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(e.g. Zentner & Bullock 2003), or

(Colin, Avila-Reese & Valenzuela 2000;
Sommer-Larsen & Dolgov 2001; Hu, Barkana & Gruzinov 2000; Goodman 2000;
Peebles 2000; Kaplinghat, Knox & Turner, 2000)

: f(R) SBuchdaI 1970; Starobinsky 1980), f(T ) (see Ferraro
2012), and MOND (Milgrom 1983a,b)

are based on the idea that some “heating” mechanism produces
an expansion of the DM component of the galaxy, reducing the inner density.

(Navarro et al. 1996; Gelato & Sommer-Larsen 1999;
Read & Gilmore 2005; Mashchenko et al. 2006, 2008; Governato et al. 2010;
Pontzen & Governato 2011),

(El-Zant et al. 2001, 2004; Romano-Diaz et
al. 2008, 2009; Del Popolo 2009; Cole et al. 2011).



NON-LUMINOUS AND NON-BARYONIC MATERIAL
GRAVITATIONAL INFLUENCE no conclusive
evidence of DM (from) relectroweak or other kinds of interactions
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Figure 20.1: The abundances of ‘He, D, 3He and "Li as predicted by the standard
model of big-hang nucleosynthesis. Boxes indicate the observed light element

. i abundances (smaller boxes: 2o statistical errors; larger boxes: +20 statistical and
. D M COUId be Of a more systematic errors added in quadrature). The narrow vertical band indicates the
= ” . CMB measure of the cosmic baryon density. See full-color version on color pages at
exq:>racter -> e.g., small rest mass neutrinos ol of Dt ! : b

Fields & Sarkar, 2004
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ELEMENTARY : :
PARTICLES Desired DM prOpert|eS

* Gravitationally
interacting

Not short-lived
Not hot

Force Carriers

Not baryonic



DARK MATTER candidates

DM Candidates

ity et Momentum Conserv.
(bino, wino, %f";,ar fy)" ation. Z
Strong CP-problem two neutral photon excitation, £,

(PQ Symmetry) higgsinos)->Neutralinos; Neutr i"?S, Higgs bosons
3 sneutrinos; gravitino or graviton

“Ad-Hoc” DM Candidates

Neutrino masses
and mixing 511 keV line SEHEZ

Cosmic Rays
Warm Dark Matter CR with Energy> Greisen-

Zatsepin-Kuzmin cut-off
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D))} FORVATION, FREEZE U CQ)UALRTATLYE

Assume a new heavy particle X is initially in thermal equilibrium interacting with the
SM particles q: (or if X is its own antiparticle )

1) In the very early universe when Ty, >>m,
the processes of creation and
annihilation were equally efficient -> X
present in large quantities

2) Universe cools: T<m, the process of
creation exponentially suppressed,

annihilation process continues.

In thermal equilibrium

XX :'Laq gx Degree of freedom of X

If particles remain in thermal eq. Indefinitely ->
number density suppressed

) Salfzinrinikidon conzinsel Dy e
cormoerne) rltoola axesinsioniUniverse

serlirielss u0¢ (__/Z /el

Expansion-> dilution of WIMPs-> increasingly dominates over the annihilation Rate-> number
density of X sufficiently small that they cease to interact with each other, and thus survive to

the present day. Zeldovich et al. (1960s)




1.04 x 10° GeV ! ITO
M g:"*(a+ 3b/r0)
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(e (= 9x X TpIA T 2/F0)
8

Resulting (relic) density today: Qx h? ~

RO = E ~ In 9.3 gi /2 ,1/2 Non-relativistic expansion for heavy states
FO g« numberexternal degrees of freedom =o5 5 Fe
=120, 1 TeV
in

If X has a GeV-TeV scale mass and a roughly weak-scale annihilation cross
section, freeze-out occurs at rpo a~ 20 — 30, resulting in a relic abundance

—1/2 —1

g_* a+ 3b/$po
80 3 x 107 26cm3 /s

Numerical coincidence? Or an indication
that dark matter originates from EW physics?



