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Die Geschichte des Universums auf einer Folie 
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BICEP2 Daten zur Polarisation des Mikrowellen-Hintergrunds 

BICEP2-Instrument 
u  Mikrowellen-Teleskop am 

Südpol 
u  Nachweis der Polarisation der 

Mikrowellen-Quanten 
u  4 * 128 Bolometer 
u  Bilder: arXiv (BICEP2) 
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FIG. 1.— The BICEP2 telescope in the mount, looking out through the roof of the Dark Sector Laboratory (DSL) located 800 m from the geographic South Pole.
The three-axis mount allows for motion in azimuth, elevation, and boresight rotation (also called “deck rotation”). An absorbing forebaffle and reflective ground
screen prevent sidelobes from coupling to nearby objects on the ground. A flexible environmental seal or “boot” maintains a room temperature environment
around the cryostat and mount. The telescope forms an insert within the liquid helium cryostat. The focal plane with polarization-sensitive TES bolometers is
cooled to 270 mK by a 4He/3He/3He sorption refrigerator. The housekeeping electronics (§8.4) and Multi-Channel Electronics (MCE, §9.2) attach to the lower
bulkhead of the cryostat.

The South Pole is an excellent site for millimeter-wave ob-
servation from the ground, with a record of successful po-
larimetry experiments including DASI, BICEP1, QUAD and
SPT. Situated on the Antarctic Plateau, it has exceptionally
low precipitable water vapor (Chamberlin et al. 1997), reduc-
ing atmospheric noise due to the absorption and emission of
water near the 150 GHz observing band. The South Pole site
also has very stable weather, especially during the dark win-
ter months, so that the majority of the data are taken under
clear-sky conditions of very low atmospheric 1/ f noise and
low loading. The consistently low atmospheric loading is cru-
cially important because the sensitivity of the experiment is
limited by photon noise, so that low atmospheric emission is
a key to high CMB mapping speed.

Finally, the Amundsen-Scott South Pole Station has hosted
scientific research continuously since 1958. The station of-
fers well-developed facilities with year-round staff and an es-
tablished transportation infrastructure. BICEP1 and BICEP2
were housed in the Dark Sector Laboratory (DSL), which was
built to support radio and millimeter-wave observatories in an
area 1 km from the main station buildings and isolated from
possible sources of electromagnetic interference.

3.2. Telescope mount and drive
The telescope sits in a three-axis mount (Fig. 1) supported

on a steel and wood platform attached to the structural beams
of the DSL building. The mount was originally built for BI-
CEP1 by Vertex-RSI17 along with a second, identical mount

17Now General Dynamics Satcom Technologies, 1500 Prodelin
Drive, Newton, North Carolina 28658, 1-828-464-4141, http://www.

FIG. 2.— BICEP2 absorbing forebaffle, flexible environmental seal (the
“boot”), and ground shield. The telescope and mount sit below the boot inside
the Dark Sector Laboratory.

that has remained in North America for pre-deployment test-
ing The mount attaches to a flexible environmental shield or
“boot” (Fig. 2) attached to the roof of the building, so that
the cryostat, electronics, and drive hardware are kept inside a
climate-controlled, room temperature environment.

The mount moves in azimuth and elevation (which closely
approximate right ascension and declination when observing
from the South Pole). Its third axis is a rotation about the bore-
sight of the telescope, also known as the “deck angle”. When
installed in DSL its range of motion is 50�–90� in elevation

gdsatcom.com/vertexrsi.php
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FIG. 6.— The assembled focal plane on the carbon fiber truss structure and 350 mK Nb plate. The four anti-reflection tiles and detector tiles sit beneath square
windows in the copper plate. This assembly will be covered in the aluminized Mylar radio frequency shield, with a square opening only above the detector tiles.
Left: Unshielded assembly; Left inset: Corrugations in the edges of the copper plate next to the detector tiles; Right: The underside of the focal plane Cu plate,
with detector tiles and SQUID and Nyquist chips mounted.
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FIG. 7.— Exploded view of the layers of the focal plane. The Cu plate forms the substrate on which everything else is assembled. The detector tiles are pressed
against antireflection tiles and look out through four square cutouts in the Cu plate with corrugated edges. The TES detectors and antennas are on the bottom
surface of the tile, so that radiation passes through the Si wafer before reaching the slot antennas. A layer of Metglas magnetic shielding sits between the Cu
plate and the printed circuit board (PCB). The PCB layer routes electrical traces between the detector tiles, MUX chips, and micro-D connectors, and acts as a
base for wire-bonding the tiles. The MUX chips sit on alumina carriers that mate to the PCB. The Nb backshort is held at a distance of one quarter wavelength
from the tiles by Macor spacers. It is attached last to sandwich the circuit board, MUX chips, and tiles.

