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Reminder: Derived Form of Power Spectrum

• Ingredients: acoustic oscillations + baryons + doppler + 
damping + reionization
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Reminder: Derived Form of Power Spectrum

• Ingredients: acoustic oscillations + baryons + doppler + 
damping + reionization



Reminder: Understood how CMB 
can constrain parameters!



Outline

• Inflation: brief reminder and tests with the CMB 
temperature

• CMB polarization: basics of physics and spectra
• Testing inflation with CMB B-modes
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Quick summary: inflation and initial conditions
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• Reminder: inflation is a way to solve problems in 
cosmology to do with homogeneity and flatness. 
Typically done with slowly rolling scalar field.

During inflation: a / eHt

Image credit: D. Baumann



• But: quantum fluctuations change time to end of 
inflation! This changes the amount of expansion, giving:

Quick summary: inflation and initial conditions
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• Write down action for scalar field

• Expand as  to obtain equation of motion:

Quick summary: inflation and initial conditions

195

� = �̄+
f

a

f 00
k + (k2 � a00

a
)fk = 0

Inflation field fluctuation



• Important point: (on sub-horizon scales k2>>a’’/a) this 
behaves just like a harmonic oscillator.

• We can quantize each k-mode of the field just like a 
harmonic oscillator! Introduce raising and lowering 
operators

Quick summary: inflation and initial conditions
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• Now have non-zero expectation value for field value

• and hence non-zero power spectrum of fluctuations

and                     

Quick summary: inflation and initial conditions
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• and hence non-zero power spectrum of fluctuations

and                     . Result from calculation:                    

• Since       and      vary VERY slowly during inflation (V 
nearly constant), predict 

Quick summary: inflation and initial conditions
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• Inflation predicts nearly scale invariant spectrum of 
curvature perturbations:

• But not quite scale invariant because inflaton is slowly 
rolling down potential

Inflationary predictions I
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• Not just fluctuations in inflaton: fluctuations in metric

• Can write E as two gravitational wave polarizations

Inflationary predictions II: gravitational waves
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• Insert in action

• Get exact same equation of motion for f+ and fx as for 
inflaton fluctuation f! So power also a near scale 
invariant power spectrum of gravitational waves:

Inflationary predictions II: gravitational waves
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Testing inflation with CMB T: large scales
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• Reminder:

Taking the large scale limit of
we obtain: Ts=-1/5

• On superhorizon, large scales we are directly seeing the 
primordial fluctuations (superhorizon correlations not 
trivial!)

�r(⌘,k)

4
+ �(⌘,k) = �1

5
R(k)[(1 + 3R) cos(krs)� 3R]
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Testing inflation with CMB T: large scales
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• Prediction: l(l + 1)
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Observed!



CMB T x E polarization (see later) – even better test!

• Inflation skeptic: could say +ve superhorizon power 
could just be random noise, not real correlations.

• Even stronger proof would be –ve correlation on 
superhorizon scales. 

• Observed in TE power spectrum!



• Prediction: 
where ns is very close to 1 (but slightly different due to 
inflaton rolling down potential)

• Planck measurement:

Testing inflation with CMB T: spectral index
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k3

2⇡2
PR / kns�1 ⇡ const.

ns = 0.967± 0.006



• Isocurvature modes: if perturbations are not adiabatic, 
oscillations are not pure cosine, some sine is generated. 
No evidence!

• Single field slow-roll inflation produces negligible non-
Gaussianity. Field has been showed to be gaussian at 
level of few in 105!

Additional tests:
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Gravitational waves 
from inflation?

CMB

• Would give physics 
at ultra-high energy 
(at the doorstep of 
the Planck scale)

• The strength of the 
waves - tensor-to-
scalar ratio r - tells 
us about the energy 
at which inflation 
happened! 

N.B. Even improved   
upper limits interesting. 



Testing Inflation with the CMB: Gravitational Waves
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Planck CMB Map

• Want to test inflationary prediction: gravitational waves
• Gravitational waves also red/blueshift photons and 

induce CMB patterns

fluctuations in 2.73 K blackbody radiation



CMB temperature with no r

10°

CMB Temp.
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CMB temperature with very small r

10°

CMB 
Temp.
(cartoon 
picture)
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difficult to find
r due to 
confusion
and cosmic
variance
from scalar
density 
perturbations

Need to look in 
polarization!



