
Has	
  BICEP2	
  proved	
  cosmic	
  infla6on?	
  
Subir	
  Sarkar	
  

 
University	
  of	
  Oxford	
  	
  

&	
  	
  
Niels	
  Bohr	
  Ins6tute,	
  Copenhagen	
  

Based	
  on:	
  arXiv:1404.1899 with	
  Liu	
  Hao	
  (NBI	
  Copenhagen)	
  &	
  	
  Philipp	
  Mertsch	
  (KIPAC	
  Stanford)	
  	
  
	
  	
  +	
  	
  JCAP	
  06:041,2013	
  [arXiv:1304.1078]	
  with	
  Philipp	
  Mertsch	
  	
  +	
  	
  Sarkar,	
  MNRAS	
  199:97,1982	
  



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

fluctua6on	
  of	
  the	
  lensed	
  E-­‐mode	
  signal	
  
…	
  it	
  does	
  not	
  mean	
  a	
  ‘>5σ detec6on’!	
  	
  [arXiv:1403.3985]	
  

What	
  is	
  the	
  significance	
  of	
  the	
  B-­‐mode	
  detec6on?	
  



“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.”            [arXiv:1403.3985] 

…	
  so	
  the	
  significance	
  with	
  which	
  the	
  signal	
  is	
  established	
  to	
  be	
  CMB	
  rather	
  than	
  either	
  
synchrotron	
  (β ∼ -3)	
  or	
  dust	
  (β ∼ +1.75)	
  emission	
  is	
  only	
  	
  2.3 σ	
  and	
  2.2 σ,	
  respec6vely	
  



Courtesy	
  of	
  Kendrick	
  Smith	
  



Courtesy	
  of	
  Kendrick	
  Smith	
  



“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]	
  

…	
  so	
  a	
  lot	
  depends	
  on	
  whether	
  the	
  ‘Southern	
  hole’	
  
is	
  indeed	
  as	
  free	
  of	
  foreground	
  as	
  is	
  assumed	
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“Foreground modeling involves extrapolating high signal-to-noise ratio maps taken at lower/
higher frequencies to the CMB observation band, and there are inevitably uncertainties … The 
main uncertainty in foreground modeling is currently the lack of a polarized dust map. (This will 
be alleviated soon by the next Planck  data release.) In the meantime we have investigated a 
number of existing models and have formulated two new ones. … We can therefore search for a 
correlation between the models and our signal by taking cross spectra against the BICEP 2 maps.	
  
Figure 6 shows the resulting BB  auto and cross spectra — note that the autospectra are all well 
below the level of our observed signal and that the cross spectra are consistent with zero”. 



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

•  Probably shells of old 
SNRs (very nearby) 

•  Can only see 4-5 of 
these in radio sky 

•  However there must be 
several thousand loops 
in the Galaxy which 
cannot be resolved 
against the ‘diffuse’ 
galactic radio 
background – indeed 
they probably contribute 
most of the background 
(Sarkar,	
  MNRAS	
  199:97,1982)	
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Radio loops


to GC



WMAP9 polarisation


Bennett al., ApJS 208 (2013) 20 



o  Several thousand old 
SNRs present in Galaxy 

o  We know 4 local shells 
(Loop I-IV) but others are 
modeled in MC approach 

o  They contribute exactly in 
the right multipole range 

Mertsch & Sarkar, JCAP 06 (2013) 041 

To	
  fit	
  the	
  angular	
  power	
  spectrum	
  of	
  the	
  galac6c	
  radio	
  background	
  
(@	
  408	
  MHz)	
  requires	
  a	
  substan6al	
  contribu6on	
  from	
  the	
  radio	
  loops	
  



To	
  model	
  the	
  galac6c	
  radio	
  background	
  (@	
  408	
  MHz)	
  accurately	
  
requires	
  a	
  substan6al	
  contribu6on	
  from	
  the	
  radio	
  loops	
  	
  



CMB foreground removal

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.

HINSHAW ET AL.320 Vol. 170

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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Anomalies in ILC9 (  ≤ 20) �
… are the radio loops visible? 


