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Visualize the Evolution of the Universe

http://map.gsfc.nasa.gov/media/060915/index.html

Dark Energy
Accelerated Expansion
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As such, It Is a “baby picture” of the early Universe. By
studying it, we hope to understand it's birth.
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n One Slide

A Hlstory of the CMB
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INTERSTELLAR LINES —
a) a Cygni showing interstellar H and K superposed upon stellar lines; b) ¢ Ophiuchi, positive re- > \
production of stellar and comparison spectra, with photometric tracings. Two lines of CH are shown, A 3886
and X 3890; also X 3874.6 and a trace of X 3874.0, both probably CN.
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OPEN FLAT CLOSED
 Smaller characteristic scales indicate a closed
Universe

» Larger characteristic scales indicate an open
Universe
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The Constituents of the Universe

Planck
The real data resemble simulations with
“normal” matter, cold dark matter and a
cosmological constant more than they
do simulations missing any of these
three components.
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The CMB and Q

Hu & Dodelson (2002)  All else remaining

—y

e} (@) Curvature 1l (®) Dark Energy ‘f—i Constant
L - The first peak position
) measures the total Q

- The 1st and 2n peak
height difference
measures baryon
density (or electrons)

- The amount of matter
changes the amount of

Figure d Sensitivity of the acoustic te e spectrum 1o four fundamental cos-

m(fl‘:);?cal p;::::::za; :'::t:::l:: ‘:r:luu::l:fzfi h;nS;Z,, 0(‘;)’) ';l":c a:::: cn:.r;y Str u Ct u re

as quantified by the cosmological constant £, (w, = —1). (¢) The physical baryon

density S2:4%. (d) The physical matter density $2,.4°. All are varied around a fiducial

model of Q= 1, 2, =0.65, Qo =002, Q4 =0.147, n= 1,2, =0, E;=0. — Dark energy aﬁ:eCtS
the largest scales
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Many Different Effects Together

Cuwaturef)aryon ?Iensg_)ﬁs thickness (~ 860)

acoustic horizom—

______damping from photon
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. TT T _‘ matter density
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= T max compression | | oscillations out of
Sachs- _¥ w’ max rarefaction — phase:
Wolfe effect TT ~ density
o 1 extrema,
photon EE ~ velocity
' T REE diffusion exrema
; 2 scale | oscillation
1
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moment power = T/S o I e differs by factor
(=005inthisplot) Lo 1IN = e —— Inflation of sqrt(3): sound
n I T ~,....potential vs. light speed
reionization: peak e ,
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% mtmnsnad e T (amplitude ~ 1/a)
w0 w 19
Mubpols maoment |

Cynthia Chiang
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Degeneracies

72 F ! I . " 0.992
. 0.984
Howlett et al. (2012); 70
http://arxiv.org/abs/arXiv:1201.3654 4 0.976
By minimizing \gﬂ. we can find sets of parameters that give power spectra that are very close to the fiducial model.
Example unlensed power spectra are shown in non-flat ACDM models in Fig. 1. In this case, the geometric degeneracy 68 | T 1 0.968
is within the two-dimensional space of 1 and h. f e
— —— ey SR— - < 0.960
[—— mozy-ome \ 66
5000 [+ S e —
3  0: = 0.1, h = 0.3425 0952
4000 - 4
< : ] 64 | y 0.944
3 E \ =
E 5000%— ‘1\ " , [ s 4 0.936
N \/\ A 0.26 0.30 0.34 0.38
= 2000 \/ E
: \/\ : Qm
1000 - \ 3 Fig. 3. Constraints in the Q.—-H, plane. Points show samples
from the Planck-only posterior, coloured by the corresponding

e e e value of the spectral index n,. The contours (68% and 95%)

Laas show the improved constraint from Planck+lensing+WP. The
FIG. 1: CMB power spectrum obtained using CAMB for nearly degenerate geometries in non-flat .\('D'.\I mude’-.s' dcgcncracy direction is signiﬁcamly shortened by iﬂClUdiﬂg WP,
with no lensing (left) and the fractional differences from the fiducial-model spectrum (right). Both 4h? and Q.h? b h ll-constrained directi f consts 0 ,; ot by the
were fixed to their fiducial values in all cases to preserve the pre-recombination physics. Low accuracy and values of ut the well-constraine irection ol constant 82,74 (M"l y e
| for 1SampleBoost, AccuracyBoost and 1AccuracyBoost were used for the calculations. acoustic scale), 1s determined almost cqually 3CCUl"dlCly from

Planck alone.

