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2016-2018 - Planck, eBOSS/SDSS consistent with  ΛCDM

Are you??

no negligible compared with light

for crisis



Seeds for the Universe Structure

Problem: 
particles (protons electrons)  
scape out 
of fluctuaciones because interaction with 
 radition, damping fluctuations 
 (Silk Damping): Dark Matter that 
does not interact with radiation 
is required to have galaxies

fla
t

positively 
curved

negatively 
curved



All physics 
Non-linear 

Simulations Bolshoi Klypin et al

LCDM grossly reproduce 
Current Observed Universe.. 
SDSS survey

Nobel Prize 2006 
Detected  

inhomogeneities

COBE experiment

Primordial fluctuations detected (Origin?)

SDSS galaxies
M Aragón-Calvo



How do we know that spiral galaxies 
rotate? Doppler Effect from stellar/gas light



How to weight a galaxy?

Count how many stars and gas do they have 
analyzing its light: Gustavo´s Lectures 

As more luminous a galaxy is, more massive in stars it is



How to weight a galaxy?
Force Internal Spring= 
Person weight



How to weight a galaxy?
● centrípetal and centrífugas forces?

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 with rotation/v dispersion and  
using light (from stars and gas) are very 
different. Is there mass not emitting light? 
Dark Matter? Weird Geodesics?

Stars 
and gas



Galaxies rotation curves and 
velocity dispersion of galaxies  

in clusters 
both suggest that we need more  

matter 
 than the observed one

Historical Works



Tomography of galaxies: A single 
spectrum per pixel. No only 
rotation more accurate models
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   Integral field spectroscopy.

~ 10,000 galaxies SDSS

            Integral field spectroscopy.

        Long slit spectroscopy.

                      Geometrical assumptions
667 galaxies.

 Data: 
Data products from Pipe3D (Sanchez et al. 2016)

New Generation of Galaxy Surveys
Aquino, Valenzuela,Sanchez et al 2018

~ 400 galaxies VLT



Tomography of Galaxies IFU´s

Baryons 
Mass, History, feedback

Kinematics: Gas and stars,  
asymmetries

CALIFA survey, see also MaNGA, SAMI, MUSE



Gravitational Lens 
Light changes direction 
Near Massive Objects 
this allow us to weight them 

Prediction from GR
Visible like  
bright arcs

Null Geodesics

allows to 
estimate projected  

mass inside



Galaxy Clusters  
Bright arcs—> gravitational lens
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Apparently all galaxies have 
extra acceleration ( dif methods)

Milky Way
Aquino, Valenzuela, Sanchez et al 2018

central dynamical mass vs central stellar mass, acceleration excess 



Gravity center does not coincide with the visible density center
There is something else producing gravity

Bullet Cluster
Strong Test





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



Dark Matter Ultimate Definition

— Excess of gravitational acceleration (curvature) 
in galaxies/clusters with respect to the 
acceleration that luminous matter will create if 
Newton and Einstein theories were correct. 

— Delay on Silk damping of primordial fluctuacions 

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

— Alternative?? 



Is there something wrong? 
Debate

Observational/ 
Experimental Problem? 

What do we do? 

Cosmologist are 
suspicious?? 

Dynamicists?? 

Too good/ugly to be true 

Your proposal here… 





Astrophysics indicates that dark matter phenomenology 
 and requires new physics



Hierarchy



Challenges Particle and Fields Physics

▪ Hierarchy
▪ Neutrino Oscillation….
▪ CP violation
▪ Quantum Scalar fields
▪ Every solution involves new particles



Hierarchy Problem

Supersymmetry? Neutralino Lightest stable particle, 
Gravitino?



Neutrino Oscillation—> massive 
 2015 Nobel Prize

Sterile Neutrino: Makes standard neutrinos to oscillate?



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 
! Particle Physics 
! Q. Field Physics 

! Gravity Physics

! Clusters,Galaxies 
! Sneutrino,           .. 
! Scalar Field, 

BoseEinsteinCondensate 

! MOND,TEVES,f( R), DGP, 
GALILEONS



Some DM Particle 
Candidates

! Neutralino 

! Axion: No gamma-ray, 
radio 

! KK particles 

! Wave/Axion like dark 
matter 

! SNeutrino

! Majorana Particle: 
Selfanihilation into 
gamma rays. Mass  
Gevs 

! Mass in Tevs 

! Mass much less than 0.1 
ev 

! X rays 



¿How to search/constrain for 
dark matter?

