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The standard cosmological model is based on several key assumptions: 
maximally symmetric space-time + general relativity + ideal fluids
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The world is indeed a strange place!

Both	  geometrical	  &	  
dynamical	  evidence	  

(assuming	  GR	  is	  valid)	  

Mainly	  geometrical	  evidence:	  	  
Dark	  energy	  is	  inferred	  from the	  
‘cosmic	  sum	  rule’:	  Ωm + Ωk + ΩΛ = 1 
Λ ~ O(H0

2), H0 ~ 10-42 GeV 
 

Baryons	  (no	  
an6-‐baryons)	  

Both	  the	  baryon	  asymmetry	  and	  dark	  maJer	  
require	  that	  there	  be	  new	  physics	  beyond	  the	  
Standard	  SU(3)cxSU(2)LxU(1)Y Model	  	  
…	  dark	  energy	  is	  even	  more	  mysterious	  (but	  
as	  yet	  lacks	  compelling	  dynamical	  evidence)	  	  
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The Standard SU(3)c x SU(2)L x U(1)Y Model (viewed as an effective field theory 
up to a high energy cut-off scale	  M) accurately describes all of microphysics …

renormalisable!

super-renormalisable!

non-renormalisable!

New	  physics	  beyond	  the	  SM	  ⇒	  non-‐renormalisable	  operators	  suppressed	  by	  Mn	  
which	  ‘decouple’	  as	  M → MP (…	  so	  neutrino	  mass	  is	  small,	  proton	  decay	  is	  slow	  etc)	  	  

But	  as	  M	  is	  raised,	  the	  effects	  of	  the	  super-‐renormalisable	  operators	  are	  exacerbated	  	  
One	  solu6on	  for	  Higgs	  mass	  divergence	  →	  ‘soTly	  broken’	  supersymmetry	  at	  M ~ 1	  TeV !

But	  the	  ‘cosmological	  constant’	  is	  then	  ~1060	  6mes	  higher	  than	  the	  maximum	  vacuum	  
energy	  tolerable	  today	  …	  we	  do	  not	  understand	  how	  the	  SM	  couples	  to	  gravity!	  
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This	  provides	  a	  candidate	  for	  dark	  ma9er	  –	  the	  lightest	  supersymmetric	  par1cle	  
(typically	  the	  neutralino	  χ)	  –	  as	  do	  other	  extensions	  beyond	  the	  Standard	  Model	  e.g.	  

new	  dimensions	  at	  the	  TeV	  scale	  (the	  lightest	  Kaluza-‐Klein	  par6cle)	  
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Mass	  scale	   Lightest	  stable	  
par1cle	  

Symmetry/	  
Quantum	  #	  

Stability	  
ensured?	  

Produc1on	   Abundance	  

ΛQCD	  
 
 
 

ΛQCD’  
~ 5ΛQCD	  

Nucleons	  
	  
	  
	  

Dark	  baryon?	  

Baryon	  
number	  

	  
	  

U(1)DB	  

τ > 1033	  yr	  
	  
	  
	  

plausible	  

‘Freeze-‐out’	  from	  
equilibrium	  
Asymmetric	  
baryogenesis	  

Asymmetric	  (like	  
observed	  baryons)	  

ΩB ~10-10  cf.	  
observed	  
ΩB ~ 0.05	  

	  
ΩDB ~ 0.3	  	  

ΛFermi  
~ GF

-1/2 
Neutralino?	  

	  
Technibaryon?	  

R-‐parity	  
(walking)	  
Techni-‐
colour	  

violated?	  
	  

τ~1018	  yr	  

‘freeze-‐out’	  from	  
equilibrium	  

Asymmetric	  (like	  
observed	  baryons)	  

ΩLSP ~ 0.3	  
 

ΩTB ~ 0.3	  

Λhidden	  sector	  	  
~ (ΛFMP)1/2 

 

Λsee-‐saw	  	  
~ΛFermi

2/ΛB-L 

Crypton?	  
hidden	  valley?	  

