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While&the&discovery&of&gravitaRonal&waves&had&been&widely&rumoured&
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 This is indeed very exciting … if true

We&have&a&nearly&complete&picture&of&the&growth&of&large*scale-structure-through&gravita2onal-
instability-in&a&sea&of&dark-ma:er,&starRng&with&scalar-density-perturba2ons-which&we&have&

detected&imprinted&on&the&cosmic-microwave-background&…&if&these&were&created&by&‘infla2on’&
then&seeing&the&associated&tensor-perturba2ons-would&prove&that&inflaRon&actually&occurred!&



The&spectrum&of&scalar-density-perturba2ons-is&&&&&&&&&&&&&&&&&&&&&&&&,&and&&gravita2onal-waves-

(tensor&perturbaRons)&are&also&generated&with&spectrum:&
 

Inflation:-If&at&some&early&Rme&the&universe&undergoes&a&period&of&exponenRally&fast&
expansion&due&to&the&energy&density&being&briefly&dominated&by&the&vacuum-energy-of&
a&scalar&field&while&it&evolves&towards&the&minimum&of&its&potenRal,&it&would&solve&the&
horizon/flatness&problems&of&the&Standard&Cosmology&and&also&generate&the&~scaleY
invariant&density-fluctua2ons-necessary&for&the&formaRon&of&largeYscale&structure&

Having&reached&its&minimum&the&scalar&field&oscillates,&transferring&its&energy&into&
radiaRon,&thus&‘reheaRng’&the&universe&and&starRng&off&the&Standard&Cosmology 
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The&raRo&of&tensor&to&scalar&perturbaRons&is: 



Coherent&oscillaRons&in&a&
photon+baryon&plasma&excited&
by&primordial&perturbaRons&on&

superYhorizon&length&scales&&

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

By&analysing&this&&pajern&&we&
can&infer&the&values&of&&the&

cosmological&parameters&and&
test&the&theory&of&inflaRon&



primordial&
gravitaRonal&

waves?&

Inflationary predictions for r = 0.2
(adiabatic) CMB fluctuations

✔

✔

✔



(similar to gradient/curl decomposition of vector field)  

(and gravitational lensing of E polarization) 
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Ade&et*al,&PRL&112:241101,2014&



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

Ade&et*al,&PRL&112:241101,2014&



This&is&just&the&chance&probability&of&the&
observed&BYmode&signal&to&arise&as&a&

fluctuaRon&of&the&lensed&EYmode&signal&…&
it&is&not&a&‘>5σ detecRon’&of&a&CMB&signal&&

What&is&the&significance&of&the&BYmode&detecRon?&

Ade&et*al,&PRL&112:241101,2014&



“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&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&&



!  The-vacuum-energy-was-cancelled-to-1-part-in-10112-aDer-infla2on!-

If this is all true then-…-

So&we&ought&to&be&very&cauRous&about&interpreRng&the&observaRonal&result&given&
its&momentous&implicaRons&…&e.g.&could&it&just&be&some&astrophysical&foreground?&
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!  The&energy&scale&of&inflaRon&is:&V1/4&≈&2.1x1016&GeV&(r/0.2)1/4&~&MGUT*
!  The&field&excursion&was&superYPlanckian:&Δφ&≈&4&MPl

&(r/0.2)1/2&*



The&important&astrophysical&foregrounds&at&CMB&frequencies&are:&
&

Y  Synchrotron&radiaRon&from&relaRvisRc&cosmic&ray&electrons&gyraRng&in&the&GalacRc&
magneRc&field&(polarised&perpendicular&to&local&field&direcRon)&

&
Y&Thermal&emission&from&interstellar&dust&(also&polarised&perpendicular&to&magneRc&

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

BICEP2&observes&a&small&patch&of&highYlaRtude&sky&chosen&to&&
minimise&these&foregrounds&…&but&the&levels&are&es6mates**



However it is crossed by a ‘radio loop’! �
 

This&parRcular&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

"  These are probably shells 
of very old supernova 
remnants (very nearby) 

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

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

"  However there must be 
several thousand loops in 
the Galaxy which cannot 
be resolved against the 
‘diffuse’ galactic radio 
background … indeed 
they probably make up 
most of the background 