Different sets of cosmological parameters can give
us the same power spectrum (to within the error bars)
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Matter, Dark Matter & Dark Energy

No Big

IIBam | |

Union2.1 SN la
Compilation

The CMB has helped
consolidate dark matter
and dark energy as real

(though other probes

sometimes provide

somew
glim

nat more direct
nses of their

existence)
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Freqguency/wavelength coverage

Ch. Leinert et al.: The 1997 reference of diffuse night sky brightness Plaan fl I IS
10-4E T T T T LTI IIRAIS T fIDrlrg—.rr.]r(r:k WMA the
i Airglow SubMM
-| Lya
Rl range, o
: : In addition
o~ rjer s to CMB
L 106 O, - .
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< 107
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g | say a lot
S e LY about dust
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L T S— 10000 and in
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Launch, Orbit and Scanning

Planck :
traveled .
the 1.5
million
km to the

second Scans full sky each
Sun- ~6 months the sky In

May 14, 2009 Launch with  Egrth  (almost) great circles.
Herschel on an Ariane 5 Lagrange

— point in
about
three

months
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Planck Maps

Planck
has two
Instruments:

- LFI:
-- 30,
-- 44
-- 70 GHz

- HFI
-- 100,
-- 143,
- 217,

-- 353, |

-- b45, ~10° -10° -10 -101 10 10* 10° 10 10° 10°
857 GHZ 30353 GHz: 8T [uKounl: 545 and 857 GHz: surface brightness |[kly/sr]
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‘Foregrounds”

“Radio”
Emission

Combinations of the nine Planck & . ¥
channels allow us to separate the

signals into CMB, CO, Dust and other

components such as synchrotron, J——
free-free and vibrational dust. Dust g8

The Galactic Plane and point sources
are usually masked for cosmological
analyses.
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Temperature & Polarization Spectra

Multipole moment, ¢
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iR, 11, Planck TE (left) and EE spectra (right) computed as described in the text, The red lines show the polarization spectra from
the base ACDM Planck+WP+highl. model, which is fitted to the TT data only.
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Gravitational Lensing

» Mass between the last scattering 72z
surface and us lenses the CMB it 7 &

AIYJe

« \We use the deflections to infer the
effective potential seen by the CMB

TABLOG E0ET

- T
P Galactic South

L]
. ’ . / \ N .
. " . Fig. 8. Wiener-filtered  lensing  potential  estimate

» - [ My = Cf_"'(&,“y - @il for our MV. n:c'oneruclion‘ in Galat:'Lic
¢ ‘ ‘ 4 coordinates using orthographic projection. The reconstruction
is bandpass filtered to L € [10,2048]. The Planck lens recon-
struction has §/N < 1 for individual modes on all scales, so

> .
| A v v ) this map is noise dominated. Comparison between simulations
. el . . . U N L E N s E D of reconstructed and input ¢ in Fig. 4 show the expected level
P ' " \ - of visible correlation between our reconstruction and the true
- . : lensing potential.
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Gravitational Lensing

* Mass between the last scattering 7~
surface and us lenses the CMB

l'/ {

AIXJe

* \We use the deflections to infer the
effective potential seen by the CMB

TABL0G EOET

Galactic South

) “‘7 . - 0
. F ' Fig.8. Wiener-filtered  lensing  potential  estimate

> 3 b [ My = C;'_"'(&L{, - i) for our MV. rcgonslrucLion. in GalaL_'Lic
A ‘ ’ ‘ 4 coordinates using orthographic projection. The reconstruction

¢ - i . is bandpass filtered to L € [10,2048]. The Planck lens recon-
g ' struction has §/N < 1 for individual modes on all scales, so

‘ - v ’
a - 4 S i b this map is noise dominated. Comparison between simulations
: & ~ 4 . of reconstructed and input ¢ in Fig. 4 show the expected level
. & - f » :
’ ’ ” 4 % . of visible correlation between our reconstruction and the true
= ) o ‘ lensing polential.
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The Sunyaev-Zeldovich Effect

ttp://spiff.rit.edu/classes/phys443/lectures/cluster_2/sunyaev.png Wavelength (mm)
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Galaxy Clusters are the
largest known gravitationally
\ bound structures in the
-/ Universe. Comparing the SZ
effect and the CMB teaches

about cosmology and
clusters.
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Cosmic Infrared Background

Dominates the extragalactic sky in the higher Planck
frequencies

Has a spectrum similar to Galactic dust

Tracer of star formation, much of it around z~2.

