Penzias and Wilson Nobel Price in Physics 1978



PLANC Today _ 14 billion years

Life on earth @ : "

Acceleration — 11 billion years
Dark energy dominateX PTG SR

Solar system form
Star formation peak
Galaxy formation era\ y

Earliest visible galaxies 700 million years
L

Relic radiation deco

Recombination Atoms forn \——=1400,000 years

Matter domination — 5,000 years

Onset of gravitational collapse

Nucleosynthesis — 3 minutes
Light elements created - D, He, Li
Nuclear fusion begins : 0.01 seconds

o e

Quark-hadron transition

Protons and neutrons formed
Electroweak transition

Supersymmetry breaking

Axions etc.?

e Caton Tamition
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Figure 7 shows the deviations from a blackbody spectrum with a temperature of 2-726 = 0.010 O
K published 1994 (Mather et al. 1994). After careful studies of errors caused by the FIRAS I e
calibrator (figure 4), the CMB temperature was finally given as 2.725 £ 0.002 K (Mather et al. Q\,v
1999) with deviations from a blackbody spectrum less than 1 part in 10°. )\L’
- 2 4 3 8 19 12 14 16 18 20
T m PR IR S (U TR S R T TN SR TN SN SRR S AT R T TR S ST -
E" ] ro
ﬁ -
3% The smooth curve 1s the best fit [
E—‘ . bBlackbody spectrum L ©
2w ] o
5 ] L
‘%B A : uy
o -+ =
Egﬁﬁ_ +
B ] s
0o [ r
5 1
=
Qe "mEsSenn ©
S T T LN LR I LR R A B L R S B B B B S B S R ®

= 4 =3 " 1A 12 14 ie 1= 28
Frequency (cyclesscentimeterl



PLANCK Reflector Programme

AT = 3,353 mK

AT = 18 uk
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Low Frequency Instrument

Freq.: 30 -100 GHz
Techn.: HEMT correlation
receivers (56)

Temp.: 20 K (Front-end),
300 K (Back-end)

Ang. res.: 10" (100 GHz) to
33' (30 GHz)

Temp. sens. (@100 GHz):
~12 uK

PI: N. Mandolesi (CNR -
Bologna)

PLANCK CL580rnsics
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Low Frequency Instrument

4 K Ref. Load Sky

¢

Waveguides

1st Hybrid

HEMT LNAs
Phase switches
2nd Hybrid

..................... ~1.5 m Waveguides

LINAs

M 00g

Detectors & electronics

PLANCK [ G F—
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LFI: Low Frequency

Instrument
« 22 pseudo-correlation

radiometers, based on
HEMT LNAs operated
at 20 K

« 3 bands, 30 - 70 GHz,
Ilnearly polansed
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High Frequency Instrument

* Freq.: 100 -850 GHz

» Techn.: spider-web
bolometers (50)

* Temp.: 0.1 K

* Ang.res.: 9.2' (100 GHz) t
5' (850 GHz)

» Temp. sens. (@100 GHz):
~5 uK

* PIL: J.L. Puget (IAS - Orsay)

PLANCK &
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High Frequency Instrument g
i { KT Back-to-back horns at4 K ,\,v

LFI horns at 20 K
Filtersat 1.6 K

Bolometers, horns
and filters at 0.1 K

JFET Box at S0 K
(JFETs at 120 K)

Flange at 20 K

PLANCK @Eﬁapmcs
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HFI ngh
Frequency

Instrument

« 20 Spider-web bolometers,
and 16 pairs of Polarisation-

sensitive bolometers, cooled
to0.1K

6 bands, 100 — 857 GHz
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he Spider Web Bolometers & PSBs

' Electrical Leads 4 fErr Final .

b EEGHx &730

]’hérn‘uistur Pagd

145 GHz PolarSensitiveBolometers 857 GHz SpiderWeb Bolometer

All HFI flight bolometers have been built by Caltech/JPL,
integrated into pixels and tested in Cardiff,
integrated into HFI — notably. JFET (Rome) + REU (CESR)
and then tested at instrument level @ IAS, Orsay.

NB: Flight Model includes 4 PSB pairs @ 100 GHz
(following the descoping of the 100 GHz receivers from the LFI)

Lp ! F. R. Bouchet, LIAP: Planck status Cosmo'l3 & CERN, Sepitember Tth 2009
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Planck Telescoe

Primary: 1.50 x 1.89 m ellipsoid (CFRP)
Secondary: 1.02 x 1.04 m ellipsoid (CFRP)

System:
— 1.5 m circular projected aperture
— Total MWFE<40 pm rms
— Total £ <0.01
Reflectors will be developed by a
Consortium of danish 1nstitutes led by the
Danish Space Research Institute :
(PI: Dr. H.U. Norgaard-Nielsen)

PLANCK ECL580rvsics
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Planck
CFRP-mirrors

Mould for Primary Face sheet of Primary Reflector
Reflector
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CFRP-mirrors
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Bonding core to face
sheet



Planck
CFRP-mirrors

N

QM Secondary Reflector in 3D FM Primary Reflector coated with
measurement machine aluminum. Shown in aluminizing
plant.