• Direct detection 

• Accelerator 

• In the sky: at least 2 strategies 

•



Direct detection
Collision with dark matter triggers

Nuclei recoil that emits light
low cross   section and particle mass 

requires 
large amount of material

σ



December
30 km/s

~ 232 km/s
60°

June
30 km/s

Bernabel 2008
Drukier, Freese, Spergel PRD86
Freese et al. PRD88

• vsun ~ 232 km/s (Sun velocity in the halo) 
• vorb = 30 km/s (Earth velocity around the Sun) 
• γ = π/3 
• ω = 2π/T        T = 1 year 
• t0 = 2nd June (when v⊕  is maximum)

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

v⊕(t) = vsun + vorb cosγcos[ω(t-t0)]

The annual modulation: a model independent signature for the 
investigation of Dark Matter particles component in the galactic halo

1) Modulated rate according cosine 
2) In a definite low energy range 
3) With a proper period (1 year) 
4) With proper phase (about 2 June) 
5) For single hit events in a multi-detector set-up 
6) With modulation amplitude in the region of maximal sensitivity must be 

<7% for usually adopted halo distributions, but it can be larger in case 
of some possible scenarios

Requirements of the annual modulation

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

With the present technology, the annual modulation is the main model independent signature for the DM signal. Although 
the modulation effect is expected to be relatively small a suitable large-mass,  
low-radioactive set-up with an efficient control of the running conditions would point out its presence.

DAMA_LIBRA



Direct Detection Experiments

▪Elastic scattering between 
WIMPs and target nuclei 

▪In the past  years, we have 
seen an order of 
magnitude improvement in 
sensitivity

Current Status

CDMS

ZEPLIN, CRESST, WARP, 
Edelweiss

XENON



Next years

Also DAMA Libra is 
being reproduced by
independent groups



The Indirect Detection of Dark Matter

1.WIMP Annihilation     
Typical final states include heavy  
fermions, gauge or Higgs bosons 

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

χ
χ

W+

W-

e+
ν q

q

p

π0

γ γ

gammas

cosmic ray, neutrinos



New Indirect Detection Results!
(When it rains it pours)

Pamela, 
cosmic Rays 
Excess

IceCube, 
neutrinos

Fermi/Glast



Indirect Detection Neutralino: Spectrum and Flux

Several sources of uncertainties, of several order of 
magnitude! Distance to the source plays a big role for 

detectability

The γ-ray flux [photons•cm-2 •s-1 •sr-1] above a threshold energy E0 is 
thus calculated:

Pointing angle Telescope angular acceptance

FLUX uncertainties: 
• Astrophysical: strong dependence on the spatial distribution of the 

amplification region " Modelization of the dark matter radial 
profile and its evolution necessary 

• Particle Physics: cross section and branching ratios



 Candidates for observation

High M/L dwarf 
spheroid galaxies 

Draco  
Uma:Ultra Faint 
Dwarfs 

Globular 
Clusters

Mini-spike 
Model 
Unidentified 

EGRET SOURCES 
High galactic latitude



 Dwarf spheroidal galaxies
Galaxies with  
!high mass, low luminosity (M/L) 
!low stellar gas, dust content 
!have large DM content  
" good candidates for DM search 

!CLEAN from other astrophysical 
emitters 

 "reduced background

Two possible candidates: 
!  Draco 
!  (Ursa Major)



More concentrated Substructure 
the same Density profile



Is there a galaxy here?

Controversial still

Reticulum2



• The most massive globular cluster in the MW 
• 5 Kpc from us 
• Stellar population suggest is a galaxy¿? 
• compact and closer than dsph´s 
• Light profile and kinematics may indicate a cusp maybe an IMBH 

• Detected  Gamma Ray Excess with no 
explanation

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

with Gonzalez Morales
Oleg Burgueño
Javier Reynoso

S Profumo
A  Geringer-Sameth



22 GHz

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

“The WMAP Haze”





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 

• Study halos properties:  

• Theory:Simulations, statistical tools 

• Observations? Hard 

•



Statistical Theory.

Halo abundance



Halo internal structure

Halos are cuspy
density grows
towards  the

center
they are

broken power laws
why??



Halos substructure
Satellites



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



Millenium Simulation

Virgo Consortium

500 Mpc

1e10 particles

1kpc/h resolution

XXL 4.1 Gparsecs







Simulations required improvement
if they try to be compared with observations









Well …some deviations



Elongation: 
Massive Halos 

are more elongated 

Fraction of Support by rotation 
Spin parameter

Muñoz Cuartas et al 



Looking at  the sky 
Distribution at large scales. DM must look like CDM

Good agreement from                             
1Mpc- some Gpc´s 

< 1 Mpc. Signature of 
Baryons and DM 
Physics ?



Summary
• Cosmological Nbody simulations showed that galaxies 

live inside: 

• Cuspy, Non-spherical halos, with a lognormal distribution 
of support by rotation 

• Halos abundance is well characterized a low z by a 
compact function (Shet-Tormen) and at high z there is a 
change with the behavior, that may be contrasted with 
observations. 

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

Let´s compare 
with 

observations
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Vc profiles - Halos+Bariones.Vc profiles - Halos.

Oman et al. 2015

Halo mass function. Circular velocity function.

 Motivation:
LCDM Robust predictions.  
Halo-Galaxy connection.

Rodriguez-Puebla et al. 2017

Sensitive to  
the baryons.

After many tests robust predictions
V2

c = (GM(R)/R)Halo abundance

Rotation
curve shape

Halo density profile



Circular Velocty  
Function

One the most robust predictions of Structure Formation Model (Numerical 
convergence, Cosmic Variance, environment. Sensitive to DM Physics: 
LCDM, LWDM, Wave Dark Matter-light axion, Gravity Screening…?) 

