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What we know is 
only  
4-5% 

of the energy density 
of the Universe 

A mysterious Universe 

Which  
Dark Matter? 

What is  
Dark Energy? 



Surprise 1998: 
An accelerating Universe!                       

2	
  Collabora)ons	
  with	
  SNIa	
  	
  
	
  SCP	
  +HST	
  



Cosmology: Measuring distances with 
standard candles 

   D(t) = a(t) D(t0) 

Cosmology: additional a(t) scale factor 

a(t) = a0(1+ H0t -1/2 q0 (H0t)2 +  …) 

H0 = Hubble parameter  measures the expansion rate of the Universe 
H0=  ( a/a)0  = 100 h  km/s/Mpc   h=	
  0.71	
  +/-­‐	
  0.025	
  (?) 
 
q0 = deceleration parameter   
 

A Universe with only matter is expected to decelerate 

SN 1996 

. 



Supernovae type Ia  
Best  known «  standard »  candles  

   SNIa : 2 stars 
accretion (a white 
dwarf +…)  

           è 
Chandrasekhar mass 
1.4 MO 

Red giant 

White dwarf 

Chandrasekhar mass 1.4 
MO 

Detailed explosion physics not clear yet. Worth studying! 

Different SNIa progenitors?   



Surprise 1998: 
An accelerating Universe!                       
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Determination of cosmological parameters 

Different	
  possible	
  
parametrisa;ons	
  
w(z)=	
  p/ρ 	


=	
  w0+w’z	
  
=	
  w0+w1z	
  
=	
  w0	
  +	
  wa	
  z/(1+z)	
  

• 	
  Cosmological	
  Fit	
  

–  	
  From	
  Hubble	
  diagramme	
  ,	
  	
  one	
  can	
  find	
  the	
  best	
  cosmological	
  
model	
  parameter	
  agreeing	
  with	
  observa;ons	
  :	
  

è	
  determines	
  then	
  	
  the	
  parameters	
  characterising	
  DE	
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Combination of probes  
to constrain cosmological parameters 

Concordance Λ-CDM model ! 



Lambda: Cosmological Constant 

The most general form of Einstein’s equations 
has a constant,  

a priori arbitrary 

Rµν-1/2 gµν(R-Λ) = 8π G Tµν	



Eisntein’s equations 

Introduced by Einstein  in 1917 paper  NOT to keep the Universe constant,   
But to define limiting conditions at infinity!  



Cluster counts 

Supernovae 

Baryon Wiggles 

Cosmic Shear Angular diameter distance 
Growth rate of structure 

Evolution of dark matter perturbations 

Standard ruler 
Angular diameter distance 

Standard candle 
Luminosity distance 

Evolution of dark matter perturbations 
Angular diameter distance 
Growth rate of structure 

The concordance model stands quite strong! 

CMB 
Snapshot at ~400,000 yr, viewed from z=0 

Angular diameter distance to z~1000 

Growth rate of structure (from ISW) 



Current	
  SNIa	
  cosmological	
  constraints	
  on	
  DE	
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With all systematics

SNLS 3-year results (Conley et al 2010, Sullivan et al 2011, Guy et al 2010),  

w (=P/ρ) = -1.06 +/- 0.07  
(including systematics, assuming flat 
universe with WMAP7, BAO and H0 

constraints) 

Compilation of 472 SNeIa 
123 low-z, 93 SDSS, 242 SNLS, 14 HST 
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SNIa cosmology 

Nearby SN  now  

 
 
 
 
 
 
 

Waiting for  SNI thousand SNIa scale  space programs  
(EUCLID  in Europe, WFIRST in US, 2m in China?)    
 

And/or … Chinese Antarctica Dome A project? 
 

