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A Brief History of Dark Matter

no negligible compared with light

1930s - Discovery that cluster oy~ 1000 km/s
1970s - Discovery of flat galaxy rotation curves

1980s - Most astronomers are convinced that dark matter exists
around galaxies and clusters Are you??

1980-84 - short life of Hot Dark Matter theory
1983-84 - Cold Dark Matter (CDM) theory proposed

1992 - COBE discovers CMB fluctuations as predicted by
CDM; CHDM and ACDM are favored CDM variants for crisis

1998 - SN Ia and other evidence of Dark Energy
2000 - ACDM 1s the Standard Cosmological Model

2003-12 - WMAP, Planck, and LSS confirm ACDM predictions
2016-2018 - Planck, eBOSS/SDSS consistent with ACDM



Seeds for the Universe Structure

Problem: I.

particles (protons electrons)

scape out

of fluctuaciones because interaction with
radition, damping fluctuations

(Silk Damping):
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Simulations Bolsho1 Klypin et al

LCDM grossly reproduce
Current Observed Universe..
SDSS survey



How do we know that spiral galaxies
rotate? Doppler Effect from stelle
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Count how many stars and gas do they he

analyzing its light: Gustavo's Lectures ,

As more luminous a galaxy is, more massive in stars it is
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How to weight a galaxy?™ ——
Person weight




How to weight a galaxy®

e centripetal and centrifugas E'Arce}/f
H//

o~

As faster stars and gas
move, more massive
a galaxy Is

For spheroidal/elliptical galaxies
and clusters instead of rotation

use velocity dispersion



Masses estimated wit

using light (from stars and gas) a
different. Is there mass not eix

Dark Matter? Weird Geodesics
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Historical Works

Fritz Zwicky

See Rubin’s “Reference Frame™ in Dec 2006 Physi
article, “A Briel History ol Dark Matter,” in The de
energy and gravity, Proc. STScl Symposium 2001,

1970 ApJ 159, 379

ROTATION OF THE ANDROMEDA NEBULA FROM A SPECTROSCOPIC
SURVEY OF EMISSION REGIONS*

VERA C. RuBint axp W, KiEnT Forp, Jr.t

Galaxies rotation curves and

1937 ApJ 86, 217

ON THE MASSES OF NEBULAE AND OF
CLUSTERS OF NEBULAE
F. ZWICKY

The Coma cluster contains about one thousand nebulae. The aver-
age mass of one of these nebulae is therefore

M>0X1o%gr= 45X 10" Mp. (36)

Inasmuch as we have introduced at every step of our argument in-
equalities which tend to depress the final value of the mass 4] the
foregoing value {36) should be considered as the lowest estimate for
the average mass of nebulae in the Coma cluster. This result is
somewhat unexpected, in view of the fact that the luminosity of an
average nebula is equal to that of about 8.5 X 107 suns. According
to (36), the conversion factor y from luminosity to mass for nebulae
in the Coma cluster would be of the order

Mass/l.ight = 7 = so0,

as compared with about ¥ = 3 for the local Kapteyn stellar system,

This article also proposcd measuring the masses of

galaxies by gravitational lensing,
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Data: New Generation of Galaxy Surveys

Integral field spectroscopy. Aquino, Valenzuela,Sanchez et al 2018
Data products from Pipe3D (Sanchez et al. 2016)
/ | Geometrical assumptions \\\ 067 galaxies.

