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A mysterious Universe
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Surprise 1998:
An accelerating Universe!

2 Collaborations with SNIa
SCP +HST

el 282 No S397
Pages 21412336 §7

g—

ACCELERATING
UNIVERSE



Cosmology: Measuring distances with
standard candles
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Ho = Hubble parameter measures the expansion rate of the Universe
Ho= (d&/a), =100 h km/s/Mpc h=0.71 +/- 0.025 (?)

qo = deceleration parameter

A Universe with only matter is expected to decelerate



Supernovae type Ia

|

Best known « standard » candles & &

S -

Red giant

White dwarf SNIC! 2 STO[:'S
accretion (a white
dwarf +...)

>4

Chandrasekhar mas Chandrasekhar mass
Mo 1.4 M,

Detailed explosion physics not clear yet. Worth studying!
Different SNIa progenitors?



Surprise 1998:
An accelerating Universe!

2 Collaborations with SNla
SCP +HST

Measuring Distances with Standard
Light Bulbs
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An Object becomes fainter by the square
of its distance

Measure q, negative!l!




SN observation methods
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Determination of cosmological parameters

Hubble
Diagramme

e Cosmological Fit
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Supernova
Cosmology

Project

Different possible
parametrisations

w(z)=p/p

=wytw’ z
= Wy+W,Z
=W, +w, z/(1+z)

— From Hubble diagramme, one can find the best cosmological
model parameter agreeing with observations :

=» determines then the parameters characterising DE

b
Q,,or (2, w,w

) and matter density Q,,
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Combination of probes
to constrain cosmological parameters

Supernova Cosmology Project
Suzuki, et al., Ap.J. (2011)
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Lambda: Cosmological Constant

Eisntein’s equations

R,-12¢g,(R-A)=8tGT,

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

Introduced by Einstein 1n 1917 paper NOT to keep the Universe constant
But to define limiting conditions at infinity!



The concordance model stands quite strong!

Snapshot at ~400,000 yr, viewed from z=0
CMB Angular diameter distance to z~1000

Growth rate of structure (from ISW)

Supernovae Standard candle
Luminosity distance

ABSOLUTE MAGNITUDE

Baryon Wiggles  Standard ruler
Angular diameter distance

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

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




Current SNla cosmological constraints on DE

Compilation of 472 SNela
123 low-z, 93 SDSS, 242 SNLS, 14 HST
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(including systematics, assuming flat
universe with WMAP7, BAO and H,

constraints)

BAO+WMAP7 I
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| With all systematics

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



SNIa cosmology
Nearby SN now

Different classes of SNIaq, average maghitude may
depend on environment, redshift ...

May have impact on precision cosmological parameter
determination

Precision: aim for 1% = calibration issues

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

And/or ... Chinese Antarctica Dome A project?



Discovery: Two cameras (one wide field) 1.2
Neqrby SNFGC‘l'or'Y 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)

National Energy Research
Scientific Computing Center

1. Discover |

P i)

Palomar
Nightly

= ~107 of the area
observed per night
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Stephen Bailey designed for nearby SN obs
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Euclid:optimised for shape measurementsonssrtium
M51

SDSS @ z=0.1 Euclid @ z=0.1 Euclid @ z=0.7

« Euclid images of z~1 galaxies: same resolution as SDSS images at z~0.05 and at
least 3 magnitudes deeper.

The European EUCLID space project

http://www.euclid-ec.org
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« With 15,000 deg? for for GC and WL: optimisation for a fixed time survey.
* Allows Euclid to do WL and GC simultaneously on the same area.

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



Proposed SNIa DESIRE survey with EUCLID
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Redshift Fig 9. Confidence contours (at the 1o~ level) of the survey combinations

listed in Table 5. The assumptions for systematics correspond to the last

Fig. 12. Redshift distribution of events for various surveys. For th ™% Ol Table 5. Cosmological performance of the simulated surveys.

SDSS and SNLS, the distributions sketch the total sample of spectro-
scopically identified events eventually entering the Hubble diagram.
“DES 5™ and “DES 10" refer respectively to the “hybrid-5" and “hybrid-
10” strategies studied in Bernstein et al. (2012), where the baseline is
hybrid-10. “LSST-SHALLOW”, “LSST-DDF" and “DESIRE" refer to
the three prongs studied in this proposal.