•  Different classes of SNIa, average magnitude may 
depend on environment, redshift …  

May have impact on  precision cosmological parameter 
determination 

•  Precision :  aim for 1% è  calibration issues 



Nearby SNFactory 
National Energy Research 
 Scientific Computing Center  

Discovery: Two cameras (one wide field)  1.2 
m ground based telescopes:   NEAT/QUEST 
 Lightcurve follow-up with  YALO  
 Photo-spectro follow-up with Field Integral 
Spectrometre  (SNIFS) at   UH 2.2m telescope 
(Hawaii) 



The European EUCLID space project 
http://www.euclid-ec.org 

Will provide best constraints on DE parameters  with multi-probe 
combination + studies of DM (weak gravitational lensing) 



FOM > 200 

Proposed SNIa DESIRE survey with EUCLID 

CC. Tao is co-lead of transients SWG 



Dome A Kunlun Telescopes 

Advantage: great seeing! 

Expect: 0.3 arc sec, eg almost  

2 – 50cms telescopes being installed right now in  Dome A   



Antarctica  
for future science not realistic in space  



Large Scale Structures Correlations 

SNIa: Best single probe till 2013  
Now  BAO (Baryonic Acoustic Oscillations)  

with SDSS/BOSS results  

Anderson et al, 2012 

Galaxy-galaxy correlations  



eBOSS(SDSS4) started in August 2014 

• 

http://www.sdss3.org/future/eboss.php 

C. Tao + Zhao Cheng + Liang Yu 



Quasar reverberation mapping with BOSS/eBOSS 

THCA:  C.Tao + Gao Yang + Sun Jiayi +… 

•  Motivation: expanding the RM AGN 
sample in both size and luminosity 
range 

•  Simultaneous monitoring 849 
quasars at 0.1<z<4.5 in a single 7 
deg2 field with the SDSS-BOSS 
spectrograph 

•  Dense photometric light curves since 
2010- 

AGN and quasars:  
a new cosmology probe? 

PI: SHEN Yue  



暗物质的天体物理与宇宙学研究 
Astrophysical and  

Cosmological Determinations of  
Dark Matter   

THCA  
Charling Tao (and Shan Huan Yuan)  

Collaboraton  with 
+ IHEP 
+NAOC 
+PKU 
+… 

•  Analyze existing CFHT data 

•  Prepare for Large scale surveys. 
MS-DEsI, LSST, EUCLID, KDUST, … 
 



Graph source: Wikipedia 

What we know is only  
4-5% 

of the energy density 
of the Universe 

New Paradigm 

Concordance	
  Model	
  ΛCDM	
  

A mysterious 
Universe ! 

Which  
Dark Matter? 

What is  
Dark Energy? 



Wealth of evidence for DM is astrophysical 
n  Galaxy rotation curves (V. Rubin)  
n  Dynamics of galaxy clusters (Zwicky) 

n  Gravitational lensing mass reconstruction 

n  Bullet cluster  (Clowe+,2006) 



Wealth of evidence for DM is astrophysical 
n  Galaxy rotation curves (V. Rubin) HI? 
n  Dynamics of galaxy clusters (Zwicky) 

n  Gravitational lensing mass reconstruction 

n  Bullet cluster  (Clowe+,2006) 



A. Bosma 



A. Bosma 



P.  Salucci, NAOC 2014 



Some numbers ... 

A galaxy like the Milky Way or Andromeda has a total visible 
mass of about 6×1010 Msun. 

-  rotation velocity is ~220 km/sec 
-  radius about ~30 kpc 

Newton: 
 
 

⇒ total mass: 3.3×1011 Msun 
 

⇒ ⇒ ~5 times more dark mass than visible 
è Local density  0.3- 0.4 GeV/cm3 ~ 10-2 Mo/pc3? 

G
RvM

R
GMv

2
rot

rot =⇒=



 Dark Matter: 
What do we really know? 

DM common paradigm:         it exists! 
  
-  Contributes to  energy density in the Universe,  
- Measured  in clusters and galaxies 

DM:  - particle that does not emit observable radiation  
         -  interacts gravitationally… 
         -  non baryonic 

Assuming standard Big bang Cosmology with General Relativity 



The Universe energy density content 
after Planck 

Wikipedia  

Matter   today  ~ 31.7%  
energy density of the Universe 

 
84.5% of the matter is dark matter 

 

% precision 

Cf  Planck march 2013 papers 



What do we know about  
the nature of DM? 

