Note: Particles move on straight lines in the Zeldovich approximation.



Density wave

Zel’dovich Approximation

\/ \/ "\ \ e -
1 L / Velocities and Positions p .

are linked together

e e e (
D

S
0
\ e eee

~ /0 N S R SRR T
JD(CJ)j diSplacement:vec

N GY

mbers with the

(1)
(D
(@
())
Yo S
Nn:
0)
0)
a
D
=

.
- - - - - - - ——
- - - - - - - -
- - - - - - - -

~aand bare:

. W . wm w - e
— — e . e - -
- - s wm e e W
T —

e T

15



to 0

srb 2o

R R
P R R KR

.
Q
.
.
.
1
1
.
.
.
.
s
-~
-
-
-
-
-
-
.
.
-
.

J Saae « s RN e G s

aievd AR 8 a8 e A

PR TERE]
Ceesaetanse
e asecd 1 0 08 8 4
ceseaas s e

inamsay

e
AR ERRER]
A R o R R ]

4o e

YiesiEadeaas

R
PR







R
. .-... ca.d. T







NUMERICAL ISSUES

Overmerging, two body relaxation, choises of softening length; multi-mass simulations

o
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Simulation results are least reliable in'the densest parts of the halo, Wrigra €ni2 dyrzmiez)l drsesla i
SHBILESHENERUITIGIa B ESU N ENIESIEIY T EaLESHENECURTRERT VASITIUI SO SIOIRIEN ORI ALGHROIA al Xy
elustars, ovyermareine) Sregded suggertietira coggalataly (i), Wit 1978), When simulations reache
sufficient resolution to resolve roughly as'many subsystems as there are galaxies in a cluster;, the problem
was considered solved' (2., Cirilejrizl 2tz 2000), zlldnatic)n gng Sezlla Inverknes of pzlo orogdries i)y
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The assumption that the overmerging problem is now solved has not been fully tested (Taylor et al. 2003).
0 iscreteness in e

The effects fgartide d simulations of A CDM are still an intensively debated issu
(Romeo et al. 2008).
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X; = —V,; P(x;)

N

O(x) = -GS &

=1 [(x — x;)?

)
\V)
—

The need for gravitational softening:

@ Prevent large-angle particle scatterings and the
formation of bound particle pairs.

@ Ensure that the two-body relexation time is
sufficiently large.
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Figure 2. Average relaxation times of isotropic Hernquist models
versus particle number N, with a constant softening ¢ = 0.5 kpc.
The filled squares are the measured relaxation times, with error
bars form the linear fit of AE2(At). The open squares are the
local estimates of the relaxation time (4]).

Figure 3. Average relaxation times of an N = 10* Hernquist
models versus softening length e. The filled squares are the mea-
sured relaxation times, the open squares are the local estimate
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INITIAL CONDITIONS
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To create a realization of the perturbation spectrum, a model for an One usually assigns random amplitudes and phases for individual

unperturbed density field is needed modes in Fourier space
GLASS OR CARTESION GRID GENERATING THE FLUCTUATIONS IN K-SPACE k
Y
grid glass Simulation box 00000000009000000000
L ] L L B N B N BB L 10T T T L B T 000000000000 00000000O0
b o o o o o 0 o 0 0 0o 0 0 0 0 S . T s ter . Tea e ] sampled with
08B)-o o o o o o o o o o o 0o o o+ 0.8 ¢ . * ) ¢t ° e ° AFpoints
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02 @ o o o o o o o o o o o o 021> . . . e o * . . . ‘e o d
N B AR AR A AR AL T For each mode, draw a random ceo9csccaclosacacdas
] o_ .. I .. I . I .. I .. g . l . : 'l A | . o T. L phase., anq al’] amplltude from a
Y B Y T TR T R M T e T e T Rayleigh distribution. T

kNyquist - T

(6%) = P(k)

Using the Zeldovich approximation, the density fluctuations are
converted to displacements of the unperturbed particle load
SETTING INITIAL DISPLACEMENTS AND VELOCITIES

The force field simply follows

- . . . . . from the initial realization of
Zeldovich's Lagrangian version of linear theory implies: density fluctuations

vo

Particle displacements: d = X — e —
X0 4G pa’

aD
—d
D

Particle velocities: V =

Note: Particles move on straight lines in the Zeldovich approximation.