Represents material at higher redshifts than many catalogs
arXiv:1309.0382v1
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CIB x Lensing Potential

* The CIB Is the remnant of « Correlations can
star formation, much around also be done with
7~2 your favorite

+ This material lenses the CMB ~ catalog of sources,

or other tracers of

mass

e A cross-correlation shows
this:

545 GHz x @}

ArXiv: — f
13035078V1 3.60x10° 2.56x10° B.73x1(
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Lensing Correlations with the SZ Effect

I ____+ Both the SZ and lensing
| o St o st effects are “trace” large-
scale structure in the

Universe.

« Comparing (and cross-
correlating) the two
allows us to understand

o~ both the basic

ks constituents of the

FIG. 16: Constraints on o and 11, from the {SZ - CMB lensing cross-power spectrum measurement presented in this work
( had asureme 4d] re-analyzed in this work (red shaded), the Planck+WMAP
3 \ 3 ¢ 187 clus-

(blue shaded), the tSZ auto-power spectrum measurement from 44] re -

polarization CMB analysis 3] (green dashed), WMAP9 CMB analysis 1| (black dashed), number counts of Planck tSZ clu n Ive rS e an t e

ters 12] (cyan dashed), and a recent cross-correlation of tSZ signal from Planck and WMAP with an X-ray “4"-map based on )

RO ta 67| (magenta shaded). All contours shown are 68% confidence intervals only (for visual clarity). See the text for

Hll & Spergel, 2014 “structure formation”
http://arxiv.org/abs/1312.4525
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SPT/Herschel Polarization Lensing

- Using an SPT E-Mode  « This Is analogous to
map and a Herschel what Planck did using
map of the CIB, the maps of temperature

predicted what B-Modes  lensing and its own 545
should be there and GHz channel
found a correlation.
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B-Mode Measurements

10 - ‘ .
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| | Boomerang 1"” z— %
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Stolen from Jeff Filippini; https://indico.cern.ch/event/296546/session/1/contribution/5
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Inflation

Period of very fast ~ © .
expansion
-”E l '4:_ — Standard Theory
Solves monopole, S
flatness and horizon ¢ |
problems ;|

ea Inflationary Period

10~5¢

Present

Implies gravitational Tow W W e 4

Time (seconds)

waves, but they may be
vanishingly small. =

2014-11-21 Microwave Background & Planck 27177



Relic Gravitational Waves — B-Modes

Inflation
Generates

Two Types of £

Waves

Radius of the Visible Universe

@ Quantum

History of the Universe

Fluctuations

JITE W W W W

Free Electrons
Scatter Light

Inflation

(| Gravitational Waves
\‘ fi '(“ ‘l\\ i "\‘ ‘[\\ 'f \‘ 'I \\ ', “\ 'I ‘\‘ ’,P ~ r P e s 5 S
‘.,',olc,“ﬂs,“As,."o'n,l'vo‘!'.\a\\A,l.o\\, NANS TN 8IS PNUAC N JRENE - o"‘ E l‘,
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oF Ny 2/ ¥ NS N/ N ./ \_s ‘\_’ \\-I' N \\_,’
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e

Earliest Time
Visible with Light

Neutral Hydrogen Forms
Modern Universe

-

|

. \
0 107 1us 0.01s 3 min 380,000 yrs 13.8 Billion yrs
Age of the Universe http://bicepkeck.org/visuals.html
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Inflation
e N = 0.9603 £ 0.0073 arXiv:1303.5082

* Tensor-to-scalar ratio: r < 0.11
- With polarization, we hope to be able to reduce this

(To]

o~ . .

o . M B Planck + WP+ BAO
v B Planck+WP-+highl

KLl W Planck+WP

P

B Natural Inflation
Hilltop quartic model
- = Power law inflation
Low scale SSB SUSY
R? Inflation
—_— Vxd&?
— V3
V x ¢
V x ¢&*
e N.=50
e N. 60

0.15

Tensor-to-scalar ratio (1 002)
0.10

0.05

s

0.94 0.96 0.98 1.00
Primordial tilt (n,)

8

Fig. 1. Marginalized joint 68% and 95% CL. regions for n, and ry oo from Planck in combination with other data sets compared 1o
the theoretical predictions of selected inflationary models.

