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n 1981 the Physics Department of University of Rome
_a Sapienza called Francesco Melchiorri as a
orofessor of Astrophysics. Edoardo Amaldi had an
Important part in this decision.

Francesco Melchiorri at that time was a CNR
researcher, at IROE In Firenze, teaching the class of
Observational Astrophysics at the University of
Firenze. He was a pioneer of Cosmic Microwave
Background research.

Myself and Silvia Masi were student of his class,
fascinated by the possibility to study cosmology in a
guantitative way, with direct measurements of the
early universe.

In 1980 we had participated in a balloon flight
campaign with launches from Trapani, helping to
setup Francesco’s experiment ULISSE: one of the first
sealrches of CMB anisotropy at intermediate angular
scales.







So, when Francesco moved to Rome we followed him.

For a few months, the experimental activities of the
group were hosted in the G23 laboratory. It was a very
good period for us.

The young researchers of Amaldi’s group helped us
continuously, and we soon became good friends:
Gabriella Castellano, Carlo Cosmelli, Valeria Ferrari,
Sergio Frasca, Piero Rapagnani, Fulvio Riccl, had
Ialways some new trick to teach or some component to
oan.

Even outside the laboratory we had the opportunity to
meet and have fun...

At that epoch experimental CMB was still at the
beginning, but Amaldi had a strong opinion in favour of
it, probably forecasting its future growth, and
supported Francesco In many ways, despite of the
exotic appearence of CMB research.
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What 1s the CMB
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According to modern
cosmology:

An abundant background of
photons filling the Universe.

Generated in the very early

universe, less than 4 us after the
Big Bang (10% for each baryon)
from a small 5 -5 asymmetry

Thermalized in the primeval
fireball (in the first 380000
years after the big bang) by
repeated scattering against free
electrons

Redshifted to microwave
frequencies (zqyz=1100) and
diluted 1in the subsequent 14
Gyrs of expansion of the
Universe



Primeval Fireball

Evidence
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Primeval Fireball

Additiona
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I, vs 1,

* Neutrinos have lost contact with the plasma
slightly before annihilation of electrons and
positrons, when the temperature of the cosmic
plasma was of the order of the electron mass.

* So neutrinos do not inherit any of the
associated energy. The photons, instead, do,
and are therefore hotter than the neutrinos.

* Imposing that the total entropy density s =
scales as a3, it can be shown that
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e How to detect it ?
v<<v__=160GHz = coherentdetectors
v>>v =160GHz = bolometers
v ~v.  =160GHz = 777

Wavelength [mm]
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* Only thermal detectors
(bolometers) can reach a
noise lower than the
intrinsic noise of the CMB
which 1s the natural limit
for measurements of
images of the CMB)
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Development of thermal detectors for far IR and mm-waves
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Radiation Noise

» Thermal radiation (like the CMB) has also
wave interference noise: the correct statistics
1s Bose-Einstein.

W=y 3 VDT

Poisson noise

Wave interference noise



*The absorber 1s micro ]
machined as a web of Spider-Web Bolometers
metallized S1;N, wires, 2

um thick, with 0.1 mm Built by JPL
pitch.

*This 1s a good absorber for
mm-wave photons and
features a very low cross
section for cosmic rays.
Also, the heat capacity 1s
reduced by a large factor
with respect to the solid
absorber.

*NEP ~ 2 10-'7 W/Hz"> is
achieved @0.3K

*150uKeygin1s

*Mauskopf et al. Appl.Opt. EEENISeniRs
36, 765-771, (1997) '




Table 5. In-flight bolometer performance

240 T Topt G R NEP (1 HZ) NETC’MB
(GHz)  (ms) (PWK™!)  (MQ) (1077 W/VHz)  (uKB)

90 22 82 5.5 3.2 140
150sm 12.1 85 5.9 4.2 140
150mm  15.7 38 5.5 4.0 190

240 8.9 Biel 5.7 210

410 5.7 : 5.4 12.1 2700

Note. — In-flight bolometer performance. The 150 GHz channels are divided
into single mode (150sm) and multimode(150mm). The optical efficiency of the
channels decreased significantly from the measured efficiency of each feed structure
due to truncation by the Lyot stop. The NEP is that measured in flight, and

includes contributions from detector noise, amplifier noise, and photon shot noise.




Bolometers in Planck — High Frequency Instrument
TABLE 1.3

HFI PERFORMANCE (3OALS®

CENTER FREQUENCY [GHz]

INSTRUMENT CHARACTERISTIC 100 143 217 353 545 85T
Spectral resolution v/Av . ... ... oL 3 3 3 3 3 3
Detector technology . . .. ... ... .. .. .. ... ... ..... Spider-web and polarisation-sensitive bolometers
Detector temperature . ... .. ... ... . ... ......... 0.1K
Cooling system .. ..... ... . ... 20K Sorption Cooler + 4 K J-T + 0.1 K Dilution
Number of spider-web bolometers . ... ... ... ...... 0 4 4 4 4 4
Number of polarisation-sensitive bolometers .. ... ... 8 8 8 8 0 0
Angular resolution [FWHM arcminutes] .. ... ... ... 9.5 7.1 5.0 5.0 5.0 5.0
Detector Noise-Equivalent Temperature [IU,I{SD‘S] . 50 62 a1 277 1998 91000
AT /T Intensity * [107CpK/K] ... inn . 2.5 2.2 4.8 14.7 147 6700
AT /T Polarisation (U and Q)? [1078uK/K]...... .. 4.0 4.2 9.8 29.8 e .
Sensitivity to unresolved sources [mJy] ... ... ... .. 12.0 10.2 14.3 27 43 49
yvoZ per FOV [1'[]_6] .......................... 1.6 2.1 615 6.5 26 605

* All subsystems have been specified and designed to reach or exceed the performances of this table. It is therefore
expected that these performances will be achieved in orbit. Nevertheless, it has been shown that even with a
sensitivity twice as poor, most of the core scientific objectives described in this book could be achieved.

b Average 1o sensitivity per pixel (a pixel is a square whose side is the FWHM extent of the beam). in thermody-
namic temperature units, achievable after 2 full sky surveys (14 months).

Most of these sensitivity limits are dominated by radiation noise, and have
been achieved in the latest calibration run of Planck-HFI.



Why such a sensitivity ?

* To measure the anisotropy of the CMB (maps of
the early universe), due to protostructures and
oscillations 1n the primeval plasma

* To measure the Polarization of the CMB, due to
Thomson scattering of CMB photons at the last
scattering surface and related to scalar and tensor
perturbations of the primeval plasma

 All this to infer cosmological parameters and test
the standard cosmological model.



CMB anisotropy

Different physical effects, all related to dp/p,
produce CMB Temperature fluctuations:

— = T3 + Z — —-Nn
T 3 c o, C
Sachs-Wolfe Photon Doppler effect
(gravitational density from velocity
redshift) fluctuations fields

Scales larger than the horizon are basically
frozen in the pre-recombination era.