     Sarkar,&MNRAS&199:97,1982&
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Simulating the galactic distribution of old SNRs

to GC

With&~3&SN/century,&there&must&be&several*thousand*old&SNRs&in&the&radiaRve&phase&of&
evoluRon&…&their&shells&will&compress&the&interstellar&magneRc&field&–&and&the&coupled&
cosmic&ray&electrons&–&to&high&values,&significantly&boosRng&the&synchrotron&emissivity&&&



Boosted synchrotron emissivity in old SNRs
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If&the&compression&in&the&shell&is&by&a&factor&η then&a&powerYlaw&CR&
electron&spectrum&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&will&be&modified&to:&
&
&
with:&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&aser&pitchYangle&scajering&behind&shock&

Sarkar,&MNRAS&199:97,&1982&



The galactic radio background 


Synchrotron&radiaRon&by&rela2vis2c-cosmic-ray-electrons-spiralling&in&
the&galac2c-magne2c-field-(regular&spiral&+&turbulent&component):&
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Can&model&using&GALPROP&code&which&solves&for&the&diffusion&of&cosmic&
rays&in&the&Galaxy&&(assumed&to&be&a&cylindrical&slab&+&extended&‘halo’)&
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1.  Radio&sky:&

&

2.  Spherical&harmonics:&

3.  Angular&power&spectrum:&

&

&

Advantages:&InformaRon&ordered&by&spaRal&scale&

•  StaRsRcally&meaningful&quanRRes&

•  Natural&for&some&applicaRons,&e.g.&CMB&foreground&subtracRon&
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•  Plasma&perturbaRons&described&by&MHD&modes,&e.g.&Alfvén&waves&

•  TwoYpoint&correlaRon&funcRon:&

•  Fourier&transform&�&power&spectrum:&

&

&

•  Observed&in&space&plasmas&&with&&&&&&&&&&&&&&&&&&&&&&&&

&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&&(Kolmogorov:&&&&&&&&&&&&&&&&&&&)&m = 11/3

P (k) =

Z
dr eik·rhB(r0)B(r0 + r)ir0

hB(r0)B(r0 + r)ir0

P (k) / k�m

Turbulence cascade

r-

•  Consider&twoYpoint&correlaRons&on&sphere&

•  PowerYlaw&in&wavenumber&reflected&by&
powerYlaw&in&angle&&&&(or&mulRpole&&&)&✓ `

Chepurnov,&Astron.Astrophys.Trans.&17:281,1999&



GALPROP&

FreeYfree&

Point&sources&

408&MHz&&
Sum&

Turbulence&

Residuals&

The uniform galaxy model does not match the angular 
power spectrum of the observed radio background
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o  Several&thousand&shells&of&
old&SNRs&in&Galaxy&

o  We&know&4&local&shells&
(Loop&IYIV)&but&others&are&
modeled&in&MC&approach&

o  They&contribute&in&just&the&
required&mulRpole&range&

… but adding a population of old SNRs does!

SNR&shells&

Mertsch&&&Sarkar,&JCAP&06:041,2013&



Angular Power Spectrum of a SNR shell
…&aser&projecRon&along&lineYofY
sight,&the&shell&of&homogeneous&
emissivity&has&angular&profile&g(r) 
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…&thickness&of&shell&determines&cutYoff&
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AssumpRon:&flux&from&one&shell&factorises&into&angular&
part&and&frequency&part:&
&
Frequency part: 
MagneRc&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&contribuRon&from&all&shells:&

gi(cos�)

Jshell i(�, ⇤, b) = ⇥i(�)gi(⇤, b)

Modelling an ensemble of shells
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Our model for the Galactic radio background 
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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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χ2 fit to data with foreground model: 

CMB foreground removal:Template subtraction

5.3. Foreground Template Subtraction

The ILC method discussed above produces a CMB map with
complicated noise properties, while the MEMmethod discussed
in x 4.5 is primarily used to identify and separate foreground com-
ponents fromeach other. Formost cosmological analyses onemust
retain the well-defined noise properties of the WMAP frequency
bandmaps. To achieve this we form low-noisemodel templates of
each foreground emission component and fit them to the WMAP
sky maps at each frequency. After subtracting the best-fit model,
wemask regions that cannot be reliably cleaned because of limita-
tions in the template models. In this section we describe themodel
templates we use for synchrotron, free-free, and dust emission, and
we estimate the residual foreground uncertainties that remain after
these templates have been fit and subtracted. TheWMAP bandmaps
are calibrated in thermodynamic temperature units; where appro-
priate, we convert Galactic signals to units of antenna temperature
using the factors g! given in Table 2.