 Particle :   stable?   
                   mass?  
                   interaction cross-sections? 
                   charge?  
                   spin ? 

Constraints from non-observation 
 in direct/indirect/LHC searches 

AND 
Observations in Astrophysics / Cosmology 



<2000: Nature of DM 
Hot or Cold? 

 
 CDM is non-relativistic  
   at decoupling, forms  
    structures in a hierarchical,  
    bottom-up scenario. 
 
 HDM is tightly bound by 

observations  
and LSS formation  

 
   



Collaboration VIRGO 1996 
http://www.mpa-garching.mpg.de/~virgo/virgo/ 

ΛCDM 

SCDM 

τCDM 

OCDM 

OMEGA = 0.3 
LAMBDA = 0.7  
H0 = 70 km/(Mpc sec) 
Sigma8 = 0.9  

OMEGA = 1 
LAMBDA = 0 
H0 = 50 km/
(Mpc sec) 
Sigma8 = 0.51  

OMEGA = 0.3 
LAMBDA = 0  
H0 = 70 km/(Mpc sec) 
Sigma8 = 0.85  

OMEGA = 0.3 
LAMBDA = 0 
H0 = 50 km/(Mpc 
sec) 
Sigma8 = 0.51  

Comparisons of LSS observations  with  
pre-2000 N-body Simulations prefer CDM 



N-Body simulations: CDM 
Preferred  paradigm: CDM 

Most N-Body simulations use stable CDM halos as seed for 
structures: 

            structures evolve, merge and cluster 
 
-  Properties of CDM halos  

-  cuspy density profiles,  
-  Triaxial halos 
-   central density  depends on the mass of the halo.  

 
 



~2000 :Problems with CDM at small scales 

Comparing data with N-body   
Simulations   
•  Galactic satellites 
•  cusp/core at GC 



Universal Density Profile 
from N-body simulations 

 
NFW  

Navarro, Frenk, White 1996 

Cusp 

Dark matter distribution—Density profiles 



Galaxy profiles prefer core at center  

CDM Simulations  è cusps 
(Navarro, Frenk, White 1996): 

Observations favour  
Core profile  

rotation curves 

Problems at smaller scales? 



Predicted number   

Observed number 
of luminous 

satellite galaxies 

Satellite galaxies are seen in Milky Way, e.g. Saggittarius, MCs 

20km/s 100km/s 10km/s 

Too low number of visible Satellite galaxies  



Alternatives to CDM 

•  Self-Interacting Dark Matter (Spergel & Steinhardt 2000)  

•  Strongly Interacting Massive Particle  

•  Annihilating DM 

•  Decaying DM (eg. Zhang XM+) 

•  … 

•  WDM: reduce the small scale power 

Norma G.Sanchez, Hector J. de Vega+…  Chalonge series 



>2000: Nature of DM 
(Hot or) Cold or Warm? 

 
 CDM is non-relativistic  
   at decoupling, forms  
    structures in a hierarchical,  
    bottom-up scenario. 
 
 HDM is tightly bound by 

observations  
and LSS formation  

 
   WDM 

10 h/Mpc, keV 



Limits on mass of eventual WDM particles 

•  Stellar dynamics in MW satellites (Boyanovsky, de Vega, Sanchez 2008; 

de Vega and Sanchez 2009) 

•  High-z QSO LF (e.g. Song and Lee 2009) 

•  Ly-alpha forest to constrain P(k) at small scales and different z’s 

(Most popular method: Narayanan et al 2000; Viel et al 2005;2008) 

•  Ly-a + SDSS results (Boyarsky et al 2009) 

•  QSO lensing ( Miranda & Maccio 2007 ) 

•  Abundance of dwarf satellites of MW (Maccio & Fontanot 2010; 

Polysensky & Ricotti, 2010) 

è  Mass WDM  ~ 1- 5 keV 



A fashionable (?) candidate: 
           Sterile neutrinos 



 
• "missing satellite problem'',  
• ''cusp-core problem'’, 
•  “Too big to fail” 

•  mini-voids  The sizes of mini-voids in the local universe: an argument  
in favor of a warm dark matter model? Tikhonov et al. 