C. Tao 1s co-lead of transients SWG

awg) zp olw,) FoND
low-z + LSST-DDF
+ DESIRE 0.22 025 0.022 \ 203.2

low-z + LSST-DDF 028 022 0.026 137.1
LSST-DDF + DESIRE | 040 035 0.031 814

Notes. The FoMs assume a 1-D geometrical Planck prior and flatness.
z, is the redshift at which the equation of state uncertainty reaches
its minimum o(w,). The FoM is defined as [Det(Cov(wy, w,))]""/* =
[47-(w,,)¢ﬂw,,)]'l and accounts for systematic uncertainties. The contri-
butions of the main systematics are detailed in Table 6.



Dome A Kunlun Telescopes

Advantage: great seeing!

Expect: 0.3 arc sec, eg almost

(S,
[¢

AN

2

4 > @
/ <7
BELYYNGSHAUSEN

5 SEA

ER R TIRO-PAROD
B = Vinson Masait 4287w

=y \&D >

o . |

. 2

h e

svostoflE
W SHAGKLETQ
2 s : ICE SHELF/
AMUNDSEN SEA { 4 f
>\ 7] ‘ g
f
1.8 \{‘J N
B4 concoroiar reasey [F)E4
#bss 1o ol SO

o £ |
.C:\ /'” %
Y, SHELF S
| v
LA ek [

: B e >
RO S'S" E3[ mario zuca-eLLigio ke 5
y 7 ,}’\L\ EA [ aoaivana o BB

-1

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



Antarctica
for future science not realistic in space




SNla: Best single probe till 2013
Now BAO (Baryonic Acoustic Oscillations)
with SDSS/BOSS results

Large Scale Structures Correlations
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eBOSS(SDSS4) started in August 2014

s Transition from deceleration to acceleration (4(2))
« Structure growth (test of GR-ACDM)

* Neutrinos

« QS0/galaxy science

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



Quasar reverberation mapping with BOSS/eBOSS

PI: SHEN Yue

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

e Simultaneous monitoring 849 _ _
quasars at 0.1<z<4.5 in a single 7 | [213.69814,53.07244)
deg? field with the SDSS-BOSS

spectrograph

* Dense photometric light curves since
2010-

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

AGN and quasars:
a hew cosmology probe?



BT ) RARD 5 5l S AT

Astrophysical and
Cosmological Determinations of
Dark Matter

THCA
Charling Tao (and Shan Huan Yuan)

« Analyze existing CFHT data

* Prepare for Large scale surveys.
MS-DEsl, LSST, EUCLID, KDUST, ...

Collaboraton with
+ |[HEP
+NAOC
+PKU
+...




A mysterious New Paradigm

' I
Universe ! concordance Model ACDM

What we know 1s only
4-5%
of the energy density
of the Universe

Heawy Elements
0.03%

S Free Hydrogen
:;dﬂehum:
What is
Dark Energy? our e
Which

Dark Matter?

Graph source: Wikipedia



Wealth of evidence for DM is astrophysical

» Galaxy rotation curves (V. Rubin)

= Dynamics of galaxy clusters (zwicky)

= Gravitational lensing mass reconstruction




Wealth of evidence for DM is astrophysucal
= Galaxy rotation curves ¢4Rubir)-HI?

= Dynamics of galaxy clusters (zwicky)

= Gravitational lensing mass reconstruction




Rotation curves : what is often said [incorrectly] to be expected
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Galaxy at the top has no halo, Its surface brightness decreases rapidly,
orbital velocities outside the nucheus decrease in Keplerian fashion,

VELOCITY IN PLANE OF GALAXY

Keplerian behaviour just outside
the nucleus can NOT be expected
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Freeman 1970, appendix For NGC 300 and M33, the 21-cm data give turn-
over points near the photometric outer edges of these systems. These data have relatively low
spatial resolution; if they are correct, then there must be in these galaxies additional matter
which is undetected, either optically or at 21 ¢cm. Its mass must be at least as large as the mass
of the detected galaxy, and its distribution must be quite different.

M31 — Need for dark matter based on radio data

L | | | -
i T . Babeock (1939) |
400 + van de Hulst et al. (1858) _
** Rubin & Ford (1970)
* Roberts & Whitehurst (1675) _
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100 -
L /) M31 rotation data |
O —exp. disk (Freeman 1970)  _
0 | L " . L | N 1 | L | " 1 L | | N
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Rotation curve analysis

From data to mass models

VE(R) = Vijuro(R) + Vi1 (R) + Vi (R)

‘ observations = model
5 ’1)' £ from I-band photometry
V
HI .
> _,, fromHI observations
'hal ) ) .
> " different choices for the DM halo density
Dark halos with central constant density (Burkert, Isothermal)
Dark halos with central cusps (NFW, Elna?’(‘ ) 20
100040 e - - - ————— /) -
- ; (L+7/ro)(1+ (r/ro)?)
il NFW :
* e 5p(7‘)= 0 5
; [ 1+ (7‘/7‘0)
N IS0 | The mass model has 3 free parameters:
' disk mass
s Burkert ) i halo central density
o004 . Halo core radius (length-scale)
o | . . Obtained by best fitting method

P. Salucci, NAOC 2014



Some numbers ...