`

Bennett et al, ApJS 208 (2013) 20 



Anomalies in ILC9 (  l≤20)


compare with MC  ⇒ p-values of  

`

temperature  skewness  

O(10�2)

There	
  is	
  a	
  20	
  µK	
  excess	
  temperature	
  in	
  ring	
  around	
  Loop	
  I	
  

Liu, Mertsch & Sarkar, arXiv:1404.1899 



Cluster analysis


Liu, Mertsch & Sarkar, arXiv:1404.1899 

Naselsky & Novikov, ApJ. 444 (1995) 1 

from 100,000 MC runs: probability for smaller         in last four bins   hGi ⇠ 10�4



ILC coefficients from Loop I region


Liu, Mertsch & Sarkar, arXiv:1404.1899 



ILC coefficients from rest of sky


Liu, Mertsch & Sarkar, arXiv:1404.1899 



Difference ILCrest – ILCLoop I


	
  The	
  difference	
  indicates	
  the	
  presence	
  of	
  the	
  Loops	
  in	
  the	
  ILC	
  map	
  which	
  has	
  supposedly	
  
been	
  cleaned	
  of	
  all	
  foreground	
  emissions	
  (and	
  is	
  used	
  for	
  ‘precision	
  cosmology’)	
  



What do we know about the anomaly?


•  Spatially correlates with Loop I 

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

•  frequency dependence: 

simple	
  toy	
  model	
  
 
with	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  and	
  	
  
	
  
If	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  depends	
  only	
  weakly	
  on	
  	
  	
  	
  ,	
  can	
  es6mate	
  frequency	
  dependence	
  from	
  
	
  
	
  
	
  
…	
  Can	
  also	
  use	
  polarised	
  V-­‐	
  and	
  W-­‐bands	
  to	
  get	
  handle	
  on	
  dust	
  (?)	
  spectral	
  index	
  

⇥(n̂) = ⇤(n̂)Ts�(�
min

 �j  �
max

)

⌧(n̂) ⌫
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X
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Could it be magnetic dipole radiation from dust?


Draine & Lazarian, ApJ 508 (1998) 157, 512 (1999) 740;  Draine & Hensley, ApJ 757 (2012) 103 



BICEP2 variance-weight map 


Wolleben’s	
  ‘new	
  Loop’	
  goes	
  right	
  through	
  the	
  region	
  mapped	
  by	
  BICEP2	
  (of	
  which	
  they	
  say:	
  	
  
“… these ultra clean regions are very special – at least an order of magnitude cleaner than the average b>500 level”) 



Conclusions 	
  

Infla6on	
  has	
  been	
  an	
  important	
  idea	
  at	
  the	
  interface	
  of	
  par6cle	
  physics	
  and	
  cosmology	
  
…	
  and	
  has	
  successfully	
  explained	
  observa6ons	
  of	
  scalar	
  density	
  fluctua6ons	
  in	
  the	
  CMB	
  

The	
  slow-­‐roll	
  scalar	
  field	
  model	
  for	
  infla6on	
  suffers	
  however	
  from	
  our	
  lack	
  of	
  
theore6cal	
  understanding	
  of	
  how	
  vacuum	
  energy	
  couples	
  to	
  gravity	
  

In	
  fact	
  scalar	
  density	
  fluctua5ons	
  can	
  be	
  generated	
  by	
  other	
  means,	
  but	
  tensor	
  
perturba5ons	
  would	
  be	
  a	
  direct	
  signature	
  of	
  vacuum	
  energy	
  dominated	
  infla5on	
  

The	
  detec6on	
  of	
  gravita6onal	
  waves	
  generated	
  during	
  infla6on	
  would	
  therefore	
  be	
  of	
  
enormous	
  importance	
  (and	
  force	
  us	
  to	
  confront	
  the	
  cosmological	
  constant	
  problem)	
  	
  

The	
  BICEP2	
  claim	
  to	
  have	
  detected	
  this	
  signal	
  must	
  therefore	
  be	
  subjected	
  to	
  cri6cal	
  scru6ny	
  	
  
…	
  they	
  observed	
  a	
  sky	
  patch	
  believed	
  to	
  be	
  (rela6vely)	
  free	
  of	
  foreground	
  Galac6c	
  emissions	
  
and	
  showed	
  that	
  the	
  B-­‐mode	
  signal	
  does	
  not	
  correlate	
  with	
  extrapolated	
  known	
  foregrounds	
  

However	
  this	
  sky	
  patch	
  is	
  crossed	
  by	
  a	
  ‘radio	
  loop’	
  –	
  remnant	
  of	
  a	
  nearby	
  ancient	
  supernova	
  –	
  
which	
  also	
  contains	
  dust	
  …	
  we	
  have	
  shown	
  that	
  these	
  have	
  a	
  spectrum	
  that	
  evades	
  the	
  standard	
  

foreground	
  cleaning	
  methods	
  so	
  they	
  lurk	
  undetected	
  (un6l	
  now!)	
  in	
  the	
  maps	
  of	
  the	
  CMB	
  
	
  

	
  Forthcoming	
  Planck	
  data	
  will	
  show	
  if	
  this	
  can	
  account	
  for	
  the	
  B-­‐mode	
  signal	
  observed	
  by	
  BICEP2	
  