• HI determinations of velocity function profiles    
N-Body simulation  Comparisons with Virgo results by Arecibo Legacy 
(ALFALFA) 
 

“Evidence” for WDM ?  



Problems with CDM at small scales ? 

Problems with CDM can perhaps 
be solved with : 
-   New measurements 
-  Better resolution   
-  Additional  physics in N-Body 

simulations (SN, AGN feedback, 
stellar winds…) 



Missing satellites: CDM way out 

•  satellites do exist, but star formation suppressed (after 
reionization?) 

•  satellites orbit do not bring them to close interaction with disk, so 
they will not heat up the disk. 

•  Local Group dwarf velocity dispersion underestimated 
 
•  Galaxies may not follow dwarves 

Halo substructures may be probed by  
-  Lensing 
-  local Milky Way structures 



More faint or dark galaxies discovered 
Eg, Belokurov et al, 2010   



Ma Chung Pei, 
Chang, P., 
Zhang, 2009 

Einasto vs NFW 

CDM Simulations  
 è cusps 
rather Einasto  
profiles than NFW 



Nature of dark matter or 
astrophysics process? 



Caveat: Strong Reliance on N-body simulations    
might be misleading! 

More recent comparisons of WDM and CDM simulations. 
eg   Gao+, Jing+ , Guo Qi,  Yepes+ ,  

- Non-linear collapse of WDM structures 

N-Body simulations with baryons 

Jing Y. (2005) 



Some Issues 
•   Galaxy evolution alters DM halos and  the matter power 

spectrum . 
Rudd, Zentner &  Kravtsov, Effects of Baryons and Dissipation on the Matter 

Power Spectrum (2008);  
Pedrosa,Tissera, & Scannapieco, The joint evolution of baryons and dark matter 

halos, (2010);  
Scannapieco +, The Aquila Comparison Project: The Effects of Feedback and 

Numerical Methods on Simulations of Galaxy Formation, arXiv:1112.0315. 

•   Most of the simulations   (even today) are DM-only  
- DM halos  extremely sensitive to the implementation of the 

galaxy physics in the codes.  
 - DM halo morphologies  and galaxy properties  need   

resolutions:  giant molecular cloud (GMC) sized regions . 
 
But a lot of concern/work   in the last years 
(leading contributions from  Chinese astrophysicists!) 



What we know: 
 

Comparisons of observations with 
 N-body Simulations today  

prefer  
Non-Hot DM  

 
Cold  or Warm DM 

 is a challenge for the next years… 



Eg, Gao Liang NAOC Oct 2014  
Sino French meeting 

Missing satellite problem: solutions degenerated 
Core/Cusp: seems not relevant to the nature of dark 

matter 
Too big to fail problem: solutions also degenerate 
 
Surroundings of high z galaxies hide important information 

of the nature of dark matter 
 
 
 
 
 



Gao Liang NAOC Oct. 2014 

Observations of a stringy  
appearance of high z galaxies 
will rule out CDM 

This star formation model 
Is NOT included in any current 
galaxy formation models.  

Many arguments against WDM 
should be revised. (Reionisation, 
Lya PS, satellites abundance …) 

Mpc/h 
M

pc
/h

 

Gao, Theuns, Springel, 2014 



Baryon physics (eg.,AGN feedback) 
affects Matter Power Spectrum 

Semboloni+ (2011) 
Van Daalen+(2011) 
Shale + :OWLS simulation 
 
è Consequences on WL 
cosmological parameters fits 



keV WDM effect around k=10 h/Mpc 



Baryon effects  
different from low mass standard model 

neutrino effects 

Semboloni et al. 2011 

 



Very different DM  candidates 
Modified 
Gravity 

1Neutrino 

      2. WIMPs 
Weakly interacting 
massive particles 
    10-1000GeV 
 

3. Light axions 

SIMPs 

Exotica 

MACHOs 
Black holes 

dust Cold Molecular 
Hydrogen 



Snowmass  
2013 



Why WIMPs?  
“WIMP”=  “Weakly Interacting” Massive Particles 

 
G. Altarelli (2013) :  

« still most optimal candidates !» 
 