Dimensions 1051 x 1104
Dimensions 1556 x 1887
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CFRP-mirrors

Tests incl.
2 Vibration tests to 37 g

Measurements of optical
performance at 41K in
Vacuum.




Planck
CFRP-mirrors

QM Satellite Reflectors in place



Fig. 3.0.1 FE-model of the sandwich. The yellow triangles refer to the nodes where the
sandwich 1s supported.
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Fig. 5.0.1 Main dimension for the bonding
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Fig. 5.1.3 Thickness of face sheets was increased to 2.1 mm
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LICES
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Feed patterns, amplitude
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Figure 2 Far field from core print-through on

primary mirror, ¢ = 0°.
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Figure ©&§ Far field from 21 core print-through on primary mirror.
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o O O M mos NS B date: & August 2003
Issue & Ravision 2
FIRST!Planck Projact page 10

PERF-0410 The coarirg chall comply with the dirabilite requiremenss defined fa A0-3,
The coarng shall be corduciive,

52.3 PERIODIC STRUCTURE AND SENSITIVITY TO MICRO=-CRACKS

FPERF-45 The surfaces of the PR ard the SR shall Ror present mediom frequencios
perigdic oF guas] periodic strectares (epiced example: core privd-through)
el 0 dreilitide farger than £ Jjim

PERE50 e density of the mlcer-chneky Interrupiing the coriciiny of the comting on
e oywtical surfoce of the PR and the S8 shall be less than ane crack per 200
e’ {spee) with a geal af zere crack and the maxinial length of e micra.
crgeky stall be feey than ane cm {spech Micro-crek width shall be lesr than
FOM i rons.

5.3 Physical Requirements

531 DIMENSIONS AND DESIGN

PHYS-003F The dimensions for the primeary reflector and the secondary reffector are
deffned In saction 3.2, The tolerances on the size of bosh reflectors at
operasiong femperaiure sholl e CHl -2 5mm),

PHYSE-010 The location of the inferface points and the fixarion poing of the Primary
and the Secondary Reflectors ave glven in section 5.9,

REYS-01S Tive sevmdemans o tha PH .l'é_."i'et'.l'm' szl ot peceed B 5 om ;'].-J.-:fm;l'fng 15 o for
Hrerrmanl FYHL

The thictres of the 58 shall not excesd § e fiactuding |5 o for thermial
HiW)

FPHYEL20 Bty vefleciors shall hove xharp edges on thelr clroumfererdal rims.

5.3.2 Mass PROPERTIES

PHYS-023 Tire tatal mass aff the veflectors Inclafng 1 0% margins shall nor exeeed fuink
the thermal HYWE the fsostalic wownls and fhe aiigamen! davices):
g kg for the Primary Reflectar
J4.5 kpp for the Secondary Reflector

Refy
\0{\0\« %,
Q >
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apin axis
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Ray 2
Ray 3
Figu: 5.5 Rays used for telescope with shield
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TICHA 173
I 3 i I 1 L1 1

up J l
dBi 4 P
1 raglon of: ’
L ) Tay 5 Tay 4 ray 1 ray 2 ray 3 b
' i
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= ? b
| | ¢
I , i

I,

/ I'
/ ) ! y //
average level . H o

— of spillover | ~
\\ reflacticns out
\\ of the shisld v

Vo

9 o

isplation specifications

T - T N
- 160 ] deg 1

Figure 5.6 BHRadiation patterns showling the desired main
reflector field as well as the direct contribution
from the rays identified in Figure 5.5. The figure
alsc shows the average level of -14 dBi of the
unpredictable field not hitting the main reflector
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TICRR 44
ale) = {;n{-ﬂk-; # [%] E-a‘E n_E_E g-lmmeingsaf e (1.1
a=1 h

where Zc is the correlation distanece and

B is the mean square phase error in radians given by

P e D A

Enur!aca £le Hpedrdp 1.2}

where fi{r,$] is the Lllumination functisn in the aperture
coordinates ¢, &. For small errors af Grne < 0.05% the series of
(1.1) can be approximated by its first term and one obtains the
Fellowing simple expression

o) = coftle m) | o 00T (h‘sm)ze_&“ wixe) (1.3

where k is the wave number, k = 2r/h, and 8. is the root mean
square erzor in the aperture. For random distortions the mean
surface error is, in gensral, zero.