A galaxy like the Milky Way or Andromeda has a total visible
mass of about 6x10'° M

sun*

- rotation velocity 1s ~220 km/sec

- radius about ~30 kpc

2
Newton: v = GM M = Vi K

rot R G

= total mass: 3.3x1011 M

Sun

= = ~5 times more dark mass than visible

= Local density 0.3- 0.4 GeV/ecm3 ~ 102 Mo/pc3?



Dark Matter:
What do we really know?

DM: - particle that does not emit observable radiation
- Interacts gravitationally...
- non baryonic

DM common paradigm: it existsl!

- Contributes to energy density in the Universe,
- Measured in clusters and galaxies

Assuming standard Big bang Cosmology with General Relativity



The Universe energy density content
after Planck

Atoms

Dark

4.9% Enetgy
Dark i % precision
Matter
26.8%
Ct Planck march 2013 papers
TODAY
Wikipedia

Matter today ~ 31.7%
energy density of the Universe

Pho
15¢

84.5% of the matter is dark matter

I

12% 13.7 BILLION YEARS AGO
(Universe 380,000 years old)



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.

01

HDM is tightly bound by
observations
and LSS formation

Relative Fluctuation Strength

I Fure Hot Dark Matter
0017 mEE Mixed Dark Matter
Il Fure Cold Dark Mattex

Length scale (Mega parsecs)



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

OMEGA =0.3
ACDM LAMBDA =0.7
avu HO = 70 km/(Mpc sec)
Sigma8 = 0.9
SCDM
SCDM
OMEGA =0.3
<CDM LAMBDA =0
. ZDM HO =70 km/(Mpc sec)
Sigma8 = 0.85

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



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

e (Galactic satellites
* cusp/core at GC




Dark matter distribution—Density profiles

Log radius/kpc

Universal Density Profile
from N-body simulations

NFW
Navarro, Frenk, \White 1996

p(r) 0,

. %
Poic (/1) 47/7)




Galaxy profiles prefer core at center

CDM Simulations =» cusps
(Navarro, Frenk, White 1996):

pr) _ O,
Perit B (r/rs)(l + r/rs 2’

Problems at smaller scales?

Observations favour
Core profile
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rotation curves



Too low number of visible Satellite galaxies
Satellite galaxies are seen in Milky Way, e.g. Saggittarius, MCs

Observed number
of luminous
satellite galaxies

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



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
1-
structures in a hierarchical, P
. o0
bottom-up scenario. i
e
. . .g 01==
HDM is tightly bound by g
observations =
and LSS formation § T D
0019 B Mixed Dark Matter
Bl Fure Cold Dark Matter
W D M Length scale (Mega parsecs)

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)

QSO0 lensing ( Miranda & Maccio 2007 )

Abundance of dwarf satellites of MW (Maccio & Fontanot 2010;
Polysensky & Ricotti, 2010)

=2 Mass WDM ~ 1- 5 keV




A fashionable (?) candidate:
Sterile neutrinos

Alexander Kusenko (UCLA) Dark matter '10

‘ Sterile neutrinos as dark matter I

Can be prouced by the following mechanisms,
color coded by “warmness” vs “coldness”,

e Neutrino oscillations off resonance [Dodelson, Widrow] No prerequisites; production
determined by the mixing angle alone; no way to turn off this channel, except for
low-reheat scenarios [Gelmini et al.]

e Resonant neutrino oscillations [Shi, Fuller]. Pre-requisite: sizeable leptop
asymmetry of the universe. (The latter may be generated by heavier sterile neutrinos
[Laine and Shaposhnikov])

e Higgs decays [AK, Petrai]. Assumes the Majorana mass is due to Higgs mechanism.
Sterile miracle: abundance a “natural” consequence of singlet at the electroweak
scale (which itself may not be seen as natural. Also, inflaton decays can also contribute
to the population of dark matter [Tkachev,Shaposhnikov]



“Evidence” for WDM ?