focal plane must be kept very stable. Sensitive components
must be further shielded from stray magnetic fields. Finally,
the optical backshort must be precisely aligned at a quarter
wavelength behind the detector tiles. We have achieved these
goals using the focal plane components described below.

6.1. Copper plate
The focal plane is assembled around a gold-plated, oxygen-

free high thermal conductivity (OFHC) copper detector plate.
The detector tiles and most other focal plane components are
mounted to its lower face. The Cu plate with detector tiles
and multiplexing components mounted can be seen in the
right-hand panel of Fig. 6, and an exploded view of all lay-
ers in the assembly is shown in Fig. 7. In the plate are four
square windows that allow radiation to reach the detectors. To
suppress electromagnetic coupling between the detector plate

and the antennas of pixels near the tile edges, we have cut
quarter-wavelength-deep corrugations (Fig. 6 left, inset) into
the edges of the windows (Orlando et al. 2010).

6.2. Niobium backshort
A superconducting Nb plate sits below the Cu at a separa-

tion of �/4 and serves as an optical backshort. It is held at the
correct distance by precision-ground Macor24 washers, whose
thermal contraction is negligible when cooled to millikelvin
temperatures. The Nb backshort is supported at its perimeter
by a carbon-fiber truss and cooled at its center through a Cu
foil strap (§8.3). This contact point ensures that the Nb back-

24Corning Incorporated, One Riverfront Plaza, Corning, NY 14831 USA,
http://www.corning.com/specialtymaterials/products_
capabilites/macor.aspx
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made separately for each of the four boresight rotation angles,
for left-going and right-going scans, for each detector across
the 2010–11 data set. Each of these eight maps was then
cross-correlated with the temperature map from the five-year
WMAP W band data set (Hinshaw et al. 2009). The external
temperature map had the WMAP beams deconvolved and was
Gaussian-smoothed to the BICEP2 beam size before cross-
correlation. The offset that maximized the cross-correlation
was taken as a correction to the ideal detector pointing that
had been used in forming the single-detector map. From com-
parison among the eight maps for each detector, we estimate
that this procedure gives beam centers accurate to 20 rms. We
have simulated the effect of cosmological T E correlations as
a bias on the beam centers and find it well below 500. The
same beam-fitting procedure has been repeated with Planck
143 GHz maps (Planck Collaboration et al. 2013; Planck HFI
Core Team et al. 2011) instead of WMAP templates. The re-
sults are identical to within 1500 for all BICEP2 detectors.

When we compare the beam centers as fit from CMB maps
at different boresight rotation angles, we detect an offset in the
elevation direction of an average of 10. We interpret this offset
as an internal flexure of the focal plane assembly relative to
the cryostat shell and the telescope mount.

12. OBSERVING STRATEGY

The BICEP2 observing strategy is based on deep integration
in the region of the sky least contaminated by polarized fore-
grounds. The telescope spends 90% of its observing time on
this CMB field, and the other 10% on a secondary Galactic
field. These observations are grouped in schedules of three
sidereal days, including a six-hour cryogenic service period.
Within one three-day schedule the telescope scans in azimuth
at a fixed boresight angle—the orientation of the telescope
about its own axis. The details of the observing schedule have
been chosen to allow for control of possible systematics such
as drift in detector gain and ground-fixed signals.