2014-11-21 Microwave Background & Planck 29/77




Polarization of the CMB

A

Thomson | -

' (@)
Scattering N0 IID: \@/
- - =\ I /)

\ /O7 \NO\
I\— =/
\ B-Modes
Linear Polarizationy - 004Pamy) /
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Grav. Waves Convert E Modes to B

Gravitational wave strain pattern
/ Thomson scattering
creates E-mode

polarization

Gravitational Waves can
break the symmetry and
create B-modes

components of a B mode

This Is a very small effect
compared to what has
been measured with the
CMB to date

Rai Weiss — 2005 CMB Task Force Update
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Spectra Zoo

Scalar & 10° |
Tensor TT, ;. Scalar M
E,EE& — :
BB Spectra < ' |
= 10| /\/—\/\/\
Ir'. . = 10°|
quantifies S A
the fraction 310"§-5C. _____

of powerin <,

tensors ooy - w
VErsus BB 107 10°

scalars (

Jensgc Len Q& \
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0.4

BN Planck+WP+BAO: ACDM + r
B Planck+WP+BAO: ACDM + r + (dns/dIn k)

0.3

Tensor-to-scalar ratio (r)
0.2

sy B
(=1

o_ 1 l L 1
= 0.94 0.96 0.98 1.00
Primordial tilt (n.)

Fig. 4. Marginalized joint 689% and 959% CL regions for (r,n.),
using Planck+WP+BAO with and without a running spectral in-

dex.

e “ .. the fractional contribution of tensor
modes is limited to r < 0.13 (95% CL)"

-- Nine-year Wilkinson Microwave
Anisotropy Probe (WMARP)
Observations: Cosmological
Parameter Results (2012)

* “Planck establishes an upper bound

BICEP Saw r ~ 0.2

T T T
04 I Planck +WP +highl i
Planck+WP+highL+BICEP2
03 2]
o
o
<
i} 4‘_- |
0.0 .
0.94 0.96 0.98 1.00
n

* “The observed B-mosde power

spectrum is well-fit by a lensed-
LCDM + tensor theoretical model with

tensor/scalar ratio r=0.20"%°"  .." --

BICEPZ I: Detection of B-mode
Polarization at Degree Angular
Scales (2014)

on the tensor-to-scalar ratio of r < 0.11 ° We were |ooking for a needle in a

(95% CL).” -- Planck 2013 results.
XXII. Constraints on inflation.

haystack, but instead we found a
crowbar. -- Clem Pryke

2014-11-21
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Planck 143 GHz Temperature Map

i 1000
Ci%?;‘fr?ggs -Planck@loo GHz laoo
600
/ {400
200 .
0 K
200 =
\‘: 4 | -400
i 4 i i—ﬁoo
BICEPZ a 800
Field ~1000

This Is a temperature map. Planck has not yet
released full-sky polarization maps.
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Planck 353 GHz Temperature Map

Equatorial 1000

. Planck@353 GHz

Coordinates _ - laoo
e ‘ 600

BICEP2
Field

1-600
~800
-1000

This Is a temperature map. Planck has not yet
released full-sky polarization maps.
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What Planck is Working on Now

dtokes Q & Uat 353 Gz from Planck o BICEP has more sensitivity
— T than Planck in their field at
150 GHz

* But Galactic dust Is much
brighter at 353 GHz than at
150 GHz

* Planck finds that at 150
GHz, dust must be
carefully addressed, even
e In the cleanest regions of

arXiv:1405.0871v1 5 May 2014
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Polarlzatlon vs. Optical Depth
PRSSHRE .. 6 LU RAUE Lot S I Historically, the CMB

world has used a
canonical 5% polarization
figure for dust

* These are based on the
‘ only regions we could
] measure — bright regions

A l A A

« Lower column-depth
regions are less

_ complicated, have less

R i 1 §| depolarization and so

ST seem have higher

arXiv:1405.0871v1 5 May 2014  Polarization fraction
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B- I\/Iode Spectrum on the BICEP Field

» Measured at 353 GHz
. and extrapolated to
. 150 GHz

e : + Note that there are
i only three bins here...

Re.: Pt 353Gl D1 sguar powes ot compucdon Mg ded i St 61 wad cxnpolud o 3008z Gox The first band is the
e o s g et mo oot s seseme on aaot ralevant to the
Blue: Statistical Uncertainty primordial B-Modes...
Pink: 353-150 Extrapolation - The filtering and

Unce”T'”Fy ) processing that BICEP
CrI(B)ISé-ECI:Dozrre zztlg?s itween has actually done is
and Flanckare ot accounted for here.
happening now...
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Planck Polarization Progress
PLANCK 2014 * Planck has released no

THE MICROWAVYE SKY IN

TEMPERATURE AND POLARIZATION CMB pOlarizat.On data

15 Decamber 2014, Palazzo Costabili, Ferrara, [taly

- A few papers have been
written about polarization
foregrounds, including
implications for BICEP?2
(which | will discuss)

« Most of the new
polarization results will be
shown at the Ferrara
conference December 1-5

e o BUL...