*"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)



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

BIG FISH, SMALL FISH: TWO NEW ULTRA-FAINT SATELLITES OF THE MILKY WAY

V. BELoKUROV?, M. G. WaLKER!, N. W. Evans', G. Giumore?, M. 1. Irwin?, D. Just?, S. Korosov!, M. MaTec®, E.
OLszEWSKI®, L. WaTkins®, L. WyRzyKow sk1*

TABLE 1
ProperTIES OF Pizces II AND Secuve §

Parameter Pisces 11 Segue 3
RA (J2000) 22:58:31 %6 21:21:31 %4
Dec (J2000) 405:57:009+4 419:07:02=4
Galactic £ 70.21¢ 69.4°
Galactic & —-47.11° -21.27°
ra (Plummer) 171 =011 0/65 = 041
a T x12¢ 2150 = 20°
e 04=x0.1 0302
(m—-Mo 21=3 16m1
Miot, v —-5m0) —-1m2

* Magnitudes are accurate to ~ (5 and are cor-
rected for the Galactic foreground reddening.

Segue 3 with KPNO

Segue 3 vath SDSS

"
L

S é‘]:.- cming
&-&, [arcnin)
o

-4

L

- 1 ) -1 -
(0t—ax, )co%d [arcmn] (@t )cosd [arcmin]

Fic. 4.— Color images covering 4’ x 4 region centered on Segue
3 made with SDSS (left) and KPNO (nght) data. SDSS image 15
made with g,r and i band frames. KPNO image 15 made with g
and r band frames.



Einasto vs NFW
CDM Simulations N |
> cusps B St
rather Einasto e
profiles than NFW DU
Ma Chung Pei, e
Zhang, 2009 | AN :, |

Figure 1. Radial profiles of the pesudo-phase-space density p/og(r) (upper panels) and the corresponding logarithmic slope
dIn p/ag(r)/dInr (lower panels) obtained from the spherical Jeans equation with 8 = 0 for seven input halo density profiles: Einasto
(solid) with a = 0.18 (blue), 0.16 (green), and 0.12 (red), and GNFW (dashed) with v = 1.5 (blue), 1 (black), 0.75 (green), and 0.5
(red). The left panels show the behavior of p/a3(r) over 12 orders of magnitude in r, while the right panels show zoom-in views of the
region 0.01 < r/r_2 = 10, which corresponds to the range resclvable by the latest N-body simulations. For ease of comparison with
a power-law, the light dotted straight lines indicate the critical case p/a? oc »=1, and the -axis in the upper right panel plots the
logarithm of the ratic of p/ad(r) to p/ad o r=19. All curves are scaled to have p/o2 =1 at r =r_j.

.=



Nature of dark matter or
astrophysics process?

REPORTS

Stellar Feedback in Dwarf Galaxy Formation
Sergey Mashchenko,- James Wadsley, H. M. P. Couchman

Dwarf galaxies pose substantial challenges for cosmological models. In particular, current models predict a
dark-matter density that is divergent at the center, which is in sharp contrast with observations that indicate a
core of roughly constant density. Energy feedback, from supernova explosions and stellar winds, has been
proposed as a major factor shaping the evolution of dwarf galaxies. We present detailed cosmological
simulations with sufficient resolution both to model the relevant physical processes and to directly assess
the impact of stellar feedback on observable properties of dwarf galaxies. We show that feedback drives
large-scale, bulk motions of the interstellar gas, resulting in substantial gravitational potential fluctuations and
a consequent reduction in the central matter density, bringing the theoretical predictions in agreement with
observations.



N-Body simulations with baryons
Jing Y. (2005)
More recent comparisons of WDM and CDM simulations.

eg Gaot, Jing+, Guo Q1, Yepes+,

- Non-linear collapse of WDM structures

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



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 (6GMC) 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 1in any current
galaxy formation models.

- Mpc/h

!

Many arguments against WDM _
should be revised. (Relonisation,

. Mpc/h
Lya PS, satellites abundance ...)

