Sublr Sarkar

Ntiels Bohr international Academy, Copenhagen




what is the world wmade of?
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only geometrical evidence:
A~ HZ, Hy~ 1042 GeV

.. dark energy ts mainly inferred
from the ‘cosmic sum rule’:
Q +0+Q, =1

Both geometrical
and dywnamical
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No significant dynamical evidence seen
for negative pressure (e.g. late ISwW effect)
.. Ls dark energy being faked (e.g9. by
cOSMLLC Lwhomogewei‘cg = ‘back reaction’) ?

k (h Mpc!)




The wmodern saga of dark wmatter starts with the rotation curves of spiral galaxies

At large distances from the
centre, beyond the edge of the

Pt - vistble galaxy, the veLooL’cH
| Cepré?j W _if , would be expected to fall as 1/Vr
a ]S o Lf wmost of the matter is
oA A | N2 contained in the optical disc
7 Sl ‘[) —— Distance from center —3»
Planet-like rotation pl}:::g'i-cm( ;urrov'z 'fic:;‘ ' B GN M (< 7")
Ucirc = -

... but vera rubiw et al
(197#0) observed that the
rotattonal veLoaLtH
rematns ~constant Ln
Andromeda, meLngg
the existence of an
extended (dark) halo

Veire ~ constant = M(<r)xr = poxl/r




The really compelling evidence for extended halos of dark matter came
from radio astronomical observations in the 1980’s of the 21-cm Line of
neutral hydrogew ... orbiting well beyond the visible disk of the galaxy
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To wmatch this, the disk M/L ratio would have to rise significantly in the outer regions



with the 1/r° dewsitg proﬁLe, ﬂ 4 of 0P If

V..— — —— =0
the solution of the collisionless 97 Ox  OxOv ,
’ ’ 3 'V‘
Boltzmanwn equation Ls the f(v) = Nexp (_ 2| |2
‘Maxwellian distribution’, o
with veLoa'Ltg dispersion: 0 =/ 3/2 v,
The ‘standard halo model’ has v, = 220 km/s and is truncated at v, = 544 km/s
(bDﬂ’l V\/MMbeVS Vla\/e Large bLWGCYtDILVthBS) |H'c110 r'eistframel EarthIl'estfl'afne (Summer)
| Tbe i b
High resolution numerical il 100 sample spheres] P
stmulations however suggest B e 1,
stgwnificant deviations from the TV B 10,
’ ’ ’ ’ L\; 51 \ [GHALO] CoGeNT 3%?
Maxwelltan distribution, gl 1 mecay | 1,
particularly at high velocities e e
(This has significant implications @@ ?x
for dark wmatter detection) ot | 1
However the ~feedback’ effect of ' I /\ I

baryowns Ls probably more Lmportant  © = 10, Kuhlen ef al, ICAP 02:030,2010



More sophisticated modelling needs to account for multiple components and the
gravitational coupling between baryonic and dark wmatter (“disk-halo conspiracy”)

No

angular momentum exchange

with angular momentum exchange
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The Local halo dewsitg of dark wmatter is ~0.3 GeV/em?® (factor of ~2 uwcer’caiw’cg)
.. @ better determination may not be possible until the advent of GAILA (>2014)



Awnother fit ... where the local halo PM density is 1.3 +0.3 GeV cm™ !

L] Clemens 1989 NFW profile (with rings)
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can also tnfer Local dark wmatter density by measuring vertical
distribution of stars ... ploneered bg Kapetyw (1922) and Oort (1932)

If galaxy is approximated as thin disk, thew orthogonal to the Galactic plane:
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Such numerical stmulations provide a pretty good mateh to the
observed Large-scale structure of galaxies in the universe

1" Oh

1137,2006

Springel, Frenk & White, Nature 440
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A galaxy such as ours has resulted frov@&ﬁ% merger of many smalleg SEructures, tidal
stripping, baryonic infall and digk formation et cetera over billions of years

< L o




So the (phase space) structure of the dark halo is complicated ...

via Lactea ! projected darik matter (squared-) density map

real
space

Diemand, Kuhlen, Madau, Zemp, Moore, Potter & Stadel, Nature 454:735,2008



But real galaxies appear stmpler than expected!
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Figure 1| Scatter plots showing correlations between five measured
variables, not including colour. The variables are two optical radii, Rso and
Ry, (in parsecs), respectively containing 50 and 90% of the emitted light; and
luminosity, Lg neutral hydrogen mass, My ; and dynamical mass, M4
(inferred from the 21-cm linewidth, the radius and the inclination in the