	  
Neutrinos	  

Discrete	  
(very	  model-‐
dependent)	  

	  

Lepton	  
number	  

τ ≳ 1018 yr   

	  
Stable.	  

Varying	  gravita6onal	  
field	  during	  infla6on	  

	  
Thermal	  (abundance	  

~	  CMB	  photons)	  

 ΩX ~ 0.3?	  
 
 

Ων > 0.003	  

 Mstring /MPlanck	  
Kaluza-‐Klein	  

states?	  
Axions	  

?	  
Peccei-‐
Quinn	  

?	  
	  

stable	  

?	  
	  

Field	  oscilla6ons	  

? 
 

Ωa » 1!	  

✗

What should the world be made of ?



Detecting dark matter particles
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Rich	  experimental	  programme	  extending	  from	  low-‐background	  
underground	  laboratories	  to	  balloon/space	  experiments	  to	  colliders	  …	  
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Several	  claims	  for	  signals	  have	  been	  ruled	  out	  by	  more	  sensi6ve	  experiments	  …	  but	  are	  we	  
making	  a	  fair	  comparison	  (e.g.	  isospin	  dependence,	  non-‐Maxwellian	  velocity	  distribu6on	  …)	  

No	  single	  experiment	  can	  either	  confirm	  or	  rule	  out	  dark	  maJer	  	  
(…	  also	  not	  a	  good	  strategy	  to	  look	  just	  under	  the	  supersymmetric	  lamp	  post!)	  

Mainly negative results in 25 yr old world-wide race on to detect dark matter 



Why this is so very exciting …

We	  have	  a	  nearly	  complete	  picture	  of	  the	  growth	  of	  large-‐scale	  structure	  through	  gravita1onal	  
instability	  in	  a	  sea	  of	  dark	  ma9er,	  star6ng	  with	  scalar	  density	  perturba1ons	  which	  we	  have	  

detected	  imprinted	  on	  the	  cosmic	  microwave	  background	  …	  if	  these	  were	  created	  by	  ‘infla1on’	  
then	  seeing	  the	  associated	  tensor	  perturba1ons	  would	  prove	  that	  infla6on	  actually	  occurred!	  



The	  slow	  evolu6on	  of	  a	  scalar	  field	  down	  a	  nearly	  flat	  part	  of	  its	  
poten6al	  during	  which	  its	  vacuum	  energy	  is	  nearly	  constant	  	  so:	  	  
 

a / eHinflt, with Hinfl =
q
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If	  the	  number	  of	  e-‐folds	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  exceeds	  ~50-‐60,	  the	  region	  within	  
the	  present	  Hubble	  radius	  would	  have	  been	  causally	  connected	  at	  the	  infla6onary	  

epoch,	  thus	  solving	  the	  ‘horizon	  problem’	  (also	  the	  ‘monopole	  problem’) 
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Ø   Quantum	  mechanical	  fluctua6ons:	  <Ψ(k)	  Ψ(k’)>	  =	  (2π)3 δ3(k-‐k’)	  PΨ(k)	  

Ø   Infla6on	  stretches	  wavelength	  beyond	  horizon:	  Ψ(k,	  t)	  becomes	  
constant	  (un6l	  horizon	  reentry	  aTer	  infla6on	  ends	  –	  first	  out,	  last	  in)	  

Ø  	  Infinite	  number	  of	  independent	  perturba6ons	  with	  independent	  
amplitudes,	  but	  …	  infla6on	  synchronizes	  all	  modes!	  
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Coherent	  oscilla6ons	  in	  a	  
photon+baryon	  plasma	  excited	  
by	  primordial	  perturba6ons	  on	  

super-‐horizon	  length	  scales	  	  

‘Size’ of the present universe 
at (re)combination epoch!