AlerativVesttoN{e) el

: (Warm) disperson velocity
(now) 100 m/s; reduce the small scale power, fewer low mass halos, all halos
have less steep inner profile. , as SIDM (Kuzio de Naray et al. 2010,
see SIDM)

10+
k [h Mpc]




particles, simi
would behave

size) is the siz .’. WDM, FDM, RDM r cores and

\. late (ov~10-29

L* galaxy Cluster

Tl Sl +

: (Decaying): if early dense halos decay into relativistic particles and lower mass remnants,
then core densities, which form early, are significantly reduced without altering large scale structure
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Motivation:

CMB & LSS constraint:
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Milgrom, 83
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Figure 1: Fits to the observed rotational velocities of the Milky Way galaxy using
various theories. The data [6] are represented with red crosses (3 = 0), blue hollow
circles (3 = 0.5) and green hollow squares (3 = 1.0). The solid red line is the Newtonian
fit with a central mass of M/ = 5 x 10" M. The blue medium dashed and green short
dashed lines correspond to MOG using the values of M = 4 x 10"Mg, a = 15.01,
p = 0.0313 kpe™!, and M = 5 x 101°M;, a = 889, n = 0.04 kpc~!, respectively,
which correspond to the values calculated according to Ref. [7], or given by Ref. [3].
The purple dash-dotted line and the yellow dash-double-dot line correspond to fits using
MOND, the mass of M =5 x 10'°M,, ag = 1.21 x 10~% cm/s?, and the interpolation
functions given by Egs. (6] and (7)), respectively. Finally, the black long-dashed line is
the dark matter halo prediction given in [13].
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OTHER MGs: How to get a MG theory



V20 = 4rGpg

Geodesic Einstein-Hilbert

at + I‘Zﬂvavﬂ =0

*z/—gR(g)

167G

Jop

Spacetime metric



SIMPICSiraPPROGCAMMOGIYAIIE
EinsyeinEEilerisachion

» Sakharov (1967)- quantum corrections of the
Einstein-Hilbert action:; low energy string theory
 Higher derivatives of the metric.

* Need it to change at low curvature



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

23



KeeprEinsieinEilberiraciion

Geodesic Gravity
a* + T v%P =0 ! 4, /=
af 167C d*z+/—gR(g)
Juv

Common metric



Keep Einstein Hilbert action

Geodesic Gravity
at + TH %P =0 1 4.
af 167C d*z+/—gR(g)

Different metrics



Sz dle” Tz sles

Use two different metrics

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

U U

Dirac, Jordan, Brans, Dicke



Sz dle” Tz sles

Use two different metrics

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

Bekenstein, 04

<= Time-like ("aether”)




EXiita aegrees ol iireeaoms.:

Is modified gravity simply a
more contrived form of
Dark Matter?



The Cosmic Microwave Background

WMAP

Acbar
Boomerang
o]

VSA

3rd Peak is

sensitive do
dark matter

500 1000 1500
Multipole moment [
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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




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



LS 12z o Saedile) el for loelifize
graviiya?
Analogy with PPN approach:

One may find the non-relativistic limit of GR by considering perturbations about
Minkowski space-time in the conformal Newtonian gauge

" deviations from Ems‘l'em

ﬁ Solar System
Galaxies




on cosmological scales

Liguori et al

And changes the growth of structure



View of Solar: System from above %
2007 APR.D4 ; :

pionee, 10— Addltienal So[ar—/Earth ward acceleratlon
Pioncer 11 JEE. for both spacecrafts

ol A2 -~ (874 : 133) xlﬂ‘"’m/s

Voyager 2 [
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* More generally, searches for deviations
in the PPN-like parameter, on
cosmological scales.

e A real opportunity with future surveys:
satellites (Euclid, JDEM), groundbased

(SKA,LSST, ).
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Astrophysical solutions



-how gas affects dark matter through gravity gy pernovae Feedback

Gas driven away Gas cools & Force returns to
Darkmatter| | / | from centre flows back in

Gravitational force
insufficient

*

| ... butis weaker at large
distances, so the particle
cannot be pulled back
toits old orbit.

Dense, star-

forming gas Particle migrates

outwards

Process can repeat. Analytic arguments and simulations
show effect accumulates with each episode.




SUPERNOVAE FEEDBACK

Simulations (Navarro et al. 1996; Selzito & Sornrnisr-Larsen 1999 Neziel & Cilrrores
2003: M:.BIJJJ-*H X9-r2008, /JJu, CoverriEiteg-r20100, 2017 "2 :;:;l-*r-r/JlZ)
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Ve hato ~ 90 km/s

Nspy ~ 2 x 106 particles
Ny, ~2 x 106 particles
( Mgppn ~ 10° Mo)

spatial resolution
(grav. softening) 75 pc

- High SF threshold

100 atoms/cm?