2014-11-21 Microwave Background & Planck 39/77




Planck's Status
 Not all Planck products -« The “Cleaned” CMB

will be ready by map will be delivered
December 1st Dec. 22, pbut will have
the largest angular

- The release has _
therefore been scales filtered or

nostponed to December otherwise obfuscated.
22nd  |n addition, HFI will
delay the release of the
100, 143 and 217 GHz

polarization maps until

- “Foreground” maps will .
be deliverec the Spring of 2015.

- LFI will deliver their
nolarization maps
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Near-Term Experiments

B-Mode Search Projects Underway GroundBird MuSE

Cround-Based (Chile): Ground-Based (Antarctica): Ground-Based (Canary Islands):
POLARBEAR: Polarization of Bac Kprounc SPTPOL: South Pole Telescope's polarization- QUIJOTE: Q-U-1 |Qint TEner fe

Radiatior sensitive Camers Balloon Experiments
ACTPOL: Atacams Cosmalogy Telescope BICEPZ: Background Imaging of Cosmic EBEX: £ and 8 Experiment
Polarization Extragalactic Polanization (and Keck Array) ; :
" \ ’ | xirag Vl : Kbon (anc ‘ C 4,‘:| SPIDER: Suborbital Polarimeter for Inflation
ABS' A'.d'\l"'d d moce Sl"d"'." QUB’C' Qt'\l_'l L‘;'Jll_‘-'?"_'_' - ""..'."!L"Ur"'_'t!" or LSPE: Large_SCale Polarlzatlon Explorer
CLASS: %(ijsr\r/]:a(;lgrgy Large Angular Scale Cosmaology PIPER: Primordial Inflation Polarization Explorer
RACE TOWARD THE BIC BANG Several projects are currently hunting for the polarization ESA Satellite Mission:
signature of infation, Shown below e the Belds of view for active projects (excopt for Planch PLANCK
which is all-sky). Fields are approximate and distorted by projection at high declinations
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More and more detectors...

Whats next? Evolution of CMB Focal Planes

From Kyle
2001: ACBAR Story's
BRI — Moriond
W O §e= 2007:SPT
¢ ’-.?1};- " 960 detectors . o Cosmology
RN —~—~— g Presentation
| 1 . «| 2012: SPTpol
= N7 & ~1600 detectors
S\ s ’ 'vfg > Stage-3
D, e e eal

P~ ’f"‘\«\ 2016: SPT-3G

D - ‘ P ' 'i d ~15,200 detectors
T - f\ N ‘ ' : y = "

~ Pol Qe p..g."

5% Pl LA

'

- Twossay, March 26, 2014
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Ground-Based Plans

For reference,

Planck/HFI has ) A
~50 detectors CMB timeline

O(100) detectors « 2009: r < 0.7 (BICEP) chiang et al, 0906.1181
==>

« 2013: r= 0.1 from Inflationary B-modes (BICEP 2) ?

O(1000) detectors « 2013: Stage Il experiments detect lensing B-modes
== « 2013-2016: Stage |l experiments
0(r)~0.03, o(Nef)~0.1, o(Zmy)~0.1eV

« 2016-2020: Stage Il experiments
o(r)~0.01, o(Nef)~0.06, o(Zm,)~0.06eV:

O(100000) detectors « 2020-2025: Stage 1V goal to reach
==> U(r) = 0001, U(Neff) — 0025, U(va) =16 meV

Taken from a pre-BICEP2 presentation by John Carlstrom
Note: 2**(15 years/1.5 year “Moore” doubling time) ~ 1000
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Fig. 8: Best Parts of the Polarized Sky

» Value of BB spectrum at
(=80, normalized to a
spectrum with r=1.