By	  analysing	  this	  	  paJern	  	  we	  
can	  infer	  the	  values	  of	  	  the	  
cosmological	  parameters	  and	  
test	  the	  theory	  of	  infla6on	  
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The	  probability	  of	  the	  B-‐mode	  signal	  
to	  be	  a	  chance	  fluctua6on	  of	  the	  

lensed	  E-‐mode	  signal	  is	  small	  (5.2σ)	  
	  

But	  what	  is	  the	  probability	  that	  it	  is	  
some	  polarized	  Galac;c	  foreground?	  

	  
NB:	  Both	  synchrotron	  radia6on	  and	  
(some	  types	  of)	  dust	  emission	  are	  

polarized	  and	  can	  mimic	  the	  B-‐mode	  
paJern	  (depending	  on	  magne6c	  field)	  	  

BICEP2 claims to have detected the B-mode signal from inflation!

Ad
e	  
et
	  a
l,	  
PR

L	  
11
2:
24
11
01
,2
01
4	  



“We can use the BICEP2 auto and BICEP2xBICEP1100 spectra to constrain the frequency 
dependence of the nominal signal, If the signal at 150 GHz were due to synchrotron we would 

expect the frequency cross spectrum to be much larger in amplitude than the BICEP2 auto 
spectrum. Conversely if the 150 GHz power were due to polarized dust emission we would not 
expect to see a significant correlation with the 100 GHz sky pattern.”  (PRL	  112:241101,2014) 

…	  so	  the	  significance	  with	  which	  the	  observed	  signal	  is	  likely	  to	  be	  CMB	  (β ∼ -0.7)	  
rather	  than	  either	  synchrotron	  (β ∼ -3)	  or	  dust	  (β ∼ 1.5)	  emission	  is	  in	  fact	  1.6/1.7σ	  	  



4.	  But	  must	  cancel	  vacuum	  energy	  to	  	  
	  	  	  	  1	  part	  in	  10112	  at	  the	  end	  of	  infla1on!	  

If this is all true then	  …	  

So	  we	  must	  be	  very	  cau6ous	  
about	  interpre6ng	  the	  

observa6onal	  result	  given	  its	  
momentous	  implica6ons	  …	  
e.g.	  could	  it	  just	  be	  some	  
astrophysical	  foreground?	  
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CMB foreground removal: Internal Linear Combination (ILC) aremore than 3 times quieter than the first-year data due to (1) the
additional years of data and (2) the use of finer pixels in the Vand
W band sky maps, which reduces pixel smearing at high l. The
!2
" of the full power spectrum relative to the best-fit !CDM

model is 1.068 for 988 degrees of freedom (13 < l < 1000)
(Spergel et al. 2007). The distribution of !2 versus l is shown
in Figure 17, and is discussed further below.

The first two acoustic peaks are now measured with high
precision in the 3 year spectrum. The second trough and the sub-
sequent rise to a third peak are also well established. To quantify
these results, we repeat the model-independent peak and trough
fits that were applied to the first-year data by Page et al. (2003b).
The results of this analysis are listed in Table 9.We note here that
the first two acoustic peaks are seen at l ¼ 220:8 " 0:7 and
l ¼ 530:9 " 3:8, respectively, while in the first-year spectrum,
they were located at l ¼ 220:1 " 0:8 and l ¼ 546 " 10. Table 9
also shows that the second trough is now well measured and that
the rise to the third peak is unambiguous, but the position and

amplitude of the third peak are not yet well constrained by
WMAP data alone.
Figure 18 shows the 3 yearWMAP spectrum compared to a set

of recent balloon and ground-based measurements that were
selected tomost complement theWMAP data in terms of frequency
coverage and l range. The non-WMAP data points are plottedwith er-
rors that include bothmeasurement uncertainty and cosmic variance,
while theWMAP data in this l range are largely noise-dominated, so
the effective error is comparable. When theWMAP data are com-
bined with these higher resolution CMB measurements, the exis-
tence of a third acoustic peak is well established, as is the onset of
Silk damping beyond the third peak.
The 3 year spectrum is compared to the first-year spectrum in