If the power spectrum of density fluctuations
P(k) is scale-invariant (P(k)=Ak), a
characteristic power spectrum of 07/7 is
produced at large scales: ¢, ~1/[((¢+1)]

This has been detected in 1992 by COBE DMR



* Photons coming out of an overdensity loose some energy
due to the gravitational potential gradient they have to
climb (gravitational redshift):

o ov oD

2

T 1% C

* However, the same overdensity also produces a time
delay, so these photons effetively come from an earlier
epoch with respect to surrounding ones: S 5D

t_02

e During matter domination

act’” ; Tolla — g:—@:_ggz_gg
T a 3¢ 3 ¢

e The sum of the two effects is called the Sachs-Wolfe
(1967) effect, dominant at large angular scales ST 15D

T 3¢



Large-Scale Anisotropy

: COBE-DMR
detects the small
(10ppm) large-scale
anisotropy of the CMB.

e The measured spectrum
requires a scale
invariant P(k) (n=1)

I[ts incredible
smoothness requires an
inflationary process
happening in the first
split second after the
Big Bang.

~100 K I 1+100 pK

G. Smoot et al. 1992, Nobel Pize in 2006




Horizons

« At recombination (t=380000 years), only regions of the
Universe closer than 380000 light years have had the
possibility (enough time) to interact.

« That length, as seen from a distance of >10 bibion light
years, has an angular size of about 1 degree.

)1° \

|
e 10°

14 000 000 000 ly

« How i1s it possible that regions separated by more than
are seen 1n the COBE map to have the same temperature,
within 1 part in 10000 ? They could not interact 1n all
the history of the Universe, from the Big Bang to
recombination ! (the “Paradox of Horizons™)



Inflation ?

At recombination, the causal horizon ct
subtends an angle of about 1°.

In the original Hot Big Bang scenario, regions
separated by more than 1° are not causally
connected, and have not been causally
connected before.

They are, however, highly isotropic. How can
this be ?

Idea: an ultrafast inflation of space, happening
at around the grand-unification energy, can
separate regions that had been in causal contact
before. All the sky we can see today has been in
causal contact in a microscopic region before
inflation.

Can we test inflation experimentally ?



Inflation ?

e Inflation is a predictive theory:

1. Any initial curvature is flattened by the huge
expansion: we expect a Euclidean universe.

2. Adiabatic, gaussian density perturbations are
produced from quantum fluctuations. This is the
physical origin for density fluctuation.

3. The power spectrum of scalar perturbations is
approximately scale invariant, P(k)=Ak™ with n
slightly less than 1.

4. Tensor perturbations produce a background of
gravitational waves, inducing a characteristic
polarization pattern in the CMB

e 1,2,3 can be tested measuring CMB anisotropy
e 4 can be tested measuring CMB polarization



CMB anisotropy

e Different physical effects, all related to op/p,
produce CMB Temperature fluctuations:

— = T3 + Z — —-Nn
T 3 c o, C
Sachs-Wolfe Photon Doppler effect
(gravitational density from velocity
redshift) fluctuations fields

e Scales larger than the horizon are basically
frozen in the pre-recombination era. Flat power
spectrum of 6 7/T at large scales.

e Scales smaller than the horizon undergo
acoustic oscillations from horizon-crossing to
recombination. Acoustic peaks in the power
spectrum of 6 7/T at sub-degree scales.



How does the
1mage of the early
universe form ?

Geometry
of
space

<
<

14 billion light years
Here, now

Physics
of the
Primeval
fireball and
very early
universe

The BOOMERanG map of the last scattering surface




Density perturbations (Ap/p) were oscillating in the primeval plasma (as a result of the
_opposite effects of gravity and photon pressure).

Due to gravity, T 1s reduced enough
increases, resisting to the
Before recombination T > 3000 K
Here photons are not tightly
—_— coupled to matter, and their
pressure is not effective.

Ap/p increases, that gravity wins again
overdensity .
compression, and the
Perturbations can grow and

and so does T \ /
Pressure of photons . . ‘
/ N
> perturbation bounces back
After recombination T < 3000 K
form Galaxies.

After recombination, density perturbation can grow and create the hierarchy of structures
we see 1n the nearby Universe.



In the primeval plasma, photons/baryons density perturbations start to oscillate only when the sound horizon
becomes larger than their linear size . Small wavelength perturbations oscillate faster than large ones.

VXY
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(wavelength/2)
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Did Inflation really happen ?

e We do not know. Inflation has not been
proven yet. It is, however, a mechanism able

to produce primordial fluctuations with the right
characteristics.

e Four of the basic predictions of inflation have
been proven:

— existence of super-horizon fluctuations
— gaussianity of the fluctuations
— flatness of the universe

— scale invariance of the density perturbations

e One more remains to be proved: the stochastic
background of gravitational waves produced
during the inflation phase.

e CMB can help In this — see below.



CMB polarization

e CMB radiation is Thomson scattered at recombination.

e If the local distribution of incoming radiation in the
rest frame of the electron has a quadrupole moment,
the scattered radiation acquires some degree of linear
polarization.




@ = ¢ at last scattering



If Inflation really

e |t stretched geometry of
space to nearly Euclidean

e |t produced a nearly scale

happened...
=
invariant spectrum of density- OK
fluctuations

e |t produced a stochastic
background of gravitational - ?
waves.




Quadrupole from P.G.W.

e If inflation really happened:

v It stretched geometry of space to
nearly Euclidean

v It produced a nearly scale invariant
spectrum of gaussian density
fluctuations

v It produced a stochastic background of
gravitational waves: Primordial G.W.
The background is so faint that even

LISA will not be able to measure it. P \E_mOd'eS
e Tensor perturbations also produce | . __:‘ . /__
quadrupole anisotropy. They generate N/ P
irrotational (E-modes) and rotational |
(B-modes) components in the CMB N o
polarization field. ‘/ \| “\
e Since B-modes are not produced by scalar | — —
fluctuations, they represent a signature of i al

inflation. B-modes



B-modes from P.G.W.

e The amplitude of this effect is very small, but
depends on the Energy scale of inflation. In fact the
amplitude of tensor modes normalized to the scalar
Oones Is:

[ij_ cs” 1/4~ & «——1Inflation potential
S) ¥ ] T 3.7x10"GeV
sand G 0) e
+ B
C ~ 0.1uK
\/ o2z ™ 210 Gev

e There are theoretical argurﬁents to exﬁect that the
energy scale of inflation is close to the scale of GUT
I.e. around 101% GeV.

e The current upper limit on anisotropy at large scales
gives T/5<0.5 (at 20)

e A competing effect is lensing of E-modes, which is
Important at large multipoles.
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E-modes & B-modes

Spin-2 quantity Spin-2 basis

(@)= iU)(ﬁ) :Z (agn T iafm ) Y/ (ﬁ)

l,m
e From the measurements of the Stokes Parameters Q

and U of the linear polarization field we can recover

both irrotational and rotational a;,, by means of
modified Legendre transforms:
E-modes produced by scalar and tensor perturbations

—jdﬂW (i@ +iv)(i)., Y, (7)+(Q~iU)).. Y, ()]

B-modes produced only by tensor perturbations

al, = [dQW (@0 +iU))..Y,, (7) - (@~iU)(i) .Y, ()]



The signal Is extremely weak

e Nobody really knows how to detect this.
— Pathfinder experiments are needed

e Whatever smart, ambitious experiment we
design to detect the B-modes:

— It needs to be extremely sensitive

— It needs an extremely careful control of
systematic effects

— It needs careful control of foregrounds

— It will need Independent experiments
with orthogonal systematics.

e There is still a long way to go: ...
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the BOOMERanG ballon-borne telescope
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The instrument is flown
above the Earth
atmosphere, at an altitude
of 37 km, by means of a
stratospheric balloon.