- Deep redisr~10
- Orange/red is r~1
- Blue/cyanis r~0.1

- Deep blue i1s r~0.01

« Computed from the 353
GHz data and
extrapolated to 150 GHz:smemmmm e s s namin s
US|ng power |aW above 7 e oy ey e e
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Neutrinos & the CMB

In addition to Matte_r/fp_wer ... CvMB
the Early 10 - 10’
, /
Sachs-Wolfe 107~ }8 AW
Effect 2 1074| =02 = 10; >
’ ~ 2 = 10!
neutrinos & 11| ~a0j gl 2
10 .| e
change T 104 -
‘small’-scale jple—er | }3sw.'ﬁ_-..1 I S
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Neutrino Limits from Polar. Lensin

«< CMB > Q008 57575 %5 o7 u v vo e ul wie e ¥ e o la w a0 e e e et v e e
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Figure 5. The effect of massive neutrinos on the CMB lensing potential power spectrum C

10 3 001 0.1 1 fractional change in C7® for a given value of \L: m,. is shown relative to the case for zero neutrino mass,
. Projected constraints on C7¥ for a Stage-IV CMB experiment are shown for ¥ m, 100 meV. Here we
k (h/M pc) have approximated all of the neutrino mass to be in one mass eigenstate and fixed the total matter density
or denisily powes spectiums as of comoving waveswnlor 0,.h* and Hy. The 1o constraint for Y m, is approximately 45 meV for lensing alone and drops to 16 meV
mas suppireses the power x fron stresaning bebos when combined with other probes
is Aighly characteristic sad precision
msans (bere soumed al be in a
experimental sensitivity in Lhe power
wd (CMB), galsxy Gal. ), wesk
33 ]

I8 SIS POWET AP

Planck (no lensing) + DESI
— Stage IV CMB

« Neutrinos suppress S
structure; This
changes CMB lensin |

"
[

-~

08 0.16

|| n
» By measuring lensin :
Ym, (QV]
Figure 4. The same as Figure 3, but showing forecasts in the ¥m,, - N.g plane for a model including the
eﬁ _\) effective number of neutrino species as a free parameter, A Stage-IV CMB experiment will not be able to

distinguish between the standard model value of Ny = 3.046 and the integer value of 3 at high statistical

0.00

significance, but it will indicate a preference for one over the other at the ~ 2 ¢ level
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EPIC-IM LITEBIRD PIXIE

Can we fit a CMB concept into a ~$220M Explorer cost cap?
Any concepl seems very cost challenged at this cap
L2 concepts have a high launch cost

Will the science community accept a single-purpose satellite designed to discover
inflationary B-modes?

In the US, the answer from Decadal planning exercise is clearly "No”

We need a detection from the ground first to justify a satellite for full characterization

What about an absolute spectrum instrument?
Absolute spectrum science is interesting and should be considered in its own right
No heritage for polarization measurements is worrisome

Is there a window for a large CMB mission?
Not in the US this decade. We'll see how PRISM fares in Europe.

e Stolen from J. Bock; see: http://www-conf.kek.jp/cmb/2013/
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EPIC-IM

CMB Mission Concepts in the Current Environment

Cosmic Origins Explorer
P ———————— LITEBIRD PIXIE
2015-2025 Call
A satellite mission for probing cosmic origins, J m - —
neutrino masses and the origin of stars and £ Lo\
magnetic fields through a high sensitivity \ /
survey of the microwave polarization of the
entire sky ( )
\ ¥/ iy
¢ )
- (u - » A)

Can we fit a CMB concept into a ~$220M Explorer cost cap?
Any concept seems very cost challenged at this cap
L2 concepts have a high launch cost

Will the science community accept a single-purpose satellite designed to discover

inflationary B-modes?

In the US, the answer from Decadal planning exercise is clearly “No”
We need a detection from the ground first to justify a satellite for full characterization

What about an absolute spectrum instrument?
Absolute spectrum science is interesting and should be considered in its own right
No heritage for polarization measurements is worrisome

Is there a window for a large CMB mission?
Not in the US this decade. We'll see how PRISM fares in Europe.

e Stolen from J. Bock; see: http://www-conf.kek.jp/cmb/2013/
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Secondary Science: Dark Matter

P’X’E lackbody distortion from dark matter decay or annihilation
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FiG. 2—Preliminary spectrum of the cosmic microwave background from Lt

the FIRAS instrument at the north Galactic pole, compared to a blackbody.
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Will the CMB Field Split/Change?

“Primordial” CMB: “Late” CMB:

E.g., Polarized Use the CMB not as
B-Modes. a probe of the early
Traditionally Universe, but as a
“aligned” well-understood tool
with fundamental to probe astro- and
physics. May soon particle-physics. E.g.
become even much Understand cluster

more dependent on
“Galactic”
astronomy to
remove polarized
foregrounds.

formation and/or
neutrino masses.

Spectrum?

CMB Now
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Thank you
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