~ 400 galaxies VLT
MmMusQe N

multi uNit spectroscopic explorar

N Integral field spectroscopy. / |




Tomography of Galaxies |IFU's

NGC1056 NGC2347

Baryons
MIass, History, feedback

¢ Kinematics: Gas and stars,
asymmetries

CALIFA survey, see also MaNGA, SAMI, MUS



s Gravitational Lens
. Light changes direction
Near Massive Objects

; S s allow us to weight them
_ i — : allows to
~/ estimate projectec
" ’ " mass inside
Prediction from GR

Null Geodesics Visible like
bright arcs






Apparently all galaxies have

extra acceleration ( dif meshe

Aquino, Valenzuela, Sanchez et al 2018
central dynamical mass vs central stellar mass, acceleration excess

il

1 1 ]
12H"~ semi empirical approach (Mancillas et al. 2017)
D Atlas3D (Capellari et al. 2013)
DiskMass (Martinsson et al. 2013)
This work: CALIFA Sa-Sb
This work: CALIFA E-SO
This work: CALIFA Sc or later
MaNGA Sample
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."". Bullet Cluster

. .Strong Test
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Gravity center does not coincide with the visib[e'den‘sitg'/ center
There is something else producing gravity
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From many astrophysical observations How is it
one's conclude (General Retativity vening) that distributed?

Is there all the

predicted structure at
galactic and subgalactic
scales?

What is dark
matter made of?

We know it is not
barionic, CMB and
Deuterium.



Can DM be baryons? No.
Then New physics!!!

If all DM is baryonic, it is
in conflict with Big Bang
Nucleonsynthesis and
Cosmic Microwave
Background anisotropy.

D abundance would be
too low compared to
observations

and CMB would be smooth

baryon—to—photon ratio 7
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Dark Matter Ultimate'DCIinitsos

MM

— EXcess of gravitational acceleration(

in galaxies/clusters with respect to the /

acceleration that luminous matter will create if
Newton and Einstelin theories were correct.

— Delay on Silk damping of primordial fluctuacions

— Most of the mass in galaxies and the Universe
does not emit light.

— Alternative??



ls there something wrong?
Debate

Observational/
Experimental Problem?

What do we do?
Cosmologist are
suspicious??

Dynamicists??

Too good/ugly to be true

Your proposal here...
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Astrophysics indicates that dark matter phenomenology
and requires new physics

TUHE 15 WHATS €0 = - ey . A - .
AT s CLAGH o TERSBREASEUT e ume penas
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Where to look for Dark Matter Candidates ...
The Standard Model of particles [ ,

v Describes very accurately
elementary particles and their

Interactions.

vConfirmed experimentally by high ~ One posible Solution is to
precision measurements. Up some extend the model
energy threshold... Eg. supersymmetry = symmetry

relating bosons and fermions

At higher energies,,,

x Does not have explain the mass of
the neutrinos.

x Origin of CP violation unknown. Any extension implies

Hierarchyproblem: Theory not new particles

viable perturbative|y ~ O(lTeV ) Interplay between theory, experiemnts and
astrphysical observations



Challenges Particle and Fields Physics

= Hierarchy

= Neutrino Oscillation....

= CP violation

= Quantum Scalar fields

= Every solution involves new particles



Hierarchy Problem

Standard Model Minimal
Supersymmetric
axtension of
. Standard Moded
~

Energy, GeV

FIG. 8: Unification of interactions helpe



2015 NOBEL PRIZE

Neutrino Oscillation—> massive
2015 Nobel Prize
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One posible Solution is to
extend the model
0. ;urn'r; /mmetry = symmetry
relating bosons and fermions

SUSY particles

29

3)
w

ay between theory, experiemnts and
ysical observations

What can Dark Matter be?

New elementary particles:
New theory of particles and
fields?

Higher dimensions

Kaluza klein, Strings?

New particles
microscopic motivation



Dark Sector?

