
No.                   March 2018
41

NEWS Feature 
Quantum Fluctuation

The University of Tokyo Institutes for Advanced Study
東京大学国際高等研究所

World Premier International Research Center Initiative
世界トップレベル研究拠点プログラム

Kavli Institute for the Physics and Mathematics of the Universe
カブリ数物連携宇宙研究機構

I  U  I AS



English

3  Director’s C orner Hitosh i Mu rayama
 Hitosh i Mu rayama at Work

4  Featu re
 Qu antu m Flu ctu ation Eiich iro Komatsu

1 0  Research Report
 Su baru  Prime Focu s Spectrog raph
  Masah iro Takada
  Naoyu ki Tamu ra
  Kiyoto Yabe
  Yu ki Moritani

1 8  Research Report
 Forty new stu dies pu blish ed from th e first 
 data of world ’s big g est map of th e Universe
  Masah iro Takada

2 0  Ou r Team Tadayu ki Takah ash i
  Kh ee-Gan Lee
  Tadash i Orita
  Atsu sh i Yag ish ita
  Seyed Morteza Hosseini
  Yu ko Ikkatai

2 3  Workshop Report 
 Kavli IPMU-Berkeley Symposiu m 
 “Statistics, Ph ysics and Astronomy”
  Tosh itake Koh no

2 4  Workshop Report 
 Lectu res on Hig h er Stru ctu res and Qu antisation
  Andrew Macph erson

2 5  News

3 0  Geometric Eng ineering
  Taizan Watari

Kavli IPMU NEWS CONTENTS

Japanese

3 1  Director’s C orner 村山 斉
 近況

3 2  Featu re
 量子ゆらぎ 小松 英一郎

3 8  Research Report
 Su baru  Prime Focu s Spectrog raph
  高田 昌広
  田村 直之
  矢部 清人
  森谷 友由希

4 6  Research Report
 宇宙の最大地図のデータを用いた
 4 0編の査読論文の発表
  高田 昌広

4 8  Ou r Team 高橋 忠幸
  キーガン・リー
  織田 忠
  柳下 淳
  セイェド モルテザ・ホッセイーニ
  一方井 祐子

5 1  Workshop Report
 Kavli IPMU-Berkeley Symposiu m 
 “Statistics, Ph ysics and Astronomy”
  河野 俊丈

5 2  Workshop Report
 研究集会「高次構造と量子化に関する講義」
  アンドリュー・マクファーソン

5 3  News

5 6  ジオメトリックエンジニアリング
  渡利 泰山

Eiich iro Komatsu  is Director of th e Max Planck Institu te for Astroph ysics. He also serves as a Principal Investig ator of th e 
Kavli IPMU. His research  area is cosmolog y. He h as been a member of th e Wilkinson Microwave Anisotropy Probe (WMAP) 
Science Team. For h is work on th e analysis and interpretation of th e WMAP data, in particu lar tests of th e pred ictions 
of cosmic inflation, h e received many prizes inclu d ing  th e Nish inomiya Yu kawa Memorial Award in 2 0 1 0 , Gru ber 
Cosmolog y Prize in 2 0 1 2 , American Astronomical Society’s Lancelot M. Berkeley - New York Commu nity Tru st Prize in 
2 0 1 3 , Astronomical Society of Japan’s Hayash i Ch u sh iro Prize in 2 0 1 5 , Fellow of American Ph ysical Society in 2 0 1 5 , and 
Breakth rou g h  Prize in Fu ndamental Ph ysics in 2 0 1 7 . After h aving  received h is Ph .D. from Toh oku  University in 2 0 0 1 , h e 
became WMAP Postdoctoral Research  Fellow at Princeton University. In 2 0 0 3 , h e moved to th e University of Texas at 
Au stin as an Assistant Professor. He became Associate Professor in 2 0 0 8 , Director of th e Texas Cosmolog y Center in 2 0 0 9 , 
and Professor in 2 0 1 0 . He was appointed to th e cu rrent position in 2 0 1 2 . On th e cover: Ph otog raph  by Hiroto Kawabata.
小松英一郎：マックス・プランク宇宙物理学研究所ディレクター。Kavli IPMU主任研究員を兼ねる。専門は宇宙論。ウ
ィルキンソンマイクロ波異方性探査機（WMAP）サイエンスチームのメンバーとして活躍。WMAPのデータの解析と科
学的解釈、とりわけインフレーション理論の検証に関する業績により、2 0 1 0年に西宮湯川記念賞、2 0 1 2年にグルーバ
ー宇宙論賞、2 0 1 3年に米国天文学会のランスロット M. バークレー賞、2 0 1 5年に日本天文学会林忠四郎賞と米国物理学
会フェロー、2 0 1 7年に2 0 1 8基礎物理学ブレークスルー賞など、国内外の賞を多数授賞。2 0 0 1年に東北大学から理学博
士の学位を取得。同年プリンストン大学博士研究員、WMAPチームに参加、2 0 0 3年テキサス大学オースティン校助教授、
2 0 0 8年同准教授、2 0 0 9年同テキサス宇宙論センター所長、2 0 1 0年同教授、2 0 1 2年より現職。表紙写真提供：川端裕人氏。



