Lecture three:

the Dark Puzzles




The dark side of the Universe

70% of the energy density of the Universe
is in the form of dark energy




Dark Energy
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Distance-Redshift Relation
L

F = defines luminosity distance, know L, measure F'

4ﬂd%

47Td2L area of 25 centered on source at time of detection

dr?
1 — kr?

ds® = dt* — a*(t) +7r2d0)? | = area = 4mair?

Energy redshifted: (1 + z)
Time interval redshifted: (1 +
Flux redshifted: (1 +:z




Distance-Redshift Relation

Light travels on geodesics

d32=0¢/\/%W:/%Z/H(CZ§a2

a(t)H," d

r dr' -
J'O m ) IO \/(1—Qo)(1+ 2’)2 +QM (1+ 5’)3 +Qw(1 +5’)3(1+W) T

Program:

*measure d; (viad,’=L/4xF)andz

» input a model cosmology (€2;) and calculate a, r
« compare to data

 need bright “standard candle”







Monastic Chronicles re: Supernova 1006:

“in 1006 there was a very great famine and a comet
appeared for a long time ....”

“at the same time a comet, which always announces
human shame, appeared in the southern regions,
which was followed by a great pestilence...”

“three years after the king was raised to the throne, a
comet with a horrible appearance was seen in the
southern part of the sky, emitting flames this way and
that...”

Georq Busch (German painter) in 1572:

“It is a sign that we will be visited by all sorts of
calamities such as inclement weather, pestilence,
and Frenchmen.”




Supernova Cosmology Project
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Supernova Cosmology Project
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Early

No Hydrogen /Hydrogen

Spectra: /
SNT - SN 11
Si/ No Si ~3 mos. spectra
/ \ He dominant/H dominant
SN la| He poor/He rich
1985A
1989B
Supernova SNIc| |SNIb SN 11b| “Normal” SNII
19831 983N 19931 : :
Taxonomy 1983V / iosaL  logrk  Laght Curve decay
after maximum:
Linear / Plateau
Core collapse.
Believed to originate Most (NOT all)
trom deflagration or H is removed during
detonation of an cvolution by
accreiing whire dwarf. tidal stripping. SN 1L [SN 1P
Core Collapse. 1980K  1987A
Outer Layers stripped 1979C 1988 A
by winds ( Wolf-Rayet Stars)
y : 19691,

or binary interactions
Ib: H mantle removed
Ic: H & He removed

Core Collapse of
a massive progenitor
with plenty of H .




Einstein-de Sitter:
spatially flat
matter-dominated model
(maximum theoretical bliss)
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How do we know DE exists?

Assume FRW model of cosmology: [7° — 877Gp/3 — k/a2

Assume energy and pressure content: 0 = O)f 1+ P~ T PA T+ *

Input cosmological parameters
Compute observables: dy,(z), da(z), H(z)
Model cosmology fits with PA , but not without PA

All evidence for DE is INDIRECT : the observed Hubble rate
is not the one predicted through all the previous steps




Evidence for Dark Energy

Hubble Diagram (SNe)
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Taking sides:

GOO (FRW) — 8T GT()()

|) Modify the RHS of Einstein equations
a) Cosmological constant
b) Not constant (scalar field)

2) Modify the LHS of Einstein equations
a) Beyond Einstein (mod. of gravity)
b) Just Einstein (BR of inhomog.)




Modify the RHS:
CC/Quintessence

® Many possible Ti(¢)

contributions?
Requires m;~ 103 eV

® Why then is the total
so small?

Perhaps some unknown
dynamics sets the total

CC to zero, but we are
not there yet
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Anthropic/Landscape

® Many sources of vacuum ® Although the are
energy exponentially
uncommon, they are
String Theory has many preferred because...
vacua > 10°%
More common values of
Some of them the CC results in an
correspond to a inhospitable Universe
cancellation leading to
the observed small
cosmological constant

