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Viewing the Beginning of the Universe 
from the Bottom of the World 



Clem Pryke for The Bicep2 Collaboration 



Our Sun is a Star 

(Just an ordinary star) 



…Many stars make a galaxy… 

(A nearby galaxy similar to ours)  



…There are many galaxies 

The Universe is absolutely vast and we don’t appear to be in the least bit special  



What is Light? 

•  Think of each ray of light as a microscopic “wavepacket” 
• Moves forward fast – 186,000 miles per second – but not 
infinite speed (8 minutes from Sun to Earth) 
• The peak-to-peak distance (wavelength) determines the 
color 
• Radio waves are just long wavelength light 



“Classic”	Doppler	Effect	

•  	Imagine	3	stars	emi-ng	rays	of	light	of	the	same	“natural”	
wavelength	(color)	

•  But	light	moves	through	space	always	at	the	same	speed…	
•  Moving	towards	us	=	compressed	=	bluer	
•  Moving	away	from	us	=	stretched	=	redder	



Edwin	Hubble	“Observing”	Distant	Galaxies	

Mount Wilson Observatory 
(LA) 1920’s 



Hubble	Diagram	

The	father	away	a	galaxy	is	the	faster	it	appears	to	be	moving	away	
from	us…	

Are	we	the	most	unpopular	place	in	the	enEre	Universe?!	
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Expanding	Universe?	

•  Simplest(!)	explanaEon	–	the	fabric	of	space	itself	is	expanding	
•  From	whereever	you	look	more	distant	objects	appear	to	be	

receding	faster	



Cosmological	Doppler	Effect	

•  	Light	rays	stretch	with	the	Universe	–	called	“redshiO”	
•  As	we	look	out	we	look	back	in	Eme	



Edwin Hubble 

2) It was once hot and 
dense, like the inside of the 
Sun. 

  (Alpher, Gamow, Herman, 1940s) 

3) You can still see the glow!  
The Cosmic Microwave Background             

 (Penzias & Wilson, 1964) 
Bob Wilson & Arno Penzias 

1978 Nobel Prize 

⇒ acceptance of the “HOT BIG BANG” 

1) The universe is expanding. 
(Hubble, 1920s) 

Modern cosmology in a nutshell: 



2005 CMB Task Force 
Report


Telescopes are time machines! 



All	Sky	MAP	of	the	Cosmic	Microwave	Background	

	CMB	is	sample	of	the	density	structure	on	a	shell	cut	through	the	380,000	
year	old	Universe	

	We	are	at	the	center	



“Lump Sorter” Plot 

Larger                   Size of Blobs                 Smaller 
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Triumphant/Embarrassing	Cosmology	

−20 0 20 40
0

1

2

3

4

5

Time relative to present (billion years)

Sc
al

e 
fa

ct
or

 o
f U

ni
ve

rs
e 

re
la

tiv
e 

to
 p

re
se

nt

Ωm = 3
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Empty universe
Favored model

	And	it	implies	that	the	future	is	
runaway	expansion…	

	Also	it	doesn’t	explain	the	iniEal	condiEons…	

	CMB	and	other	data	fits	GR	
based	model	beau,fully	–	
but	it	demands	that	96%	of	
the	Universe	is	invisible	to	
us		



Next few slides are placeholders for Chao Lin’s slides on 
 
“ what is inflation, why do we believe it, GWs as smoking gun, 
how GW's make the B-mode pattern, it is very faint! (1/20,000,000, i.e. 
for every 20,000,000 photons oriented like his, on average you may get 
20,000,001 oriented the other.) “ 

 Inflation proposed to explain 
Horizon and Flatness problems 

Alan Guth Andrei Linde 



The	Horizon	Problem	

	How	did	points	A	and	B	“know”	to	be	at	the	same	temperature	at	380,000	years?	
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This is our collaboration – about half these people are graduate 
students, and undergrads also work with us. 



Journey	to	the	South	Pole	

Minneapolis	->California	->	New	Zealand	->	McMurdo	->	South	Pole	



AntarcMc	ConMnent	

Larger	then	the	US	–	Ice	sheet	two	miles	thick!	





Christchurch	New	Zealand	–	Clothing	Warehouse	



Big	Program!	



Arrival	in	AntarcMca	



McMurdo	–	base	on	the	coast	



On	to	the	Pole	–	over	the	TransantarcMc	Mountains	



Unloading	at	Pole	



The	Actual	South	Pole	



Nothing	Out	There!	



Why	do	this	at	the	Pole?	

•  High	and	dry	–	see	out	into	space	
•  On	Earth’s	rotaEonal	axis	-	One	day/night	cycle	per	year	

–  Long	night	makes	for	great	quality	data	
•  Good	support	infrastructure	–	power,	cargo,	data	comm	
•  Food	and	accommodaEon	provided	
•  Even	Tuesday	night	bingo…	

BICEP1 
  BICEP2 
    BICEP3 

10m South Pole Telescope 

QUAD 
Keck 

South Pole CMB telescopes 



Clem Pryke for The Bicep2 Collaboration 

•  Small aperture 
•  Wide field of view 
•  Cold refractor 

Basic Experiment Design 



Clem Pryke for The Bicep2 Collaboration 



Clem Pryke for The Bicep2 Collaboration 



Clem Pryke for The Bicep2 Collaboration 

    Total Polarization 

Scale: 

E-mode dominated pattern – no obvious curl component 



Clem Pryke for The Bicep2 Collaboration 

     B-mode Contribution 

Scale: 

Apply purification operation which leaves only pure B-modes 



Clem Pryke for The Bicep2 Collaboration 

     B-mode Contribution 

Scale: 

Zoom in by factor 6 – see “swirly” B-mode 



Clem Pryke for The Bicep2 Collaboration 

In 2014 we thought we had found what we were looking for! 

