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Most of the Universe is Dark

FAvgQ: what’s the difference
between DM and DE?

DM behayves like matter

- overall it dilutes as volume expands
- clusters gravitationally on small scales
- w = P/p =0 (NR matter)

(radiation has w = —1/3)

DE behaves like a constant

- it does not dilute
- does not cluster, it is prob homogeneous
-w=P/p~ -1

7} 4rGy

- pulls the acceleration, FRWeq. — = — A (1+3w)p
a
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Evolution of the components of the Universe
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Evolution of the components of the Universe
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Evolution of the components of the Universe
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How do we know that
Dark Matter is out there?




1) galaxy rotation curves

&) clusters of galaxies

3) ‘precision cosmology’
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1) galaxy rotation curves

v2(r)  GymM(r)

m

T T
‘centrifugal’ ‘centripetal’

on(r) = SN

%
with M (r) = 47T/,0(7“) redr

1

ve(r) ~ const = ppr(r) ~ —
%

and indeed a ‘Sas’ of non-interacting
particles distributes like 1/r=

Caveat:

this treatment is over-simplified and
1s mostly a ‘negative proof’: visible
matter with standard gravity can
not reproduce the observed non-
rapidly falling rotation curves,
something else is needed.

Then, details are complex: curves
are not exactly flat (so not
necessarily 1/r?) and there are non-
universal parametrs to tweak in
each galaxy...
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NASA, ESA, and M.J. Jee (Johns Hopkins University) STScl-PRC07-17b

ring of Dark Matter (2007)




NGC 6503

1) Salaxy rotation curves g

- “rotation curves” $ T orh-shs
- gravitational lensing e ' |

2) C]_UStePS Of galaXIGS Dark‘Matter Ring in CI 0024+17 (ZwCl 0024+1652) HST + ACSIWFC

. » . "
NASA, ESA, and M.J. Jee (Johns Hopkins University) STScl-PRC07-17b

ring of Dark Matter (2007)




1) galaxy rotation curves Birss

&) clusters of galaxies
72 more collisions:

quantitative study of drag:

Sai
(gas-dark matter)

-200 -100 100 200 300 400
Observed offset between various components of substructure [kpc

‘evidence for DM at 7.60’

NGC 6503
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1) galaxy rotation curves

) clusters of galaxies . -

3) ‘precision
cosmology’
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How would the power spectra be without DM? (and no other extra, ingredient)
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(in particular: no DM =>no 3 peak!) “catalyse” structure formation)







Instead of adding matter, modify Newton or GR.

Y i a > ao
F=ma —> F = ma  pl@ith (o) —
alag a~ ag
ag =1.2-10"1%n/s?
2 2
F:ma—:G]\gm = o= (GMay)'* = const
ag r r

force balance tangential /
acceleration

fits rotation curves very well

can fit (bullet) cluster if
adding 2 eV neutrinos...
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How would the power spectra be in MOND/ TéVeS, without DM ?
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(in particular: no DM =>no &rd peak!) (here you can make it)
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A matter of perspective: plausible ma.ss ranges

Fields Particles Macroscopic objects
Ultra—light - é thermal
= g

scalars S : Z relics

1020 | kg 1010 1020
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/ 90 orders of magnitude!
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\ most Ilkely most likely

dwarf galaxy Sementary : dwarf galaxy

DM de Broglie wa: elength \ . DM mass
1=y = : kpc ‘occupation numpber M < 104 M@

M3

j M<0.1keV i M >0.1keV
best described as : best described as nr\écessarily bogonic or

classical field: particle bosonic i fermionic




Overview of
Particle Physics
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Dark Matter
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