12.1. Observing fields
BICEP2 spends most of its time observing the primary

CMB field centered at (RA = 0 hr, dec = -57.5�). This 1000-
degree2 field (2% of the sky) lies well away from the Galactic
plane, within a larger region known as the “Southern Hole”
where polarized foregrounds are expected to be especially
low. The BICEP2 field is the same one observed by BICEP1.
It was selected for its very low level of expected Galactic dust
emission, less than 1% of the sky median (Finkbeiner et al.
1999) as shown in Fig. 20. If the dust signal is polarized
at 5%, the resulting contamination of the B-mode signal at
150 GHz will be below r = 0.02. The faint synchrotron sig-
nal within the Southern Hole has not been well measured, but
a scaling of WMAP data at 23 GHz implies that the B-mode
contamination at 150 GHz is at a level similar to or below that
from dust (Nguyen et al. 2008).

The secondary BICEP2 field covers a part of the Galac-
tic plane centered at (RA = 15 : 42 hr, dec = -55.0�). Ob-
servations of this field are used for Galactic science objec-
tives (Bierman et al. 2011) and as a bright, partially polarized
source for use in instrument characterization.

These same two fields have also been observed by BI-
CEP129 and the Keck Array. Coverage of the same fields

29BICEP1 also observed a third field in a different part of the Galactic
plane. This field has not been covered by BICEP2 or the Keck Array.
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FIG. 20.— BICEP2 observing fields relative to the polarization amplitude
predicted from FDS (Finkbeiner et al. 1999) model 8, assuming a 5% polar-
ization fraction.
by the three experiments allows for consistency tests, cross-
calibrations on the bright Galactic signal, and the possibility
of achieving greater map depth by stacking CMB maps across
multiple experiments. The additional frequencies of BICEP1
and the Keck Array (beginning in the 2014 season) also give
spectral information needed to separate any foreground sig-
nals from the CMB.

12.2. Scan pattern
The telescope scans at 2.8�/s in azimuth, so that at an ele-

vation of 57.5� a signal with frequency f (in Hz) corresponds
to a multipole ` = 240 f . This sets the science band for the ex-
periment: 0.05–1 Hz for 20  ` 200 where the inflationary
B-mode signal is expected to peak, or 2.6 Hz for ` = 500.

Each scan spans 64.2� in azimuth, of which the central
56.4� (77.7% of the duration of the scan) is covered at uni-
form speed and is used for mapmaking. The region around
each turn-around is excluded from CMB analysis. The trajec-
tory of each scan was optimized at the time of BICEP2 deploy-
ment for a gain of 4% in the usable, central part of the scan
relative to BICEP1. The elevation is kept fixed as the tele-
scope executes 53 round-trip scans over a period of 46 min-
utes. During this single “scan set” the telescope scans back
and forth within fixed limits in azimuth, rather than continu-
ously tracking the sky. Each scan set is preceded and followed
by bracketing calibrations as described in §12.4, bringing the
total duration of each scan set up to 50 minutes.

At the end of each 50-minute scan set, the telescope steps
up by 0.25� in elevation and shifts the azimuth of the scan
center to follow the apparent motion of the field on the sky
before beginning the next scan set.

This scan pattern deliberately scans across a fixed range in
azimuth within each 50-minute observing block, rather than a
fixed range in right ascension. After 50 minutes the CMB has
drifted by 12.5� relative to the ground. Therefore, any pickup
of ground-fixed optical power, the magnetic field of the Earth
or nearby structures, scan-fixed thermal fluctuations, or scan-
fixed vibrational noise will all appear in the same locations
from scan to scan. This allows us to remove these signals
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Polarisation des Mikrowellen-Hintergrunds: Erwartung 

Observable für lineare Polarisation 

u  E = Polarisation in Richtung des 
Wellenvektors (+) 
oder orthogonal dazu (-) 