Motivation Clusters,Galaxies

Particle Physics aneutrino,

: : Scalar Field,
Q. Field Physics BoseEinsteinCondensate
Gravity Physics MOND, TEVES,f( R), DGP,

GALILEONS



Some DM Particle
Candidates

Neutralino Majorana Particle:
Selfanihilation into

Axion: No gamma-ray, gamma rays. Mass

radio Gevs

KK particles Mass in Tevs

Wave/Axion like dark

matter Mass much less than 0.1

ev

SNeutrino
X rays



. How to search/constrain for
dark matter?

e Direct detection
e Accelerator

e Inthe sky: at least 2 strategies
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NG Direct detection

o .'.Colll\'sion with dark matter triggers

= & Nuclei recoil that emits light

| Cfoss section and particle mas
requires

large amount of material




The annual mod n: ( model independent signature for the
j QJ:P

k Majte

DAMA_LIBRA

7]

Drukier, FreesegSpergel PRD86
/

Decer;nber

uirements of the annual modulation

1) Mod@lated rate according cosine

2)In a d&finite low energy range

3) With a roper period (1 year)

4) With proper phase (about 2 June)

S) For single hit events in a multi-detector set-up

of some possible scenarios

2

ion amplitude in the region of maximal sensitivity must be
radopted halo distributions, but it can be larger in case

ticles component in the galactic halo

> annual modulation is the main model independent signature for the DM signal. Although
0 be relatively small a suitable large-mass,

* Vgun ~ 232 km/s (Sun velocity in the halo)

- Vo = 30 km/s (Earth velocity around the Sun)
*v=m/3

*w=2rn/T T =1year

* 1o = 2nd June (when v, is maximum)

V@(t) ~ Vsun
dR

S, M@)]= f dT Ep =358, +Sm,k cos[m(t -¢,)]
Ak S5 g

Expected rate in given energy bin changes because
the annual motion of the Earth around the Sun

moving in the Galaxy

+ v 4, cOsycos[m(t-ty)]

To mimic this signature, spurious
effects and side reactions must not
only - obviously - be able to account
for the whole observed modulation

amplitude, but also to satisfy
contemporaneously all the
requirements




Direct Detection Experiments

Current Status

-Elastic scattering between 4% e —
WIMPs and target nuclei 8 ZEPLIN, CRESST, WARP,
9 Edelweiss
2 10
‘In the past years, we have 3
seen an order of E
magnifude improvementin = g 5+| \ _
sensifivity o
S |XENON CDMS
S 10} _
= 1O“"Sl lll” l l 111“13
10 10° 10

WIMP Mass [GeV/c]
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WIMP mass [GeV/c?]

Next years

Also DAMA Librais
being reproduced by
independent groups



The Indirect Detection of Dark Matter
X
X

N

T

v

1.WIMP Annihilation et / ;
Typical final states include heavy cosmic ray, neutrinos

fermions, gauge or Higgs bosons ’

/

2.Fragmentation/Decay
Annihilation products decay and/or
fragment into combinations of
electrons, protons, deuterium,
neutrinos and gamma-rays

p Y Y

gammas



New Indirect Detection Resulis!

(When it rains it pours)
Pamelaq,

lceCube,

Ccosmic RaAys; « e
EXC \x 5 " - g

S
.......
N

neuTrinog

Fermi/GIcs’r

| ke ST AR A TS AT
- =
v e e e a0 ts e ©
e
ey AP L L R
X :
RMPUIAINS 7 AN S-S 1 TN S T o
v v——
AACTTTIAT A PO L AT L T AN A A TSI ke

PRS- -
3
AL
e AP 2e o St e e e Y S




Indlre ' e@’g Neutralmo Spectru

" 4 \-..'_
‘4 -] ac | - a0
O ' ! '\ o C

,, ¥y f
.-. ":' "\'--‘ ' “.\“:‘ ! .‘I. 4 "

m and Fqu

‘ -&

PO B (\11 E > E,

i

- g

IR y A Pomtmg angle Telescope angular acceptance |

1 ’ . '.. - : 4 . s
l(.)*‘ .' v U { ‘ - o

~ | FLUX uncertainties:
;"ﬂ e Astrophysical

e Partlcle Phy5|cs
m _‘- - | ‘_. . . ‘.\_ ’. L o' . l-:,_.:o?’u.,. 2% -

Several sources of uncertainties, of several order of

magnitude! Distance to the source plays a big role for
detectahilitv




indidates for observation

Draco
Uma:Ultra Faint
Dwarfs |

Globular



. Galaxies with
§ Ohigh mass, low luminosity (M/L)
Olow stellar gas, dust content