(highest physical density
at G10 resolution)




-= and produce a slowly rising rotation curve!

DG1 Tilted Ring Analys I stars
e S : dark matter
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Dark matter density decreases by a factor of ~ 2 at r < 1 kpc and
density profile becomes shallower ~ r -9-6 rather than ~r -



High resolution simulation with dense clumps and strong feedback result in very strong and

very fast potential variations ( - Gality S Semmanlarsan 1999+ Mezel & Gllners 2003
MEStiensne-+2008, 20U, CovarrEite-=200 0 201U+ Hepiricr) & Ceyarrziteg 200 Tayssiarr201 %
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Top panel: Baryonic mass in 1 kpc, 500 pc, 200 pc ( from top to bottom). Bursty star formation+SF

rapid, coherent oscillations in the potential t,, pv (1 kpc)~25 Myr. Supernovae bubbles encompass

the 1kpcin 3 Myr

Bottom Panel: disk plane density during the starbust event at 2.56 Gyr. An underdense bubble formed at disk
center through the termal expansion of the gas heated by SF explosion



ALTERNATIVE APPROACH TO N-BODY SIMULATIONS

v Conjeloyersy/ rsezirelnle) esnrzl sload cinldl Uniersiliny af wns censiny greflls
nizs gindkied) sayerl cnclzesl Worns : Gunn & Gott's SIM (Ryden &
Gunn 1987; Avila-Reese 1998; DP2000; Lokas 2000; Nusser 2001; Hiotelis
2002; Le Delliou Henriksen 2003; Ascasibar et al. 2003; Williams et al.
2004; Del Popolo 2009)).

Del Popolo 2000, Lokas 2000 reproduced the NFW profile considering radial
collapse. SIM is improved by calculating the initial overdensity from the
perturbation spectrum and eliminating limits of previous SIM's works.

Other authors studied the effect of angular momentum, L, and non-radial
motions in SIM showing a flattening of the inner profile with increasing L.

El-Zant et al. (2001) proposed a semianalytial model: dynamical friction
dissipate orbital energy of gas distributed in clumps depositing It in dark
matter with the result of erasing the cusp.



*

Lokas 2000;

scale free

spectrum
*Improvement

of Hoffman-Shaham
model.

*Radial collapse

log(p/Perito)

NFW1: values of of
cvir calculated

from a model based
on merging

formalism provided
by NFW that describes

log(o/ perit.o)

%o -is -10 -05 -20 -15 -10 05 00 better their N-body
log(z/z.) log(z/.) Simulations.

Figure 3. The density profiles of dark matter halos of mass of the order of 0.02M, for different spectral indices 2 in the range 0.01lzy < N FWZ L] C iS Obtained
@ < @y. The solid lines show the predictions of SIM. The long-dashed ones give the NFW results with their fitted concentrations, while .

the short-dashed curves present the NFW formula (39) with concentrations fitted to SIM results. from N FW fitti ng
formula
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* Williams et al. (2004) ) B
~ —— M, =6.8x101" M -

: v
*Follows Ryden & Gunn (1987): only : —— NP¥, =10 - :
random angular momentum is taken 2 L : . E”’:‘
into account ;‘ : : -; ik
*More massive galaxy halos ! os
tend to be more centrally : '
concentrated, and have Vg g = o s e, = 0
flatter rotation curves 108 (/) log (B/Re)
*Specific angular momentum °f E

15 =

— — vdB et al (2002) - ]

(only random L) in Williams i | CDM halo §081 . - i

haloes is less centrally e e ]
concentrated and EA \ i
larger than in N-body ;
simulations (e.g. van den 2 g
Bosch et al. 2002). : LT 05 |

o) LT A M B fla oo §U gen gy Log gy

o 0.2 0.4 0.8 0.8 1 o 0.5 1 1.6

*In order to reproduce a NFW profile one wpeoiliz sngulsr: mommbs; J/ (e Yol R/Rer
has to reduce random velocities by a Fig. 1.— Dark matter halos generated using “standard” initial conditions, as described in
factor O_f two. As Su_ggeSt_ed by Williams Section 4.3. Halos of three different galactic-type masses are shown; the intermediate mass
haloes in N-body simulations lose angular halo (solid line} is the ‘reference’ halo. Upper left: log-log density profiles. The lowest mass
momentum between 0.1 and 1 R_Vir_ Itis halo is not resolved at < 1% of R,;,. NFW ¢ = 10 halo is shown for comparison (dot-dash

line), Upper right: density profiles with the slope of a = 2 divided out, so a = 2 slopes
are flat in this plot. Lower right: circular rotation curves. Lower left: the distribution of
specific angular momenta (SAM) in our halos, as histograms. For comparison, we include two

well known that numerical haloes have
too little angular momentum vs. real disk

galaxies (L catastrophe) extreme SAM distributions taken from N-body simulations of van den Bosch et al. (2002).




|
log (R/R,;.)