The first term gives the peak gain reduction by the factor
e ) (1.4}

The second term of (1.3) gives a power envelope of the errar
field pattern in the sidelabe ragions. The pattern for
different values of the correlation length, Ze = 43, §i, 164,
2 emd B4R, but for constant rms error fng = 0.08% i3 shown in
Figure 4.86.3,
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TIcEA 50

Ruze power envelope of error functicn in sidelobe ragion
40 .

dBi
35

30

25

20 -
ervelope for
max. powar

15

0=

10 -5 s} 5 deg 10

Figure 4.6.3 Powsr envelope pattern due to random surface
errers with 8. = 0,085,

it must be noticed that these enveleps patterns are not valid
in the main beam region and only valid for cerrelation lengths
less than the illuminated aperturs diameter, 2c « D. The
aperture illuminatier function only has influence en the
celeulation of the §,,, value but for repidly varying randos
distortions the rms value will remain unchanged giving the sams
power envalope patterns for different illumination Tunctions,
especially for different tapered illuminatione,

The maximum envelope error powsr for a given 0 angle iz given

by
I
= | —=sma .
B [sin&]l”E t1-5)

where the 8 engle corresponds te a correlation length of

ko= 2/sin @ (1.8}
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Plarich Raffecions
e S a raferance: SCIPT-RS-07422
SN EIIIIlEEmI=n dale: 8 Auguest 2003
issue & Revision 2
Herschel'Planck Projacl page 4
FPERF-QI The aperire af the refeciors phall he:
Pl Elliptical condour 15355.98mm x ] &8, M hmm
SR | Elliptical contgar [ 1050.95emm = 1104.39mm
Bemark: The real needed size (optical surface size) of the SR is 1018x 10432 3mm®,
The larger size requested tikes into account marging for telescope
alignment and manufacturing inaccuracies,
PERF-OI2 The Offrer distance between the cenive af the rofeciors and the mojor axis
argEs
PR 1038585 mm
SR |35 mm

The Mechanical Surface Error (MSE) shall be measured perpendicular to the optical

surface relative to the Best Fit Ellipsoid {defined in $.9.3),

The mager and the mincr axis of the ellipsowd are given by o (1 = K and gfsgre(l + k),
respeztively.

FPERF-0I 5

The wariation of MEE (s allowed i vy from the conter o the relfecror sdse
wecardllng e the following fable, wheve the reflector i subdiviaed in five
aperfure rings: ong elliptical cemre areq (apermre reforenced J) and four
eilfipiical rings around it, { referenced 2, 3, 4, 51 alf kaving the same rafius or

wiclily
Aperture ring | Goal Spec 1
| Rms (i) Rms {pm}
1 5 1.5
2 g 12
3 13 20
4 a2 13
] 31 50

The mentioned errors skall be maintained within the operational lemperature range (45K
+- 10K). These errors shall inclode the in-ofbit residunl e.g. (hystesis due to thermal
cycling, aging...) deformations defined below:
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Interferometer data SRFM Room Temperature
[-25 um : +25 um]



Interferometer data SRFM at 55 K
[-25 um : +25 um]
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Choice of orbit

Sum-Farth 1]
(SOHO)

i .. Shadow cone (10°)
= (F s
| [ 7 A
§ I ! ! . .
5: 9 1.5 MKkm L2 ! | u Spin axis
e Science data I
® [& antenna (+/-10°) b

Scan angle = 85°
Boresight
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(Possible) distribution of
Integration time




PLANCK Reflector Programme Q@“o 2,
()]

3 A3

N

TABLE 1.1

SUMMARY OF PLANCK INSTRUMENT CHARACTERISTICS

LFI HFI
INSTRUMENT CHARACTERISTIC
Detector Technology . ... ... . ... HEMT arrays Bolometer arrays
Center Frequency [GHz] ........... 30 44 70 100 143 217 353 545  8G7
Bandwidth (Av/v) o000 0.2 0.2 0.2 0.33 033 033 033 033 033
Angular Resolution {arcmin) .. ... ... 33 24 14 10 71 50 5.0 5.0 5.0
AT/T per pixel (Stokes I)*. .. ... ... 20 27 47 25 22 48 147 147 6700
AT/T per pixel (Stokes Q@ &L .. ... 2.8 3.9 6.7 40 42 98 208 ... .