Ohave large DM content
- good candidates for DM search

OCLEAN from other astrophysical
emitters

—->reduced background

Two ossible candidates:
O Draco
O (Ursa Major)
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More concentrated Substructure
the same Density profile
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Gamma Rays May Be
Clue on Dark Matter €he New Pork Eimes

Reticulum?2

there a galaxy here

Controversial still

Bright arcas indicatec gamma rays coming from the dircction of the galaxy about 100,000

light-years away.



°« ( The most massive globular cluster in the MW

( ~\ J 5 Kpc from us

"‘ 3 J Stellar population suggest is a galaxy;?
J . compact and closer than dsph’s

e Light profile and kinematics may indicate a cusp maybe an IMBH
. Detected Gamma Ray Excess with no

explanation

O Detecting DM? Milisecond pulsar may mimic
the emission. Currently pulsars not found.

with Gonzalez Morales
Oleg Burgueno
Javier Reynoso

S Profumo
A Geringer-Sameth




“The WMAP Haze”

After known foregrounds are subtracted, an
excess appears in-the residual maps within
the inner ~20° around the Galactic Center







Difficult task

Why only 1 particle DM specie”
Many possibilities
Sensitivity in experiments

How DM Is distributed inside or around
detectors, galaxies??



Using galaxy Astrophysics
to constraint DM properties”

 Halos define galaxies environment and history
e Study halos properties:
* Theory:Simulations, statistical tools

e Observations?” Hard



A Press & Schechter Theory Halo abundance’

® Excellent agreement of theory even with today’s
state-of-the-art simulations

M [h'Mg)
2 10"° 10" 10'°

Millennium Run

Paul Schechter

n | particles |



1997

Log Density

The NFW profile Halo internal structure
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1999

® Extremely high-resolution simulations (~250 000 particles

per halo)

Overmerging vs. resolution

® Detailed study of physical vs. numerical effects

® New halo finder introduced (BDM)

Halos substructure |
Satellites- *’>
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summary

Halo internal structure is:

Cuspy (density grows toward the center), Broken density laws.
NFW

Clumpy they have a number of dark matter clumps inside
Shape: They are not spherical —>Triaxial
Two general strategies:

Numerical simulations (Nbody, hydro): New discovery tool, not
only for verification, capture Nonlinear physics/mathematics

Statistical tools: Mostly synthetic than predictive but highly efficient






» void statistics,

. properﬁes Of The Mi"ennium Run ircluding sizes and
hﬂ'?f (radial was a landmark shapes and their
s - simulation, and it has gfl‘;':tg‘fgn agfdh;"li
shapes) been the basis for spins around voids
- evolution of the ~400 papers. - quantitative
number density descriptions of the

of halos, essentia
for normalization of
Press-Schechter-

evolving cosmic
web, including
applications to weak

type mod?ls gravitational lensing
+ evolution of the * preparation of
distribution and

mock catalogs,
essential for
analyzing SDNSS
and other survey
data, and for

clustering of
halos in real and
redshift space, for
comparison with

?baf;aemt?gz e - — — ’ preparing for new
hist f hal = e, L e ‘ large surveys for

iIstory o . alos, dark energy etc.
assembly bias

* merger trees,
essential for semi-
analytic
modeling of the
evolving galaxy
population, including

(variation of large-
scale clustering with
&s- sembly history),
énd correlation with
halo properties
including angular
momenta and

s models for the
shapes o galaxy merger rate,
. halq statistics the history of star
including the mass formation and

and velocity

galaxy colors and
morphology, the
evolving AGN
luminosity function,
stellar and ACN
feedback, recycling
of gas and metals,
elc.

functions, angular
momentum and
shapes. subhalo
rumbers and
cistribution, and
correlation with
environment