Long duration flights (LDB,
1-3 weeks) are performad
by NASA-NSBF over
Antarctica

BOOMERanNG has been flown
LDB two times:

From Dec.28, 1998 to
Jan.8, 1999, for CMB
anisotropy measurements

In 2003, from Jan.6 to
Jan.20, for CMB polarization
measurements (B2K).




e The image of the sky is
obtained by slowly
scanning the full payload
INn azimuth (+30°) at

constant elevation

... o0 00800y, o000 %d,
_35 | | [ - .... .... ..........
pol

e The scan center
constantly tracks the
azimuth of the lowest
foreground region

Every day we obtain a

declination (degrees)

fully crosslinked map.

This Is the key for an
accurate map of the
Right Ascension (hours) Sky
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MULTIPLE PEAKS IN THE ANGULAR POWER SPECTRUM OF THE COSMIC MICROWAVE
BACKGROUND: SIGNIFICANCE AND CONSEQUENCES FOR COSMOLOGY
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G. PoLenTA,' F. PonGeTTL!® S. PRUNET,* G. RoMmEO,'® J. E. RUHL,” AND F. Scaramuzzr'!

Received 2001 May 18 ; accepted 2001 September 11

ABSTRACT

Three peaks and two dips have been detected in the power spectrum of the cosmic microwave back-
ground by the BOOMERANG experiment, at [=(2137]%), (541739, (845F}%) and [= (416173,
(750*22,), respectively. Using model-independent analyses, we find that all five features are statistically
significant, and we measure their location and amplitude. These are consistent with the adiabatic infla-
tionary model. We also calculate the mean and variance of the peak and dip locations and amplitudes in
a large seven-dimensional parameter space of such models, which gives good agreement with the model-
independent estimates. We forecast where the next few peaks and dips should be found if the basic para-
digm is correct. We test the robustness of our results by comparing Bayesian marginalization techniques
on this space with likelihood maximization techniques applied to a second seven-dimensional cosmo-
logical parameter space, using an independent computational pipeline, and find excellent agreement:
0O2E002 versus 1.04 4+ 0.05, Q, h* =0.022F5003 versus 0.019%5003, and n,=0967)0 versus
0.90 + 0.08. The determination of the best fit by the maximization procedure effectively ignores nonzero
optical depth of reionization 7. > 0, and the difference in primordial spectral index n, between the two
methods is thus a consequence of the strong correlation of n, with the 7.

Subject headings: cosmic microwave background — cosmological parameters —
cosmology: observations
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WMAP (2002)

Wilkinson Microwave Anisotropy Probe

1.4 3 1.6 m primary upper omni ankenna
reflectors

dual back-to-back
Gregorian optics

secondary FPA box
reflector ——
feed horns

passive thermal radiator

thermally isolating
— 1nstrument cylinder
: (RXB nside)
top deck —

star tracker

warm 5/C and
instrument
clectronics ,
reaction
wheels {3)




WMAP i L, : sun, earth, moon are-all |
S well behmd the solar shleld R
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Recombination Epoch
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The consistency of the maps from three independent

experiments, working at very different frequencies and
with very different mesurement methods, is the best
evidence that the faint structure observed

eis not due to instrumental artifacts

ehas exactly the spectrum of CMB anisotropy, so it is
not due to foreground emission

The comparison also shows the extreme sensitivity of
cryogenic bolometers operated at balloon altitude (the
BO3 map is the result of 5 days of observation)
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Fig. 18— The WMAP three-year power spectrum (in black) compared to other recent measurements of
the CMB angular power spectriun, including Boomerang (Jones et al. 2005), Acbar (Kuo et al. 2004), CBI
{Readhead et al. 2004). and VSA (Dickinson et al. 2004). For elarity, the | < 600 data from Boomerang
and VSA are gmitted; as the measurements are consistent with WMAP, but with lower weight. These

rely confirm the turnover in the 3rd acoustic peak and probe the onset of Silk damping.

1 sensitivity on sub-degree scales, the WMAP data are becoming an increasingly important
irce for high-resolution experiments. H h t 1 2 O O 6



* The second LDB flight of BOOMERanG was
devoted to CMB polarization measurements

* Was motivated by the desire to measure
polarization :
— at 145 GHz (higher v. wrt WMAP, DASI, CBI etc.)

— with bolometers (vs. coherent amplifiers of WMAP,
DASI, CBI etc.)

— controlling the dominant foreground (dust) by
means of simultaneous observations at higher

frequencies (245, 345 GHz)
— 1n one of the best sky regions (foreground-wise)

— 1n a multipoles range where the polarization signal
can be higher than the foreground signal.
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PSB devices & feed optics (Caltech + JPL)

Corrugated reconcentrating feed

Two PSB's separated by 65 microns

. / 255 GHz lowpass filter
PSB Pair

Corrugated Back to Back Horn

Yoshinaga/Black-poly

Baffle
540 or 750 GHz lowpass filter

168 GHz lowpass filter

Electrical Leads

. ‘!- . \.‘ = w2 I :
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o Thermistor Pad
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" Nitride
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wire grid absorber 2
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Fi1G. 22.— The EE spectrum at ¢ > 40 for all measurements of the CMB polarization. The curve is the best fit EE spectrum. Note that the v axis has only one
power of £. The black boxes are the WMAP data; the triangles are the BOOMERanG data; the squares are the DASI data; the diamonds are the CBI data; and
the asterisk is the CAPMAP data. The WMAP data are the QVW combination. For the first point. the cleaned value is used. For other values. the raw values are
used. The data are given in Table 8




Paradigm of CMB anisotropies

':4 Processed by
causal effects like
Acoustic oscillations

Power
spectrum
perturbati

Radiation pressure
Gaussian, from photons
adiabatic resists gravitational
(density) compression

horizon horizon

(AT/T) = (Ap/p)/3

+ (Ad/c?)/3
— (v/c)*n

7z
=4
Lo

et
7
A L

Unperturbed

plasma neutral
° 10-3s 3 min 300000 yrs

’B‘ig—Bang Inflation = Nucleosynthesis Recombination




Cosmological Parameters

Assume an adiabatic inflationary model, and
compare with same weak prior on 0.5<h<0.9

WMAP BOOMERanNG

(100% of the sky, <1% gain (4% of the sky, 10% gain
calibration, <1% beam, calibration, 10% beam,
multipole coverage 2-700) Touolgg)me coverage 50-

Bennett et al. 2003 Ruhl et al. astro-ph/0212229

e ), =1.02+0.02 e ,=1.03+0.05

* n,=0.99+0.04 *  n,= 1.02+0.07

. ,h2=0.022+0.001 e 0O.h?=0.0234+0.003
« Q h2=0.14+0.02 * Q,;h?=0.14+0.04

+ T=13.7+0.2 Gyr ¢ TElASELs Gyr
* T !

¢ 1.~=0.166+0.076



* There 1s a minimalist model with only 6 free parameters (H_, Q , OO,
Q,, n, A) describing very well the angular power spectrum of the
CMB, but also other measurements:

— The spectrum of the CMB
— The abundances of primordial light elements
— The expansion of the Universe
— The fluxes of high redshift SN1a “candles”
— The large-scale distribution of galaxies and Ly-a clouds
— The polarization of the CMB .... Etc ...
e So a question could be: * are we done with cosmology ?...”

« Not at all. The “model” is still not satisfactory, since it requires
“dark matter”, “dark energy”, and also an “inflation phase” in the
very early universe, and there 1s no evidence from non-cosmological
physics for these three components.