Figure 19. We show the new spectrum in black and the old one
in red. The best-fit !CDMmodel, fit to the 3 year data, is shown
in gray. In the top panel, the as-published first-year spectrum is
shown. The most noticeable differences between the two spectra
are (1) the change at low-l due to the adoption of the maximum
likelihood estimate for l # 30, (2) the smaller uncertainties in
the noise-dominated high-l regime, discussed further below, and
(3) a small but systematic difference in the mid-l range due to im-
provements in our determination of the beam window functions
(x 7.1.1). The middle panel shows the ratio of the new spectrum
to the old. For comparison, the red curve shows the (inverse)
ratio of the 3 year and first-year window functions, which differ
by up to 2%. The spectrum ratio tracks the window function ratio
well up to l $ 500, at which point the sensitivity of the first-year
spectrum starts to diminish. For l # 30 in this panel, we have

Fig. 16.—Binned 3 year angular power spectrum (in black) from l ¼ 2Y1000,
where it provides a cosmic variance limited measurement of the first acoustic
peak, a robustmeasurement of the second peak, and clear evidence for a rise to the
third peak. The points are plotted with noise errors only (see text). Note that these
errors decrease linearly with continued observing time. The red curve is the best-
fit!CDMmodel, fit toWMAP data only (Spergel et al. 2007), and the band is the
binned 1 # cosmic variance error. The red diamonds show the model points when
binned in the same way as the data.

Fig. 17.—!2 vs. l for the full power spectrum relative to the best-fit !CDM
model, fit toWMAP data only. The!2 per l has been averaged in l-bands of width
"l ¼ 15. The dark to light gray shading indicates the 1, 2, and 3 # confidence in-
tervals for this distribution, respectively. The dashed line indicates the mode.

TABLE 9

WMAP Power Spectrum Peak and Trough Data

Quantity l

"T 2
l

($K2)

First peak ............................... 220:8 " 0:7 5624 " 30

First trough............................. 412:4 " 1:9 1716 " 28

Second peak ........................... 530:9 " 3:8 2485 " 44

Second trough ........................ 675:2 " 11:1 1688 " 81

Fig. 18.—WMAP 3 year power spectrum (in black) compared to other re-
cent measurements of the CMB angular power spectrum, including Boomerang
(Jones et al. 2005), Acbar (Kuo et al. 2004), CBI (Readhead et al. 2004), and VSA
(Dickinson et al. 2004). For clarity, the l < 600 data from Boomerang and VSA
are omitted, as themeasurements are consistent withWMAP, but with lowerweight.
These data impressively confirm the turnover in the third acoustic peak and probe
the onset of Silk damping. With improved sensitivity on subdegree scales, the
WMAP data are becoming an increasingly important calibration source for high-
resolution experiments.
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map, so wemust still advise users to exercise caution. Accordingly,
we present full-sky multipole moments for l ¼ 2 and 3, derived
from the 3 year ILC map.

We have improved the final temperature power spectrum
(CTT

l ) by using a maximum likelihood estimate for low-l and a
pseudo-Cl estimate for l > 30 (see x 7). The pseudo-Cl estimate
is simplified by using only V- andW-band data, and by reducing
the number of pixel weighting schemes to two, ‘‘uniform’’ and
‘‘Nobs’’ (x 7.5).With three individual years of data and six V- and

W-band differencing assemblies (DAs) to choose from, we can
now form individual cross-power spectra from15DApairs within
a year and from36DApairs across 3 year pairs, for a total of 153 in-
dependent cross-power spectra. In the first-year spectrum we in-
cluded Q-band data, which gave us 8 DAs and 28 independent
cross-power spectra. The arguments for droppingQ-band from the
3 year spectrum are given in x 7.2.
We have developed methods for estimating the polarization

power spectra (CXX
l forXX=TE, TB,EE,EB,BB) from temperature

TABLE 1

Data Flagging Summary

Category K Band Ka Band Q Band V Band W Band

Lost or rejected data:

Losta (%) ................................................................ 0.43 0.43 0.43 0.43 0.43

Thermal disturbanceb (%)...................................... 0.51 0.51 0.51 0.51 0.51

Gain /baseline step (%).......................................... 0.02 0.04 0.05 0.00 0.06

Total lost or rejected (%)....................................... 0.96 0.98 0.99 0.94 1.00

Data not used in maps:

Planet in beam (%) ................................................ 0.11 0.11 0.11 0.11 0.11

a Primarily due to one solar storm induced safehold.
b Primarily due to station-keeping maneuvers at L2.