4 Kavli IPMU News　No . 4 1　March　2 0 1 8

Th e 2 0 th  centu ry h as seen th e remarkable 
development of th e Standard Model of elementary 
particles and fields. Th e last piece, th e Hig g s particle, 
was d iscovered in 2 0 1 2 . In th e 2 1 st centu ry, we are 
witnessing  th e similarly remarkable development 
of th e Standard Model of cosmolog y. In h is 2 0 0 8  
book on “Cosmology” Steven Weinberg , wh o led 
th e development of particle ph ysics, wrote: “Th is 
new excitement in cosmolog y came as if on cu e 
for elementary particle ph ysicists. By th e 1 9 8 0 s th e 
Standard Model of elementary particles and fields 
h ad become well establish ed . Alth ou g h  sig nificant 
th eoretical and experimental work continu ed , th ere 
was now little contact between experiment and new 
th eoretical ideas, and with ou t th is contact, particle 
ph ysics lost mu ch  of its liveliness. Cosmolog y now 
offered th e excitement th at particle ph ysicists h ad 
experienced in th e 1 9 6 0 s and 1 9 7 0 s.” 

Th e Standard Model of cosmolog y is known 
as th e “ΛCDM model”. Th is model contains some 
extraordinary ing redients, ju st like th e Standard Model 
of elementary particles and fields once appeared to. 
Th e “Λ” denotes Einstein’s cosmolog ical constant, th e 
simplest (bu t most d ifficu lt to u nderstand) candidate 
of Dark Energ y th at accelerates th e expansion of 
th e Universe today. Th e “CDM” stands for “Cold 
Dark Matter”, wh ich  accou nts for 8 0 % of th e matter 
density in th e Universe. Th e existence of Dark Matter 
and Dark Energ y and th eir mysteriou s natu re are 
well known to th e pu blic. Th ey are among  th e most 
popu lar topics in cosmolog y. 

However, th e most extraordinary ing red ient 

is not well known to th e pu blic. Th is ing red ient 
is not contained in th e name of ΛCDM, bu t is 
an indispensable part of th e Standard Model of 
cosmolog y. It is th e idea th at ou r u ltimate orig in is 
th e qu antu m mech anical flu ctu ation g enerated in 
th e early Universe. However remarkable it may sou nd , 
th is idea is consistent with  all th e observational data 
th at h ave been collected so far for th e Universe. 
Fu rth ermore, th e evidence su pporting  th is idea keeps 
accu mu lating  and is streng th ened as we collect more 
data! It is likely th at all th e stru ctu res we see today in 
th e Universe, su ch  as g alaxies, stars, planets, and lives, 
u ltimately orig inated from th e qu antu m flu ctu ation 
in th e early Universe.

In qu antu m mech anics, we can borrow energ y 
from th e vacu u m if we promise to retu rn it 
immediately. Th e du ration th at we can borrow energ y 
is inversely proportional to th e amou nt we borrow. If 
you  visit a bank with ou t an appointment and ask to 
lend one million dollars for one day, th ey wou ld not 
do it. However, if you  ask to lend one million dollars 
for one second , th ey mig h t do it becau se you  wou ld 
h ave to receive and retu rn th e money immediately. 
(And th ey will probably call a police becau se th ey 
th ink you  are crazy.) You  cou ld borrow a lot of energ y 
from th e vacu u m in th e early Universe becau se th e 
time was still very sh ort. Th e qu antu m flu ctu ation h as 
emerg ed randomly everywh ere in space.