Gao, Theuns, Springel, 2014




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

Semboloni+ (2011)
Van Daalen+(2011)
Shale + :OWLS simulation

=>» Consequences on WL
cosmological parameters fits

REF DBLIMFV1618 AGN
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Figure 4. Top (bottom) panels show the deviation of the inferred og (wp) from the true reference value o' rof = 0.74 (wo ref = —1) as a function of source

redshift, when the amplitude of the ellipticity correlation function £ () is used to estimate the cosmological parameter of interest (while the other parameters
are kept at their reference values) and when we use halofit models (see text for details). The deviation depends on the angular scales that is used and is smaller
for larger scales. The left panels show the results for the REF scenario, the middle panels for the DBLIMFV1618 and the right panels for the AGN scenario,
which results in the largest biases.
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Figure 1. Ratio between the power spectrum of matter fluctuations mea-
sured from the simulations with baryons and the one measured from the
DMONLY simulation. The ratio for the REF simulation 1s shown in green.
the one for the AGN simulation 1s shown in blue, and the one for the
DBLIMFV1618 model 1s shown in pink. Since the simulations have been
carried out using the same imitial conditions. deviations of the ratio from
unity are due to the differences in baryon physics.



keV WDM effect around k=10 h/Mpc

— CDM
m =4 keV

wdm

m =1keV

wdm

m =0.5keV
wdm

107 10° 10’ 10
k [nMpc]

107



Baryon effects
different from low mass standard model
neutrino effects

Semboloni et al. 2011 T —

3 00
= \\ /
£ 0
a \ 4 E
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07 : ' 3
06F e
0.01 0.10 1.00 10.0 100.0
k (WMpc)

Figure 14. Rario of the AGN/DMONLY power spectra (blue line), and dark
marter power spectra with fy = €y /Qm = 0.01 and 0.05, which cor-
respond to peumpo masses of 3 my ~ 6.0and T my ~ 1.2 €V, re-
spectvely. The effect of massive newTinos on the power spectmum is quite
different from that of baryon physics, even if neutrinos are light.



Very different DM candidates

Modified (il
Gravity Cold Molecular
Hydrogen R
Black holes B T

SIMPs

2. WIMPs
Weakly interacting
1Neutrino massive particles
10-1000GeV

\\\\\
mmmmmmm

3. Light axions

Exotica




R-parity NMSSM
MSSM violting

Supersymmetry

Little Higgs

Snowmass QED Axions
20 1 3 Axion-like Particles Rt Him

aturday, August 3, 13




Why WIMPs?

“WIMP” = “Weakly Interacting” Massive Particles

G. Altarelli (2013) :
« still most optimal candidates I»

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, Nal were sensitive to...



Particle physics preferred DM:
SUSY Neutralinos ?

- A natural particle physics solution

* Stable linear combination gauginos and higgsinos (LSP)

x=av+ 2+ ;/Hlo +6H§

« SUSY > 7 parameters MSSM =

» Experimental Constraints LEP, pp, b-->sY, + LHC ..

Look everywhere possible !

De‘rec’rions

—

B ol
» '



WIMP searches > 30 years

-~ \

Direct detection

Indirect detection

/

X
0 My

Ge, S1, Nal, LXe, ...

Accelerator particle v, Y, P, et
production,
eg, LHC

NO convincing signal found yet |



WIMP searches: Direct detection

* Principle : (Goodman and Witten,1985, Drukier and Stodolsky 1984) /
Elastic scattering of galactic DM off detector nuclei M
X
. 0 My
Nuclear recoils of a few keV h

» Exponential recoil energy distribution

e, 51, Nal, LXe] ...

total event rate

cvent rate per (point lik/enucleus)
unit mass = T~

dR_ _ Ry | -EuEg

O—MNWRA LN ooEsE

recoil /dE R Eol’\ \ incident
energy cnergy
kinematic factor
=AM M, /(M. + M,,)2
R 0123456789 10
» Rates: Weak interactions or smaller E/(Er)

 Need of signatures for identifying galactic origin
— Annual modulation with MASSIVE detectors
— Dependence on nucleus

— Directionality : low pressure TPC?



Differential rate for WIMP elastic scattering

y F r
dR =NT&fmaxdvf(V)v do
dE my, © Vmin dE
E
Vmin — JmN Zth ’Vmax = Vesc
2m;
3
f(v)dv=4.7r{ \ % exp( ’ )dvv ~210km/ s
\27° ) 2p°
E, - (1-cos)
mN
d 1+ m,/m
Y — GO FZ(ER), O,O= W pAZGnucleon

max scalar
dt, E; 1+m, /m,



WIMP direct detection schemes
with and w/o background rejection

Elastic scattering off nuclei Liquid Xe

el <

mixed detections

\ CaW04,

T " Rl

e He 3 detector

AlL,O,, LiF, ... * Superconducting granules

* Freon aerogel




Opportunity in Jinping, Sichuan
for direct detection DM detectors

yue Qian —E% TAUPDS@Rome



Muon Intensity. m " y1

Great mountain coverage

Comparison of main ULs in the world
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CDEX-1 experiment