u  B = Polarisation bei + / - 45° 

2 Aug 2002 16:7 AR AR166-06-COLOR.tex AR166-06-COLOR.SGM LaTeX2e(2002/01/18) P1: GDL

Figure 1 (Top) Temperature anisotropy data with boxes representing 1-� errors and
approximate l-bandwidth. (Bottom) Temperature and polarization spectra for�tot= 1,
�3 = 2/3,�bh2= 0.02,�mh2= 0.16, n= 1, zri= 7, Ei= 2.2⇥ 1016 GeV.Dashed lines
represent negative cross correlation and boxes represent the statistical errors of the
Planck satellite.
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Polarisation des Mikrowellen-Hintergrunds: BICEP2-Daten (1) DETECTION OF B-MODES BY BICEP2 9
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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Figure 1 (Top) Temperature anisotropy data with boxes representing 1-� errors and
approximate l-bandwidth. (Bottom) Temperature and polarization spectra for�tot= 1,
�3 = 2/3,�bh2= 0.02,�mh2= 0.16, n= 1, zri= 7, Ei= 2.2⇥ 1016 GeV.Dashed lines
represent negative cross correlation and boxes represent the statistical errors of the
Planck satellite.
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Polarisation des Mikrowellen-Hintergrunds: BICEP2-Daten (2) 
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FIG. 2.— BICEP2 power spectrum results for signal (black points) and temporal-split jackknife (blue points). The red curves show the lensed-⇤CDM theory
expectations — in the case of BB an r = 0.2 spectrum is also shown. The error bars are the standard deviations of the lensed-⇤CDM+noise simulations. The
probability to exceed (PTE) the observed value of a simple �2 statistic is given (as evaluated against the simulations). Note the very different y-axis scales for the
jackknife spectra (other than BB). See the text for additional discussion of the BB spectrum.
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FIG. 3.— Left: BICEP2 apodized E-mode and B-mode maps filtered to 50 < ` < 120. Right: The equivalent maps for the first of the lensed-⇤CDM+noise
simulations. The color scale displays the E-mode scalar and B-mode pseudoscalar patterns while the lines display the equivalent magnitude and orientation of
linear polarization. Note that excess B-mode is detected over lensing+noise with high signal-to-noise ratio in the map (s/n > 2 per map mode at `⇡ 70). (Also
note that the E-mode and B-mode maps use different color/length scales.)
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Polarisation des Mikrowellen-Hintergrunds: Interpretation 

R. Cowen, Nature News 2014 
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Supernovae: Klassifizierung 
•  Klassifizierung anhand der Spektallinien 

•  Wasserstoff aus äußerster Zwiebelschale oder 
nicht? 

B. Leibundgut 
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Supernovae vom Typ Ia und II, Theorien... und Beobachtungen 

Supernovae Typ Ia 
•  Weißer Zwerg saugt Material von einem 

Begleiter auf 
•  Kurz vor Erreichen der Chandrasekhar-Masse 

zündet thermonukleares Brennen 

•  Keine H-Spektrallinien 
•  Kein Überrest 
•  Standardkerzen, aufgrund einer empirischen 

Kalibration 
•  Kosmologische Anwendung 

→ Nobelpreis für Physik 2011 

Supernovae Typ II 
•  Schwerer Stern erlebt einen Kernkollaps 

 
•  H-Spektrallinien beobachtet 
•  Überrest ist ein Neutronenstern 
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Supernovae vom Typ Ia und II, Vorgängersterne 

Vorgänger 

•  Leichter Stern, ~1 Sonnenmasse 
•  Wasserstoff-, dann Heliumbrennen 
•  Asche: 12C (~50%), 16O (~50%), 22Ne (2%) 
•  Weißer Zwerg 

Supernova-Explosion (Typ Ia) 

•  Explosives thermonukleares Brennen 
(Kohlenstoff- und Sauerstoffbrennen) 

Vorgänger 

•  Schwerer Stern, ~25 Sonnenmassen 
•  H, He, C/O, Si - Brennen 
•  Zwiebelstruktur 
 
 
 
Supernova-Explosion (Typ II) 

•  Kernkollaps 

Typ Ia Typ II 
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core collapse - Supernova: SN 1987A 

•  Massiver Stern 
•  Vor der Explosion Schalenbrennen 

C,O→Si 

Si→Fe 

He→C,O 
H→He 

Woosley et al. 2002 

D. Arnett et al. 
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Entfernungsmessung im Universum 

•  Gehören nahe beieinander erscheinende Sterne zusammen? 

•  Wie groß ist unser Universum? 

•  Was ist die Zukunft des Universums? 