* As a CMB experimentalist, I would rather try to answer two
different questions:

— are there open issues in CMB anisotropy measurements ?
— are there critical CMB observations still to be done ?
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* There 1s a minimalist model with only 6 free parameters (H_, Q , OO,
Q,, n, A) describing very well the angular power spectrum of the
CMB, but also other measurements:

— The spectrum of the CMB
— The abundances of primordial light elements
— The expansion of the Universe
— The fluxes of high redshift SN1a “candles”
— The large-scale distribution of galaxies and Ly-a clouds
— The polarization of the CMB .... Etc ...
e So a question could be: * are we done with cosmology ?...”

« Not at all. The “model” is still not satisfactory, since it requires
“dark matter”, “dark energy”, and also an “inflation phase” in the
very early universe, and there 1s no evidence from non-cosmological
physics for these three components.

* As a CMB experimentalist, I would rather try to answer two
different questions:

— are there open issues in CMB anisotropy measurements ?

— are there critical CMB observations still to be done ? S '
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PLANCK

ESA mission to map the Cosmic Microwave Background

Image of the whole sky at wavelengths near the Iintensity
peak of the C radiation, with

* high instrument sensitivity (AT/T~10-°)

* high resolution (=5 arcmin) | o
* wide frequency coverage (25 GHz-950 GHz) - {&g .' b' u
* high control of systematics 77,
Launch: 2009; payload module: 2 1nstruments and telescope
* Low Frequency Instrument (LFI, HEMTs)

* High Frequency Instrument (HFI, bolometers)

* Telescope: primary (1.50x1.89 m ellipsoid)



Telescope

Instruments

Shields =¥ |

1 Service Module
Solar array

I/F to Ariane



Planck rotated in the thermal-vacuum chamber of ESA (real video, not a simulation !)




= Observing strategy

4 The payload will work from L2, to
avoid the emission of the Earth, of the
Moon, of the Sun

Boresight
(85° from spin axis)

Field of view
rotates at 1 rpm
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E * (CQM = Cryogenic Qualification Model)
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* And the full cryogenic qualification model
has been vibration and thermal tested.
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So we can expect 1n 2 years from now :

— Data from a precisely calibrated instrument
operated 1n the best possible space environment

— Maps covering the full wavelength range and

angular resolution of primary C

anisotropy
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F1G 2.8.—The left panel shows a realisation of the CMB power spectrum of the concordance ACDM model (red
line) after 4 years of WMAP observations. The right panel shows the same realisation observed with the sensitivity

and angular resolution of Planck.
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Fic 2.11.—The solid lines in the upper panels of these figures show the power spectrum of the concordance
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Planck and Neutrinos

Neutrinos affect the power spectra TT, TE, EE

Free-streaming neutrinos suppress the amplitude of matter
fluctuations at wavenumbers k>0.03(m,/eV)Q_1> Mpc-!. This
effect can be seen combining matter surveys (SDSS, 2dF etc.)
with CMB anisotropy. Current data constrain m <0.7¢eV.

Planck data will improve this bound safely down to 0.2eV.

Through gravitational lensing, CMB measurements are also
sensitive to the matter power spectrum at intermediate redshifts,
thus adding sensitivity to the effects of neutrinos on matter
fluctuations.

The effective number of neutrinos (N, =3.04 at the epoch of Big
Bang Nucleosynthesis) can be constrained since it produces a
slight shift in the position of the doppler peaks.

With Planck the measured spectra will constrain N,, with
AN,=0.24.



TABLE II: Representative cosmological data sets and corresponding 2o (95% C.L.) constraints on the sum of v masses ¥,

Case Cosmological data set Y (at 20)
1 CMB <119 eV
2 CMB + LSS

3 CMB + HST + 5N-Ia

4 CMB + HST + SN-Ia + BAO

b CMB + HST 4 5N-Ia + BAO + Lya <0.19 eV

From Fogli et al. 2008, Astro-ph/0805.2517

With Planck :



After Planck

» Planck will do many things but will not do:

— Measurement of B-Modes (gravitational waves
from 1nflation)

— Measurements at high angular resolution

— Deep surveys of clusters and superclusters of
galaxies
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After Planck: CMB arrays

* Once we get to the photon noise limit, the only
way to improve the measurement 1s to improve the

mapping speed, 1.€. to produce large detector
arrays.

r

* The most important characteristic of future CMB
detectors, 1n addition to be C noise limited, 1s
the possibility to replicate detectors in large
arrays at a reasonable cost.

 Suitable detection methods:
— TES bolometers arrays
— Direct detection and KIDs arrays




Bolometer Arrays

e Once bolometers reach BLIP
conditions (CMB BLIP), the
mapping speed can only be
Increased by creating large
bolometer arrays.

e BOLOCAM and MAMBO are
examples of large arrays
with hybrid components (Si
wafer + Ge sensors)

e Techniques to build fully
litographed arrays for the
CMB are being developed.

e TES offer the natural
sensors. (A. Lee, D. Benford,
A. Golding, F. Gatti ...) MAMBO (MPIfR for IRAM)
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Sunyaev-Zel’dovich Effect Observations of the Bullet Cluster (1E
0657-56) with APEX-SZ

N. W. Halverson®, T. Lanting®, P. A. R. Ade®, K. Basu*, A. N. Bender!, B. A. Benson®,
F. Bertoldi*, H-M. Cho®, G. Chon?, J. Clarke®, M. Dobhs?, D. Ferrusca®, R. Giisten”,
W. L. Holzapfel®, A. Kovacs”, J. Kennedv?, 7. Kermish®, R. Kneissl”, A. T. Lee™5,
M. Lueker®, J. Mehl®, K. M. Menten”, D. Muders™. M. Nord*", F. Pacand?, T. Plagge®,
C. Reichardt®, P. L. Richards®, R. Schaaf!. P. Schilke”, F. Schuller’, D. Schwan®,

H. Spieler®, C. Tucker®, A. Weiss", O. Zahn®

ABSTRACT

We present observations of the Sunvaev-Zel'dovich effect (SZE) in the Bullet cluster (1E
0657-56) using the APEX-57 instrument at 150 GHz with a resolution of 1°. The main results
are maps of the SZE in this massive, merging galaxy cluster. The cluster is detected with 23«
significance within the central 1° radius of the source position. The SZE map has a broadly
similar morphology to that in existing X-ray maps of this svstem, and we find no evidence for
significant contamination of the SZE emission by radio or IR sources. In order to make simple
quantitative comparisons with cluster gas models derived from X-ray observations, we fit our
data to an 1sothermal elliptical § model, despite the inadequacy of such a model for this complex
merging system. With an X-ray derived prior on the power-law index, 5 = 1.041515, we find a
core radius r. = 144 + 197, an axial ratio of 0.881 + 0.086, and a central temperature decrement
of —880 £ 80 uK g, including a £6% flux calibration uncertainty. These model parameters are
consistent with the values determined from X-ray data. Under the assumption of an 1sothermal
cluster gas distribution in hvdrostatic equilibrium, we compute the gas mass fraction for prolate
and oblate spheroidal geometries, and the mass-weighted electron temperature of the cluster.
This work 18 the first result from the APEX-5Z experiment, and represents the first published
scientific result from observations with a large array of multiplexed superconducting transition-
edge sensor bolometers.