Outline

• Inflation: brief reminder and tests with the CMB 
temperature

• CMB polarization: basics of physics and spectra
• Testing inflation with CMB B-modes
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CMB Polarization
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• The CMB is weakly polarized at the 10% level



• Consider looking at an electron at the last scattering surface

• Direction in which electron is “seen” to oscillate gives direction of 
polarization of scattered radiation (perpendicular to hot direction)

• Hence, have net linear polarization if an electron sees a 
quadrupolar temperature variation.

The CMB Is Polarized by Anisotropic Scattering
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hot

hot

coldcold

electron has 
net oscillation 
direction

polarization
direction of 
scattered radn.



CMB Polarization: Big Picture Overview
• Any polarization map can be decomposed into E and B 

mode fields
• B-mode: contains signals from inflation, if there

[Image credit: CMBPol]
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B mode map

E mode map

~known 
physics

new 
inflation 
physics



CMB Polarization Details
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• Describe with Q and U fields defined via electric field:



CMB Polarization Details
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• Problem: coordinate dependent. If rotate coordinate 
system, Q/U transform:

• Solution: define Q/U for each l relative to coords. along l



CMB Polarization Details
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• Problem: coordinate dependent. If rotate coordinate 
system, Q/U transform:

• We can write Q+iU for convenience. Under rotation, 
now, equivalently:



CMB Polarization Details
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• Need a coordinate-invariant expression. To do this, go 
to Fourier space and flat sky

• If we rotate, a also changes, still. To avoid this, slightly 
modify the Fourier coefficient by setting

angle of wavevector l relative to x axis

Q(x) + iU(x) =

Z
d2l

(2⇡)2
ale

il·x

<latexit sha1_base64="Fb4N1Ao3xqRIz30a+F0ueyCri+E="></latexit>

l = (l cos�l, l sin�l)

<latexit sha1_base64="7CMrjqXZpUtp8G9nDIwuXFb4vEY=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARKkhJpKAulKIblxXsBZoQJtNJO3QyCTMToYS+jRtfxY2gIrr0TZy0gWrrgYGf/zuHOef3Y0alsqwvo7C0vLK6VlwvbWxube+Yu3stGSUCkyaOWCQ6PpKEUU6aiipGOrEgKPQZafvDm4y3H4iQNOL3ahQTN0R9TgOKkdKWZ145IVIDP0jZGF7CCoMOjiR04gH14AydQA0k5VMw8489s2xVrUnBRWHnogzyanjmq9OLcBISrjBDUnZtK1ZuioSimJFxyUkkiREeoj7paslRSKSbTu4cwyPt9GAQCf24ghP390SKQilHoa87sxXlPMvM/1g3UcG5m1IeJ4pwPP0oSBhUEcxCgz0qCFZspAXCgupdIR4ggbDS0ZZ0CPb8yYuidVq1a9WLu1q5fp3HUQQH4BBUgA3OQB3cggZoAgwewTN4A+/Gk/FifBif09aCkc/sgz9lfP8AIPalig==</latexit>

al = �+2ale
2i�l

<latexit sha1_base64="l5REDmLIGGQvF12MUboLOHZ3Kp0=">AAACInicbZDLSsNAFIYn9VbrLerSzWARBLEkpaBdCEU3LivYCzQxTKaTduhkEmYmQgl5Fje+ihsXiroSfBgnbRe19YeBn++cw5zz+zGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80U1e7zwSIWnE79U4Jm6IBpwGFCOlkWfWkeeESA39IGXZ1XmaeelZNZuHkDykVUihEw/pHM48s2xVrIngsrFnpgxmanrmp9OPcBISrjBDUvZsK1ZuioSimJGs5CSSxAiP0ID0tOUoJNJNJydm8ESTPgwioR9XcELnJ1IUSjkOfd2ZrygXazn8r9ZLVHDpppTHiSIcTz8KEgZVBPO8YJ8KghUba4OwoHpXiIdIIKx0qiUdgr148rJpVyt2rVK/q5Ub17M4iuAIHINTYIML0AC3oAlaAIMn8ALewLvxbLwaH8bXtLVgzGYOwR8ZP79WOqTP</latexit>