Dead layer ~ 1 mm (to see clearly) 2'55 g" 0 1“395 X
{ Point-contact p+ electrode 2; £ - '.:1_ S
- 3 T4 >~
) 15 Surface 5 10 S~ _ CDEX12013
— ="": = - »
L eleCtrOde -—"””2 1. :."‘ B »,‘// .'\ ------------- CDMSlite
Active volume- || oo __--To54 A [ CDEX-1 *
-7 I 3l S 104 {(This Work ) *z
Suriace ev_’ment " " e ;’ £ ;ézzszz'azeézz C‘//"/.,
Bulk event 3 i .
0.5 104 | EEEICOGeNT 2013 .
‘ S T, SuperCDMS
[ , : | lin,
2 4 5 6 7 8 910 20 30
62-2 mm _15 s, | \2-\ L1 J‘ L1 \6 L1 8\ [ \1\0\ 1 \l\zl 1 M((GQV/CZ)
T (keVee)
Bulk/Surf Discrimination Q.Yue et al., arXiv:1404.4946. (2014)
C1A 1kg-PPCGe + Nal(TI) Accepted by Physical review D (RC)

v'The best sensitivity by PCGe in the world;
v'Exclude the regions favored by CoGeNT.

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



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

10° ol
& I3 BOSACEB
-.,;10‘ é‘* T H + ”
Sl R
o = L
E o % BO®ACTEE,
1 S 03 i i3 3
2 ) T (keVee)
é10-
S 10
1
0

T (keVee)
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

No events found in the
DM search region!

L,
20 25 30
S1x.,y,z cormected [PE]

L I 1 1
15

—IIIII II|||II
o 5 10

Results already in summer 2014



PandaX-I first results

Sci China-Phys Mech Astron, 2014, 57(11):

~10™"
“E 2024-2030
310-‘0 E—— PandaX 3Tx17 kg-day, NEST

------ PandaX 37x17 kg-day, Xenon100 L.

XENON100 40x11 kg-day

-
o
2

XENON100 345225 kg-cay

LR B B N B
I LJX 11835 kg-day [no LY below 3 keV )

WIMP-nucIeo_g cross section
o
b
N

CDEX 2014
43
10
10+
45
10 — CRESST.I 2012
e " P - ll A F s 2 kR 4 A4 L l ' " e e P -
2 3
10 0 0

WIMP mass (GeVIc;)

Our results disfavor previously reported signals

At low mass region, our results significantly better than XENON100 first results
with similar exposure

Limits similar using NEST or XENON100 L 4 at high mass: the latter gives a more
conservative limit at low mass -



CJPL Extension : 5 more cavities in 2015!

* Four 14m*14m*120m
tunnel

« 20 times larger than
CJPL-l




Direct detection Current Situation (Sep 2014)
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Some comments, though...



Usual assumptions of DM distribution in our
Galaxy

pom= 0.3 GeV/cm3, =103,
Maxwellian distribution of
velocities, vims=270 km/s

« Simplified Model »of Matter in
our Galaxy: SMMG

9

Used for most comparisons...

But 1s it the reality? Clumps? Corotation?



Galactic scale N-body simulations
with Baryons

Ling+ 2009 Dark Matter ma BN ‘ff’.-“‘:'.'
Direct Detection Signals [ = il
inferred from a 3
Cosmological N-body
Simulation with Baryons AN -A T

=>»2 DM populations : o
halo DM +disk DM )
= only measurements

s - W o By Ly Jow 2w £ o oo A
‘ an e v (km/s) v (Am/s)

Figure 5: Velocity distributions of dark malter particles (N = 2.662) m a ring 7 < R < 9 kpe,
|z] < 1 kpe eround the galactic plane,

a} Radial velocity v,. with Gaussian (ved) and genevalized Gaussian (qreen) fits (cfr. Eq. (2.1))

h) Tangential velocity vy, with a double Gaussian fit. [ indicates the fractiom of each component.
¢) Velocity across the qalactic plane v., with Gaussian (red) and generalized Gaussian (green) fits
(efr. Eq. (2.1))

d} Velocaty module, with Moxwellian (red) and @ generalized Marwellian (green) fit (efr. Eq. (2.2)).
p, o (both in kn/s) and K stand for the mean, the standard deviation and the Kurfosis paramefer
of the distribution. The goodness of fit is indicated by the value of the x* vs. the number of degrees

of freedom (dof).



Future: directional detectors?