Arguments in the 1980’s: 
 

•   Need for Cold Dark Matter from Large Scale 
Structures 

•  Very good Particle physics candidate: SUSY LSP 
•  Weak neutrino size cross sections expected which our 

detectors Ge, NaI were sensitive to… 



Particle physics preferred DM: 
SUSY Neutralinos ? 

€ 

χ =α ı γ + β ı Z + γ ı H 1
0 +δ ı H 2

0

Look everywhere  possible ! 
Direct and Indirect 

Detections 

•  A natural particle physics solution  
•  Stable linear combination gauginos and higgsinos (LSP) 
 

•  SUSY > 7 parameters MSSM è no predictive power 
•  Experimental Constraints  LEP, pp, b-->sγ, + LHC  ... 



WIMP searches > 30 years 

Mχ	

 MN 

Ge, Si, NaI, LXe, … 

Direct detection Indirect detection 

Accelerator particle 
production,  
eg,  LHC 

ν, γ, p, e+	



χ	



NO convincing signal found yet ! 



WIMP searches:  Direct detection 

Mχ	

 MN 

Ge, Si, NaI, LXe, … 

•  Principle : (Goodman and Witten,1985, Drukier and Stodolsky 1984) 

• Elastic scattering of galactic DM off detector nuclei 

                                       Nuclear  recoils of a few keV  

•  Need of signatures for identifying galactic origin  

–  Annual modulation  with MASSIVE detectors 

–  Dependence on nucleus 

–  Directionality : low pressure TPC? 

•  Rates: Weak interactions  or smaller 

dR 
dE R 

= Ro 
Eor 

e -ER/Eor 

recoil  
energy 

incident  
energy 

kinematic factor  
= 4MχMN/(Mχ+ MN)2 

event rate per  
unit mass 

total event rate  
(point like nucleus) 

1 2 3 4 5 6 7 8 9 10 0 
E/(E0r) 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
•  Exponential recoil energy distribution 



Differential rate for WIMP elastic scattering 
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Ionization                               Scintillation 

NaI, 
CaF2, 
LXe, 
… 

   Phonons 

Liquid Xe 

CaWO4,  
BGO, … Ge, Si 

Al2O3, LiF, … 

Ge 

target 

Elastic scattering off nuclei 

WIMP 
WIMP 

WIMP direct detection schemes 
with and w/o background rejection 

mixed detections 

•  He 3 detector 
•  Superconducting granules 
•  Freon aerogel 



Opportunity in Jinping, Sichuan 
for direct detection DM detectors 

Yue Qian 岳骞 



Great mountain coverage 



C1A 1kg-PPCGe + NaI(Tl)	

Bulk/Surf Discrimination	
 Q.Yue et al., arXiv:1404.4946. (2014) 

Accepted by  Physical review D (RC)	


ü The best sensitivity by PCGe in the world; 
ü Exclude the regions favored by CoGeNT. 

CDEX-1 experiment	


Oct. 21-24, Sino-French LIA-ORIGINS Workshop in 2014 @ Beijing 



CDEX: reaching  best present Ge limits  
in < 5 years! 

Cosmogenics Ge-68 has 270.8 days half-life! 
1 kg crystal 
 
Y.Qian et al., arxiv 1404.4946 



Panda-X: inauguration  end march 2014 

Ton scale liquid Xenon  two phase (liquid and gas) TPC  
Project lead by SJTU 

Results already in summer 2014 





CJPL Extension : 5 more cavities in 2015! 

•  Four 14m*14m*120m 
tunnel 

•  20 times larger than 
CJPL-I 



Direct detection Current Situation (Sep 2014) 
 

CDMS II Ge  (2009)


Xenon100 (2012)


CoGeNT

(2012)


CDMS Si

(2013)


DAMA
 SIMPLE (2012)


ZEPLIN-III (2012)
COUPP (2012)


LUX (2013)


8B

Neutrinos


Atmospheric and DSNB Neutrinos


7Be

Neutrinos


CRESST (2014)


EDELWEISS (2011)


Some comments, though… 



Usual assumptions of DM distribution in our 
Galaxy 

Usual η ψποτηεσισ
ρDM= 0.3 GeV/cm3, β=10-3,
Maxwellian distribution  of 
velocities, vrms=270 km/s

vSun=220 km/s
? 

