
Quantum Origin



So far, we have described the evolution of fluctuations in the hot Big Bang 
and the formation of the large-scale structure of the Universe:

Gravitational  
clustering

Primordial  
fluctuations

CMB  
fluctuations Galaxies

Cosmic 
sound waves

What created the primordial fluctuations?

We now want to ask:
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Angular separation

An important clue is the fact that the CMB fluctuations are correlated over 
the whole sky:

Superhorizon



distance light travelled 
since the Big Bang

In the standard hot Big Bang theory, this is impossible:
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Big Bang

Observable 
Universe



The correlations must have been created before the hot Big Bang: 

Big Bang

?

Photon 
decoupling

distance light travelled 
since the Big Bang

CMB



Inflation solves the problem by invoking a period of superluminal expansion: 

Guth (1980) 
Linde (1982) 

Albrecht and Steinhardt (1982)

Inflation 

Big Bang

Photon 
decoupling

CMB

a(t) = eHt
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Inflation



In less than

The entire observable Universe then originated from a microscopic, causally 
connected region of space.

a(t) = eHt
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Inflation
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seconds, the Universe doubled in size at least 80 times:



Inflation

To achieve inflation requires a substance with a nearly constant energy density  
(like dark energy):

V (�)
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Inflation

To end inflation, this substance must decay (like a radioactive material):

The product of this decay is the hot Big Bang. One of these bubbles 
is our Universe.



Inflation

In quantum mechanics, the end of inflation is probabilistic and varies 
throughout space:

This creates the primordial density fluctuations.



Quantum Fluctuations

In quantum mechanics, empty space is full of violent fluctuations:

�x�p � ~
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Lamb shift

Quantum Fluctuations

These quantum fluctuations are real, but usually have small effects:



During inflation, these quantum fluctuations get amplified and stretched:

Quantum Fluctuations

After inflation, these fluctuations become the large-scale density fluctuations.



The nearly constant inflationary vacuum energy leads to an approximately 
scale-invariant power spectrum:

Primordial Correlations

The slow decay of the inflationary energy predicts slightly more power on 
large scales: 

P (k)
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The well-understood physics of the photon-baryon fluid turns these primordial 
correlations into correlations of the CMB anisotropies:

CMB Anisotropies



The predicted correlations are in remarkable agreement with the data:
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CMB Anisotropies



How can inflation become part of the standard history of 
the Universe with the same level of confidence as BBN?

“Extraordinary claims require extraordinary evidence”
Carl Sagan

10 μs 1 s 3 min

QCD phase 
transition

Neutrino 
decoupling BBN

10-32 s

Inflation?



Besides density fluctuations, inflation predicts gravitational waves:

Primordial Gravitational Waves

The strength of the signal depends on the energy scale of inflation, which 
may be as high as 1016 GeV. 



These gravitational waves would produce a characteristic swirl pattern  
(called B-modes) in the polarization of the CMB:

B-modes

Detecting these B-modes is a central goal of observational cosmology.



Ongoing Experiments

EBEX

SPIDER

POLARBEAR

BICEP

SPTPol

ACTPol

ABS

CLASS CMB Stage III



CMB Stage III.5
(2023-2030)

Atacama Desert

Planned Experiments



Atacama DesertSouth Pole

Planned Experiments

CMB Stage IV
(2028-2035)



LiteBIRD

Planned Experiments

(2028-2032)



A B-mode detection would be a milestone towards a complete 
understanding of the origin of all structure in the Universe:

10�32 s
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Conclusions



10 μs 370 000 yrs1 s 3 min

e-

1 billion yrs

We have a remarkably consistent picture of the history of the Universe from 
fractions of a second after the Big Bang until today:

We also have tantalizing evidence that the primordial seed fluctuations for the 
formation of structure were created during a period of inflation:
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Yet, many fundamental questions remain:

• What is dark matter and dark energy?
• Did inflation really occur? And what was driving it?
• What is the origin of the matter-antimatter asymmetry?

We hope that future observations will shed light on these questions.

Observations of the CMB have revolutionized cosmology:
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As , ns

<latexit sha1_base64="LSFfElkBsTMwpcBtIUKWt2oP2WQ=">AAAB/3icdVDLSgMxFM3UV62vquDGTbAILsowU9tOu6u6cVnBPqAzlEyatqGZzJBkhDJ24a+4caGIW3/DnX9j+gIVPXDh5Jx7yb3HjxiVyrI+jdTK6tr6Rnozs7W9s7uX3T9oyjAWmDRwyELR9pEkjHLSUFQx0o4EQYHPSMsfXU391h0Rkob8Vo0j4gVowGmfYqS01M0eXXQTVwRQTtx8HvLlo5vNWaZTqFqVErRMq1x1bGdKzp1yuQpt05ohBxaod7Mfbi/EcUC4wgxJ2bGtSHkJEopiRiYZN5YkQniEBqSjKUcBkV4y238CT7XSg/1Q6OIKztTvEwkKpBwHvu4MkBrK395U/MvrxKpf8RLKo1gRjucf9WMGVQinYcAeFQQrNtYEYUH1rhAPkUBY6cgyOoTlpfB/0iyYdtEs3RRztctFHGlwDE7AGbCBA2rgGtRBA2BwDx7BM3gxHown49V4m7emjMXMIfgB4/0LXUKVuA==</latexit>