Disney, Romano, Garcia-Appadoo, Wesft, Dalcanton & Cortese, Nature 455:1082,2008



Moreover whereas the MLLlegj way does have satellite galaxies and substructure,
there Ls a Lot less thaw s expected from the numerical simulations

Bullock, Geha, & Powell

Also, the density profile of the halo (for
collisionless dark matter) is predicted to be
.. whereas observations suggest " cored’

) cuspy’

GHALO simulation

Lsothermal profiles in many cases

(This could be because of the ~feedback
effects’ of bargows

getting to the polnt where this can be tested)
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lwferewces of dark matter are not always right
te maa instead be a change in the dynamies

2 Jan 1R&0: Cienttemen [ Glve You the
Planet vulean” - Fremeh mathematician
urbain Le Verrier announces the discovery of
a new planet between Mercury and the Sun,
to members of the Académie des Sciences tn
Paris (following up on his earlier successful
prediction of Neptune in 1256)

Some astromomers evewm see
vulean tn the evening sky!

But the precession of Mercury ts not due to a dark planet but
because Newtow s superseded by Binstein for strong fields
.. could the same happen for very weak gravitational fields?



Dark matter seems to be requlired only where the test particLe acceleratlon
is Low (below a, ~ 10 cm/s?) - it is not a spatial scale-dependent effect
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what Lf Newtown' s law is modified tn weak fields?

GM

En =4[ — 5o Milgrom, ApJ 270:365,1983




Bek’,ewsteiw——MiLg yomw Equatiow

Suppose F = —V ¢ where
Vign = 4nGp =V -[u(|V¢|/ag)V¢] = 4nGp

where 1 f > 1
or x
p(z) = {.L for x < 1
Then
0=V -[u(|V¢|/a0)Ve — Von]
implies

n(|Ve|/ag)Vé =Von +V x A
so when A ~ () and |V¢| <« 1

* 1\ |V¢|?
9r—ococ = — MGa'OT% _|_O <_) Y | 4)| — |V¢N|

2
r ao
Milgrom, arXiv:0912.2678



vt GM M
= CMao = M xv* (Tully-Fisher if 7= const)

04 05 06 07 08 0.9
B-V
The fitted value of the free parameter (M/L)
agrees well with population synthesis models
Sanders & Verheijen, ApJ 503:97,1998

4
For CDPM would expect M, = %ApcritREir

McGaugh, PRL 106:121303,2011

o . ... where A is the overdensity in units of the
— 10! 102 2criti,caL dewsitg = ~178 in spherical collapse
1 V= G M; A 1 _
Vf (km S ) Also = 2V11‘ = Mvir — (_) 2 (GHO) 1‘/;?;1.
Rvir Rvir 2

(Now wneed to relate M, to the baryonic mass and Vv, to the rotational velocity ...
this is model-dependent but can it steepen the relationship to the observead one?)
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Excellent fits to NGC 1560
galactic rotation. .
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Sanders & McGaugh, ARAA 40:093923,2002
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Moreover some glant

elliptical galaxies do :\g
exhibit Keplerian <
fall-off of the J
randowm Velocity
dispersion, as was ~
predicted by MOND E
bata: §
Romanowsky ef al,
Science 301:1696,2003 _
™~
Models: Qa«
Milgrom, Sanders, 5

ApJ 599:L25,2003

(This can be explained
n a dark meatter meoolel
Lf stellar orbits are very

elliptical, Dekel ef al,
Nature 437:707,2005)
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However MOND fails ow the scale of clusters of galaxies

Newton MOND
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The “missing mass” cannot be accounted for entirely
by invoking MOND ... dark matter is required
(thus vindicating the original proposal of Zwicky)



Fritz Zwicky (1933) wmeasured the velocity

dispersion in the Coma cluster to be as high
as ~1000 km/s = M/L ~ O(100) M /L

“... if this overdensity is confirmed we would
arrive at the astonishing concluston that dark
matter is present (in Coma) with a much
greater density than luminous matter”