Fig. 1.—Full-sky maps in Galactic coordinates smoothed with a 0.2" Gaussian beam, shown inMollweide projection. Top left: K band (23 GHz);middle left: Ka band
(33 GHz); bottom left: Q band (41 GHz); top right: V band (61 GHz); bottom right: W band (94 GHz).
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…	  and	  minimise	  the	  variance	  
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Are	  the	  radio	  loops	  visible	  (even	  in	  microwaves)?	  	  

Anomalies in WMAP-9 Internal Linear Combination map (   ≤ 20) �


`



ILC coefficients from Loop I region ILC coefficients from rest of sky

Difference ILCrest – ILCLoop I

	  This	  demonstrates	  the	  presence	  of	  the	  radio	  loops	  in	  the	  ILC	  map	  which	  has	  
supposedly	  been	  cleaned	  of	  all	  foreground	  emissions	  and	  shows	  just	  the	  CMB!	  
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BICEP2 signal is said not to correlate with ‘known foregrounds’
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However	  the	  new	  foreground	  we	  have	  iden6fied	  is	  not	  included	  in	  any	  of	  the	  models…	  



Wolleben’s ‘new loop S1’ goes through the BICEP2 region! �
 

Of	  which	  they	  say:	  “… such ultra clean regions are very special – at least an 
order of magnitude cleaner than the average b >500 level [PRL	  112:241101,2014]	  
	  



Conclusions 	  
BICEP2	  has	  detected	  a	  ∼0.3	  µK	  B-‐mode	  signal	  in	  a	  patch	  of	  sky	  believed	  to	  be	  free	  of	  
foreground	  Galac6c	  emissions	  …	  this	  is	  claimed	  not	  to	  correlate	  with	  (extrapolated)	  
‘known	  foregrounds’	  so	  is	  evidence	  for	  gravita6onal	  waves	  from	  GUT-‐scale	  infla6on	  
However	  this	  sky	  patch	  is	  crossed	  by	  a	  ‘radio	  loop’	  –	  remnant	  of	  a	  nearby	  ancient	  

supernova	  –	  which	  also	  contains	  dust	  …	  these	  have	  a	  spectrum	  that	  evades	  standard	  
foreground	  cleaning	  methods	  so	  they	  have	  lurked	  undetected	  in	  maps	  of	  the	  CMB	  

	  
	  Forthcoming	  maps	  of	  polarized	  dust	  emission	  (e.g.	  Planck)	  will	  show	  if	  this	  can	  indeed	  

account	  for	  the	  B-‐mode	  signal	  observed	  by	  BICEP2	  

Concerning	  dark	  maJer,	  the	  experimental	  situa6on	  is	  reminiscent	  of	  searches	  in	  the	  
’80s	  for	  temperature	  fluctua6ons	  in	  the	  CMB	  …	  there	  were	  clear	  theore6cal	  
predic6ons	  but	  only	  upper	  limits	  on	  detec6on	  (causing	  near	  crisis	  for	  theory)	  

Finally	  breakthrough	  in	  1992	  that	  transformed	  cosmology!	  
Theore6cal	  expecta6ons	  for	  dark	  maJer	  are	  not	  as	  clear	  but	  there	  are	  

complementary	  experimental	  approaches	  and	  impressive	  recent	  progress	  
	  

There	  are	  bound	  to	  be	  false	  alarms	  but	  it	  is	  a	  reasonable	  expecta6on	  that	  the	  nature	  
of	  dark	  maJer	  will	  soon	  be	  determined	  experimentally	  

	  	  
	  