 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. 

Traditionally HI 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 
emission line width in radio 

Bekeraité et al 2017 
stellar kinematics, cosmological simulations



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

WDM Zavala 2009 vrms 
accuracy 

volume 
correction 

modelling



From Galaxy Kinematics to 
Density Profiles

Bright Dwarfs (Irregular gaseous) 

Classical Dwarf Spheroidal 

NGC 2976 NGC 5963

NGC 5949



Irregular Dwarf Galaxies 
Kinematics
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? 

THINGS/Little THINGS Galaxies: 
Radio observations 10-20 galaxies. 
Results are different if we use an 
optical tracer. Deviations from 
rotations neglected or filtered out 

Numerous Analysis:  

Typically 4-10 galaxies per sample. 
Different instruments. Translating 
between different instruments non 
trivial

Moore 1994,  
Flores & Primack1994V2

c = (GM(R)/R)

Mismatch?
Problem for

LCDM
Generated many
papers by 24 yrs



 The Central Density Problem

• Parameterize density profile as ρ(r) ∝ r -α 
• Observations suggest α ~ 0 (constant-density core) 
• Simulations predict 1 ≤ α ≤ 1.5 (central cusp) 
• Simulations with baryons predict 0.5 ≤ α ≤ 1 (shallow cusp)

cusp core



Irregular Dwarf Galaxies 
Kinematics

Oman et al 2015, 2017 PhD thesis, 
diversity at the same mass, core 
importance correlates with non-
circular motions 

Valenzuela et al 2007, Rhee et al 2014. 
High res simulated dwarf hydro, SN 
feedback,   inside a cuspy halo: 
Rotation consistent with a core. 
Asymmetric Drift like correction 
may fix things.Thermal Pressure 
support hard to normalize.  

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-
circular motions 

NGC 2976

NGC 6689

NGC 5949

NGC 4605

NGC 5963

Five galaxies: α

0.01

0.80

0.88

0.88

1.28

,1, 0.6

Adams et al 2014 SFH fixes Baryons mass,   

Simon et al 2005 non circular motions

different studies



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

Valenzuela et al 2007, 2014

Vcirc

Vrot

Hydro galaxy simulations 
Nbody, SF, Feedback



MaNGA/SDSS Dwarf and Bulgeless 
Galaxy sample project ongoing 

Cano-Díaz, 
Aquino,Pérez, 

Pichardo,Velázquez,  
Sánchez, Ibarra

Large sample 
Controlling SF history 

Feedback 



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

Velocity residuals 
after subtracting rotation. 

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



Irregular Dwarf Galaxies 
Kinematics: No trivial way out

We need to model simultaneously the full velocity and 
dispersion field, including asymmetries 

We need to estimate from spectroscopy the mass 
density distribution including asymmetries and the SFH 
in order to constrain feedback 

Test dynamical stability to break degeneracy



Dwarf Spheroidal´s: Classical

Central Density Profile 
from resolved stellar 
kinematics 



Main sources 
of uncertainty: 
Stellar 
kinematics 
anisotropy, 
rotation, 
dynamical 
equilibrium,  

number of 
stars with 
dsph certified 
membership, 
shape (stellar, 
dark matter) 

Common 
assumption 
isotropy=core 

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



Missing Satellite Problem:         
Klypin, Kravtsov, Valenzuela, Prada 1999,  
Moore Ginghna, Governato et al 1999,  
Kauffman, White, Giderdoni 1993 

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

Many may be tiny or even may be 
void of stars (ALFALFA, HVC)  

No problem with baryons. 
Smallest Detectable by lensing: 
10^7-10^8 Msun



Missing Satellite Problem: 

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

Leo-P, discovered 
as a HI cloud HVC

SDSS-UFaint´s 
smaller than a globular cluster

DES



GAIA Astrometric Mission

10^7 Stars in 6D 
x,y,z 

vx,vy,vz  (bright ones), RAVE, LAMOST, WeaveDESI

Looking for missing satellites in 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 

Reionization and 
feedback



WDM 

Self-Interacting  DM 

Wave Dark Matter: light axion, scalar field 

Gravity?

Not satellites

Moore



Missing Satellite Problem: 
No problem with LCDM? WDM mp > 8kev 
All are uncertainties or baryons?

Corrections to simulated halos 
abundance  assuming tidal 
stripping, star formation-
reionization, detection rates, 
calibrated using Galaxy Formation 
Simulations

Kim, Peter etal 2017

Predicted detection rates 
Not including GAIA



Birrett et al 2017



Encouraging but requires  
many systems to  

control systematics 
Detailed simulations

mp >2kev, thermal 
constraint to WDM 



Fine  Structure of Galaxies



Galaxy structure reacts to the properties of dark matter halo 
spirals, bars, asimetries, warps, oval disks? 

How galaxy disks react to non-spherical, clumpy halos?? 
Any idea?



Dark Matter in Galaxies may have several signatures that 
require high quality observations and modeling skills



Dark Matter explanation may require a new gravity theory 
Different ways to deform the space-time  compared with GR predictions   
Interesting Idea 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 is 
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. Your suggestion here…

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

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