Further evidence comes from observations of gravitational
lensing of distant sources by a foreground cluster ...
enabling the gravitational potential to be reconstructed

(see: Blandford & Narayan, ARAA 30:911,1992, Wambsgannss, Liv.Rev.Rel.1:12,1998)

Gravitational Lens HST - WFPC2
Galaxy Cluster 0024+1654

This reveals that the gravitational wmass is dominated by
awn extended smooth distribution of dark matter



The gravitating mass can also be obtained from
X-ray observations of the hot gas n the cluster

.. asswming it is tn 1 dPgs  GNM(<T)

thermal equilibrivm: Pgas dr P2



The Chawndra plcture of 1tE065# 56 (the ‘bullet cluster’) shows that the
X-ray emitting baryonic matter Ls displaced from both the galaxies and
the dark matter (distribution inferred through gravitational lensing)
.. for many this is convineing evidence of dark wmatter

. . \ . I," 2, . =

56

57
57

55 58

Clowe et al, ApJ 648:L109,2006
5558

6"'58M42° 36° 30° 24° 18° 12° 6"58M42° 36° 30° 24° 18° 12°
FiG. 1.—Lejt panel: Color image from the Magellan images of the merging cluster 1E 0657—558, with the white bar indicating 200 kpc at the distance of the
cluster. Right panel: 500 ks Chandra image of the cluster. Shown in green contours in both panels are the weak-lensing « reconstructions, with the outer contour

levels at k = 0.16 and increasing in steps of 0.07. The white contours show the errors on the positions of the x peaks and correspond to 68.3%, 95.5%, and
99.7% confidence levels. The blue plus signs show the locations of the centers used to measure the masses of the plasma clouds in Table 2.

MOND cannot explain this picture without tnvoking collistonless dark matter,
e.9. ~2 eV mass neutrinos (see: Famae & McGaugh, Liv. Rev. Rel. 15:10,2012)

However 1E0657-56 also poses a challenge for \CPM cosmology, viz. why is the
“peculiar veloeity’ so very high (>3000 km/s on a scale of ~5 Mpe)?
The probabiLitg of this collision is of ©(107°)! (Lee et al, ApJ 718:60,2010)



To muddle the story, another picture of colliding clusters shows that the
dark watter is coincident with the hot gas and is displaced from the galaxies!

Moreover whereas the Bullet Galaxy Cluster Abell 520 HST WFPC2 = CFHT = CXO
Cluster’ sets a weak Limit on self- B e
tnteractions: 6 < 2x1024 cm2/GeV,
in Abell 520, the implication Ls
that DM (s self-Lnteracting: ¢ =
(7£2) x 102* cm?/GeV

Mahdavi ef al, ApJ 668:806,2007

.. but another lensing analysis
does wot detect the ~dark core’
and clatms cowsis’cewog with

collistonless dark matter
Clowe ef al, ApJ 758:128,2012

However the light-mass offset e
observed tn Abell 2227 also
Lmplies a (weaker) Lower Limit: 62
8x10731 cm?/GeV

Williams & Saha, MNRAS 415:448,2011 ‘ idteecs i

NASA, ESA, CFHT, CXO, M.J. Jee (University of California, Davis), and A. Mahdavi (San Francisco State University)




Perhaps the best evidence for dark matter comes from considerations of structure formation

tiny fraction
of a second
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Perturbations tn metric (generated during inflation?)
induce perturbations in photons and (dark) matter

Compton

Scattermg
These perturbations begin to grow through
gravitational sttabiLLtg after matter domination

Coulomb
Scattering



Before recombination, the primordial fluctuations just excite sound waves in the

Amplitude

plasma, but can start growing already in the sea of collisionless dark matter ...