A pessible solutien: |/icrowave “netic nductance :etectors

Superconductors below a critical temperature T_have
supercurrent carried by pairs of electrons, known as

ooper airs, bound together by the electron-phonon
interaction.

The CPs have zero DC resistance but non zero AC impedance

Complex surface impedance:

, / O/
uasi- articles + //9// //

T<<T, —> R<< oL,

depends on the density of CPs, np:

nCPI bl l

Claudia Giordano




Effect of a signal transmitted through the feed line past the resonator:

2 z 6 omi i
Risonanza simulata, Q=1-10%, ST"=0.001 Risonanza simulata, Q=1-108, S7i"=0.001

Attenuation =~ 0dB
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Frequenza (GHz) Frequenza (GHz)

Claudia Giordano



Risonanza simulata, G=1-108, S7i"-0.001
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Effect of a signal transmitted through the feed line past the resonator:
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Effect of a signal transmitted through the feed line past the resonator:
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Effect of a signal transmitted through the feed line past the resonator:
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The fact that each resonator has no effect even few MHz away from its resonant
frequency makes these detectors ideal for frequency domain multiplexing:

BEcoliel gl i ] 1 1)
S

Pixel 1, f1 Pixel 2, f? Pixel 3, f3 Pixel N, fN

order of 103-104 pixels read with a single coax

Extremely simple cold electronics: one single amplifier can be used
for 103-104 pixels. The rest of the readout is warm.

Very flexible: different materials and geometries can be chosen to
tune detectors to specific needs.

Very resistant: materials are all suitable for satellite and space

missions. : .
Claudia Giordano




KIDs testbench: RIC esper/ment (INFN gruppo V)

Cold haad
(300 mK)

S':CN—CN coax

bias generator and
acquisition data system

VINA : slower, easier, can give information
on the sanity of the whole circuit.
Ideal for the first runs.

IQ mixers: faster, essential to measure
noise, QP lifetime... Need fast
acquisition system




Cold head

(300 mK)

bias generator and
acquisition data system

VINA : slower, easier, can give information
on the sanity of the whole circuit.
Ideal for the first runs.

IQ mixers: faster, essential to measure
noise, QP lifetime... Need fast
acquisition system




KID 1 (6.9mm) at 318 mK KID 1 (6.9mm) at 318 mK

T T T T

Normalized S21 (dB)
R e e
Phase (degrees)

F bt

90
49114 49115 49116 4.9117 49118 49119 4.912 49121 49122 49123 4.9124 49125
Frequency (GHz)

i 1 1

5 | | | | | | i
49114 49115 49116 4.9117 49118 49119 4912 49121 4.9122 49123 49124 4.9125
Frequency (GHz)

2.76526+0.00002 2.83595+0.00002 2.89025+0.00002

KID 1 (6.9mm) at 318 mK

+H++  #
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S21 normalizzato (dB)

& 1 | 1 . 5 L 1
2.7642 2.7644 2.7646 2.7648 2.765 2.7652 2.7654 2.7656 2.7658
Frequenza (GHz)

f ; D.C. Mattis and J. Bardeen
reso

* m Physical Review, July 1958
1 —

Feeo(T) _ 1 0Lyor(T)
fre(0) 2 Lyyr(0)

o = Liin | (™) 1 0OL,,(T)

Lior| Jro(0) 2 L, (0)

T T T
Q from data analysis

| | | | | |
0.32 0.34 0.36 0.38 0.4 0.42
KID temperature (K)

Estimate of the fraction o of L due to Ly,

dL/LO)*o

- « - dff(0) oL~ 0.024

0.32 0.34 0.36 0.38 0.4 0.42 0.44 0.46
Temperature (K)




Trasmissivitd della catena di filtri
————————— ——————

effect of filters chain

ADC/oscilloscope
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We have seen light! o e

Response to 145GHz radiation %

Typical 1Q resonant circle, T=318mK. £ ows|
The blue line represents the response to R
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30mmx30mm4

12x12 LEKIDs
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KIDs

* Extremely promising technology for CMB
detectors (Al resonators):
— Cost of a single detector about the same as array

— Intrinsically multiplexable
— Wide band (LEKIDs)

 Still in development phase, but growing fast.

« Several groups are pursuing this: e.g. Zmuidinas

(Caltech), Mauskopt (Cardiff), Margesin (RIC
INFN collaboration), Monfardini (Grenoble) ...
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visibile <+ Coma =—» X-rays

X-ray measurements show that there is a hot (>107K) ionized and diluted
gas filling the intracluster volume between galaxies.

The baryonic mass of this gas can be more than the baryonic mass in the
galaxies of the cluster.




Sunyaev-Zeldovicn cifect

Inverse Compton Effect for CMB photons against
electrons in the hot gas of clusters

Cluster optical depth: 1=ncl where |=afew Mpc =
102°cm, n< 103 cm23, o =6.65x102° cm?

So t=ncl <0.01:thereis a 1% likelihood that a
CMB photon crossing the cluster is scattered by an
electron

Ecicctron > so the electron gives part of his
energy to thg pﬁoton. To first order, the energy gain of
the photon is

Av _ KT, _ SkeV .

v my®  500keV
The resulting CMB temperature anisotropy is

AL LAY 0.01%x0.01=10"

T

Birkinshaw M., 1999, Physics Reports, 310, 97-195

Sunyaev R., Zeldovich Y.B., 1972, Comm. Astrophys.
Space Phys., 4,173




KSunyaev-ZeIdovich Effect

All photons increase their
energy. The result is a
distortion of the spectrum of
the CMB in the direction of

rich clusters

Brightness

/

A decrement at low An increment at high frequency
frequencies frequencies
(<217GHz) (> 217GHz)
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KThe Sunyaev-Zeldovich Effect

8.0x10" T - |
S-Z - 7keV | / \ 1
4 | = - -10keV —
Dust 6.0x10 .. 1EKeV 7
Synchrotron T 20keV '
4.0x10™" : : /|
Free-free — y N
0 i ' N -
= 4 / } _
CMB = 2.0x10 / i .
£ : 3
= 0.0
Spectral coverage
of SAGACE 4
\\ -2.0x10™ | -
divided in 4 “4.0x10° : B2 % . \ ]
o me e,

S UNIVERSITA'
oA
= m =
/R
= 7 N E
= ONVIIIN IO =




] — e

v .
Tne Sunyaesv-Zeldovicrn =ffeci {}"‘

 The S-Z Effect does not depend on the distance
(redshift) of the cluster, and depends linearly on the
density of the gas

o X-ray brightness decreases significantly with distance
and gas density (depends on the square of the density).

Abell 18914 z=0.17 CLGO16+16 z=0.04 |M51004-C321 z=0G.83

X-ray

SAPIENZA
UNIVERSITA DI ROMA




OLIMPO (P1 Silvia Masi, Roma)

Focal plane can host =400 bolometers

from Cardiff (P. Mauskopf) and Grenoble (P. Camus)
RIS 150 GHz 220 GHz 340 GHz 540 GHz

1}/(2m)  (peK®)

C, B2+




4 frequency bands UniqueneSS of

simultaneously.

Optimally sample the OLIMPO

spectrum of the SZ [— T
effect. oOdOT TkeV

Opposite signals at | T 1okeViy fs
410 GHz and at 150 40| oV fi
GHz provide a clear
sighature of the SZ
detection.