Fig, 6.— Density profiles of halos whose random particle velocities have been reduced by
factors of 3 (dot-dash), 10 (long dash) and 100 (dotted), and increased by a factor of 3 (short
dash), compared to the reference halo (solid line). Reducing random velocities means that
the angular momentum of dark matter particles is reduced, which results in steeper central
density slopes. The limiting slope, & = 2 is discussed in Section 5.1, and the progressive
shallowing of the slopes in Section 5.3.
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Fig, 5.— The points with error-bars are the high-resolution rotation curves of LSB galaxies
taken from de Blok & Bosma (2002). The dashed lines are NF'W fits obtained by adjusting
1 parameter: ¢ varies between 13.5 and 17 for these galaxies. The solid lines are our halos
with tangentailly oriented velocity ellipsoids: {; = 20° for NGC 5750 and NGC 100, and
¢p = B0° for NGC 1560 and NGC 5023. The dotted curve in the upper left represents our
halo with a spherical velocity ellipsoid, i.e. {o = 90°. See Section 4.7 for details.




Spherical Halo containing Npy particles of DM of mass Mpy+ N,
particles (baryonic clumps) of mass M (baryonic fraction 10% of total
mass of the system; mass of clumps =>0.1% M..,). A system of 10°
particles is divided into a 103 equal number bins

Baryonic clumps suffer dynamical friction, described by the
Chandrasekhar formula, and the energy lost is redistributed among
the dark matter particles using a Monte Carlo technique

dV 47G% In ApM 2X
(—M)DF = - (erf(X) - =exp [-X2]) Val A = bV2,/G(M + m)

dt

X=Vy/205 , M= Mpy <<M



The energy lost by the gas particles of mass M and velocity Vy in a
timestep At in a given bin

dV
Elostbin = ZpinM (d_tM'VM) At

is gained as random kinetic energy by the halo particles in the same
bin

Vi— Vit F(y) Yy= V (2/3)Elostbin/mbina

where F is a normal distribution of zero mean and variance and my;,
represents the CDM mass in a given bin

Initially DM and baryons have a NFW distribution.

The velocities are determined by solving the Jeans equation and are
sampled from a Maxwellian distribution



* El-Zant et al. 2003. ;
T

*Transfer of energy from §= 3
baryons to DM by DF. "’g‘g

«Initial and final DM rotation 2 |
curve and profile. Dashed line  [FRd!
is a fit using Burkert profile. |
2

Bottom left: DM profile in :
absence of energy feedback. ol

Q L] 10 15
(Mo 101773 =33 ]




Baryonic clumps+DM+DF+L

eAs already described: exchange of angular momentum among baryonic clumps
and DM

Simulations study only the Cusp/Core problem

eSemi-analytical model (e.g., SIM)
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shell still
expanding with
hubble flow

thick shell at
turn-around
thick collapsing
shell

virialized shells,
many overlapping
at each point

oF.
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The Model: SIM + L+DF+DC (pel Popolo 2009, 2011, 2012)

A bound mass shell having initial comoving radius 7; will expand to a maximum radius 7°_
(apapsis) of a shell:

r,=g(r)=r 1+§—i
m =8\ lé—i—(gi_l—l)
_ 3"
0, =3 5()/))/261')/
0

If mass is conserved and each shell is kept at its turn-around radius,then the shape
of the density profile is given by (Peebles 1980; HS; White & Zaritsky 1992):

2
v\ dr
Pu(7) = PR | —
v | dr,

After turn-around, a shell collapse, reexpands, recollapse (oscillation). This shell will cross other shells
collapsing and oscillating like itself.

w=  Energy is not conserved and it is not an integral of motion anymore

== dynamics studied assuming that the potential near the center varies adiabatically
(Gunn 1977; Filmore & Goldreich 1984; Zaritski & Hoffman 1993)