(r is a measure of 
amount of 
gravitational 
waves) 
 
In 2014 we 
thought we had 
found the 
signature of 
inflationary 
gravitational 
waves but… 

Larger                   Size of B-modes                 Smaller 
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Map of microwave B-mode polarization for a
patch of sky measured by the BICEP2
Collaboration. The color represents the
magnitude of fluctuations on the scale of
!0.3 μK and the lines display the magnitude
and direction of linear polarization. [P. A. R.
Ade, et al., Phys. Rev. Lett. 112 241101
(2014)]
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はまだ誕生していなかった。この頃、物
質は宇宙に薄いプラズマ（水素やヘリウ
ムの原子核と電子などの電離気体）とし
て広がっていたが、宇宙が冷えるにつれ
て原子核と電子が結合して中性の原子に
なったため、光はプラズマに妨げられず
に遠くまで進めるようになった。こうし
て、白熱したプラズマから光が放出され
た。ビッグバンの残光といえるこの光
は、その後138億年にわたって宇宙を旅
する間に宇宙の膨張によってマイクロ波
にまで波長が伸び、現在、宇宙マイクロ
波背景放射として地球で観測される。今
回、この宇宙マイクロ波背景放射の中に
重力波が残した痕跡が見つかった。
量子現象であるインフレーションが重

力波を作ったという事実は、重力が他の
自然界の基本的な力と同様に量子的性質
を持っていることを示している、と専門
家は指摘する。さらに、重力波を捉える
ことは、地球上でのあらゆる実験装置で
到達可能なエネルギーよりもはるかに高
いエネルギーでの相互作用を調べる窓に
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宇宙は、その誕生直後のごくわずかな時
間のうちに、インフレーションと呼ばれ
るすさまじい膨張を起こしたとする説が
有力視されている。ハーバード・スミソ
ニアン宇宙物理学センター（米国マサ
チューセッツ州ケンブリッジ）の研究者
ら米国を中心とした国際共同研究グルー
プはこのほど、宇宙が生まれて間もない
時代から地球に届く「宇宙マイクロ波背
景放射」を、南極点近くに設置した電波
望遠鏡で観測し、宇宙マイクロ波背景放
射の中に重力波が残した痕跡を初めて検

出したことを報告した。その痕跡は、イ
ンフレーションが起こったことを裏付け
る確かな証拠になる。
宇宙は138億年前に極微の大きさで
生まれ、直後にインフレーション、続い
てビッグバン（火の玉宇宙）になり、イ
ンフレーションに伴って重力波が生じた
と考えられている。今回観測されたの
は、宇宙をさざ波のように広がり続けて
いる重力波が、宇宙誕生から約38万年
後に残した痕跡だ。
宇宙誕生から38万年後の時点では星

宇宙が生まれた直後に急激に膨張（インフレーション）したことを裏付ける 
重力波の痕跡が、南極での宇宙マイクロ波背景放射の観測で見つかった。

Ron Cowen!2014年 3月 20日号　Vol. 507 (281–283)

Telescope captures view of gravitational waves

宇宙急速膨張の証拠、検出される

南極点近くに設置されたBICEP2電波望遠鏡（手前）。後方は南極点望遠鏡。日没時に撮影。

4 Vol. 11 | No. 5 | May 2014 ©2014  Nature Japan K.K., trading as Nature Publishing Group. All rights reserved.

Actually not a lot of fun… 



Unfortunately we are in a galaxy! 

The interstellar space within our galaxy 
contains dust grains 
They are very cold but they still glow 
thermally in microwaves 

Earth 

View out 
of plane 

View in 
plane 



Dust emission from our galaxy turns out to be brighter than expected… 

Q 

U Planck was a billion 
dollar Euro/NASA 
space mission  

All sky maps like maps of 
the Earth 



Clem Pryke for The Bicep2 Collaboration 

So the Search Goes On… 

After accounting for 
galactic dust there is 
currently no evidence 
for gravitational 
waves 
 
But that doesn’t 
mean they don’t exist 
– just that we need to 
try harder! 

Larger                   Size of B-modes                 Smaller 
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BICEP3: Next Gen. Super receiver 

2560 detectors in modular 
focal plane 
 
Large-aperture optics and 
infrared filtering 
 
> 10x optical throughput 
of single BICEP2/Keck 
receiver 
 
 

Keck receiver 
BICEP3 



December 2015: BICEP3 assembly at South Pole 

Optics tube installation  

Focal Plane assembly  

Cryogenics close up 

Physics grad. Students designed and built this thing! 



January 2016: BICEP3 installed in the telescope 

Physics grad. Students at the South Pole in Antarctica! 



BICEP3 
(2015-) 

BICEP Array 
(2018-) 

Keck Array 
(2012-2017) 

BICEP2 
(2010-2012) 

Stage 2 Stage 3 



Summary 
Ø The Universe is expanding – it was once a hot dense “fireball”. 
Ø We understand its development all the way back to very close to the 
beginning. (For instance we know it is 14 billion years old.) 
Ø The theory of Inflation says that our entire observable Universe 
today all came from a single sub-atomic spec in a hyper expansion 
lasting a tiny fraction of a second 

Ø If this Inflation really happened it will have made a background of 
gravitational waves 

Ø We may be able to detect the imprint of these as B-modes in 
the polarization pattern of the Cosmic Microwave Background 

Ø A few years ago we thought we had actually done this but 
unfortunately we were fooled by galactic dust emission. 

Ø However the search goes on with bigger and better 
experiments… 

Ø Physics under grad. students work in our research labs! 