Stru ctu re formation in th e Universe proceeds 

Kavli IPMU Principal Investig ator  Eiich iro Komatsu
Research  Area： Th eoretical Ph ysics
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Borrowing  energ y from th e vacu u m
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according  to Einstein’s g ravitational field equ ations 
and th e equ ations of motion for matter and energ y 
components th at constitu te th e Universe. Once initial 
conditions are g iven, th e su bsequ ent evolu tion is 
deterministic. And now modern cosmolog y, wh ich  
is rooted firmly in a lot of observational data, tells u s 
th at th e initial conditions were ch osen randomly by 
qu antu m mech anics. Einstein said , “God does not 
play d ice with  th e Universe” wh en h e criticized th e 
probabilistic aspect of qu antu m mech anics. Indeed , 
wh ich  g alaxies form in wh at places in th e Universe 
was determined by rolling  d ice!

Bu t, th e qu antu m flu ctu ation operates only 
in a microscopic world . How come it became a 
seed for an enormou s stru ctu re like a g alaxy? 
Wh at is th e missing  link between microscopic and 
astronomical leng th  scales? Th e most promising  idea, 
wh ich  constitu tes a pillar of th e Standard Model 
of cosmolog y, is “cosmic inflation”. Th e Universe 
u nderwent a period of rapid , exponential expansion 
rig h t after its birth , and a sh ort waveleng th  of th e 
qu antu m flu ctu ation was stretch ed exponentially to 
become an astronomical leng th . In a typical model 
of inflation, th e Universe expanded by at least 2 6  
orders of mag nitu de with in a trillionth  of a trillionth  
of a trillionth  (1 0 –3 6  ) of a second . Th at is to say, th e 
size of an atomic nu cleu s became th e size of Solar 
System with in a tiny fraction of a second . Wh o wou ld 
believe th is? Despite tremendou sness of th e idea, th e 
statistical properties of cosmic stru ctu res predicted 
by inflation are consistent with  all th e data we h ave 
collected so far. As I describe later, I h ave spent most 
of my career testing  th e predictions of inflation with  
th e cosmic microwave backg rou nd data. Every time 
I confirm th e prediction with  better precision I say 
to myself, “Geez, I am su ch  an ordinary research er! 
Th ose wh o came u p with  th is crazy idea (Sato, Gu th , 
Starobinsky...)̶th e idea th at mig h t actu ally be 
correct̶are too extraordinary.”

Didn’t we h ave to retu rn energ y to th e vacu u m 
immediately? Someth ing  strang e h appens wh en th e 
waveleng th  of th e qu antu m flu ctu ation is stretch ed 
by inflation to a macroscopic scale: it starts to beh ave 
as if it were a classical flu ctu ation despite th at it 
is still qu antu m. If we h ad to u se th e analog y with  
a bank ag ain, it wou ld be like “we do not h ave to 
retu rn th e money du e to inflation (in economics),” 
wh ich  makes no sense. A better metaph or wou ld 
be like th is: Space between you  and a person of th e 
bank cou nter expands exponentially as soon as you  
borrow one million dollars, and th e d istance becomes 
so larg e th at th e commu nication between th em is no 
long er possible.

Research ers h ave been wondering  abou t a ph ysical 
mech anism by wh ich  th e qu antu m flu ctu ation 
became classical du ring  inflation. Ju st becau se th e 
waveleng th  was stretch ed does not mean th at th e 
flu ctu ation became classical. It ju st means th at th e 
flu ctu ation became nearly indisting u ish able from a 
classical flu ctu ation. I always g et a qu estion abou t 
th is “classicalization” of th e qu antu m flu ctu ation 
du ring  inflation wh enever I g ive a talk on inflation 
in front of ph ysicists. I reply by saying , “we do 
not yet u nderstand th e ph ysical mech anism of 
classicalization, so perh aps it is a g ood topic for a 
Ph .D. th esis.” However, at th e conference on “General 
Relativity and Gravitation: A Centennial Perspective” 
h eld  at Penn State University in Ju ne 2 0 1 5 , Abh ay 
Ash tekar, a lead ing  research er on qu antu m g ravity, 
said  to me, “Eiich iro, th e flu ctu ation never became 
classical. Th is world is still fu lly qu antu m!” I was like, 
“h ah a, th at is fu nny.” Bu t h e was seriou s. Indeed , as it 
is nearly indisting u ish able from a classical flu ctu ation, 
perh aps we do not h ave to be adamant th at th e 
flu ctu ation h ad to become tru ly classical. Th e 
conversation with  h im made me realize ag ain th at 
I am an ordinary research er with  little imag ination. 
I was g lad th at I cou ld  broaden my view on th is 
profou nd issu e of inflation.