In our first-year model we used the Haslam 408 MHz map as
a template for synchrotron emission. We now use the WMAP

K- and Ka-band data to provide a synchrotron template, as de-
scribed below. This is preferable because: (1) the intrinsic sys-
tematicmeasurement errors are smaller in theWMAP data than in
the Haslam data, and (2) the nonuniform synchrotron spectrum
producesmorphological changes in the brightness as a function of
frequency (Bennett et al. 2003c), so that the low frequency Haslam
map is less reliable at tracingmicrowave synchrotron emission than
the WMAP data.
There are two potential pitfalls associated with using the K-

and Ka-band data for cleaning: (1) the data are somewhat noisy,
and since the template subtraction will be common to all cleaned
channels, there can be a noise bias introduced in the inferred
angular power spectrum. (But note that we use separate templates
for each year of data, so the correlation only acts across frequency
bands within a single year.) (2) Since the K- and Ka-band data are
contaminated with point sources, this signal could interfere with
the primary goal of cleaning the diffuse emission. Using the fitting
coefficients obtained below and the known noise properties of
the K- and Ka-band data, we estimate the noise bias in the final
power spectrum to be<5 "K2 near the first acoustic peak (<0.1%
of the CMB signal), and even smaller at lower and higher multi-
poles. Furthermore, assuming the point source model given in
equation (43), and the fact that the template has been smoothed
to an effective resolution of 1N0 FWHM, we estimate that sources
contribute<1 "K2 to the power spectrum at l ¼ 400 in the TK"
TKa template, and thus may be safely ignored. In the end, these
pitfalls are not a source of concern for the 3 year analysis.
The difference map TK " TKa, in thermodynamic units, can-

cels CMB signal, while it contains a specific linear combination
of synchrotron and free-free emission (and a minimal level of
thermal dust emission). We use this map as the first template in
the model. For the second template we use the full-sky H# map
compiled by Finkbeiner (2003) with a correction for dust extinc-
tion (Bennett et al. 2003c). This template independently traces
free-free emission, allowing the model to produce an arbitrary
ratio of synchrotron to free-free emission at a given frequency
(the limitations of H# as a proxy for free-free are discussed be-
low). For dust emission, we adopt ‘‘Model 8’’ from the Finkbeiner
et al. (1999) analysis of IRAS andCOBE data, evaluated at 94 GHz
(see x 4.3). The full model has the form

M (!; p) ¼ b1(!)(TK " TKa)þ b2(!)IH# þ b3(!)Md; ð19Þ

where bi(!) are the fit coefficients for each template at frequency
!, and Md is the dust map. As discussed below, this model is
simultaneously fit to the Q-, V-, and W-band maps, and we con-
strain the coefficients b2 and b3 to follow the specified frequency
spectra to minimize component degeneracy.
To clarify the physical interpretation of b1 and b2, we first note

that TK " TKa may be rewritten in terms of synchrotron and free-
free emission as

TK " TKa ¼ RsTs þ RATA; ð20Þ

where Ts and TA are the synchrotron and free-free maps in an-
tenna temperature at K-band, Rc & gKSc(!K; p)" gKaSc(!Ka; p)
is the surviving fraction of emission component c (synchrotron
or free-free) in TK " TKa, and Sc is the spectrum of component c,
in antenna temperature, relative to K-band. To a very good approx-
imation, the spectrum of free-free emission is SA ¼ (!/!K)"2:14

(x 4.1), so that RA ¼ 0:552. For synchrotron emission, variations
in the spectrum as a function of position will produce variations