CMB Polarization Details
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• If we rotate, a also changes, still. To avoid this, slightly 
modify the Fourier coefficient by setting

• Under rotation, angle of Fourier wavevector changes as

• Hence get same as factor on LHS so 2al is unchanged:

�l ! �l � '

<latexit sha1_base64="e0qXA42zM7gglDmykCKOPfN0L3A=">AAACIHicbVDLSsNAFJ34rPUVdelmsAhuLIkUqruiG5cV7AOaUCbTSTN0MhNmJpUS+ilu/BU3LhTRnX6NkzYLbT1w4XDOvdx7T5AwqrTjfFkrq2vrG5ulrfL2zu7evn1w2FYilZi0sGBCdgOkCKOctDTVjHQTSVAcMNIJRje53xkTqajg93qSED9GQ05DipE2Ut+uQy+JaN+LkY6CMGNT6Ek6jDSSUjzAJfMcemMkc9GuOFVnBrhM3IJUQIFm3/70BgKnMeEaM6RUz3US7WdIaooZmZa9VJEE4REakp6hHMVE+dnswSk8NcoAhkKa4hrO1N8TGYqVmsSB6cxvVYteLv7n9VIdXvoZ5UmqCcfzRWHKoBYwTwsOqCRYs4khCEtqboU4QhJhbTItmxDcxZeXSfui6taqV3e1SuO6iKMEjsEJOAMuqIMGuAVN0AIYPIJn8ArerCfrxXq3PuatK1YxcwT+wPr+AUxro7E=</latexit>

Q(x) + iU(x) = �
Z

d2l

(2⇡)2
+2ale

2i�leil·x

<latexit sha1_base64="t0TrfrA6D+Zc4loEPDk5yeXeP5A="></latexit>

! e�2i'(Q(x) + iU(x)) = �
Z

d2l

(2⇡)2
+2ale

2i�le�2i'eil·x

<latexit sha1_base64="5Hm7T2cnh7BrgWyYC0lz8/32N3I="></latexit>

al = �+2ale
2i�l

<latexit sha1_base64="l5REDmLIGGQvF12MUboLOHZ3Kp0=">AAACInicbZDLSsNAFIYn9VbrLerSzWARBLEkpaBdCEU3LivYCzQxTKaTduhkEmYmQgl5Fje+ihsXiroSfBgnbRe19YeBn++cw5zz+zGjUlnWt1FYWV1b3yhulra2d3b3zP2DtowSgUkLRywSXR9JwignLUUVI91YEBT6jHT80U1e7zwSIWnE79U4Jm6IBpwGFCOlkWfWkeeESA39IGXZ1XmaeelZNZuHkDykVUihEw/pHM48s2xVrIngsrFnpgxmanrmp9OPcBISrjBDUvZsK1ZuioSimJGs5CSSxAiP0ID0tOUoJNJNJydm8ESTPgwioR9XcELnJ1IUSjkOfd2ZrygXazn8r9ZLVHDpppTHiSIcTz8KEgZVBPO8YJ8KghUba4OwoHpXiIdIIKx0qiUdgr148rJpVyt2rVK/q5Ub17M4iuAIHINTYIML0AC3oAlaAIMn8ALewLvxbLwaH8bXtLVgzGYOwR8ZP79WOqTP</latexit>



CMB Polarization Details
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• This gives

• And now defining
we obtain:

Q(x)± iU(x) = �
Z

d2l

(2⇡)2
±2ale

±2i�leil·x

<latexit sha1_base64="CF/7YDbdoDbY2FFCWfsmp2fRjqw="></latexit>

±2al ⌘ �(El ± iBl)

