
Testing cosmic inflation


Subir Sarkar 
 

University of Oxford  
&  

Niels Bohr Institute, Copenhagen 

Physics	
  Seminar	
  DESY	
  2015	
  
Hamburg	
  6th	
  October	
  /	
  Zeuthen	
  7th	
  October	
  

k
(

Mpc
−1
)

P
R
,
T
(k
)/
10

−
9

1

10
−4

10
−3

10
−2

10
−1



First Direct Evidence of Cosmic Inflation 
Monday, March 17, 2014 - 10:45am 



Why did cosmologists get so very excited?


We	
  have	
  a	
  nearly	
  complete	
  picture	
  of	
  the	
  growth	
  of	
  large-­‐scale	
  structure	
  through	
  gravita.onal	
  
instability	
  in	
  a	
  sea	
  of	
  dark	
  ma6er,	
  starGng	
  with	
  scalar	
  density	
  perturba.ons	
  which	
  we	
  have	
  

detected	
  imprinted	
  on	
  the	
  cosmic	
  microwave	
  background	
  …	
  if	
  these	
  were	
  created	
  by	
  ‘infla.on’	
  
then	
  seeing	
  the	
  associated	
  tensor	
  perturba.ons	
  would	
  prove	
  that	
  inflaGon	
  actually	
  occurred!	
  



The discovery of the cosmic microwave background radiation established 
the standard ‘Big Bang’ model  in which the universe has a finite age


This	
  ~perfect	
  blackbody	
  is	
  tesGmony	
  to	
  our	
  hot,	
  dense	
  past	
  and	
  shows	
  that	
  the	
  
expansion	
  was	
  adiaba*c	
  (with	
  negligible	
  energy	
  release)	
  back	
  at	
  least	
  to	
  t	
  ~	
  1	
  day	
  

However	
  the	
  temperature	
  is	
  not	
  quite	
  the	
  same	
  over	
  the	
  sky	
  –	
  it	
  varies	
  by	
  1	
  part	
  in	
  ~104	
  	
  	
  
…	
  these	
  fluctuaGons	
  cannot	
  have	
  been	
  generated	
  by	
  any	
  causal	
  process	
  in	
  the	
  

standard	
  cosmology	
  so	
  they	
  are	
  evidence	
  for	
  new	
  physics	
  in	
  the	
  very	
  early	
  universe	
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Nucleosynthesis	
  

(Re)combination	
  

The blackbody temperature can be used as a clock (assuming adiabatic 
expansion: aT = constant), so our thermal history can be reconstructed


The	
  furthest	
  we	
  ‘see’	
  directly	
  is	
  back	
  to	
  t ~ 1 s (when	
  light	
  elements	
  were	
  synthesised)	
  
but	
  the	
  small	
  variaGons	
  in	
  CMB	
  	
  temperature	
  must	
  have	
  been	
  generated	
  much	
  earlier	
   



Why is the temperature nearly the same over the sky?
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If	
  H(z)	
  is	
  monotonically	
  decreasing,	
  	
  
the	
  `parGcle	
  horizon’	
  at	
  recombinaGon	
  	
  
(dhor	
  =	
  ηrec)	
  should	
  be	
  much	
  smaller	
  
than	
  the	
  sky	
  observable	
  today	
  …	
  i.e.	
  
there	
  should	
  be	
  no	
  correla.ons	
  on	
  
scales	
  larger	
  than:	
   

Distance	
  travelled	
  by	
  light	
  since	
  the	
  BB: 

⌘rec � ⌘BB

⌘0 � ⌘rec
' 1.2�



One solution to the ‘horizon problem’ is a period of inflation


An	
  exponen*al	
  increase	
  of	
  the	
  scale	
  factor/parGcle	
  horizon	
  at	
  some	
  early	
  Gme	
  
enables	
  causal	
  linking	
  of	
  apparently	
  disconnected	
  regions	
  on	
  the	
  sky	
  	
  