4 bands allow to clea .
the signal from dust — 150/ |240 410 600
and CMB, and even t&

measure T, -

/N
. :
~~ 4 X
3, 2.0x10 g

_ -2.0x10° .
Resolution: 2x(Planck)

Detectors: 10x(Planck) 4 ol
- - ‘40 10- 1 ] 1 ] 1 ]
Integration time per "7 200 400 600 800

cluster: 10x(Planck) v (GHz)
(40 clusters/flight +
blind survey) -0 + +




Flights: 2009 & 2010




DARK
MATTER

Cosmic
Microwave
Background

Power Spectrum of
CMB anisotropy

y—yx, annihilation photons
in X and y-rays spectra

y—y, annihilation products
inCRspectra @B v

Observation of SZ effect
in selected clusters



What is Dark Matter ?

Hp: Weakly Interacting Supersymmetric Particles
(WIMPSs)

Lightest one predicted by SUSY : Neutralino 7}
Could be measured by LHC

s tend to cluster in the center of astrophysical
structures

Annihilation of Neutralinos would produce fluxes of
— Neutral and charged pions

— Secondary electrons protons

— Neutrinos

— elc.

They produce various effects

One of them is the SZ from the charged
component (see Colafrancesco, 2004)



Dark I\/Iatter Annihilation Products

O

tan, f 171
My - mjr "I-f ml

4"\"14"\"3(4] ¢ m.F"m\ ;\'E
i fu Ly -
tan /3

5.4 my m l

m>
f

tan 8 - my, <>

Xi
I
A &
1

1+(m +,”” :"'_lr.""lﬁ'.-’f”"'l}g

A

(m + mn) < (my,, mz)



1% SZ. effect from yy annihilation
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What is Dark Matter ?

Hp: Weakly Interacting Supersymmetric Particles (WIMPSs)

Lightest one predicted by SUSY : Neutralino Y
Could be measured by LHC

(s tend to cluster in the center of astrophysical structures

Annihilation of Neutralinos would produce fluxes of
— Neutral and charged pions

— Secondary electrons protons

— Neutrinos

— etc.

They produce various effects

One of them is the SZ from the charged component (see
Colafrancesco, 2004

Subdominant with respect to SZE from the gas.

We need clusters where Dark Matter and Baryonic Matter
are separated.




1E0657-56




1E0657-56




[Colafrancesco 2004 , A&A, 422, L23]

p% SZ. effect from DM

The SZ Effect

Compton Scattenng of CMB photons
by IS/IC electrons
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1% SZ. effect at clump centres

East DM clump

West DM clump

[Colafrancesco, de Bernardis, Masi, Polenta & Ullio 2006]



Fig. 2. The simulated SZ maps of the cluster 1ES0657-556 as observable with the SPT telescope at three frequencies: v = 150
GHz (left panel), v = 223 GHz (mid panel), v = 350 GHz (right panel). A neutralino mass of M, = 20 GeV has been adopted
here. Note that choosing the frequency of 223 GHz where the thermal SZE from the E baryonic clump vanishes maximizes the
detectability of the SZpar effect from the two DM clumps.

[Colafrancesco, de Bernardis, Masi, Polenta & Ullio 2006]



Isolating SZ\, (at 223 GHz)

Mx =20 GeV Mx =40 GeV Mx = 80 GeV

The SZE from the hot gas disappears at x , (~ 220-223 GHz)
while the SZ.,,, expected at the locations of the two DM clumps
remains negative and with an amplitude and spectrum

which depend on M, .

[Colafrancesco, de Bernardis, Masi, Polenta & Ullio 2006]




SAGACE

Spectroscopic Active Galaxies And Clusters Explorer

The 1deal continuation of OLIMPO
Selected by ASI for a phase-A study as a small mission

2.6 m telescope + FTS spectrometer on a Soyuz
Uni. La Sapienza / Uni. Mi. Bicocca / Uni. Genova / Kayser Italiana / ASDC-ASI
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To telescope SA GACE
S O
4’_1/ fo. ‘eg\o
9/0/7 \/ v 5\(~\;
Off-axi a Focal plane of the telescope
-axlis ‘ A Positive beams ~ Negative beams
Parabolas High freq. Array

S

v'v< D1

Output Polarizer
eamsplitter ‘ P

> D2
N Low freq. Array

Roof mirror . I Roof mirror 2

Input Polarizer

X/

Pivot

A possible spectrometer: Differential Martin Puplett Interferometer :
Each detector measures the difference of spectra from two sky regions



A differential spectrometer

* The detectors measure the difference in the spectra
of two contiguous regions of the sky.

* With this configuration

— The background produced by the mirror, the

instrument, the CMB, most of the foregrounds is the
same on both beams and 1s canceled

— This 1s the only way to measure anisotropy at a level of
10-> without requiring unfeasible dynamical ranges.

— The sidelobes are similar in the two beams: a cheap

earth orbit (elliptical) can be considered 1n place of L2,
fitting the small mission requirement.



Cosmology and Astrophysics with
SAGACE

Science Goals for SAGACE

Get mm/submm spectra of a large number of Clusters of
Galaxies via the Sunyaev-Zeldovich effect (SZE), and spectral
maps of nearby ones

e To study the formation of structures in the Universe
 To study dark matter and dark energy [n(z)]
e To study cosmic evolution [Ho, T;yg(2)]

Get C+ line emission of a large number of galaxies at high
redshift

« To study the formation of early galaxies (cosmic middle
ages) and their evolution (cosmic SFR, atoms, molecules)

AGNs at high redshift: featureless spectrs. Get mm/sub-mm
precise photometry of a very large number of them.

 To study the physical processes happening in AGNs
 To study the statistics of different classes of AGNs

« To study AGNSs as a foreground for ultrsensitive
measurements of the CMB
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KS-Z Clusters survey

 Q: How many clusters can we detect with a small mission ?

7 - . - . - 7 - . - : - i

Band 1 | ' Band 2 | | Band 3
6 - 6 - . 6 - .
5 - 5 — 5 —

Log N{>Opgy)
Log N(>8p,)
N

[#2)
T T

0 | L 1 I . 1 o I L 1 | L 1

Log Opyyy (arcmin) Log Oy (arcmin) Log Oy (arcmin)

« A:thousands, with an angular resolution better than a few arcmin
and the limiting flux is around 20 mJ !

Analysis by S. Colafrancesco
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KC+ lines in high redshift galaxies

Band B4 in SAGACE has
been optimized to be
sensitive to the C+ line
produced by galaxies in
the “redshift desert “
z=1.4-2, where strong
optical lines are not
visible.

10 000

1 000

=
=

=
w1

For this reason SAGACE
will be a unique tool to
complement optical
redshift surveys,
population and evolution
studies.
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KC+ lines in high redshift galaxies

Simulated spectra  of sy (e tm_go,l . =
high-z sources (Lpyg =5 wof { g el
1012 - 10*3 L) observed . ¢ =
with SAGACE through a = [ E
deep Integration of 20 = E
hours. so - W =
The [CII] line is clearly = A N E—
detected with a Lt i A A | _
significance higher than E uneon o E
100. S =
The green bar indicates = E
the noise level. = E E
Note that also the oE E
continuum is detected in <o - MWMMNWWW E
both sources with high ro e B —
significance. | froneney (o




KC+ lines in high redshift galaxies

e Cumulative counts of galaxies with 0
[ClI] and CO line fluxes above a ' Vg = 620-775 GHz
given flux in the band 625-775 GHz 10°
(the highest frequency band of
SAGACE).