Identified as dense nodes of “Cosmic
Web”, being building blocks of LSS







N-body simulations

Cold Dark Matter: non relativistic, collisionless fluid of particles

Boltzmann collisionless equations

(Vlasov Equation)
in an expanding Universe

Phase Space density

p@.0) = [ £(x, p.O)d’p
Matter density

qu)(xa t) = 4JZG612[,0(X, t) — ﬁ(t)]

We want to solve the equations of motions of N particles directly. We
have to
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inifiaifGonditions

The Power Spectrum evolves according linear theory untill:

5—'0~O.2 z~20-50

P(k)= Ak"T*(k, z)

Then we should obtain a realization of this P(k) using particles:

0

Zel'dovich Approximation "(q.t) = a(t)|q +b(1)S(q)
(=) S(q) =V (9)
% (q) = Z a, cos(kq) + b, sin(kq)

| Gauss(0,]
a,.b, = \[P(k]) %()
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Density wave

Zeldovich

N 9 4

Velocities and Positions p

are linked together ~ 17/

d

0 G 0,1
a,.b, = [P(K) ﬁ)
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INITIAL CONDITIONS
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nittirs of B :
P(k)=<|6k |_> =AkIIT(k)2
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S(x,) =L (x’;_))(;)p ) - 2 O(k. 1) e™ I (eezinslun Il Felrsr eurverisries)
First Step: Cericrcitinie) 2 Celusskln reirielors fclel: Easiest to generate realisations in Fourier (or k=)
space

HMeraurecitors e distrese) mrd]rag re) 2l Celussin eliseripldior), 80 phases are drown from a
uniforrn distribution, znd the amplitude of a particular mode (1.e. = givern &) Is drawrn from a
distribution of the form, /
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e /2P (k)
27 P(k)
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S(q)=V,(q)
#(q) = 2 a, cos(kq) + b, sin(kq)

Tria eiSuliesnisne yeetor S 15 relzjree] we) wris \ysloeiny eeraritiz] Ly ziriel tris eeer Susetrinn
of fluettziers M0<)

=) zilel B Eirs eclssEEr rEirielenn flnners it i rrieeir) zare siniel eliseersion o =H00)/i¢

a,.b, =[P (| k|) Gauss(0,1)

o

47



INITIAL CONDITIONS
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P(k)y= Ak"T?(k, z)
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n) oreler we) gurzin) trie eerttresitiorn feld earisrzitsel fropm oris ejuereel
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The posterior application of the Zel'dovich (Zel'dovich 1970) approximation allows
to find the inicial positions and velocities

v =D (z)Vd(q)

x=q— D"(z)d(q)
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Using the Zeldovich approximation, the density fluctuatio

ns are

converted to displacements of the unperturbed particle load

SETTING INITIAL DISPLACEMENTS AND VELOCITIES

Zeldovich's Lagrangian version of linear theory implies:

Particle displacements: d

Particle velocities:

The force field simply follows
from the initial realization of
density fluctuations

Note: Particles move on straight lines in the Zeldovich approximation.
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inifiaifGonditions

The Power Spectrum evolves according linear theory untill:

5—'0~O.2 z~20-50

P(k)= Ak"T*(k, z)

Then we should obtain a realization of this P(k) using particles:

0

Zel'dovich Approximation "(q.1) = a(t)q + b()S(q)
(=) 5(q) =V¢,(q)
9 (q) = Z a, cos(kq) + b, sin(kq)

1 G 0,1
a,.b, = |P(K] %

N
v

{
v

_C
—>
e

k
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VEREEZE OUE WORE CJUANT AT/ E

L [f]=C [f]

el Thermally averaged

anihilation cross section




9 -1
Resulting (relic) density today: Qxh* ~ Ml/g —
Mp) 9. “(a+3b/apo)

my 45 gx mxMpi(a + 6b/xpo) <oyxxl|v >=a+b <0 > +0?)
rpo = — ~In |c(le+ 2) I R YRy —