…	
  this	
  can	
  happen	
  if	
  the	
  energy	
  density	
  is	
  briefly	
  ~constant,	
  e.g.	
  via	
  dominaGon	
  by	
  the	
  
vacuum	
  energy	
  of	
  a	
  scalar	
  field	
  which	
  is	
  displaced	
  from	
  the	
  minimum	
  of	
  its	
  potenGal	
  	
   



A	
  period	
  of	
  accelerated	
  expansion	
  
which	
  blew	
  up	
  the	
  scale-­‐factor	
  by	
  
> e50-60 (~1030)  can	
  explain	
  why	
  

causally	
  (apparently)	
  disconnected	
  
regions	
  are,	
  in	
  fact,	
  correlated	
  …	
  

This	
  will	
  also	
  drive	
  the	
  curvature	
  of	
  
space	
  to	
  zero	
  …	
  in	
  accordance	
  with	
  
observaGons	
  of	
  the	
  angular	
  scale	
  of	
  
characterisGc	
  fluctuaGons	
  in	
  the	
  CMB	
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The	
  slow	
  evoluGon	
  of	
  a	
  scalar	
  field	
  down	
  a	
  nearly	
  flat	
  part	
  of	
  its	
  
potenGal	
  during	
  which	
  its	
  vacuum	
  energy	
  is	
  nearly	
  constant	
  	
  so:	
  	
  
 

a / eHinflt, with Hinfl =
q

8⇡GN
3 V0

If	
  the	
  number	
  of	
  e-­‐folds	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  exceeds	
  ~50-­‐60,	
  the	
  region	
  within	
  
the	
  present	
  Hubble	
  radius	
  would	
  have	
  been	
  causally	
  connected	
  at	
  the	
  inflaGonary	
  

epoch,	
  thus	
  solving	
  the	
  ‘horizon	
  problem’	
  (also	
  the	
  ‘monopole	
  problem’) 
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Toy model of  



Ø   Quantum	
  mechanical	
  fluctuaGons:	
  <Ψ(k)	
  Ψ(k’)>	
  =	
  (2π)3 δ3(k-­‐k’)	
  PΨ(k)	
  

Ø   InflaGon	
  stretches	
  wavelength	
  beyond	
  horizon:	
  Ψ(k,	
  t)	
  becomes	
  
constant	
  (unGl	
  horizon	
  reentry	
  acer	
  inflaGon	
  ends	
  –	
  first	
  out,	
  last	
  in)	
  

Ø  	
  Infinite	
  number	
  of	
  independent	
  perturbaGons	
  with	
  independent	
  
amplitudes,	
  but	
  …	
  inflaGon	
  synchronizes	
  all	
  modes!	
  



During	
  inflaGon,	
  Ψ fluctuates	
  quantum	
  mechanically	
  around	
  a	
  
smooth	
  background	
  …	
  its	
  mean	
  value	
  is	
  zero,	
  but	
  its	
  variance	
  is:	
  

	
  

...	
  so	
  get	
  equal	
  contribuGons	
  on	
  all	
  scales	
  if	
  
with n = 1 (“scale-­‐invariant”	
  spectrum)	
  	
  

In	
  the	
  toy	
  model	
  of	
  inflaGon	
  the	
  slope	
  of	
  the	
  potenGal	
  (which	
  
provides	
  the	
  ‘arrow	
  of	
  Gme’	
  induces	
  a	
  ‘Glt’	
  to	
  the	
  spectrum	
  of	
  
scalar	
  density	
  perturbaGons	
  which	
  have	
  amplitude:	
  	
   

InflaGon	
  also	
  generates	
  a	
  spectrum	
  of	
  tensor	
  
perturbaGons	
  (gravitaGonal	
  waves)	
  with	
  amplitude:	
  

The	
  raGo	
  of	
  tensor	
  to	
  scalar	
  perturbaGons	
  is	
  therefore: 
(characterisGc	
  of	
  the	
  inflaGonary	
  potenGal)	
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Coherent	
  oscillaGons	
  in	
  photon-­‐baryon	
  
plasma,	
  excited	
  by	
  density	
  

perturbaGons	
  on	
  super-­‐horizon	
  scales	
  …	
  

(Hubble	
  radius	
  at	
  trec)	
  