« Simplified Model »of  Matter in 
our Galaxy: SMMG   

Used for most comparisons…  

But is it the reality?  Clumps? Corotation? 



Galactic scale N-body simulations 
with Baryons 

Ling+ 2009 Dark Matter 
Direct Detection Signals 
inferred from a 
Cosmological N-body 
Simulation with Baryons  

 
 è 2 DM populations :                 

halo DM +disk DM 
è  only measurements  
           can tell 



Future:  directional detectors? 

How to convince ourselves a signal is from galactic DM? 
 DM signal signatures  
               - Detection with >2 nuclei 
              - Correlation  with Galactic Center 
              
è   Directionality important 
     Can help with solar neutrino floor!  
         

76 



And old idea: 
Dark matter detection with 

 hydrogen proportional  counters 

Comments : for some DM types eg SD couplings 
  not Mass but Number of nuclei is important 

G. Gerbier, J. Rich, M. Spiro, C. Tao 
Nuclear Physics B - Proceedings 
Supplements 
Volume 13, February 1990, Pages 207-208 



Best Directional DM detector 
project todate:  

MIMAC 1m3 in preparation 

Grenoble Daniel Santos et al… 



Tsinghua + IHEP  + Europe + Canada collaboration  
for neutrino and DM 

C. Tao + Dai ChangJiang + Liu Ruoqing + Tang Chenyang + Tao Yi+ Wang Wenxing 



CDMS II Ge  (2009)


Xenon100 (2012)


CoGeNT

(2012)


CDMS Si

(2013)
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Neutrinos
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CRESST (2014)


EDELWEISS (2011)


80 

Higgs  

Asymmetric 
Dark Matter 

Direct detection Current Situation (Sep 2014) 
 



2500m2500m

300m300m

50m50m

Electro-opticalElectro-optical
underwater cableunderwater cable
        ~40km        ~40km

Junction boxJunction box

Readout Cables Readout Cables 

Shore stationShore station

anchoranchor

floatfloat

Electronics Containers Electronics Containers 

~60m~60m
Compass,Compass,
tilt metertilt meter

hydrophonehydrophone

Optical M Optical M odulesodules

 acoustic detector acoustic detector

Cerenkov Light
µ track

Bioluminescence
K40 

Light Sources 

WIMPs Indirect 
Detection 

ν, γ, p, e+	



χ	



- 



ν	



χ     Sun, Earth, 
Galactic center, 
clumps? 

Indirect Detection: Principle 

 
SMMG 

 

Accumulation 

+ 

Annihilation 

Astroparticle detectors: 
positrons, antiprotons,  antideutons 

gammas, neutrinos 

Possible final states: τ+τ-,  lepton pairs, 
qq, WH, ZH, WW, ZZ ; Hadronisation 
and decay 

Non dedicated experiments Need discovery at accelerators!  

Still hope at LHC ? 

Astrophysical  origin of observed 
signals,eg, AMS,  are hard to 
exclude  



DM searches: a summary 

- No convincing signal todate ! 
-  Exclusion/discovery plots are interpretation dependent! 
-  Once a signal is found (ie    > 5σ statistics)   
              need  confirmation  by different signatures  ! 
 
-  Direct Detection:  floor from solar neutrino scattering 
-  Indirect Detection: many signals –  
    Cannot exclude easily conventional astrophysics solutions 

-  Beware of assumptions for absolute exclusions!!! 



 Dark Matter: 
What do we really know? 

Or do we even really know it exists? 

DM:  we know it exists!  
But not much more… Need data!!! 

DM:  - particles that does not emit observable radiation  
         -  interacts gravitationally… 
         -  non baryonic 



Alternatives to DM? 