Springel et al. 2005



The Bolshoi
simulation | |
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results from the Bolshoi simulation

The Millennium Run (Springel+05) was a landmark simulation,
and it has been the basis for ~400 papers. However, it and the
new Millennium-Il and XXL were run using WMAP1 (2003)

parameters, and the Millennium-| resolution was inadequate to

see many subhalos. The new Bolshoi simulation (Klypin,
Trujillo & Primack 2011) used the WMAPS parameters
(consistent with WMAP7) and has nearly an order of magnitude
oetter mass and force resolution than Millennium-l. We have

now found halos in all 180 stored timesteps, and we have
complete merger trees based on Bolshoi.

Lﬂ’f’é‘d’ i'ﬁ'ﬂffb"\'léﬁ‘léﬂt arXiv:1002.3660 ApJ in press

Subhalos follow the
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The Sheth-Tormen approximation with the same WMAPS5 parameters used for the Bolshoi
simulation very accurately agrees with abundance of halos at low redshifts, but increasingly
overpredicts bound spherical overdensity halo abundance at higher redshifts. ST agrees

well with FOF halo abundances, but FOF halos have unrealistically large masses at high z.
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Halo concentrations in the standard CDM cosmology
Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack

Cluster Concentrations
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e > Comparison of observed cluster concentrations (data points with error

Halo mass—concentration relation of distinct halos at bars) with the prediction of our model for median halo concentration of
different redshifts in the Bolshoi (open symbols) and cluster-size halos (full curve). Dotted lines show 10% and 90%
MultiDark (filled symbols) simulations is compared with percentiles. Open circles show results for X-ray luminous galaxy clusters
an analytical approximation. observed with XMMNewton in the redshifi range 0.1-0.3 (Ettori et al.

2010). The pentagon presents galaxy kinematic estimate for relaxed
clusters by Wojtzk & Lokas (2010). The dashed curve shows prediction
by Macci'¢, Dutton, & van den Bosch (2008), which significantly
underestimates the concentrations of clusters.
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Halo concentrations in the standard CDM cosmology

'fr‘ Francisco Prada, Anatoly A. Klypin, Antonio J. Cuesta, Juan E. Betancort-Rijo, and Joel Primack
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Figure 5. The ratio Viqax /Vapo of the maximum circular velocity Figure 6. The same as Figure 5 but for Bolshoi (open sym-
to the virial velocity as a function of mass My for distinct halos bols) and MultiDark (ﬁlled symbols) simulations. Both _simula- sunula-

symbols) simulations. Error bars are statistical uncertainties. The

MS-1 and MS-II simulations agree quite well at z = 0. At higher
redshilts there are noticeable differences between Mo-1 and Mo-11.
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Profiles are :
NOT NFW

p(r)=poexp(-2nr1My+<p>

n=6-8 3D Sersic

Navarro etal 2004
Merritt, Navarro 2004
Prada etal 2005
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Looking at the sky

Distribution at large scales. DM must look like CDM

®x (Good agreement from
1Mpc- some GpcC's

x < 1 Mpc. Signature of
Baryons and DM
Physics 7
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summary

Cosmological Nbody simulations showed that galaxies
live inside:

N | ct's compare

of support by

Halos abunda W | t h

ol Opservations

Power Spectrum and 2point correlation function of
galaxies may be compared with LCDM




Motivation: Aft
LCDM Robust predictions.
Halo-Galaxy connection.

Halo mass function.
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Vc profiles - Halos.

er many tests robust predictions

Circular velocity function.
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Circular Velocty
Function

= One the most robust predictions of Structure Formation Model (Numerical
convergence, Gosmic Variance, environment. Sensitive to DM Physics:
LCDM, LWDM, Wave Dark Matter-light axion, Gravity Screening...?)
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x  Presumably Vmax is a more direct comparison than galaxy halo mass
(relaxed, axisymmetric system. other degrees of freedom, kinematic tracer?)