Zwei prinzipielle Verfahren zur Bestimmung der Entfernung d 

1.  Parallaxe,   geeignet für ≤ 103 Lichtjahre 
 
Beobachtung des Sterns von zwei verschiedenen Orten aus,   
Bestimmung des Winkels α zwischen beiden Beobachtungen 

2.  Standardkerze,  geeignet für ≤ 1010 Lichtjahre  
 
Vergleich der beobachteten Helligkeit m des Sterns mit Standard M 

€ 

d =
1AU
tanα

€ 

d =10pc ⋅10(m−M ) / 5
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Entfernungsmessung mittels Parallaxe, Prinzip 

Mittlerer 
Erdbahnradius 
= 1 AU  
(astronomical 
unit) α 

Gesuchte Entfernung d 

1 AU 

Erde 

Sonne Stern 

Fixsterne 

€ 

d =
1AU
tanα

•  Gute Winkelauflösung vonnöten 

•  Lange Basislinie hilft (→säkulare Parallaxe) 

•  Definition der Längeneinheit parsec (pc, Parallaxsekunde): 
1 pc = 1 AU / tan 1‘’ (Bogensekunde) = 2.06 * 105 AU = 3.26 Lichtjahre 

•  1838 von Bessel auf 61 Cyg angewendet: α = 0.314’’  
d = 1 / 0.314 pc = 3.18 pc = 10.4 Lichtjahre  
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Entfernungsmessung mittels Parallaxe, moderne Anwendung 
Parallaxenmessungen mit Hubble Space 
Telescope, auf 10-4 Bogensekunden genau: 
G. Benedict et al., Astron. J. 133, 1810 (2007) 

Zu bestimmender 
variabler Stern (l Car) 

Referenzsterne 
2-11 

Karte aus Digital Sky Survey (nur zur Illustration) 

Erdgestützt (8 m)   Hubble-Satellit (2.4 m) 

500 
Bogensekunden 
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Entfernungsmessung mittels Standardkerze: Prinzip 

Gesuchte Entfernung d 

Erde 

Sonne 

Referenzstern 
(Φ0,M) 

Fixsterne 

10 pc 

Stern 
(Φ,m) 

•  Quadratisches Abstandsgesetz:  Φ ~ d-2  

•  Helligkeit in Magnituden m:  m = - 2.5 log10Φ  + C 

•  Referenzstern in 10 pc Abstand:  Fluss Φ0,  Helligkeit 
M 

Interstellare 
Materie 

Standardkerzen mit empirischer Kalibrierung sind zum Beispiel: 

•  Veränderliche Sterne (Cepheiden, M hängt linear von der Periode ab) 

•  Supernovae vom Typ Ia (Helligkeit M im Maximum hängt von der Form der Lichtkurve ab) 
€ 

d =10pc ⋅10(m−M ) / 5
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Standardisierung der Lichtkurve von Supernovae Ia 
•  Untersuchung einer Vielzahl von Supernovae vom Typ Ia 

•  Sehr helle, recht häufig auftretende Ereignisse 

•  Kalibrierung anhand der Form der Lichtkurve 
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Entfernungsmessung mittels Standardkerze: Supernova Ia 
•  Supernova vom Typ Ia = Weißer Zwerg, der Material von einem Begleitstern ansaugt 

•  Explosives Kohlenstoff- und Sauerstoff-Brennen 

•  Sehr helle, recht häufig auftretende Ereignisse 

•  Referenzhelligkeit M empirisch kalibrierbar (durch Lichtkurve, Infrarotemission) 

Rotverschiebung z 

Beobachtete 
Helligkeit m 
in 
Magnituden 

schneller 

lichtschwächer 
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Licht-
schwächer 

schneller 

Entfernungsmessung und Kosmologie (1) 

ΩM=0.3, ΩΛ=0.7 
ΩM=0.3, ΩΛ=0.0 

ΩM=1.0, ΩΛ=0.0 

Weit entfernte Supernovae sind 
lichtschwächer als erwartet! 

Evidenz für eine kosmologische 
Konstante ΩΛ>0. 

vergrößert,  
nur Abweichungen von der 
Geraden 

€ 

˙ ̇ a 
a

= −
4πG
3c 2 ρc 2 + 3p( )
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Entfernungsmessung und Kosmologie (2) 

€ 

˙ ̇ a 
a

= −
4πG
3c 2 ρc 2 + 3p( )
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Zusammenfassung 

•  Supernovae 
•  core collapse - Supernovae 
•  Thermonukleare Supernovae (Typ Ia) 
•  Entfernungsmessung im Universum 