We need a new energ y component to accelerate 
th e Universe, as th e known components su ch  as 
matter and rad iation mu st always decelerate it. Th e Λ 

“Missing  link” between micro- and  
macroscopic world s
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of th e “ΛCDM” denotes Dark Energ y th at accelerates 
th e Universe today, and we need someth ing  similar 
in th e early Universe too. Th e tech nical term for th is 
energ y component in th e early Universe is an “inflaton 
field ”. Research ers working  on inflation were 
encou rag ed very mu ch  wh en th e Hig g s particle was 
d iscovered , as th e basic property of th e Hig g s field is 
similar to th at of an inflaton field . However, th e Hig g s 
field in th e Standard Model of elementary particles 
and fields cannot be an inflaton field for a tech nical 
reason th at th e Hig g s potential is too steep. Th erefore, 
we need a field th at is similar to th e Hig g s bu t h as a 
flat potential. Alternatively, we may introdu ce a new 
element to th e Standard Model called a “non-minimal 
cou pling  of th e Hig g s field to g ravity”.

To su mmarize: According  to an inflationary 
scenario, th e Universe u nderwent a period of 
accelerated expansion at th e rate at wh ich  th e size 
of an atomic nu cleu s cou ld  become th e size of Solar 
System in a tiny fraction of a second . A microscopic 
waveleng th  of th e qu antu m flu ctu ation was 
stretch ed enormou sly to a macroscopic waveleng th , 
seeding  all th e stru ctu res we see today in th e 
Universe. Astronomers often say, “we are stardu st,” 
referring  to th e fact th at th e elements th at make u p 
ou r bodies orig inate from nu cleosynth esis in stars. 
Cosmolog ists wou ld say, on th e oth er h and , “we 
orig inate from th e qu antu m flu ctu ation.”

Wh en I say someth ing  like th is at pu blic lectu res, 
th e au d ience wou ld not believe it. Th eir reaction is 
completely normal. I worry more abou t astroph ysics 
g radu ate stu dents believing  in th is so easily. In my 
opinion, th e pu blic tends to take th e cosmolog y 
research  as a kind of a fairy tale. Wh ile th ey enjoy 
h earing  abou t it, th ey seem to th ink, “Th is is a very 
interesting  story, bu t most of it is a specu lation of 
astronomers.” Th is cou ld  be becau se research ers 
g iving  a pu blic lectu re do not always make a 
clear d istinction between th e solid  facts based on 
observational data and more specu lative resu lts. In 
any case, we mu st h ave convincing  observational 
evidence to claim th at we orig inate from th e 
qu antu m flu ctu ation.

Th e observational evidence came from 
measu rements of th e cosmic microwave backg rou nd 
(CMB). Flu ctu ations in th e ph oton energ y density 
obey a certain probability d istribu tion, wh ich  depends 
on ph ysics of th e creation of qu antu m flu ctu ations. 
One important qu estion is as to wh ich  field's 
qu antu m flu ctu ation was mainly responsible for th e 
seeds of cosmic stru ctu re formation. In th e simplest 
pictu re, th e qu antu m flu ctu ation of th e inflaton field , 
th e field th at drove inflationary expansion, became 
th e seeds. For tech nical reasons, th e inflaton field 
h as a flat potential, wh ich  implies th at th e interaction 
of th e inflaton field mu st be weak. Th e probability 
d istribu tion of qu antu m vacu u m flu ctu ations of a 
free, non-interacting  field is a Gau ssian distribu tion; 
th u s, th e CMB temperatu re flu ctu ations are also 
expected to obey a Gau ssian distribu tion.