WMAP	
  3-­‐yr	
  

WMAP	
  1-­‐yr	
   θ ~1800/l



O(107) pixels can be reduced to O(103) multipoles only by assuming 
that the fluctuations are a random Gaussian density field 

… and O(103) multipoles can be characterized by just two parameters 
(amplitude and slope of a power-law spectrum) only by assuming that 

the primordial perturbations are close to scale-invariant 

Gaussianity & scale –invariance are characteristic of the quantum fluctuations 
of a free massless scalar field in a ~De Sitter background … so we  implicitly 
assume that slow-roll inflation is the origin of CMB temperature fluctuations 



PolarizaGon	
  
	
  of	
  the	
  CMB	
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E mode -> B mode through gravitational lensing of the CMB 

Depicts: E-modes and B-modes in the CMB polarisation (left and right panels, respectively) and the 
gravitational potential of the large-scale distribution of matter that is lensing the CMB (central panel) 
Copyright: Image from D. Hanson, et al., 2013, Physical Review Letters  

SPT: E-mode SPT: B-mode 

Herzschel: LSS 



(Courtesey:	
  Phil	
  Lubin)	
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  ‘92 
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  ‘02 

PolarBear	
  ‘12 
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  ‘14 
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  ‘02 

Inflationary predictions for (adiabatic) CMB fluctuations


BOOMERanG	
  ‘00 



… well below the sensitivity of gravitational wave detectors 




Planck data release II – 1st December 2014


Coherent	
  oscillaGons	
  in	
  a	
  photon+baryon	
  plasma	
  excited	
  by	
  primordial	
  
scalar	
  density	
  perturbaGons	
  on	
  super-­‐horizon	
  length	
  scales	
  	
  

 spatial scale of today’s universe at (re)combination 

 anti-correlation on super-horizon scale 







Ade et al, PRL 112:241101,2014 



This	
  is	
  just	
  the	
  chance	
  probability	
  of	
  the	
  
observed	
  B-­‐mode	
  signal	
  to	
  arise	
  as	
  a	
  

fluctuaGon	
  of	
  the	
  lensed	
  E-­‐mode	
  signal	
  …	
  
it	
  is	
  not	
  a	
  ‘>5σ detecGon’	
  of	
  a	
  CMB	
  signal	
  	
  

What	
  is	
  the	
  actual	
  significance	
  of	
  the	
  B-­‐mode	
  detecGon?	
  

Ade et al, PRL 112:241101,2014 
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“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.”                                                           Ade et al, PRL 112:241101,2014 

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



Ø  The	
  vacuum	
  energy	
  was	
  cancelled	
  to	
  1	
  part	
  in	
  10112	
  aJer	
  infla.on!	
  

If this is all true then	
  …	
  

So	
  we	
  ought	
  to	
  be	
  very	
  cauGous	
  about	
  interpreGng	
  the	
  observaGonal	
  result	
  given	
  
its	
  momentous	
  implicaGons	
  …	
  e.g.	
  could	
  it	
  just	
  be	
  some	
  astrophysical	
  foreground?	
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Ø  The	
  energy	
  scale	
  of	
  inflaGon	
  is:	
  V1/4 ≈ 2.1x1016 GeV (r/0.2)1/4 ~ MGUT 
Ø  The	
  field	
  excursion	
  was	
  super-­‐Planckian:	
  Δφ	
  ≈ 4 MPl

 (r/0.2)1/2  



Diffuse Milky Way foregrounds




At CMB frequencies the most important sources of foregrounds are:

	
  
Ø Synchrotron radiation by cosmic ray electrons in the (ordered + turbulent) 

Galactic magnetic field (strongly polarised) 
Ø Free-free emission from ionised hydrogen (unpolarised) 
Ø Thermal dust emission (weakly polarised) + ‘spinning dust’ (unpolarised) 
Ø what else?! 
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To	
  subtract	
  out	
  the	
  foregrounds,	
  observe	
  at	
  mulGple	
  frequencies	
  and	
  isolate	
  the	
  CMB	
  
by	
  its	
  blackbody	
  spectrum	
  …	
  and/or	
  look	
  at	
  high	
  galacGc	
  laGtude	
  away	
  from	
  Milky	
  Way	
  