Fig. 9.—Top: First-year ILC map reproduced from Bennett et al. (2003c).
Middle: 3 year ILCmap produced following the steps outlined in x 5.2.Bottom: Dif-
ference between the two (1 yr" 3 yr). The primary reason for the difference is the
new bias correction (Fig. 8). The low-l change noted in x 3 and shown in Fig. 3 is
also apparent.
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(K-Ka) difference map: 
some combination of 

synchrotron + free-free 

Hα map: 
tracer of free-free 

IR map (extrapolated 
to 94 GHz): 

tracer of dust 

Advantage:&Extract&spectral&informaRon&about&foregrounds&
-----Issue:&DirecRonYdependent&spectral&indices&and/or&&&&
&&&&&&&&&&&&&&&&&&&&&&&morphological&changes&with&frequency&
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Why this is supposed to work …
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But&this&technique&might&fail&locally&in&regions&where&there&is&both&synchrotron&and&
dust&emission&…&e.g.&in&old&supernova&remnant&shells&(nearby&–&so&at&high&laRtude)&



Anomalies in WMAP-9 Internal Linear Combination map (   ≤ 20)�
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Are&the&radio&loops&visible&(even&in&microwaves)?&&



Compare&with&MC&&�&pYvalues&of&&

Temperature  Skewness  

O(10�2)

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

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

Anomalies in WMAP-9 Internal Linear Combination map (   ≤ 20)�
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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 realisation 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)�
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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&‘internal&linear&combinaRon’&
map&of&the&CMB&which&has&supposedly&been&cleaned&of&all&foreground&emissions!&
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What do we know about the Loop I 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&esRmate&frequency&dependence&from&
&
&
&
…&Can&also&use&polarised&VY&and&WYbands&to&get&handle&on&dust&(?)&spectral&index&
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BICEP2 signal is said not to correlate with ‘known foregrounds’
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However&the&new&foreground&we&have&idenRfied&is&not&included&in&any&of&the&models…&



Synchrotron&may&well&be&negligible&(relaRve&to&r ~ 0.2 BYmode&signal)&at&
this&very&high&frequency,&but&is&it&clear&that&dust&is&negligible?&

In&the&WMAP&94&GHz&map,&the&polarisaRon&fracRon&is&a&few&%&but&
WMAP&has&insufficient&sensiRvity&to&provide&a&template&…&so&ought&to&
wait&for&the&Planck&polarisaRon&maps&to&be&published&to&esRmate&this&&

The&BICEP2&team&decided&to&use&preliminary*Planck&results&…&but&did&
they&take&into&account&that&the&‘apparent&polarisaRon&fracRon’&shown&is&

an&underes6mate&since&the&(unsubtracted)&CIB&is&unpolarised?&



(Flauger,&Hill&&&Spergel,&arXiv:1405.5857)&

A&more&thorough&analysis&of&foregrounds&(consistent&results&found&using&
three&different&techniques)&can&account&for&the&en6re&BICEP2&‘signal’!&

But&what&is&generaRng&this&foreground&emission&in&the&‘Southern&hole’?&



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

D
ra
in
e&
&
&L
az
ar
ia
n,
&A
pJ
&5
1
2
:7
4
0
,1
99
9;
&

&D
ra
in
e&
&
&H
en

sl
ey
,&A

pJ
&7
5
7
:1
0
3
,2
01
2&

This&has&subsequently&also&ben&implicated&by&Planck&data&from&the&observed&decrease&&
of&the&polarizaRon&fracRon&of&dust&emission&between&353&&&70&GHz&[arXiv:1405.0874]&
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Conclusions &
BICEP2&has&detected&a&∼0.3&µK&BYmode&signal&in&a&patch&of&sky&believed&
to&be&free&of&foreground&GalacRc&emissions&…&it&was&claimed&that&this&
does&not&correlate&with&(extrapolated)&‘known&foregrounds’&so&is&

evidence&for&gravitaRonal&waves&from&cosmic&inflaRon&at&the&GUT&scale&

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&standard&foreground&cleaning&
methods&so&they&have&lurked&undetected&in&(ILC)&maps&of&the&CMB&

&
The&anomalous&radiaRon&has&the&expected&spectrum&of&magneRc&dipole&
radiaRon&from&ferromagneRc&dust&–&a&hitherto&unrecognised&foreground&

&
&Forthcoming&maps&of&polarized&dust&emission&(e.g.&Planck)&will&show&if&
this&can&indeed&account&for&the&BYmode&signal&observed&by&BICEP2&