 The red line shows the expected 7c
detection limit of SAGACE at high
resolution ( R(700GHz) = 700 ) and
with an integration time of 20 hours.

* Since the FOV is 0.25 sg.deg, Iin
20*(10/0.25) h = 1 month SAGACE
can measure the redshift of a
sample of about 1000 early
galaxies, in the redshift desert !
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KA photometric survey with SAGACE

high—=z sph.
starbursts
ADAF

GPS

=7 effect
radio sources
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Simulations by G. De Zotti



KA photometric survey with SAGACE
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CMB Polarization and B-Modes

Polarization measurements do not constrain
parameters better than anisotropy
measurements, yet.

Most of the weight In the results above is Iin
Temperature power spectra.

If we want to constrain better the cosmological
model, and finally detect B-modes, and we need
to improve in three ways:

1. Sensitivity
2. Control of systematics
3. Knowledge of foregrounds




Sensitivity

BO3 has shown that Polarization Sensitive
Bolometers work well for CMB polarization
measurements.

Their sensitivity Is close to be photon-noise-
limited. In Planck-HFI the same bolometers
will be cooled a factor 3 more and will be
limited only by quantum fluctuations of the
CMB itself. It is useless to improve the
detector noise below the photon noise limit.




A post-Planck mission

- Planck will or will not detect Inflationary B-Modes (depending on
amplitude, foregrounds, systematics... and if they are really
there).

In a diffraction limited 150 GHz survey, CMB BLIP gives 1 uK in
1 min of integration. But we need to observe 10° pixels !

—— 150 GHz,10% BW, )’

——— 150 GHz, 10% BW, 1 cm’sr
—— 30 GHz, 10% BW, »\°

—~~
X
3.
=
Q
X
o
—
o
o
—
o
=
=
o

-----1-00 | 1000 | Hi(l)IOOO T
integration time (s)
We need to increase the mapping speed using more detectors
than in the Planck focal plane.




Sensitivity

At variance with interferometers,
Bolometer technology is easily scalable,
and the throughput can be larger than AZ2.

Focal planes hosting thousands of
bolometers are being developed already.
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Large Bolometer Arrays

Coherent
addi tion

Dec [Deg]|

Coherent
addi tion

o
= |5

Banopass fiters

e > 1000 TES bolometers for SPIDER a proposed
spinning polarimeter on a LDB (Andrew Lange,
Caltech) devoted to large scale CMB polarization

Spider Instrument Summary

|NET_|:mI:| [UKrt(s)] | 163 | 38 | 35

40 o0 145 220
GHz GHz GHz GHz
|Eandwidth [GHz] | 10 33 a2 | 40
| # Detectors | 64 | 768 512 | 512
Beam FywHM
il 145 &0 40 ‘ 6

-~
I‘IIIII‘IIII"‘I‘II'II




Large Bolometer Arrays

e >1000 TES bolometers for the EBEX CMB
polarization balloon telescope (Shaul Hanany,
Minneapolis)

to

: balloon  fiy\wheel
inner frame

nitrogen tank._|

cryostat : |
receiver AN helium tank

vapor-cooled polarizing\ ' .
shields "= fi@drs 9" [~ wors

250-450 GHz
focal planes

lens

N A1 W B[ T-pupil

|-
S

~ dichroic
filter

| = | _camera
SQUIDS . ™ ) lens

| v ~polarizing
He3 grid
refrigerator -

He3 tank SQUIDS
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Control of Systematic Effects

e BO0O3 has shown that systematic effects can be
controlled by a combination of
Multifrequency capabilities
Scan variation
Polariziation angle redundancy
Variations of observing conditions
Accurate pre-flight and in-flight calibration

This was OK at the level of sensitivity of BO3 (i.e. 3o
detection of E-modes, 4 uK rms).

Nobody knows how to control systematics for a B-
modes experiment (<0.1 uK rms).

The only way Is to experiment !
Calibration sources must be found and characterized.

Balloon and Antarctica experiments are necessary to
test the techniqgue/methodology before to start the
design of a B-modes space mission.




EXPERIMENTS

v RESOLUTION
NAME [GHz] N%  [arcminntes] COMMENT
ACBAR ... .. .. 150 b 4.8
210 4 3.0
274 4 3.0
BICEP ............... 100 50 G0
150 45 42
CAPMAP............. 40 3 i
a0 24 4
CBL.................. il 13 il Interferometer
CAOVER. ........... .. a7 320 bl
150 512 B
225 h12 8
COFE ................ 10 10 &l Balloon
15 20 il
20 a0 40
EBEX ................ 150 706G 5 Balloon
260 308 8
420 282 B
FuPID ..ol 15 i 138
MBI ... ] 16 60 Interferometer
PAPPA ............... 100 240 a0 Balloon
200 240 a0
300 240 a0
PolarBEAR ........... a0 400 il
150 400 it
220 400 3
QUAD................ 100 24 i
150 38 4
QUIET ........... ... 40 136 20
44 136 26
6 1588 14
5 1558 12
40 44 10
44 44 0
bl H06 il
s} H06 4
Spider ... 45 4 145 Balloon
sl 256 60,1
bl 256 0.4
108 256 524
144 512 36.0
162 h12 32.0
VA M 14 bl Interferometer
ACT oo 145 1024 1.7 SZ
225 1024 1.1
265 1024 0.0
APEX-SZ ... 150 324 1.0 57
SPT. ... 00 320 1.7 57
150 320 1.0
220 320 07
SZA a0 8 0.5 57 Interferometer
g 8 0.5

& N is number of detectors or iumber of interferometer elements.

100

10

Beam Size [arcm)

4] 20 a0 100 200 300

Frequency (GHz)

Flgure 3: A sampling of suborbital experiments underway or planned. The area of the square is proportional
to the number of detectors » integration time, where time = 1 year for ground experiments, and 20 days =
5 for balloon experiments, The factor of 5 for balloon experiments accounts roughly for the sensitivity ad-
vantage of bolometers above the atmosphere. No additional adjustments for sensitivity have been attempted,
nor has any account been taken of planned sky coverage, ete. All frequency bands of the same ex periment

From
C. Lawrence, PoS (CMB2006) 012



Control of Foregrounds

e Diffuse Dust emission is polarized at 10% In the plane
of the Galaxy. See astro-ph/0306222 “First
Detection of Polarization of the Submillimetre Diffuse
Galactic Dust Emission by Archeops”.

Its polarization will have both E-modes and B-modes.

We know that at 150 GHz at high latitudes the PS of
dust emission is about 1% of the PS of CMB

anisotropy (Masi et al. Ap.J. 553, L93-L96, 2001)

So we naively expect B-modes from dust
polarization PS at a level of 10-4 of the
anisotropy.

This I1s an important foreground for B-modes of CMB,
whose level is also about 104 of anisotropy !

These are only rough estimates. We know very little
about the configuration and distribution of the
magnetic fields aligning the dust grains.
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BOOMERaNG-FG

e \We plan to re-fly BO3 with an
upgraded forcal plane, to go after
foreground cirrus dust polarization.

e This information iIs essential for all
the planned B-modes experiments
(e.g. BICEP, Dome-C etc.) and is very
difficult to measure from ground.

e The BOOMERanNG optics can host an
array of =100 PSB at =350 GHz.