How to convince ourselves a signal is from galactic DM?
DM signal signatures

- Detection with >2 nuclei

- Correlation with Galactic Center

=> Directionality important
Can help with solar neutrino floor!

76



And old idea:
Dark matter detection with
hydrogen proportional counters

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

S N - o x

Figure 5. The preliminary mechanical design of the demonstrator of MIMAC -1m?® .

Grenoble Daniel Santos et al...



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

Spherical Proportional Counter

........................... ~—

* Low threshold (low C)

» Fiducial selection (risetime)
* Flexible (P, gaz)

* Robust

« Simple/cheap

« 2LEP cavitytested 1.3 m @

Drift région
E=A/R?

Ampl region

C=R;=7.5 mm§ .1pF

I. Giomataris




Direct detection Current Situation (Sep 2014)
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WIMPs Indirect
Detection

Sommet de la Tour

Shore station /1

Electro-opt
underwater
~40km

Junction box AMANDA 25 of 198 ed fn.
r s 200med fn on

Elffel Tower as comparsson ADMANDA-A (top) ‘zoomed 1 om one:
(trne scoling) ANLANDA-BL0 (bottom) opti

acoustic detector




Indirect Detection: Principle

&

SMMG
Annihilation

Possible final states: T"t-, lepton pairs,
qq, WH, ZH, WV, ZZ ; Hadronisation
and decay

Astroparticle detectors:
positrons, antiprotons, antideutons
gammas, neutrinos

I 3
ety Still hope at LHC ?

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

Need discovery at accelerators!




DM searches: a summary

- No convincing signal todate |

Exclusion/discovery plots are interpretation dependent!
Once a signal is found (ie > 5o 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 exclusionsl!!!



Dark Matter:
What do we really know?

DM: - particles that does not emit observable radiation
- Interacts gravitationally...
- non baryonic

DM: we know it exists|
But not much more... Need datalll

Or do we even really know it exists?



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

- 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

A model without dark matter

P E -,y e — e sy Tyl

Milgrom MOdified Newtonian Dynamics (MOND)

for flat Galaxy rotation curves

modification of Newton’s law at very weak accelerations,

W@a/a)) =M G/r> =ay, where Wx)=1,x>>1
=X, X <<1

a,~ 1.2 A/s?



MOND = phenomenological model

- Violates equivalence principle

- Violates conservation of momentum

4+ 9
. . _ Exc\udes it
- Violates Lorentz invariance
oY
- Violates Cosmological Principle o'
) p WMore it estne

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

Effective th ; - Fits all rotation curves with 1 parameter variable: galaxy
ective theory: ML

- Predicts Tully Fisher Mass-rotation (R. Sanders)
M prop v*
- 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?

Observational evidence of merging appears
difficult to explain in MOND!

-  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
=> existence of non baryonic Dark Matter
* N-Body simulations and Observations of LSS
=> 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 |

What we know is only
4-5 %
of the energy density of
the Universe

Heawy Elements
0.03%

Neutrinos:
0.3%

We now measure
with % precision
the extent of
our ighorance |

B Free Hydrogen
and Heluwam:

%

Dark Matter:
25%

Dark Enorgy:
0%

Graph source: Wikipedia



Thank you for your attention |

Dankjewel |



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

Weniger, arXiv:
1204.2791
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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.
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Constraints on the line emission

Huang, Yuan, Yin, Bi, Chen, JCAP1204, 030

From halo, cluster and dwarf
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Positron fraction
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Sep. 2014.
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Observations of a 3.55 keV signal
in clusters?

DETECTION OF AN UNIDENTIFIED EMISSION LINE IN THE STACKED X-RAY SPECTRUM OF GALAXY
CLUSTERS

Esra BuLBuL'?, MaXIM MARKEVITCH?, ADAM FOSTER', Raxpars K. SmrTi' MICHAEL LOEWENSTEIN?, AND
ScoTT W. RanpaLL'
! Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cambridge, MA 02138.
NASA Goddard Space Flight Center, Greenbelt, MD, USA.
Submitted to ApJ, 2014 February 10