The	
  important	
  astrophysical	
  polarised	
  foregrounds	
  at	
  CMB	
  frequencies	
  are:	
  
	
  

-­‐  Synchrotron	
  radiaGon	
  from	
  relaGvisGc	
  cosmic	
  ray	
  electrons	
  gyraGng	
  in	
  the	
  GalacGc	
  
magneGc	
  field	
  (polarised	
  perpendicular	
  to	
  local	
  field	
  direcGon)	
  

	
  
-­‐	
  Thermal	
  emission	
  from	
  interstellar	
  dust	
  (also	
  polarised	
  perpendicular	
  to	
  magneGc	
  

field	
  due	
  to	
  tendency	
  of	
  grains	
  to	
  align	
  along	
  the	
  field)	
  	
  

BICEP2	
  observes	
  a	
  small	
  patch	
  of	
  high-­‐laGtude	
  sky	
  chosen	
  to	
  	
  
minimise	
  these	
  foregrounds	
  …	
  but	
  the	
  levels	
  are	
  es*mates	
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However it is in fact crossed by a galactic ‘radio loop’! "
 

This	
  parGcular	
  patch	
  of	
  sky	
  was	
  chosen	
  to	
  be	
  observed	
  because:	
  	
  
“… such ultra clean regions are very special – at least an order of magnitude 
cleaner than the average b >500 level” 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Ade et al, PRL 112:241101,2014 



What are the ‘radio loops’?


poles suggest that most of the dust absorption occurs within
200 pc. To select stars outside the dust column for jbj >10!, we
limit the sample to the 1578 stars with heliocentric distances
greater than 500 pc. For jbj<10!, the model is problematic be-
cause there is ample dust emission from distances further away
than the stars sample.

We represent the starlight polarization data, (Q?; U?), in terms
of a polarization amplitude, P?, and direction, !?:

Q? ¼ P? cos (2!?);

U? ¼ P? sin (2!?): ð14Þ

We then smooth the starlight data by convolving (Q?/P?) and
(U?/P?) with a Gaussian window with a FWHM of 9.2!. The
smoothing is required because the measurements are coarsely
distributed. As a result, this dust model is applicable only for
lP15 and jbj > 10!. Above, !? describes the direction of this
smoothed starlight polarization field. We can quantify the ag-
reement between the starlight and WMAP K-band polarization
measurements by computing their correlation in each pixel, Z ¼
cos 2(!? % !K)þ "½ (, where !K is the direction in K band. Fig-
ure 11 shows a plot of the correlation as a function of position. The
median correlation coefficient is 0.72 implying that the dust and
K-band directions typically agree to 20!. Because of noise in both
the K-band and starlight maps, this is an underestimate of the cor-
relation. Nevertheless, the correlation tells us that the basic model
relating the starlight, the dust, synchrotron emission, and the mag-
netic field agrees with observations.

4.1.3. Thermal Dust Emission

Based on the detection of starlight polarization, thermal dust
emission is expected to be polarized atmillimeter and submillimeter

Fig. 9.—Left : Observed K-band polarization, P. The color scale ranges from 0 to 0.1 mK. Right: Model prediction of the K-band polarization based on the Haslam
intensity map. The model has one effective free parameter, the ratio of the homogeneous field strength to the total field strength as shown in eq. (13). This plot shows
the results for #s ¼ %2:7 and q ¼ 0:7.

Fig. 10.—Top: Haslam 408 MHz map is shown with circles indicating loops
from Berkhuijsen et al. (1971). These ridges of enhanced Galactic radio emission
are seen across the sky at low radio frequencies. The North Polar Spur (‘‘Loop I’’)
and the Cetus arc ( ‘‘Loop II’’ ) are examples of these features, which have been
described as the remnants of individual supernovae, or of correlated supernovae
outbursts that produce blowouts, or as helical patterns that follow the local
magnetic fields projecting out of the plane. Four such loops can be seen in the
Haslam 408 MHz radio map and the WMAP map. Note that the color stretch is
logarithmic in temperature.Bottom:WMAPK-band polarizationmapwith the same
loops superimposed. Note that the highly polarized southern feature is close to the
North Polar Spur circle andmay be related to the same physical structure. Note also
that the polarization direction is perpendicular to the main ridge arc of the North
Polar Spur, indicating a tangential magnetic field. This is also seen in the southern
feature. Whether or not they are physically related remains unclear.