<latexit sha1_base64="M6XGz3DIT5elHPvuLGLcLgmzVzU=">AAACLXicbVDLSsNAFJ3UV42vqEs3g0WoC0tSCuquVAWXFewDmhAm00k7dPJwZlIoIT/kxl8RwUVF3PobTh+LPjwwcDjnXObe48WMCmmaYy23sbm1vZPf1ff2Dw6PjOOTpogSjkkDRyzibQ8JwmhIGpJKRtoxJyjwGGl5g7uJ3xoSLmgUPstRTJwA9ULqU4ykklzjXk8zN7XjAJZhhlw7QLLv+SnLoE1eEjqEV7D4sCSrKKSwtqBdukbBLJlTwHVizUkBzFF3jQ+7G+EkIKHEDAnRscxYOinikmJGMt1OBIkRHqAe6SgaooAIJ51em8ELpXShH3H1Qgmn6uJEigIhRoGnkpMVxao3Ef/zOon0b5yUhnEiSYhnH/kJgzKCk+pgl3KCJRspgjCnaleI+4gjLFXBuirBWj15nTTLJatSun2qFKq1eR15cAbOQRFY4BpUwSOogwbA4BW8gzH40t60T+1b+5lFc9p85hQsQfv9Ay4dp4Q=</latexit>

Q(x)± iU(x) =

Z
d2l

(2⇡)2
(El ± iBl)e

±2i�leil·x

<latexit sha1_base64="oCwTbBx1dI1fxltePf+wZBS8cTk="></latexit>



CMB Polarization Details
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• Equivalently:

• Where we have defined CMB E and B-modes. Can 
easily solve for E/B. These are now frame-independent!

• Interpretation: Have rotated frame describing Q / U to 
be aligned with wavevector l -> E / B

Q(x) =

Z
d2l

(2⇡)2
(El cos 2�l �Bl sin 2�l)e

il·x

<latexit sha1_base64="1hDZ88/EHFNwNXL4mQW+5WyhOpU="></latexit>

U(x) =

Z
d2l

(2⇡)2
(El sin 2�l +Bl cos 2�l)e

il·x

<latexit sha1_base64="7lW5v9Qz/Qe9673swhS9ULxjtYk="></latexit>



Interpretation
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• Consider only one mode aligned with x axis. Now:

Q(x) = Ele
il·x

<latexit sha1_base64="n58kqOqE4fY/KQpIAu+j4T0JIi0=">AAACKXicbVDLSsNAFJ34rPFVdelmsAh1UxIpqAuhKILLFuwDmhgmk0k7dPJgZiKWkN9x46+4UVDUrT/itI1YWw8MnDn3Hu69x40ZFdIwPrSFxaXlldXCmr6+sbm1XdzZbYko4Zg0ccQi3nGRIIyGpCmpZKQTc4ICl5G2O7gc1dt3hAsahTdyGBM7QL2Q+hQjqSSnWNMbZStAsu/66X12BM/hlfPzZxmE5DalcEqwsBdJ+OvInGLJqBhjwHli5qQEctSd4ovlRTgJSCgxQ0J0TSOWdoq4pJiRTLcSQWKEB6hHuoqGKCDCTseXZvBQKR70I65eKOFYnXakKBBiGLiqc7SimK2NxP9q3UT6p3ZKwziRJMSTQX7CoIzgKDboUU6wZENFEOZU7QpxH3GEpQpXVyGYsyfPk9ZxxaxWzhrVUu0ij6MA9sEBKAMTnIAauAZ10AQYPIAn8AretEftWXvXPietC1ru2QN/oH19AyX9pq4=</latexit>

U(x) = Ble
il·x

<latexit sha1_base64="Ww7EY2OOb0IuVMpEjxvObEG0Xow=">AAACKXicbVDLSsNAFJ3UV42vqEs3g0Wom5JIQV0IpW5cVjBtoa1hMp20QycPZiZiCfkdN/6KGwVF3fojTtqItfXAwJlz7+Hee9yIUSFN80MrLC2vrK4V1/WNza3tHWN3rynCmGNi45CFvO0iQRgNiC2pZKQdcYJ8l5GWO7rM6q07wgUNgxs5jkjPR4OAehQjqSTHqOl2uesjOXS95D49hhew7vz8WQohuU0onBG6uB9K+OtIHaNkVswJ4CKxclICORqO8dLthzj2SSAxQ0J0LDOSvQRxSTEjqd6NBYkQHqEB6SgaIJ+IXjK5NIVHSulDL+TqBRJO1FlHgnwhxr6rOrMVxXwtE/+rdWLpnfUSGkSxJAGeDvJiBmUIs9hgn3KCJRsrgjCnaleIh4gjLFW4ugrBmj95kTRPKla1cn5dLdXqeRxFcAAOQRlY4BTUwBVoABtg8ACewCt40x61Z+1d+5y2FrTcsw/+QPv6Bifvpq8=</latexit>

l

<latexit sha1_base64="Y+CC5Ze6dJmy0qfbkRNHj/GVCks=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bisYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZj2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasIrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6ter1fa1Sv8nrKMIJnMI5eHAJdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7t2RHA==</latexit>