Not so many models any more,  but still…  
some are still doubting: 
eg  http://www.astro.uni-bonn.de/~pavel/kroupa_SciLogs.html 
Famaey & Mc Gaugh Living Reviews in Relativity, vol. 15, no. 10 2012 
 
-  MOND- Milgrom /TEVES-Beckenstein  needs neutrinos to explain 

Bullet Cluster… 
- MOG : Moffat and collaborators 
   Scalar-Tensor-Vector Model of gravity : “few parameters can explain 

away DE and DM”.  

- GR with torsion 
 



MOND 

Milgrom  MOdified Newtonian Dynamics (MOND)  

                 for flat Galaxy rotation curves  
 
modification of Newton’s law  at very weak accelerations, 
 
             µ(a/a0) = M G / r2  = aN        where     µ(x)=1 , x >> 1  
                                                                         =x,  x << 1  
 
                                 a0 ~ 1.2 A/s2 

A model without dark matter 



MOND = phenomenological model  

- Violates  equivalence principle 

-  Violates conservation of momentum 

-  Violates Lorentz invariance 

-  Violates  Cosmological Principle 

-  …. 

Effective theory? 

Excludes it ? 

or 

More interesting? 

Bekenstein astro-ph/0403604,  a coherent scalar-tensor theory? 

TEVES a tensor-vector theory 

-  Fits all rotation curves  with 1 parameter variable: galaxy 
M/L  

-  Predicts  Tully Fisher  Mass-rotation  (R. Sanders) 

M prop v4 

-  Fits CMB without CDM    S. Mc Gaugh 



Universe with Torsion 

- Extension to GR:  
       in  simplest CARTAN model :  
                     (eg, Schucker and Tilquin, 2012)  
  Lambda/DE still needed but… DM reduced (to zero?) 
 
-  Difficulties with many extensions 
eg  Gauss theorem not valid, pathologies… 



N-body simulations  
with no DM? 

-  Modified gravity f(R) 
simulations often have DM 

-  MOND/TeVes (Zhao 
Hongsheng, N-Mody,… ) 

      Status? 
- Torsion model, etc…? 
 



Summary: What do we know about DM? 
•  Astrophysical observations  
          è existence of non baryonic Dark Matter  
•  N-Body simulations and Observations of LSS  
          è existence  of not-hot DM?                  
 
.  Many problems with CDM simulations can be solved with 

    O(1keV) WDM or Baryon physics ? 

•  More work on baryonic N-body simulations needed! 

 Particle physicists  love CDM  
 but need to find CDM 

 in  
         accelerators  and  DD/ID experiments! 



A mysterious Dark Universe ! 

Graph source: Wikipedia 

What we know is only  
4-5 % 

of the energy density of 
the Universe 

We now measure 
with % precision 

the extent of 
our ignorance  !  



Thank you for your attention ! 
 

Dankjewel ! 



Fit to the data with line spectra for 
different DM density profile 

NFW 

Einasto 

Weniger, arXiv:
1204.2791 



The line feature 
(120-140GeV)  is clear in 
the spectrum.  Excesses 
is around the GC. 

Fit data with two lines 
gives marginally  better 
result. 

SU, Finkbeiner, arXiv:1205. 



Constraints on the line emission 

From halo, cluster and dwarf 
Huang, Yuan, Yin, Bi, Chen, JCAP1204, 030 



AMS 

The first result 
is published in 
April 2013. 

Updated positron fraction and electron/positron spectra are 
Sep. 2014. 



Observations of a 3.55 keV signal 
in clusters? 

So many signals come and go!!! 



Future Measurements of   
DM properties with lensing  

 From 100 sq deg scale at CFHT  
 to 5000 – 20000 sq deg sky surveys 

KDUST? 

MS-DESI can provide 3D 

WFIRST? 



 Progress in Gravitational Lensing 

•  Weak lensing 
•  Flexion 

•  Strong lensing arclets 



 “Weak Lensing” 

Distorsion of galaxy shapes by foreground matter 

  

without lensing                   Lensing effect 



12/16/2009 101 

Mandelbaum et al. (2006) 
Stacked galaxy—galaxy weak lensing 
signal fit with various profiles.  

CL0024 

Tyson, Kochanski, & 
Dell’Antonio (1998)  

Probing DM Particle 
properties 
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