Fig. 11.—Map of the correlation, Z, between the polarization angle derived
from the polarization of starlight, and the polarization angle in the K band. In the
regions of high K-band polarization, the correlation is strong. The polarization
directions are anticorrelated in the Orion-Eridanus region near l ¼ %165!, sug-
gesting spatially distinguished regions of dust and synchrotron emission.

WMAP 3 YEAR POLARIZATION MAPS 345No. 2, 2007

²  Probably	
  the	
  radiaGve	
  shells	
  of	
  
very	
  old	
  supernova	
  remnants	
  	
  

²  Can	
  see	
  only	
  4	
  of	
  these	
  in	
  the	
  
408	
  MHz	
  radio	
  sky	
  

	
  	
  	
  	
  Berkhuijsen	
  et	
  al,	
  A&A	
  14:252,1971	
  

²  However	
  there	
  must	
  be	
  several	
  
thousand	
  loops	
  in	
  the	
  Galaxy	
  
which	
  cannot	
  be	
  resolved	
  
against	
  the	
  galacGc	
  radio	
  
background	
  …	
  indeed	
  they	
  
probably	
  consGtute	
  much	
  of	
  
the	
  ‘diffuse’	
  background	
  

	
  	
  	
  	
  	
  Sarkar,	
  MNRAS	
  199:97,1982	
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If	
  the	
  compression	
  in	
  the	
  shell	
  is	
  by	
  a	
  factor	
  η	
  then	
  a	
  power-­‐law	
  	
  cosmic	
  	
  ray	
  
spectrum	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  is	
  modified	
  by	
  the	
  betatron	
  effect	
  to:	
  
	
  
	
  
acer	
  pitch-­‐angle	
  scasering	
  behind	
  the	
  shock,	
  where	
  	
  

Boosted emissivity in old SNRs
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Now	
  calculate	
  the	
  distribuGon	
  of	
  η	
  in	
  the	
  McKee-­‐Ostriker	
  3-­‐phase	
  model	
  of	
  the	
  ISM	
  
regulated	
  by	
  SNRs,	
  to	
  determine	
  the	
  average	
  interstellar	
  synchrotron	
  emissivity	
  …	
  	
  	
  	
  	
  



Simulating the galactic distribution of old SNRs


to GC

With	
  ~3	
  SN/century,	
  there	
  must	
  be	
  several	
  thousand	
  old	
  SNRs	
  in	
  the	
  radiaGve	
  phase	
  of	
  
evoluGon	
  …	
  their	
  shells	
  will	
  compress	
  the	
  interstellar	
  magneGc	
  field	
  –	
  and	
  the	
  coupled	
  
cosmic	
  ray	
  electrons	
  –	
  to	
  high	
  values,	
  significantly	
  boosGng	
  the	
  synchrotron	
  emissivity	
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Angular Power Spectrum of a SNR shell


…	
  acer	
  projecGon	
  along	
  line-­‐of-­‐
sight,	
  the	
  shell	
  of	
  homogeneous	
  
emissivity	
  has	
  angular	
  profile	
  g(r) 
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…	
  thickness	
  of	
  shell	
  determines	
  cut-­‐off	
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AssumpGon:	
  flux	
  from	
  one	
  shell	
  factorises	
  into	
  angular	
  
part	
  and	
  frequency	
  part:	
  
	
  
Frequency part: 
MagneGc	
  field	
  gets	
  compressed	
  in	
  SNR	
  shell	
  
Electrons	
  get	
  betatron	
  accelerated	
  
Emissivity	
  increased	
  with	
  respect	
  to	
  ISM	
  
 
Angular	
  part:	
  