Q)
(©



) = mplr) + my() Eq. 4
) = f RIEELE -

ana P, 6 — Or%/ :v(;l—’"f) -
Eq. 7

Gﬂfh / e(x)xx 7®(x)d(}

T(z) = —

.

r{My(r)+ Mam(r)] = riM;(r;)
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Mi(ri) = initial mass distribution; Mdm= final distribution of dissipationless halo particles
If there is no crossing -> M (r) = (1 — FYM: (r;)

o

Eqs 8 and 9 can be solved to calculate the final radial distribution of halo particles:

o) = PalE ){ dlnf(xi)y

f(x) | dlng(x)

v The collapse factor, f, of a shell with initial radius i and apapsis rm is given by (Gunn
1977; FG84; ZHO3):
m, ()

O ) ()

The problem of determining the density profile is then solved
fixing the initial conditions ((5 ), the angular momentum h(r),
and the coefficient of dynamical friction.
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Figure 1. DM halos shape changes with angular momentum. DM haloes generated with the model of Section 2. In panels (a)(c), the dashed line, the dotted line and the

solid line represent the density profile for a halo of 10"8M_sun, 10"9M_sun, and 10" 10M_sun, respectively. In case (a), that is our reference case, the specific
angularmomentum was obtained using the tidal torque theory as described in Del Popolo (2009). The specific angular momentum, h, for the halo of mass 10"9M_sun is
400 kpc km/s (spin= 0.04) and the baryon fraction fd = 0.04. In panel (b) we increased the value of specific ordered angular momentum, h, to 2h leaving unmodified the
baryonic fraction to fd and in panel (c) the specific ordered angular momentum is h/2 and the baryonic fraction equal to the previous cases, namely fd . Panel (d) shows the
density profile of a halo of 10"10M_sun with zero ordered angular momentum and no baryons (solid line), while the dashed line is the Einasto profile.
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Figure 2 DM halos shape changes with baryon fraction. Same as previous figure, Fig. 1, but in panel (a) we reduced the value of baryonic fraction of Fig. la
(h, fd) to fd/3, and in panel (b) we reduced the value of baryonic fraction of Fig. 1cto fd/3; in panel (c) we increased the value of baryonic fraction of Fig.
la (h/2, fd) to 3fd, and in panel (d) we increased the value of baryonic fraction of Fig. 1cto 3fd.
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Figure 5. Density profile evolution of a 10'* Mg halo. The (uppermost) dot-
dashed line represents the total density profile of a 10'* Mg halo at z = 0. The
profile at z = 3,z = 1.5, z = I, and z = 0 is represented by the solid line,
dotted-line. short-dashed line, and long-dashed line, respectively.
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Figure 1. Changes of the density profile with baryonic fraction and random angular momentum j. Panel (a) refers to density profiles with mass 104 Mg.
varying only j. The solid line is characterized by Fg, = My/Mso = 0.15 (fg, = 0.88) and j = j,. The upper short-dashed line and the dotted line are
characterized by fq = fa,./ =Jj«/1.5and fg = fa,./ = J+/2. respectively. The long-dashed and dot—dashed lines are characterized by fg = fu,.J = js %
1.5and fg = fu,./ =/+ x 2. respectively. Panel (b) represents the density profile for haloes of mass 10 M. Panel (c¢) shows density profiles for haloes of
mass 104 Mg . varying both j and baryonic fraction. The solid. short-dashed and dotted lines are characterized by fa = fa,.j = js* fa = fa,/1.5.7 = js:

fa= fa,/1.5.)=ju2. respectively. The long-dashed and dot—dashed lines are characterized by fq = 1.5 x fa,.j=/s: fa = 1.5 x fq,.j=Js x 2. respectively.
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Figure 3. Fig. 3a plots the density profile of A611. The grey solid line is the NFW profile, the red lines bracket the 68% confidence
region of the density profile obtained by N09, while the black band is the result of our model. Fig. 3b represents the mass profile of A383.
The blue band is the observational result of N11, while the black band the mass distribution obtained with our model. Fig. 3¢ represents
the mass profile of MACS J1423. The azure band with errorbars is the observational result of Morandi. Pedersen & Limousin (2010),
while the black band is the result obtained with our model. Fig. 3d represents the density profile of RX J1133. The solid curve and the
shaded region are the S04 observational result. The black dashed band is the result of our model. The confidence regions in Fig. 3a-c are
1 o while those in Fig. 3d are 2 o.
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