I joined th e science team of NASA’s Wilkinson 
Microwave Anisotropy Probe (WMAP) mission 
sh ortly after th e lau nch  in 2 0 0 1  and worked mainly 
on th e analysis and cosmolog ical interpretation of 
th e WMAP data u ntil th e final data release in 2 0 1 2 . 
Testing  inflation h as been one of my main focu s 
topics. We h ave fou nd th at th e d istribu tion of th e 
temperatu re flu ctu ations (Fig u re 1 ) is consistent with  
a Gau ssian distribu tion. In th e final data release on 
December 2 1 , 2 0 1 2 , we obtained a string ent 9 5 % 
u pper limit of 0 .2 % on a deviation from a Gau ssian 
distribu tion. Th e science team of ESA’s Planck mission 
u sed ou r meth od to improve th e u pper limit to 
0 .0 4 %. Th is is th e most precise Gau ssian distribu tion 
I h ave ever seen for th e data on th e Universe (except 
instru mental noise). Not only are th ese resu lts 
consistent with  th e qu antu m mech anical orig in of 
CMB temperatu re flu ctu ations, bu t also with  th e 
prediction of “sing le-field inflation models” in wh ich  
th e qu antu m flu ctu ation orig inates from th e inflaton 
field wh ile  contribu tions from oth er fields are 
u nimportant.

Th e qu antu m flu ctu ation kept being  g enerated , 
and its waveleng th  kept being  stretch ed th rou g h ou t 

Observational evidence
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inflation. Th e earlier th e flu ctu ation was g enerated 
du ring  inflation, th e long er its waveleng th  h as 
become becau se it h ad more time to be stretch ed 
u ntil th e end of inflation. In th e CMB data, th e 
flu ctu ation g enerated earlier du ring  inflation wou ld 
appear on larg e ang u lar scales. Th e amplitu de of 
th e qu antu m flu ctu ation we can borrow from th e 
vacu u m is inversely proportional to th e time we 
borrow. Th e convenient qu antity is th e “Hu bble 
expansion rate”, wh ich  is th e nu mber of e-folds of 
expansion per u nit time. Th e expansion rate is th u s in 
u nits of [time]–1 , and we can sh ow th at th e amplitu de 
of th e qu antu m vacu u m flu ctu ation in th e inflaton 
field is proportional to th e Hu bble expansion rate.

As inflation h as to end , th e Hu bble expansion rate 
decreases over time; th u s, th e earlier th e flu ctu ation 
was g enerated du ring  inflation, th e strong er its 
amplitu de wou ld become. In th e CMB data, th e 
amplitu de of th e temperatu re flu ctu ation on larg e 
ang u lar scales wou ld be strong er th an th at on 
small ang u lar scales. In practice, a pertu rbation to a 
ph oton flu id  of th e CMB creates sou nd waves, and 
th e amplitu de of th e CMB temperatu re flu ctu ation 
oscillates as a fu nction of ang u lar scales. Th is 
oscillation mu st be modeled before extracting  

information on th e primordial flu ctu ations with  “th e 
amplitu de on larg e ang u lar scales being  strong er 
th an th at on small ang u lar scales”. Th is modeling  is 
not d ifficu lt becau se th e ph ysics of sou nd waves is 
well u nderstood .

Mu kh anov and Ch ibisov predicted th is effect in 
1 9 8 1 . Finding  it h as been th e dream of research ers 
working  on inflation. If we write th at th e amplitu de 
of th e primordial flu ctu ation is proportional to th e 
waveleng th  to th e power of 1  – ns, th e Mu kh anov-
Ch ibisov prediction is ns < 1 . We want to measu re 
th is. In December 2 0 1 2 , we u sed th e WMAP 9 -year 
data in combination with  th e oth er g rou nd-based 
CMB data and th e g alaxy su rvey data from th e Sloan 
Dig ital Sky Su rvey to measu re ns = 0 .9 5 8±0 .0 0 8  
with  th e 6 8 % confidence level. We were able to 
finally d iscover ns < 1  with  more th an 5  standard 
deviations. Th ree month s later, th e Planck team 
combined th e Planck and WMAP data to measu re 
ns = 0 .9 6 0±0 .0 0 7 . Th is is an important confirmation 
of ou r resu lt becau se it is based on th e CMB data 
only. Th ese resu lts provide th e strong est ever su pport 
for inflation and th e qu antu m orig in of th e cosmic 
stru ctu res.