BOOMERanG-

03
140 GHz
PSB
240 GHz
340 GHz
BOOMERanG-
FG
340 GHz 140 GHz
PSB PSB

Frequency range complementary to PILOT
(higher {. J.F. Bernard, Toulouse)



A post-Planck mission

e A post-Planck mission, with a large array of
sensitive polarized detectors, is needed to
detect B-modes and constrain inflationary
parameters (energy scale, r, n+, V(¢) ...)

— NASA — Beyond Einstein : Inflation Probe
— ESA - Cosmic Vision : B-Pol

e Meanwhile, laboratory, ground-based, and

balloon-borne experiments are necessary
develop the needed technology




B-Pol

(www.b-pol.org)

European proposal recently
submitted to ESA (Cosmic
Vision).

ESA encourages the

development of technology and
resubmission for next round

Detector Arrays development
activities (KIDs in Rome, TES
in Oxford, Genova etc.)

A balloon-borne payload being

developed with ASI (B-B-Pol).




Sensitivity and frequency coverage: the focal plane

e Baseline technology: TES bolometers arrays

Corrugated feedhorns Sub-K, 600 mm
for polarization purity and
beam symmetry

. 45 GHz 45mm
() 70GHz 26.5mm

() 100 GHz 18.5mm

{ 150 GHz 12.3mm

@ 220 GHz 8.4mm

350 GHz 5.3mm




Optical system:

» Wide field,
e low cross-pol,
* low emissivity

Possible solution:
modified telecentric
telescope

'.E':';-"f 'ﬂ
A Y.
AVl P,
| J ]

HWP



[(é+1)C,"/2m] [pK?]

100 GHz

I:— Lk _._IIH: T I T T T T T T IPF" e I T E
E T # ~/ 3
F § i .7 E-mode .
L L-'F"'h.__..."’- h-”\‘. F ) "'--f..___h_. |
-7 LY gty
- Galoxy W WMaP T SR
E == ; e, O
B ~ 7 (dust c?c}rnm){;ted} i

e 1

Yo
Wy, s
T

| 1 I.]I]I. ..‘.I‘ I..']

#

» .
.+’ extragalactic
SOUrces

Ll]l]l. | L

MU

tipole ({)

100



For more information visit

And see astro-ph/0808.1881

B-Pol: Detecting Primordial Gravitational Waves
Generated During Inflation

Paolo de Bernardis, Martin Bucher,

Carlo Burigana and Lucio Piccirillo
(for the B-Pol Collaboration)®

Received: date / Accepted: date

Abstract B-Pol is a medium-class space mission aimed at detecting the pri-
mordial gravitational waves generated during inflation through high accuracy
measurements of the Cosmic Microwave Background (CMB) polarization. We
dizcuss the scientific backeground, feasibility of the experiment. and implemen-
tation developed in response to the ESA Cosmic Vision 2015-2025 Call for
Proposals.

Keywords Cosmology - Cosmic Microwave Background - Satellite



B-B-Pol: The Balloon Option

WHY ?

e Get iImportant science
(complementary to NASA’s SPIDER, EBEX)

« Validate needed technology, for next round of
ESA cosmic vision

HOW ?

o ASI polar-night flight -> large sky coverage

e Three instruments to cover from 40 to 220 GHz

 Low angular resolution — large scales

e High-Throughput Channels — High sensitivity

» Single-mode channels — Foregrounds

e Large ground shields

* NoO optics — no spurious polarization



B—-Bpol, lat = &3, elevation = 40, N3IDE = 32

0.0 me— e 1.4e+05 =ec/pixzel



Worksheet Sensitivity

150 GHz band

FtyHM = 2 deg = 0.034304 rad

Temk = 2735 K

zigma = 5 emi-1

Delta_sigma = 2 cm-1

= 263

xexhex-1 = 283

B= 2.32945E-11 Wicm2isr

Efficiency = 0.4

Omega = 0.00096 =zrad

wil = 02 cm

M_modes = 10

Aomegs = 0.4 cmZsr

Diam = 23.07 cm

BHG_det = JT2TI2E2 W

To = 03 kK

MEPAomega = 0.1 cmZsr, sigma=5 cm-1) = 1.00E-17 WisgrirtHz cm-1]
MEP{Aomega, sigma=5 cm-1) = 200E-17 WisgrtHz cm-1]
MEPAomega, sigma=5 cm-1, dsigma) = 2.83E-17 WisgriHz)
MEP(eff) = 1. F9EAT WizgriHz)

= 8.25245E-11 Wil

MEP_i = 2.5356E-17 WisgrtiHz)

MEP_tot = JA0Z1EAT

MET _ctmb = G.03E-06 KisgriHz) = 3.03 uk/sqrt{Hz}
dimension of absarber = 0.064 crm

diameter of abhsorher = 0.285 cm

lens fik 2

lens f = 46.14 cm

theta = 0.24 rad

omega_det = 0.19 =rad

Diam_det = 1.65 cm

Diam Array = 11.54 cm

220 GHz Irandl
FuuHM =
Tcmb =

sigma =
Detta_sigma =
w=

xexhex-1 =
B=
Efficiency =
omega =

wil =
M_tmodes =
Aomegs =
Digm =
BHG_det =
To=

2
2733
7.5

i
385
4.02

deg = 0.054304 rad
14
cmi-1

cim-1

2.99537E-11 Wicm2isr

0.4

0.00096
0133333333
20
0.3535535536
21.75

srad
cHn

cmzsr
Cin

4 26003E-12 W

0.3

MEP[ Aomega = 0.1 cmZsr, sigma=7 cm-1] =
MEP[&omega, sigma=7 cm-1) =
MEP[ Aomeda, sigma=7 cm-1, dsigma) =

MEP[eff) =
o=

MEP_i =
MEP_tot =
MET_cmb =

dimension of abzsorber =
diameter of absorber =

lens 1

lens f =
theta =
omeda_det =
Diam_det =
Diam Array =

3.30E-17 WisqritHz)
9 46GE5E-11 Wik
2 71084E-17 WisgritHz)
4.27449E17
£.52E-06 Kisqri(Hz) =
0.057
0.268
2
43.50
0.24
019
1.55
10,58

K
1 .G0E-17 WwisgritHz cm-1]
3.02E-17 WWizgritHz cm-1)
5.23E-17 WWisgritHz)

6.82 uk/sqrt{Hz}
cim2
CIHI

cin
rand
srad
i




Worksheet Performance
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With r» = 0.01 the reionization peak is
(0 4+1)Cy/(2m) = 2 x 1074uK?

at £ =6
To be Cosmic Variance Dominated, we need

Ny < C
thus
Ar f

N 2
NET? =

<2 x 1074 2m) /(0L +1))uK*?
We need

N > :\TETE—lﬂ'f
T T2 10712m) /(00 + 1))

In case of Polarization . we must use

NETp =2 x NET = V2 x 10uK/VH=>



N > :\TETE—lﬂrf
T T2 % 10742m) /((0 + 1))

In case of Polarization , we must use

NETp =2 x NET = V2 x 10uK/VH=

f=0.2
=6
I'= 14days

N > 35



37 overmoded detectors
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B-B-Pol: A spinner in the polar night

e Can provide extremely competitive
measurements of CMB polarization at
large angular scales.

e Is complementary to NASA’s SPIDER and
EBEX

« Will qualify, producing great science
results, the required technology, in view of
next Cosmic Vision call.

 Will exploit the unigue ASI-ARR capability
to launch long duration balloons in the
polar night




CMB research is not over....
Stay tuned !