Galaxies require
(Weinberg)
A <1078 Mg,




Modify the LHS:
non-standard gravity




Observational strategy

weak strong
supernova : - .
. lensing lensing lensing

Growth of = " ~
structure O +2H6, —4nGps, =0

weak I
clusters -
lensing

Test gravity

millimeter
accelerators
scale




Cosmological Perturbations are
sensitive to energy content

Perturbations can be probed at different epochs:
) CMB,z ~ 1100
2) 21 cm,z ~ 10-20
3) Ly-alpha forest, z ~ 2-4
4) Weak lensing, z ~ 0.3-2
5) Galaxy clustering, z ~ 0-2




Acustic Baryonic Oscillations

Angular scale
0.5° 0.2°
T T

including SNLS constraints

10 60 80 100
| & Separation (h~' Mpc)

500
Multipole mon

Each overdense reg e e el A UNChes a spherical
sound wave.VWave tr: d. Photons decouple,
travel to us and are observable as CMB acoustic peaks. For matter,
sound speed plummets, wave stalls, total distance travelled 150 Mpc
imprinted on power spectrum.

DE enters in the determination of the angular distance




allows for
modified gravity

neglects modified
gravity having Ay=0.1
| [ | |
11 -105 -1 095 09 -085

\\Y% 0

fy dIna’ [Q’]& (a')—l]

gla) =6, /a=c¢

D. Huterer, E. Linder, 2005




Main current/future BAO surveys

SDSS/2dFGRS SDSS/AAT
WiggleZ AAT(AAOmega)
FastSound Subaru(FMOS)
BOSS SDSS

HETDEX HET(VIRUS)
WFMOS Subaru

ADEPT Space

SKA SKA

Now
2007-2011
2009-2012
2009-2013
2010-2013
2013-2016
2012+
2020+

Done
Running
Proposal
Proposal
Part funded
Part funded
JDEM

Long term




Dark Matter




The Dark Universe

obsew

expected
from stars
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" "~ MB33 rotation curve




A
Predicted by Newton law

Distance

The Andromeda Galaxy (M31)




What we should see




Dark Matter halo: 10'* Mg

Dark Matter Galaxies

The Millenium Simulation Project:




How dark matter mass is distributed
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At present the knowledge of the halo mass function
comes mainly from N-body simulations
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Power spectrum for CDM

matter-radiation equality
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Particle Dark Matter




DM is not in the form of ligh massive neutrinos
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Known facts

® Must be cold: by the time of matter-
radiation equality and until now, DM must
be nonrelativistic and clump together by
gravitational attraction

® must be neutral

® WIMP paradigm




Particle DM candidates
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Thermal relic

Thermal equilibrium when T>m
Once T<m, no more WIMPs created
If stable, the only way to lose them is by annihilation

Universe expands: at some point comoving number of
WIMPs freeze out
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Order of magnitude estimate

T?
1/2
L gl

T2
My (Tannv)
n —1/2 1

s MpTH{owmo)

7TCI£2

Q~ (0.2—-10.3) = (Tannv) ~ 1077 GeV 2 ~ — for m ~ 300 GeV
m
Coincidence or evidence for new physics at TeV scale!?
Impossible to overestimate the discovery of DM at LHC




Lot of uncertainties

Thermal history of the Universe above
nucleosynthesis unknown

DM may be non-thermal

Hubble rate at freeze-out may depend on
DE

Astrophysical uncertainties affect indirect
searches




Most viable new theories at EVV scale
have a DM candidate

>—<

Excluded by LEP

LI

can be OK

Discrete symmetry (R, T,KK) makes the
lightest particle stable

Supersymmetry, Little Higgs, extra-dimensions
have a DM candidate




How can LHC establish that a new discovery
is theDM of the Universe!?

|) Excess of
missing energy

2) Reconstructing DM abundance

Early Universe

_—

DM >‘< matter = {lpm

—




Warning:
LHC will not provide all the answers
&

will explore DM candidates in a limited energy range

® Even if SUSY particles are discovered, it will be challenging to reconstruct
the abundance

Baltz et al. PRD 2006

0.192
0.109
0.101
0.114




Combining collider with DM searches

Collider: precise test of DM mass and particle physics parameters, but
no information on stability, halo density, etc.