* Goal (in pK/K) for 14 months integration, 1o, for square pixels whose sides are given in the row “Angular
Resolution”.
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WMAP Synchrotron Map K band (23 GHz)
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WMAP Free — Free Map K band (23 GHz)
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WMAP Dust Map W band (94 GHz)
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Simple Neural Network: Multilayer Perceptron (MLP)

exp Wim \

VAN
Wnl

Straight forward to generalise to more hidden layers
and more nodes per layer
(2 hidden layers (12 and 3 nodes) used)



M
ol = F[Z \'1'11'{”.1{-”7 +®!‘] {f‘il': I-.-.--.L}a.

m=1

where ©; i1s an offset (or threshold). We ;

2
tansig(x) = — 1.
ansigix) I + exp(=2 x)

It 1s seen that values of ransig fall within the interval [—1; 1].

L M B
}!H‘:'t-]* ...-...Yﬂ_-f} — Z ﬂ:;nll' F[Z }Lrlllf”.t-f” + E]II'] + E]H"-

=1 m=1

Epe: = ZZIH:{T ) — 1!?] ,

p=1 n=1
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WMAP Internal Linear Combination Map (£ 200 pK)
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Jungman et al. (1996) !
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FIG. 1. Predicted multipole moments for standard CDM and variants. The heavy curves in each graph are for & modal with
primordial adiabatic perturbations with 2 =1, A = 0, nz = 1, {h* = 0.01, h = 0.5, @ = 0, and no tensor modes. The graphs
show the effects of varyving 0, A, K, Teeen = 0, and h? while holding all other parameters ficed. In the 2 panel, from left
to right, the solid curves are for t = 1, £ = 0.5, and ! = 0.3. The curves in the fuh” panel are (from lower to upper) for
(Qph? = 0.01, Deh? = 0.03, and (h? = 0.05. In the h panel, the heavy curves is for b = 0.5, while the other two curves are for

h = 0.3 (the upper light curve) and k = 0.7 {the lower light curve). The curves in the A panel are for (from lower to upper)
A — N A — N7 omd A 0T
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26 CHAPTER 2 PRIMARY CMB ANISOTROPIES

Angular scale (deg)
2

A I le (d
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Fic 2.2.— The left panel (courtesy of the WMAP Science Team) shows a summary of CMEB anisotropy mea-
surements from various experiments prior to the release of the first year results from WMAP. The references to the
experimental data are as follows: COBE (Tegmark 1996), Archeops (Benoit et al. 2003), TOCO (Miller et al. 2002),
Boomerang (Ruhl et al. 2003), Maxima (Lee et al. 2001), DASI (Halverson et al. 2002), CBI (Pearson et al. 2003)
and ACBAR (Kuo et al. 2004). The right panel shows results from the first vear of WMAP data.
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Fi1c 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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Fi1c 2.18.—Forecasts of 1 and 20 contour regions for various cosmological parameters when the spectral index
is allowed to run. Blue contours show forecasts for WMAP after 4 vears of observation and red contours show resulta
for Planck after 1 year of observations. The curves show marginalized posterior distributions for each parameter.
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Fic 2.14.—Forecasts for the 4+ 1o errors on the E-mode polarization power spectrim C-'f from WMAP and B2K
(left] and Planck (right). The cosmological model, and the assumptions about instrument characteristics, are the
same as in Figure 2.13. For WMAP and B2K, flat band powers are estimated with A¢ = 150 (with finer resolution
on large scales for WMAP in the inset). For Planck we have used the same {-resolution as in Figure 2.13.
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Fic 2.13.—Forecasts for the 1 errors on the temperature-polarization cross-correlation power spectrum CTE

in a ACDM model (with » = 0.1 and 7 = 0.17) from WMAP (4 vears of observation) and BOOMERanG2K (left)
and Planck (right). In the left-hand plot, flat band powers are estimated with Af = 100 for both experiments for
ease of comparison. The inset shows the WMAP forecasts on large angular seales with a finer Af resolution. For
Planck, flat band powers are estimated with A¢ = 20 in the main plot, but with A¢ = 2 in the inset on large scales.
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It 1s seen that values of tansig fall within the interval [—1; 1].
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K published 1994 (Mather et al. 1994). After careful studies of errors caused by the FIRAS I e
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Table 2. Summary of the Planck instrument characterization taken from the 'Blue Book® (ESA-
SCI(2005)1). The 1o flux sensitivity is derived for a common beam with a 30 arcmin diameter (unit:

107 ergs™tem™ 2 Hz L sr™h)

LFI LFI LFI HFI HFI HFlT HFI HFI HFI

Center frequency [GHz] 30 44 70 100 143 217 353 545 857
Bandwidth (Av/v) 02 02 02 033 033 033 033 033 033
Angular resolution (arcmin) 33 24 14 10 7 5 5 3 5

lor sensitivity 0.22 038 090 058 061 1.19 225 434 522

Due to the Planck scanning strategy
the errors scales with the same factor
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