Fig u re 1 : Fu ll-sky map of th e CMB temperatu re flu ctu ation in th e Mollweide projection, obtained from 9 -year 
observations of th e WMAP. Th e d istribu tion of th e temperatu re flu ctu ation is consistent with  a Gau ssian d istribu tion. 
(Cred it: WMAP Science Team)
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Carl Sag an said , “Extraordinary claim requ ires 
extraordinary evidence.” In th e pu rsu it of definitive 
evidence for inflation, CMB research ers are working  
h ard to d iscover “primordial g ravitational waves” 
g enerated du ring  inflation. LIGO detects g ravitational 
waves from collisions of binary black h oles, wh ose 
waveleng th  is a few th ou sand kilometers. On 
th e oth er h and , th e waveleng th  of th e primordial 
g ravitational waves h as been stretch ed by inflation to 
billions of lig h t years! As astroph ysical bodies cannot 
g enerate g ravitational waves with  su ch  extreme 
waveleng th s, th eir d iscovery wou ld provide definitive 
evidence for inflation. 

As g ravitational waves stretch  and contract space, 
th ey also stretch  and contract th e waveleng th  of th e 
CMB lig h t, g enerating  temperatu re flu ctu ations. Th e 
WMAP cou ld  h ave measu red th is effect.

Back th en, a monomial potential of th e inflaton 
field φ was th ou g h t to be among  th e most plau sible. 
A qu artic potential (φ4  ) was considered natu ral 
in particu lar. I certainly learned th is view from my 
former th esis advisor at Toh oku  University, Tosh ifu mi 
Fu tamase, and th e fact th at th e potential of th e 
Hig g s field is qu artic for a larg e field valu e φ made 
th is potential attractive. Th e qu artic potential yields 
th e amplitu de of g ravitational waves larg e enou g h  
for WMAP to detect. In th e meantime, Keiich i Maeda 
at Waseda University and Tosh ifu mi sh owed th at 
th e qu artic potential model wou ld become even 
more attractive wh en we inclu de th e so-called “non-
minimal cou pling  of φ to g ravity”, as it wou ld allow 
th e Hig g s field to drive inflation. (Th is cou pling  
does not exist in th e Standard Model of elementary 
particles and fields.) Inspired by th eir idea, I calcu lated 
th e expected amplitu de of g ravitational waves from 
th is model. To my su rprise, th e model prediction for 
ns h ard ly ch ang ed , bu t th e amplitu de of g ravitational 
waves became 1 0 0  times smaller! I th u s conclu ded 
in Janu ary 1 9 9 9  th at th e non-minimal cou pling  to 
g ravity wou ld be requ ired if no g ravitational wave 

was fou nd despite n < 1 .
In 2 0 0 6 , we ended u p ru ling  ou t th e minimal φ4  

model by th e WMAP data. I trembled . I certainly d id  
not expect th is to h appen, th ou g h  th is resu lt was 
foreseen in my 1 9 9 9  paper. At th e time of writing  
(April 2 0 1 8 ), no primordial g ravitational wave h as 
been fou nd . Th e φ4  model with  non-minimal cou pling  
to g ravity is called “Hig g s inflation” nowadays and 
remains one of th e best-fitting  models to th e CMB 
data (Fig u re 2 ).

Th e amplitu de of th e g ravitational waves from 
Hig g s inflation is too small to be detected in th e 
temperatu re data of WMAP and Planck. Th erefore, 
th e CMB research ers h ave tu rned th eir attention to 
th e polarization of th e CMB. CMB becomes polarized 
wh en electrons scatter th e CMB temperatu re 
flu ctu ation g enerated by g ravitational waves. Th e 
CMB research ers arou nd th e world are competing  
to find th is polarization sig nal. I am a part of th e 
international team led by Masash i Hazu mi at KEK and 
Kavli IPMU, working  with  JAXA to develop th e next-
g eneration CMB satellite mission called “LiteBIRD” 
(Kavli IPMU News No. 3 6 ). Wh ile th e LiteBIRD h as 
not been selected for flig h t yet (we are in th e midd le 
of Ph ase A1 ), we are expecting  to h ear th e resu lt of 
JAXA’s selection by th e end of th is Japanese fiscal 
year. Fing ers crossed . We really want to fly LiteBIRD 
to measu re primordial g ravitational waves.