Only detection by different methods may conclusively
identify the nature of DM




Finding DM: Direct Method
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Finding DM: Indirect method
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Look for signals from the sky

do., - dN;, 1[5 .
OdE Z & " Tam? / p-dl Very sensitive to halo profiles near the
N G & S galactic center
Particle Astro-
Physics Physics
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The Density Proflle of Cold Dark
o Matter Halos |

. ‘ - S
Halo density profiles’ are :

}ndepe'eht of halo'mass &
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r-‘ Ve '
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Electrons & Positronsin Cosmic Rays

- Electrons from SN

- Positrons / electrons from Secondary
Production (p-ISM — a* —» u*— et)

e e*|ose energy rapidly (dE/dt « E2)
- IC scattering on interstellar photons
- synchrotron radiation ( interstellar B field ~ few uG)

— high energy electrons (and positrons) are “local.”

e e* produced in pairs (in ISM).

e et/(et + e°) fraction is small (=10%)
— substantial primary e- component.




Cosmic Ray Electrons

Electron intensity ~ 1% Proton intensity (at 10 GeV)

Power-law energy spectrum for CR protons and CR
electrons

At GeV-TeV energies:
Protons: I(E) ~ E-27
Electrons: I(E) ~ E3-4

Flux (m2s'sr' GeV ')

Kinetic Energy (GeV)




Why do we care?

Structure in the CR Positron fraction
- as first observed by HEAT instrument -
could be DM signature* (or nearby pulsars or..

Galactic diffusion
model (no re-

acceleration) =
[Moskalenko & Strong, ApJ &
493, 694 (1998)]

Energy (GeV)

* M. Kamionkowski and M. Turner, Phys. Rev. D 43, 1774 (1991)
** S. Coutu et al., Astropart. Phys. 11, 429 (1999).




CR Positron measurements are challenging

e Flux of CR protons in the energy range 1 — 50 GeV
exceeds that of positrons by a factor of ~ 5x10%

e Proton rejection of 10° is required for a positron
sample with less than 1% proton contamination.

Remember: The single largest challenge in
measuring CR positrons is the discrimination
against the vast proton background!




Particle ID

Positron flux measurements require
— excellent particle identification for
background discrimination
— sufficient MDR to separate positive and negative charged
particles at high energy.

Primary sources of background for positrons:
protons and positively charged muons and pions produced in the
atmosphere and material above the detector.




et and e Instruments

Need magnet spectrometer for et and e~ separation

Typical Instrument:

direction & charge — S E————— Time of Flight (ToF)

e / hadron _,\"Transition Radiation Detector
discrimination (TRD) or Gas Cherenkov
rigidity / charge sign '1‘ Magnet Spectrometer

energy &
shower shape

>
>

EM Calorimeter




PAMELA

Originally PAMELA had a
TRD but had to drop it
due to technical issues.

« 81, §2, §3; double layers, x-y

* plastic scintillator (8mm)

« ToF resolution ~300 ps {S1.3 ToF >3 ns)
+ lepton-hadron separation <1 GeV/c
Trigger, ToF, dE/dx « §1.52.53 (low rate) [ 52.53 (high rate)
T0F (81) [ )= <

ANTIAX
T ﬂ“ « Permanent magnet, 0.43 T
: RTORCX *21.5 cm*sr
LSS " | « 6 planes double-sided silicon strip
4 detectors (300 pm)
+ 3 pm resolution in bending view » MDR
~B00 GV (6 plane) ~500 GV (5 plane)

Sign of charge,

SPECTROMETER rig l_illy. dE/dx

TOF (53)

* 44 Si-x /' W 1 Si-y planes (380)
Electron energy, |[~16.3X0/06L

dEfdx, lepton- * dE/E ~5.5 % (10 - 300 GeV)
hadron sepasalion | say trigger > 300 GeV / 600 cm sr

- 36 He counters

-3He(n,p)T; E, = 780 keV

-1 em thick poly # Cd moderator
=200 ps collection

Caution: Particle ID solely dependent on calorimetry.
No in-flight verification of proton rejection.

~470 Kg / ~360 W




What a /ittle dash of protons can do!
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PAMELA claims p rejection of 10-5.




(Galactic and local pulsars

arXiv:0810.1527 S, Prol ) arXiv:0812.4457
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Particle Data Group, LBNL, © 2000. Supported by DOE and NSF




Despite the
Dark Puzzles,

the future is
brighter