Interpretation
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• E is: i) Q in frame oriented with wavevector ii) parallel 
and perpendicular to wave vector; iii) parity even

• B is i) U relative to wavevector; ii) at 45 degrees to 
wavevector; iii) parity odd.

l

<latexit sha1_base64="Y+CC5Ze6dJmy0qfbkRNHj/GVCks=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bisYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZj2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasIrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6ter1fa1Sv8nrKMIJnMI5eHAJdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7t2RHA==</latexit>



Interpretation

224

• E is: i) Q in frame oriented with wavevector ii) parallel 
and perpendicular to wave vector; iii) parity even

• B is i) U relative to wavevector; ii) at 45 degrees to 
wavevector; iii) parity odd.

Parity
Even

Parity 
odd

l

<latexit sha1_base64="Y+CC5Ze6dJmy0qfbkRNHj/GVCks=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIQd0V3bisYB/YDiWT3mlDM5khyQhl6F+4caGIW//GnX9j2s5CWw8EDufcS849QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfj25nffkKleSwfzCRBP6JDyUPOqLHSYy+iZhSEmZj2yxW36s5BVomXkwrkaPTLX71BzNIIpWGCat313MT4GVWGM4HTUi/VmFA2pkPsWipphNrP5omn5MwqAxLGyj5pyFz9vZHRSOtJFNjJWUK97M3E/7xuasIrP+MySQ1KtvgoTAUxMZmdTwZcITNiYgllitushI2ooszYkkq2BG/55FXSuqh6ter1fa1Sv8nrKMIJnMI5eHAJdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD7t2RHA==</latexit>



Scalar Perturbations: Only E, no B!

[Image credit: BICEP-2 collaboration]225

k

• Scalar density fluctuations can cause quadrupolar
brightness fluctuations at last scatter -> polarization

• But: only E modes generated! To see this, consider one 
density wave on the last scattering surface

• By symmetry, see polarization must be parallel or 
perpendicular to k – characteristic of E



E-mode polarization power spectra

• Expect E ~ velocity ~ sine oscillations. Powerful 
consistency test of standard model, and even more 
constraining power on cosmological parameters



More details on polarization generation

• Consider scalar perturbations. Polarization depends on 
local quadrupole generated by photon diffusion, with 
last scattering lp away. Flux for electron at origin:

• Quadrupole (from trace-free part of eiej components):

• Assuming we are considering large scales klp<<1 we 
can assume that the polarization is ~ klpv ~ klp sin(krs)

<latexit sha1_base64="9Q0cfFtt5dW4mulewN0fUDGe/60=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBahXkoiBfVW9OKxgv2ANoTNdtMu2WzC7qZQQv+JFw+KePWfePPfuG1z0NYHA4/3ZpiZF6ScKe0431ZpY3Nre6e8W9nbPzg8so9POirJJKFtkvBE9gKsKGeCtjXTnPZSSXEccNoNovu5351QqVginvQ0pV6MR4KFjGBtJN+2I+6naKCYqEVI+urSt6tO3VkArRO3IFUo0PLtr8EwIVlMhSYcK9V3nVR7OZaaEU5nlUGmaIpJhEe0b6jAMVVevrh8hi6MMkRhIk0JjRbq74kcx0pN48B0xliP1ao3F//z+pkOb7yciTTTVJDlojDjSCdoHgMaMkmJ5lNDMJHM3IrIGEtMtAmrYkJwV19eJ52rutuo3z42qs27Io4ynME51MCFa2jCA7SgDQQm8Ayv8Gbl1ov1bn0sW0tWMXMKf2B9/gBqq5Lj</latexit>

1

2
l2p@i@jS(0) + lp@jvj(0) ⇠

1

2
k2lplpS + klpvj

<latexit sha1_base64="jzle6KmOiZ+hQ1u68Qjda8HFTVM="></latexit>

⇥(e) = S(0) + eilp@iS(0) +
1

2
l2peiej@i@jS(0) + eivi(0) + eiej lp@jvj(0)

<latexit sha1_base64="0JhX4cHJQsp+qfc/055ulqUUJ4o="></latexit>



Outline

• Inflation: brief reminder and tests with the CMB 
temperature

• CMB polarization: basics of physics and spectra
• Testing inflation with CMB B-modes
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Gravitational Waves: Also B!