»  More sensitive to baryons physics than Mh-Ms from gravitational lensing,
but pays the price of dynamical complexity, complementary.

= [raditionally Hl emission linewidth (ALFALFA, HIPASS) distribution is
mapped into V._max function or they start from TF + Stellar Mass Function
(Gonzalez et al 2000)



Sensitive to DM and Baryon
Physics

Zavala 2009 Bekeraité et al 2017
emission line width in radio  stellar kinematics, cosmological simulation:



Our first attempt using ~4000 galaxies from the survey
MaNGA/SDSS, many. corrections still to do (instrumental,
aperture, dynamics) Is LCDM/WDM compatible’?

with UNAM graduate students

CALIFA + HIPASS :
@BP CALIFA (Bekeraite et al. ] |
@B Vrot e WDM Zavala 2009

98P sk

150 200 250
Vrot [km/s]




From Galaxy Kinematics to
Density Profiles v e

»
ot s
i | °

o
x Bright Dwarfs (Irregular gaseous) NGC 3949

® Classical Dwarf Spheroidal




Irregular Dwarf Galaxies

Moore 1994,

Vg — \/ZGM (R)/ R) Flores & Primack1994

Kinematics Eomens

NGC3

109 |

sSmatch?
)blem for
s 3 CDI

20F /7 llrated many
M | BRRE s by 24 yrs

O e 4 6 g 10
radius/kpc

x All started with rotation curves core
VS CUSP

= Rotation only analysis is consistent
with cores In many but not in all
cases: suggest a systematic
uncertainty?

x  [HINGS/Little THINGS Galaxies:

Radio observations 10-20 galaxies.  ® ypically 4-10 galaxies per sample.
Results are different if we use an Different instruments. Translating
optical tracer. Deviations from between different instruments non

rotations neglected or filtered out trivial



The Central Density Problem

NFW Density Profile

1.5r scale radius
2
n
C 05
0
o
O
-1 0.5}
Al CU.SP | |
0 0.5 1 1.5
Log Radius

Pseudo-isothermal Density Profile

1.5} core radius !
2
M)
c 0.5
a
>
o
~1 -0.5}

Al COIC

0 0.5 1 1.5 2
Log Radius

« Parameterize density profile as p(r) < r -«
« Observations suggest a ~ 0 (constant-density core)
e Simulations predict 1 = a < 1.5 (central cusp)
« Simulations with baryons predict 0.5 = a < 1 (shallow cusp)



Irregular Dwarf Galaxies

= Valenzuela et al 2007, Rhee et al 2014.
High res simulated dwarf hydro, SN

Ki n e m at i CS feedback, inside a cuspy halo:

Rotation consistent with a core.
Asymmetric Drift like correction

x Oman et al 2015, 2017 PhD thesis, may fix things.Thermal Pressure
diversity at the same mass, core support hard to normalize.
importance correlates with non-
circular motions x Oh, Governato et al, high res

cosmological simulated hydro SN
feedback dwarf inside a cored halo:;
Rotation consistent with a core.

: : Idientifies and filtered out non-
Five galaxies: cifdular motions

« 0:01,1,0.6 different studies

Hydro SIms: LGSR + EAGLE-HR,

— =77 ks~ L10% [165)
DMQ sIms: LG-MR + EAGLE-HR,

T W77 kmst 110% 11651

1 ah+2011DGL 0.80
® IC2574 »  Adams et al 2014 SFH fixes Baryons mass,
4 6 8 10 12 14
Radins [kpc] 0.88
®  Simon et al 2005 non circular motions
0.88

1.28



Non circular motions and pressure
support force produce differences
between Ve -Vrot

\Vielite

Vrot

—— TJTotal Mass
-— 508
Stars

Hydro galaxy simulations
Nbody, SF, Feedback

Valenzuela et al 2007, 2014



MaNGA/SDSS Dwarf and Bulgeless
Galaxy sample project ongoing

Cano-Diaz,
Aquino,Peérez,
Pichardo,Velazquez,
Sanchez, lbarra

Large sample
Controlling SF history
Feedback




manga-8725-9101 r dbar.oul

Building 3D selt consistent models
stability. Using Observed Density, B
Kinematics Map