In 2 0 1 4 , a g rou p of research ers at American 
institu tions reported a d iscovery of CMB polarization 
from primordial g ravitational waves. Th is tu rned ou t 
to be a false alarm becau se th ey mistook polarization 
from th ermal du st emission with in ou r Galaxy for 
th e CMB. Wh ile th ey are responsible for th e false 
alarm, th e news media also made two mistakes. 
First, th ey ig nored cau tionary remarks from CMB 
experts wh o were not involved in th e d iscovery 
and sensationalized th e news. (Th ere were also 
research ers wh o actively contribu ted to th e h ype.) 
Second , th ey ju mped to a conclu sion th at th is 

Next frontier: Polarization of th e CMB

WMAP cou ld  h ave fou nd  primordial 
g ravitational waves

s
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d iscovery is th e evidence for qu antu m g ravity. Let me 
comment on th e latter.

Th e reason for th is claim is th e following . 
Gravitational waves are ripples of spacetime, and 
th u s th eir qu antu m flu ctu ation wou ld be a qu antized 
deformation of spacetime; h ence qu antized g ravity. 
Wh ile th is claim is correct in principle, to make th is 
profou nd claim we mu st show th at th e statistical 
property of th e detected g ravitational waves is 
consistent with  th at of th e qu antu m flu ctu ation. Th at 
is to say, we mu st make su re th at th e d istribu tion of 
CMB polarization is consistent with  a Gau ssian. Th is 
test h as never been done, even today.

Fru strated by th is situ ation, I started a campaig n 
with  my collaborators in ou r recent research  articles 
and presentations at conferences. It is natu ral to 
expect th at th ere were oth er matter fields as well as 
th e inflaton field du ring  inflation. Th e energ y density 

of th e oth er fields mu st be mu ch  smaller th an th at 
of th e inflaton field becau se th e CMB temperatu re 
flu ctu ation is close to a Gau ssian. Noneth eless, th eir 
energ y density can be larg e enou g h  to produ ce 
detectable amplitu des of g ravitational waves in th e 
CMB polarization. Th e probability d istribu tion of 
g ravitational waves from th e matter fields can be 
strong ly non-Gau ssian. Th e CMB polarization data 
wou ld th en be a su perposition of contribu tions 
from th e qu antu m flu ctu ation in spacetime and th e 
matter fields. We do not know wh ich  contribu tion 
dominates u ntil we analyze th e data.

It is essential to test Gau ssianity of th e probability 
d istribu tion of primordial g ravitational waves. If it 
is consistent with  a Gau ssian, and th e waveleng th  
dependence of th e g ravitational wave amplitu de 
ag rees with  th e expectation, we may declare 
d iscovery of evidence for th e qu antu m flu ctu ation in 
spacetime. Wh at if it is not a Gau ssian? It wou ld be 
th e beg inning  of a new era in wh ich  particle ph ysics 
of inflation makes a big  leap!

Fig u re 2 : Constraints on inflation models. Th e vertical and h orizontal axes sh ow th e amplitu de of 
g ravitational waves and ns, respectively. Th e red  contou rs sh ow th e 6 8 % and 9 5 % confidence 
levels of th e WMAP final data release in December 2 0 1 2 , wh ile th e blu e contou rs sh ow th ose of 
th e Planck data release in March  2 0 1 3 . Th e black circles in th e top sh ow th e rang e of pred ictions 
from th e minimal φ4  model, wh ereas th e dark g rey circles in th e bottom sh ow th ose from th e φ4  
model with  non-minimal cou pling  to g ravity. Adopted from Komatsu  et al., PTEP, 0 6 B1 0 2  (2 0 1 4 ).

Do primordial g ravitational waves 
orig inate from th e qu antu m flu ctu ation 
in spacetime?