[Image credit: BICEP-2 collaboration]229

k

• By symmetry, scalar polarization must be parallel or 
perpendicular to k – characteristic of E [n.b. spectra 
interesting in their own right!]

• Gravitational waves have extra degree of freedom: 
polarization direction

• Not restricted to just make E, also makes B!



CMB B polarization* with r = 0

10°

230

B

E

Construct B-
mode 
polarization: 
no leading 
order
signal from 
scalar
density 
perturbations!

*ignoring lensing for now



CMB B polarization* with r>0

10°

231

B

E

See r clearly 
as there is no 
background 
variance from 
normal 
(scalar) 
density 
perturbations 

B-modes are a 
“null channel”

*ignoring lensing for now



The B-mode Power Spectrum

• Temperature and E-mode 
polarization are also 
sourced by large scalar 
density fluctuations – hard 
to disentangle r

• B-mode polarization is a 
“null channel”: only* see 
inflationary gravitational 
waves with little confusion

Want to measure B-mode power and tensor-scalar ratio r!

r

r ⌘ Pt

PR



Measuring Polarization: CMB Telescopes

233

• Polarization-
sensitive 
receivers 
containing 
large number 
of TES 
bolometers

• Located at 
high-and-dry 
sites

telescope (ACT 
as example)

receiver bolometer

photon
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Atacama: Now, Stage-III
ACT (ACTPol/AdvACT) 

POLARBEAR2/SimonsArray

2.5m, 20000 detectors 
@ 90/150/220/280 GHz

6m, 6000 detectors 
@ 28/41/90/150/230 
GHz

+QUBIC+CCAT-p



ACTPol Lensing Reconstruction Code (FALCON)

235

Fast ACT Lensing CONvergenceBICEP3

SPT3G
10m

Pole: Now, Stage-III

Cardiff experimental involvement

16000 detectors 
@ 90/150/220 GHz

3000 detectors 
@ 95 GHz



ALMA

ACT
CLASS

POLARBEARExisting

Notional Pads for Simons Observatory Phase 2 and CMB S4

Next: Simons Observatory (2023-)

Notional Simons Observatory Phase 1 

Power
Control V

ehicle

s

• Next generation, funded CMB experiment, 
2023-2028 

• Combines ACT, POLARBEAR collaborations
• ~6m Large Aperture + 3x Small Aperture, 

27/39/93/145/225/280GHz
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First light 2028-?Have joined!

~500000 TES detectors; arrays in both sites
Highest priority for DOE (P5) and highly ranked in decadal



Current State of the Field

• Upper limit: r<0.036 at 95% confidence – BICEP/Keck 2022
• Want to progress by ~2 orders of magnitude to rule out 

r~0.001 – challenges?



Challenge I - Foregrounds

Dust Polarization (Planck)

• Galactic emission also sources B-mode polarization.



Challenge II - CMB Lensing

• Cosmic Microwave Background (CMB) photons are 
gravitationally lensed by large scale mass distribution

• Many small deflections remap the CMB, define 
deflection d

• Converts some E-modes into small scale lensing B-
modes! 241B(l) ⇠

Z
dl0f(l0)E(l0)d(l� l0)



Confirming – and learning about – inflation models

• If we have a measurement of r, and a measurement of ns, we 
can use that

• Hence for each inflation potential, predictions for r, ns can be 
obtained



Confirming – and learning about – inflation models

• Exciting prospects for ruling out broad class of inflation 
models over next 5-10 years
– or confirming one of them!

Upper 
limit 
target

Strength 
of Inflation 
GW

Scalar spectral tilt