Assume	
  constant	
  emissivity	
  in	
  shell:	
  
	
  
	
  
	
  
	
  
Add	
  up	
  contribuGon	
  from	
  all	
  shells:	
  

gi(cos�)

Jshell i(�, ⇤, b) = ⇥i(�)gi(⇤, b)

Modelling an ensemble of shells


"i(⌫)
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GALPROP	
  

Free-­‐free	
  

Point	
  sources	
  

408	
  MHz	
  map	
  
Sum	
  

Turbulence	
  

Residuals	
  

The uniform galaxy model does not fit the data
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… but adding old SNR shells allows an excellent match!


GALPROP Free-free 

Point sources 

408 MHz map 

Sum 

Turbulence 

Residuals 

408	
  MHz	
  map	
  

old	
  SNRs	
  

M
er

ts
ch

 &
 S

ar
ka

r, 
JC

A
P 

06
:0

41
,2

01
3 



This model has structure at high latitude  (like the real radio sky) 
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CMB foreground removal: How do we get from this to this?

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	
  

T
ILC

=
P

i ⇣iTi =
P

i (TCMB

+ SiTforeground

)
�2
ILC

Answer: ILC	
  -­‐	
  Internal	
  Linear	
  CombinaGon	
  (SMICA	
  for	
  Planck)	
  	
  	
  



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



Compare with MC  ⇒ p-values of  

Temperature  Skewness  

O(10�2)

There is a 23 mK excess temperature in ring around Loop I 
(NB: This is ~1/4 of the total TT signal in the ‘cleaned’ CMB map) 

Liu, Mertsch & Sarkar, ApJL 789:L29,2014  

`



Cluster	
  analysis	
  (Naselsky	
  &	
  Novikov,	
  ApJ	
  444:1,1995):	
  Compute	
  for	
  each	
  pixel	
  the	
  
angular	
  distance	
  G	
  	
  from	
  Loop	
  I	
  along	
  great	
  circles	
  crossing	
  both	
  the	
  pixel	
  and	
  the	
  loop	
  

center	
  and	
  compare	
  with	
  random	
  realisaGon	
  of	
  best-­‐fit	
  ΛCDM	
  model	
  

From	
  100,000	
  MC	
  runs:	
  probability	
  for	
  smaller	
  	
  	
  	
  	
  	
  	
  	
  in	
  last	
  4	
  bins	
  ~	
  10-­‐4	
  	
  hGi
Liu,	
  Mertsch	
  &	
  Sarkar,	
  ApJL	
  789:L29,2014	
  	
  

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



`

Expected	
  range	
  for	
  Gaus	
  sian	
  field	
  	
  

Loop I 



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


Difference ILCrest – ILCLoop I


	
  There	
  is	
  an	
  imprint	
  of	
  the	
  radio	
  loops	
  in	
  the	
  WMAP	
  ILC	
  (also	
  Planck	
  SMICA)	
  maps	
  of	
  
the	
  CMB	
  which	
  have	
  supposedly	
  been	
  cleaned	
  of	
  all	
  foreground	
  emissions!	
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What do we know about the Loop I anomaly?


•  SpaGally	
  correlates	
  with	
  Loop	
  I	
  

•  Unlikely	
  to	
  be	
  synchrotron	
  (checked	
  with	
  our	
  synchrotron	
  model)	
  

•  Frequency	
  dependence:	
  

Simple	
  toy	
  model:	
  
	
  
with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  
	
  

⇥(n̂) = ⇤(n̂)Ts�(�
min

 �j  �
max

)

⌧(n̂) ⇠ 10�6 Ts ⇠ 20K

Could	
  it	
  be	
  magne*c	
  dipole	
  radiaGon	
  from	
  dust	
  	
  (with	
  ferrimagneGc	
  inclusions)?	
  
	
  

This	
  has	
  a	
  blackbody-­‐like	
  spectrum	
  so	
  would	
  have	
  evaded	
  foreground	
  cleaning!	
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Could it be magnetic dipole radiation from dust in 
the loops (with iron or ferrimagnetic inclusions)?
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Could it be magnetic dipole radiation from dust 
(with iron or ferrimagnetic inclusions)?