[Frrrrr 1 T [Tt
4 - -
L Last -
2 |- Soatter _
L ryon-Photon Fluid -
0 —
_2 = —
B " HETT T W WMAP 5-year
lass s 3 1 » 2 lass s s -200 T(uK) +200
101 1000

Redshift

These sound waves Leave an Lmprint on the Last scattering surface of the CM®B as the
universe turns neutral and transparent ... sensitive to the baryon § CPM densities

For a statistically isotropic gaussian AT (n) = E Ay Yim (1)
ranodom field, the angular power

spectrum can be constructed b Y O, = 1 2
soncpoting in Spher e O1= g7 2 laim
ecomposing L spherieal harmowntes: 20+ 1



The CM®B angular power spectrum Ls semsitive to cosmological parameters

Smaller angles—>»

Figure 1 Schematic decomposition of the anisotropy spectrum and its
dependence on cosmological parameters, in an adiabatic model. Four funda-
mental angular scales characterized by the angular wavenumber / = 8 ' enter
the spectrum: /. and /.q Which enclose the Sachs-Wolfe plateau in the potential
envelope, /4 the acoustic spacing, and /p the diffusion damping scale. The inset
table shows the dependence of these angular scales on four fundamental
cosmological parameters: Qu(=1-0Q, —Q,), 2,, 2,h? and Qzh’° (see Box 1
for definitions). Baryon drag enhances all compressional (here, odd) maxima of
the acoustic oscillation, and can probe the spectrum of fluctuations at last
scattering and/or Qgh?. Projection effects smooth Doppler more than effective-
temperature features.
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The Cosmic Microwave Background

AT, provide independent measure of Qth

100}

Acoustie oscillations in (coupled)
photon-ba ryon fluids meriwto 80
features at small angles (< 1) in
angular power spectrum

LA |

% ool
’ ’, .’ ’, : -
Detailed peak positions, hetghts, ... <

sensitive to cosmological parameters
e.9. 2nd/1st peak = baryon density ——

40 b

(NB: there are however " degeneracies’ e.g.
with the shape of the primordial power
spectrim of density fluctuations)

QW2

0.02 004 006
A A AL llll A

10 100 1000

WMAP best-Afit: Bond & Efstathiou, ApJ 285:L45,1984
5 on stathiou, Ap :L45,
Qph* = 0.02273 £ 0.00062 Dodelson & Hu, ARAA 40:171,2002



BBN versus CMB Baryon density Qh2

0.005 0.01 0.02 0.03
027 = I L B AT %; __________
77BBN agrees with TICMB 026 /Z
allowing for uncertainties in the 025 '"‘g
inferrved elemental abundances Y N
P24 7 E
. B
_ 023 B T 5
4.7 < o < 6.5 (95% CL) 10-3

confirms and sharpens the case
for (two Rinds of) dark matter
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BarYy onlc Dark Matter:
warm-hot IGM, Ly-a, ...

1079 |
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SRR
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elds & Sarkar (Particle Data Group), PR D86:010001,2012

Now—bargowic dark matter:

neutralino? techniba ryon?

’ ’ ? , | > 3 4 5 6 7 8 910
(StCYLLC) neutrino? axiow ... Baryon-to-photon ratio 1 x 1019
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Moreover the observed large-scale structure requires € >> Qpif it has
resulted from the growth under gmvi’cg (GR) of small initial dewsitg
fluctuations ... which left their imprint on the CM®B at last scattering
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petailed modelling of WMAP and 2d4F/spss = Q ~ 0.3, Q; ~ 0.05
... No MOND-like theory (e.9. Teves) can fit the data so well!



Although new gravitational physies (underlying MOND) can tn
principle provide adegquate growth of cosmological structure, there
will be an observable distinction - ‘gravitational slip’ - between

General Relativity and the new theory
see: Clifton et al, Phys. Rep.513:1,2012

Reyes et al, Nature 464:256,2010
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This can be tested through measurements of ‘weak lensing (sheartng of
galaxy shapes) and its cross-correlation with the galaxy density field



Does dark matter extst?

Modified Newtonian Dynamics (MOND) accounts better for
galactic rotation curves thaw does dark wmatter - wmoreover it
predicts the observed corvelation between Luminosity and
rotation velocity: L ~ v * (Baryonic Tully-Fisher relation)

.. however MOND fails ow the scale of galaxy clusters and tn
particular cannot explain the segregation of “bright’ and
‘dark’ wmatter seen L the merging cluster 1€ 0657558

Also MOND Ls not a ph 3swaL theory - aL’chough reLa’chsth
covariant theories that yield MOND exist (e.g. Teves' by
Bekensteln) theg have wot provwlcol as satus-{—'actorgj an
understanding of CM®B anisotroples and structure formation,
as the standard (cold) dark matter cosmolog Y

. mevertheless good to keep an open. mind until dark
matter is actually detected by non-gravitational means!