ABSTRACT

We detect a weak unidentified emission line at E = (3.55 — 3.57) £ 0.03 keV in a stacked XMM
spectrum of 73 galaxy clusters spanning a redshift range 0.01 — 0.35. MOS and PN observations
independently show the presence of the line at consistent energies. When the full sample is divided
into three subsamples (Perseus, Centaurus+Ophiuchus+Coma, and all others), the line is seen at
> 30 statistical significance in all three independent MOS spectra and the PN “all others” spectrum.
The line is also detected at the same energy in the Chandra ACIS-S and ACIS-I spectra of the Perseus
cluster, with a flux consistent with XMM-Newton (however, it is not seen in the ACIS-I spectrum of
Virgo). The line is present even if we allow maximum freedom for all the known thermal emission
lines. However, it is very weak (with an equivalent width in the full sample of only ~ 1 V) and located
within 50-110 eV of several known faint lines: the detection is at the limit of the current instrument
capabilities and subject to significant modeling uncertainties. On the origin of this line, we argue that
there should be no atomic transitions in thermal plasma at this energy. An intriguing possibility is
the decay of sterile neutrino, a long-sought dark matter particle candidate. Assuming that all dark
matter is in sterile neutrinos with m, = 2F = 7.1 keV, our detection in the full sample corresponds to
a neutrino decay mixing angle sin(26) ~ 7 x 101, below the previous upper limits. However, based
on the cluster masses and distances, the line in Perseus is much brighter than expected in this model.
significantly deviating from other subsamples. This appears to be because of an anomalously bright
line at E = 3.62 keV in Perseus, which could be an Arxvi dielectronic recombination line, although

ly would have to be 30 times the expected value and physically difficult to understand. In
principle, such an anomaly might explain our line detection in other subsamples as well, though it
would stretch the line energy uncertainties. Another alternative is the above anomaly in the Ar line
combined with the nearby 3.51 keV K line also exceeding expectation by factor 10-20. Confirmation
with Chandra and Suzaku, and eventually Astro-H, are required to determine the nature of this new
line.

An unidentified line in X-ray spectra of the Andromeda galaxy and Perseus galaxy cluster

A. Boyarsky', O. Ruchayskiy?, D. lakubovskyi®* and J. Franse'-
!Instituut-Lorentz for Theoretical Physics, Universiteit Leiden, Niels Bohrweg 2, Leiden, The Netherlands
?Ecole Polytechnique Fédérale de Lausanne, FSB/ITP/LPPC, BSP, CH-1015, Lausanne, Switzerland
“Bogolyubov Institute of Theoretical Physics, Metrologichna Str. 14-b, 03680, Kyiv, Ukraine
“National University “Kyiv-Mohyla Academy”, Skovorody Str. 2, 04070, Kyiv, Ukraine
Leiden Observatory, Leiden University, Niels Bohrweg 2, Leiden, The Netherlands

We identify a weak line at £ ~ 3.5 keV in X-ray spectra of the Andromeda galaxy and the Perseus galaxy
cluster — two dark matter-dominated objects, for which there exist deep exposures with the XMM-Newton X-ray
observatory. Such a line was not previously known to be present in the spectra of galaxies or galaxy clusters.
Although the line is weak, it has a clear tendency to become stronger towards the centers of the objects; it is
stronger for the Perseus cluster than for the Andromeda galaxy and is absent in the spectrum of a very deep
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4 keV band of t N (right panel) spectra of the samples.

v ture is detected. The Ga maximum values of the flux normal

es ere included in the models. The red lines in the top panels (shown only for the full sample)

v the model and the excess emission. The blue lines show the total model after another Gaussian line is added, representing the new

Middle panels shows the residuals before (red) and after (blue) the Gaussian line is added. The bottom panels show the effective area
es (the corresponding ARF). Redshift smearing greatly reduces variations of the effective area in the high-z sample.

“blank sky™ dataset. Although for individual objects it is hard to exclude the possibility that the feature is due S 1 d '
to an instrumental effect or an atomic line of anomalous brightness, it is consistent with the behavior of a line 0 many Slgna S Come an go .

originating from the decay of dark matter particles. Future detections or non-detections of this line in multiple
astrophysical targets may help to reveal its nature.
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Future Measurements of
DM properties with lensing

From 100 sq deg scale at CFHT
to 5000 - 20000 sq deg sky surveys
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Progress in Gravitational Lensing
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Lensing signal for bright LRG sample
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CFHTLenS: Combined probe cosmological model comparison using
2D weak gravitational lensing
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Figure 6. The measured shear correlation functions £, (black squares) and
& (blue circles), combined from all four Wide patches. The error bars cor-
respond to the total covariance diagonal. Negative values are shown as thin
points with dotted error bars. The lines are the theoretical prediction using
the WMAPT best-fitting cosmology and the non-linear model described in
Sect. 3] The data points and error bars are listed in Table[BI)

Dec
2012



Euclid WL GC: DM and Gal. reconstructed P(k) consortium
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