Draine	
  &	
  Hensley,	
  ApJ	
  757	
  (2012)	
  103	
  

 …	
  the	
  emission	
  from	
  the	
  SMC	
  may	
  be	
  understood	
  if	
  the	
  interstellar	
  dust	
  mixture	
  includes	
  
magne*c	
  nanopar*cles,	
  emiCng	
  magne*c	
  dipole	
  radia*on	
  resul*ng	
  from	
  thermal	
  fluctua*ons	
  
in	
  the	
  magne*za*on	
  …	
  If	
  the	
  Fe	
  nanopar*cles	
  are,	
  for	
  the	
  most	
  part,	
  freefliers	
  heated	
  by	
  typical	
  
starlight,	
  then	
  T	
  ≈	
  	
  40K	
  is	
  expected	
  (see	
  Figure	
  4	
  of	
  Draine	
  &	
  Hensley	
  2012	
  ).	
  If,	
  on	
  the	
  other	
  

hand,	
  the	
  Fe	
  nanopar*cles	
  are	
  inclusions	
  in	
  larger	
  composite	
  grains,	
  then	
  the	
  T	
  ≈	
  	
  20K	
  
temperature	
  is	
  appropriate,	
  consistent	
  with	
  the	
  temperature	
  of	
  the	
  “normal”	
  dust.	
  



“We show that the flattening of the dust SED can be accounted for with an additional 
component with a blackbody spectrum. This additional component, which accounts for 
(26 +- 6)% of the dust emission at 100 GHz, could represent magnetic dipole emission” 

Could it be magnetic dipole radiation from dust 
(with iron or ferrimagnetic inclusions)?


Planck	
  XVII,	
  	
  A&A	
  566:A55,	
  2014	
  (see	
  also	
  arXiv:1405.0874v1)	
  



The	
  353	
  GHz	
  polarised	
  dust	
  emission	
  map	
  from	
  Planck	
  shows	
  high	
  
laGtude	
  emission	
  from	
  dust	
  with	
  a	
  high	
  polarisaGon	
  fracGon	
  of	
  ~20%	
  	
  
-­‐	
  extrapolated	
  to	
  150	
  GHz,	
  	
  this	
  is	
  comparable	
  to	
  the	
  BICEP2	
  ‘signal’!	
  

(a
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“The BICEP 2 field is centered on Galactic coordinates (l, b ) = (3160, -590) and was 
originally selected on the basis of exceptionally low contrast in the FDS dust maps 
(Finkbeiner et al. 1999). It must be emphasized that these ultra clean regions are very 
special – at least an order of magnitude cleaner than the average b > 500 level.” 

[arXiv:1403.3985] 
Planck	
  view	
  of	
  BICEP2	
  field	
  



The	
  formaGon	
  of	
  large-­‐scale	
  structure	
  is	
  akin	
  to	
  a	
  scasering	
  experiment	
  

The	
  Beam:	
  infla.onary	
  density	
  perturba.ons	
  	
  
No	
  ‘standard	
  model’	
  –	
  usually	
  assumed	
  to	
  be	
  adiabaGc	
  and	
  ~scale-­‐invariant	
  	
  	
  	
  	
  	
  

The	
  Target:	
  dark	
  ma6er	
  (+	
  baryonic	
  ma6er)	
  	
  
Iden.ty	
  unknown	
  -­‐	
  usually	
  taken	
  to	
  be	
  cold	
  (sub-­‐dominant	
  ‘hot’	
  component?)	
  	
  	
  	
  	
  	
  

The	
  Signal:	
  CMB	
  anisotropy,	
  galaxy	
  clustering	
  …	
  	
  
measured	
  over	
  scales	
  ranging	
  from ~ 1	
  –	
  10000	
  Mpc	
  (⇒ ~8	
  e-­‐folds	
  of	
  inflaGon)	
  

The	
  Detector:	
  the	
  universe	
  	
  
Modelled	
  by	
  a	
  ‘simple’ FRW	
  cosmology	
  with	
  parameters	
  h, ΩCDM , Ωb , ΩΛ , Ωk ... 