30F
Rotcurv_manga-8725-9101
20 F
B |
; s 1 | s |- NFWhalo
10F —
: 0
? o S
0 ' o K B n
- F = 2
~10E 1 N >
5 ;;l"::_uir 10
C — Y,
— . p - >
20 101
~30F 0.
-30 =20 -10 O 10 20 30

Velocity residuals 000 025 050 075 100 125 150
. 5 pC
after subtracting rotation.

Vmax ~50/km/s \What is the nature of residuals?



Irregular Dwarf Galaxies
Kinematics: No trivial way out

® \\Ve need to model simultaneously the full velocity and
dispersion field, including asymmetries

= \\e need to estimate from spectroscopy the mass
density distribution including asymmetries and the SFH
IN order to constrain feedback

® [est dynamical stability to break degeneracy



Dwarf Spheroidal’s: Classical

® Central Density Profile
from resolved stellar
Kinematics



Dwarf Spheroidal’s: Classical and Ultra Faint
Requires galaxy modeling and observations

= number of . TN
Main sources stars with - R ;A ‘/J
of uncertainty: dspriicertined; L NN
Stellar membership, i |

shape (stellar,
dark matter)

= Common
assumption
ISOtropy=core




Missing Satellite Problem:

Klypin, Kravtsov, Valenzuela, Prada 1999,
Moore Ginghna, Governato et al 1999,
Kauffman, White, Giderdoni 1993

A quantitative comparison of # satellites at r < 400 kpc.

Klypin et al. 1999

»x  CDM Dark matter only simulations
predict ~1000’s of dark satellites
vs 10ish observed.

—_—
Qo

= Many may be tiny or even may be
void of stars (ALFALFA, HVC)
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= No problem with baryons.
Smallest Detectable by lensing:
10A7-1078 Msun




Missing Satellite Problem

L eo-P, discovered
as a Hl cloud HVC

x New searches: SDSS
(Willman; Belokurov),
DES, HI,GAIA (Antoja et
al 2016)

1 1 | | 11 | l

7

hhhhh
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“Zeran

120"

DSS-UFaint's

maller than a globular cluster



GAIA Astrometric Mission

10A7 Stars in 6
X,V,Z
VX,Vy,vZ (bright ones), rave,

Looking for missing satellites In

2

LAMOST, WeaveDESI

phase space

Antoja et al 2015, coherent kinematics +
stellar over densities, mostly nearby

dsph's anisotropy Massari 2017



Missing Satellite Problem:

» Dark Matter Physics:
WDM, Wave Dark Matter

®x Relonization and
feedback



cold (>10 keV) warm (~2keV) hot (<0.4 keV)
e.g. WIMP’s - (neutrinos)
Moore
. 2 . | ‘N
5 WDM it’ ." | '. . ‘ ' ’ | \ ' | ’ | ‘Cr.edit' Uriversity of Zurich
x Self-Interacting DM NOt Sate”rtes

»x \Wave Dark Matter: light axion, scalar field

= Gravity?



Missing Satellite Problem: . peier otal 2017
No problem with LCDM? WDM mp > Skev

All are uncertainties or baryons?

just right
' NFW

SIS

x  Corrections to simulated halos .
abundance assuming tidal b
stripping, star formation- I DMO + gal
reionization, detection rates, E:
calibrated using Galaxy Formation
Simulations

DMO 4+ gal.
GKI1T stripping

o Moster+ 2013

TABLE I (_‘l‘vlnr'l teness corrected satellite counsts
[)].(.".li‘..". o

T S Prodicted detection rates

NEW 124 kpec 124

11 o
<18 150 kpe 157 13 12 : : G Al A
ELVIS, stripped 90 k [l: 139 13 44 N Ot I n C | U d I n g |