Tro 9273 1/2 1/2 Non-relativistic expansion for heavy states

x
I FO g+ number external degrees of freedom =5 S e
=120,1 TeV
If X has a GeV-TeV scale mass and a roughly weak-scale annihilation cross in

section. freeze-out occurs at rpo ~ 20 — 30, resulting in a relic abundance

a+ 3b/xpo
3 x 10-265cm3 /s

I dpop?a Wea Ky (37

a'eﬁ-v) =

a7 [y, e g, ()]
my [ igrmy 2( )]
. ij Gl ye- s — (my — my)?][s — (mi + m;)?] gigj .-

“, =” ;’12 2] w,'_.j } : [ ( J) ][ ( J) ] 21 “‘-ij‘

197 i s(s — 4mf) g1 i,j=1 -> WIMP

where Wi; = 4E;Eovi; and p;; is the momentum of the particle X; (or X ;)

in the center-of-mass frame of the pair X;X;. and s = m} +m? + 2E,E; — Numerical COInCIdence? Or an indication
D7 <800 e L e o e b that dark matter originates from EW physics?
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g . Universe acceleration
—Thousands of work in Modified Gravity

[Copeland, Sami, Tsujikawa Int.J.Mod.Phys.D15], [Nojiri, Odintsov Int.J.Geom.Meth.Mod.Phys. 4]

= Almost all in the curvature-based formulation of gravity

-

E.N.Saridakis — Taiwan, Dec 2012



WDM (;

Self-interacting DM (SIDM)

Repulsive Dark matter (RDM)
)
Decaying DM (DDM)

Self-Annihilating DM (SADM)

Modified gravity (F(R); F(T); ...MOND)

CDMN

WDNM1L
WDM2
WDM3
WDNM4
WDNMNIS

3

=



ELEMENTARY : :
PARTICLES Desired DM prOpert|eS

* Gravitationally
interacting

Not short-lived
Not hot

Force Carriers

Not baryonic
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V20 = 4rGpg

Geodesic Einstein-Hilbert

at + I‘Zﬂvavﬂ =0

*z/—gR(g)

167G

Jop

Spacetime metric
o4



Sisrlelese sigarezien wraclify tre Eirseeis-rliloere zeton

d*z/—9F (R, Rag, Rapuv; ---)

@R (]
KEEpRERStEIRMHIDERRCCHORNENTOIRAENTIELES m

EXAIPIE
Use two different metrics (bimetric theories)

“Physical” in “Geometric” metric
Geodesic equations in Einstein equations

_ 207
Dirac, Jordan, Brans, Dicke

99



How can we test these theories?

And how generic are these tests?
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The Cosmic Microwave Background

WMAP

Acbar
Boomerang
o]

VSA

3rd Peak is

sensitive do
dark matter

500 1000 1500
Multipole moment [

oF.
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V2® = 4rGdpp + Sy (a, @, U)

Pushes up peaks

but ...

Boosts large scales as well

V(D - ¥) = Sy(a, @, D)



The position of the peak

Distance to surface
of last scatter

Position of CMB peak

Size of sound horizon
at last scatter

oY



Position of CMB peak is very well constrained:
A = 0.95 z = 0.05

{(t+1)Cl/2m

400 600 800 1000 1200
{

Need
to fit peaks ..

... hot gener‘ically True (Ferreira et al) 80



LS 12z o Saedile) el for loelifize
graviiya?

Analogy with PPN approach:

" deviations fr‘om Ems‘l'em

Solar System
S
Y~ Clusters

Gl



on cosmological scales

TeVeS

iguori et al

And changes the growth of structure

2



CoONcIUSIoNS:
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— Al a2 912 Urde)) Zils

» Tests should be chosen wisely to
disentangle extra degrees of freedom,
modified gravity and non-"Birkoffianess”

&4



* More generally, searches for deviations
in the PPN-like parameter, on
cosmological scales.

* A real opportunity with future surveys:
satellites (Euclid, JDEM), groundbased
(SKA, LSST, ..).
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