We	
  cannot	
  simultaneously	
  determine	
  the	
  properGes	
  of	
  both	
  the	
  
beam	
  and	
  the	
  target	
  with	
  an	
  unknown	
  detector	
  

Cosmologists	
  adopt	
  suitable	
  priors	
  wrt	
  the	
  ‘beam’	
  and	
  the	
  ‘target’	
  to	
  break	
  parameter	
  
degeneracies	
  in	
  determining	
  the	
  parameters	
  of	
  the	
  assumed	
  ΛCDM	
  model	
  	
  

For	
  example	
  they	
  assume	
  that	
  the	
  ‘beam’	
  is	
  a	
  power-­‐law	
  spectrum	
  …	
  but	
  is	
  this	
  what	
  
we	
  find	
  if	
  we	
  reverse	
  the	
  procedure	
  to	
  extract	
  it	
  from	
  the	
  data	
  (also	
  assuming	
  ΛCDM)?	
  



Hunt	
  &	
  Sarkar,	
  JCAP	
  01:025,	
  2014	
  



Hunt	
  &	
  Sarkar,	
  JCAP	
  01:025,	
  2014	
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So	
  no	
  firm	
  evidence	
  yet	
  …	
  however	
  finding	
  even	
  one	
  feature	
  would	
  immediately	
  rule	
  
out	
  all	
  slow-­‐roll	
  models	
  and	
  provide	
  a	
  crucial	
  hint	
  as	
  to	
  inflaGonary	
  dynamics	
  …	
  

(accounGng	
  for	
  ‘look	
  elsewhere’	
  effect) 
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…	
  and	
  the	
  recovered	
  tensor	
  power	
  spectrum	
  from	
  BICEP	
  data	
  has	
  a	
  strong	
  blue	
  Glt,	
  
which	
  is	
  inconsistent	
  with	
  the	
  slow-­‐roll	
  inflaGonary	
  consistency	
  condiGon:	
  nt = - r/8	
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Summary 	
  
InflaGon	
  driven	
  by	
  the	
  slow	
  roll	
  of	
  a	
  scalar	
  field	
  is	
  a	
  convenient	
  
paradigm	
  which	
  enables	
  us	
  to	
  engage	
  with	
  CMB	
  &	
  other	
  data	
  …	
  
but	
  it	
  is	
  very	
  challenging	
  to	
  realise	
  in	
  a	
  physical	
  (field-­‐theoreGcal)	
  
framework	
  without	
  rather	
  unnatural	
  fine-­‐tuning	
  of	
  parameters.	
  	
  

Lacking	
  a	
  fundamental	
  understanding	
  of	
  how	
  vacuum	
  energy	
  couples	
  to	
  
gravity,	
  inflaGon	
  must	
  in	
  any	
  case	
  be	
  considered	
  a	
  ‘toy	
  model’	
  

…	
  unless	
  of	
  course	
  we	
  detect	
  the	
  predicted	
  gravita:onal	
  waves!	
  	
  

This	
  will	
  however	
  be	
  hard	
  unless	
  we	
  learn	
  how	
  to	
  model	
  the	
  GalacGc	
  
foreground	
  emission	
  far	
  more	
  accurately	
  than	
  we	
  can	
  at	
  present.	
  

Meanwhile	
  there	
  is	
  an	
  indicaGon	
  that	
  the	
  primordial	
  spectrum	
  of	
  
fluctuaGons	
  cuts	
  off	
  on	
  the	
  scale	
  of	
  the	
  present	
  Hubble	
  radius	
  H0

-­‐1	
  !	
  
There	
  are	
  also	
  indicaGons	
  of	
  features	
  in	
  the	
  spectrum	
  which	
  if	
  

established	
  would	
  immediately	
  rule	
  out	
  all	
  ‘slow	
  roll’	
  inflaGon	
  models.	
  
This	
  is	
  arguably	
  the	
  most	
  promising	
  way	
  to	
  further	
  probe	
  inflaGon	
  	
  