1 ,\’ | g

mv 124 kpc 234

DMO + zal 110-158 pe 250-503 20-28 56-71
DMO 4 gal + CKLT 130-170 kpe 830-1740 4Y-6Y 104-130
1"y ;2 denores the radins that ene 3 hal” the tobal saatel ites.
*recictions for DES, wiwa | | e alter year 0, sl sensitive
arent magniludes 5 7 am:l for LSST after year
r_ a8




Strong gravitational lensing

Ooservables:
image positions + time dzlays

total mass

usiration: Zachrisson & Righe 2009

Source
unkrnown

Metcalf & Madau 2001

Dalal & Kochanek 2002
Mousiakas & Metcalf (2003)
Koopmans 2005

Sirrett et al 2017

Strong gravitational lensing

Lens Image
unknown data

can be dark!

Vegeitis- 2010, 2012
Hezaveh+ 2016
Nierenberg+ 2014, 2017
Birrer+ 2017



Method 1: Quasar flux ratio anomalies

unresolved strong lensinc from
quasar narrow ine emissicn regon

exclusion regions for a
certain type of sub-clump

small physical source size allows for
sensitivity to very low masses

Statistical statement requires a

—
1)

significant samplc size of strong lenses

_\\:.k\'
Moustakas & Metcalf (2003)
Nierenherg+2014, 2017

Encouraging but requires
many systems to
control systematics
Detailed simulations

mp >2key, thermal
constraint to WDM

Dark Matter thermal relic mass constraints
from lensing substructure

o

15

“
-

)

g.

v, Viel et al. 2014 smooth

g (Lyman-alpha lorest) prefer*ed

g. S

- ,, Polisensky & Alcottl 2011 clump
i (MW satellites) preferred
s excludec ( > 2a)

20 131 132 133 24 138
420 mas g M)
Birrer+ 2097

Method 2+: statistical analysis of

Extract features aftributed to
subsliuclure by a scarning process

gravitational imaging

Can crooe substructure &t
the sensitivity limit

HST da.a
B 2
.. '- 1 » *

- 'L 2 lg ° %

T v . "

. s
o L2 To14W+7355W

Interpretation of fectures docs not rely 01 assumptio” on
relies on simuiations number and shape cof sub-clumps

Birrer+ 2017
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Galaxy structure reacts to the properties of dark matter halo
spirals, bars, asimetries, warps, oval disks?
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Dark Matter in Galaxies may have several signatures that
requwe h|gh guality observatlons and modellng skills

NGC 5746 ~~30 l(ilc-pauccs(lo_),om light-years)

Milky Way:
Triaxial Dark Halo

& ITIIIIIIII[I1II

200 100 o 1w 20
Location along galaxy (arc seconds)

David Law

UCLA



Dark Matter explanation may require a new gravity theory
Ditferent ways to deform the space-time compared with GR predictions
Interesting ldea but the most simple versions have failed, either require

some Dark Matter or they under predict observations or they have
theoretical problems (field theory) (MOND, TeVes)
Requires more research and more quantitative observational tests. Room s
decreasing.




Conclusions

* Dark Matter hypothesis is based on the acceleration excess in galaxies and
clusters: measured with kinematics, gravitational lensing

» Baryonic undetected matter is ruled out (Deuterium) assuming General Relativity

* Independently of astronomy particle and quantum field theories show evidence of being
incomplete (neutrino oscillations, convergence of fundamental interactions at high energy
density, etc) proposals to solutions imply very often new particles that can be dark
matter.

* Dark matter searches in the sky: galaxy properties, anomalous gamma or radio emission
or cosmic rays. It is also searched in labs: scintillation or in large accelerators: missing
energy

* The answer will modify quantum field and particle physics (new), or gravity or both or
something else we are not thinking yet.

» Determining dark matter nature is one of the most critical challenges of astronomy and
modern physics

o Comparisn with galaxies a very active area, there are challenges but not contundent failure