 

Thank you for your attention!

www.lecospa.ntu.edu.tw



Appendix



Fluctuations during Inflation

Each Fourier mode of the inflaton fluctuations satisfies:

�̈�+ 3H ˙��+ !
2
k(t)�� = 0

<latexit sha1_base64="aD5w8UyxCbfJognoBBqn8B1qrp4="></latexit>

��

<latexit sha1_base64="sD3OnCktQQPLF6+frLPfZeMG+lE=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBgBePEcwDdpcwOzubDJl9MNMrhJDP8OJBEa9+jTf/wk9wsslBEwsaiqpuuruCTAqNtv1llVZW19Y3ypuVre2d3b3q/kFbp7livMVSmapuQDWXIuEtFCh5N1OcxoHknWB4O/U7j1xpkSYPOMq4H9N+IiLBKBrJ9UIukRIvG4hetWbX7QJkmThzUrv5hgLNXvXTC1OWxzxBJqnWrmNn6I+pQsEkn1S8XPOMsiHtc9fQhMZc++Pi5Ak5MUpIolSZSpAU6u+JMY21HsWB6YwpDvSiNxX/89wcoyt/LJIsR56w2aIolwRTMv2fhEJxhnJkCGVKmFsJG1BFGZqUKiYEZ/HlZdI+qzvn9Yv781rjepYGlOEIjuEUHLiEBtxBE1rAIIUneIFXC61n6816n7WWrPnMIfyB9fEDl1CSOw==</latexit>

End of inflation

Hubble friction k2/a2(t)

<latexit sha1_base64="lShq9BRnKID/tYT0D6XuUOPab4c=">AAAB8XicdVDJSgNBEK1xjXGLevTSGIR4GSeLyeRkwIvHCGbBbPR0OkmTnp6hu0cIIX/hxYMiXv0bb/6Fn2BnoqCiDwoe71VRVc8LOVPacd6speWV1bX1xEZyc2t7Zze1t19XQSQJrZGAB7LpYUU5E7Smmea0GUqKfY/Thje+mPuNWyoVC8S1noS04+OhYANGsDbSzbibO8XdXEaf9FJpxy7lyo5bRo7tFMulvDsn+VKxWERZ24mRPn+HGNVe6rXdD0jkU6EJx0q1sk6oO1MsNSOczpLtSNEQkzEe0pahAvtUdabxxTN0bJQ+GgTSlNAoVr9PTLGv1MT3TKeP9Uj99ubiX14r0gO3M2UijDQVZLFoEHGkAzR/H/WZpETziSGYSGZuRWSEJSbahJQ0IXx9iv4n9ZydLdhnV4V0xV2kAQk4hCPIQBZKUIFLqEINCAi4gwd4tJR1bz1Zz4vWJetz5gB+wHr5AAwNkUs=</latexit>

This is the equation of a time-dependent harmonic oscillator.



�̈�+ 3H ˙��+ !
2
k(t)�� = 0

<latexit sha1_base64="2DpQupxOhItghvogWsQV5/OAZVQ="></latexit>

ẍ+ !2x = 0

<latexit sha1_base64="QLrPltNReGyjLFfwK8+l1aygd8g="></latexit>

Quantum Harmonic Oscillators

hx2i = ~
2!

<latexit sha1_base64="4OCusoX6I1kzZShgHQadmAFf3Hw="></latexit>

Hollands and Wald (2002)

��c ⌘ a3/2��

<latexit sha1_base64="GBBi2i6FCpdDOMyB6MvfndpQ1n8=">AAACEHicbVDJSgNBEK1xjXGLevTSGERPccYFczPgxWMEs0Amhp5OJWnSs9jdEwhDPsGLv+LFgyJePXrzL/wEO8shJj4oeLxXRVU9LxJcadv+thYWl5ZXVlNr6fWNza3tzM5uWYWxZFhioQhl1aMKBQ+wpLkWWI0kUt8TWPG610O/0kOpeBjc6X6EdZ+2A97ijGojNTJHbhOFpsSNOrzBiIsPMe8Rep+cnZwOpr1M1s7ZI5B54kxI9uoHRig2Ml9uM2Sxj4FmgipVc+xI1xMqNWcCB2k3VhhR1qVtrBkaUB9VPRk9NCCHRmmSVihNBZqM1OmJhPpK9X3PdPpUd9SsNxT/82qxbuXrCQ+iWGPAxotasSA6JMN0SJNLZFr0DaFMcnMrYR0qKdMmw7QJwZl9eZ6UT3POee7i9jxbyI/TgBTswwEcgwOXUIAbKEIJGDzCM7zCm/VkvVjv1se4dcGazOzBH1ifvzGHnXc=</latexit>

¨��c + !2
k(t)��c = 0

<latexit sha1_base64="EkJOS/5zJy1xSolozx+E1TR5z24="></latexit>

h(��)2ci =
1

2!k(t)

<latexit sha1_base64="ZHd1HTQ60FDg+BD33kVUUzYHT2Y="></latexit>

h(��)2i = 1

2

1

a3(t)

1

k/a(t)

<latexit sha1_base64="WLs+9oUqctposEctDw50C7ySmD0="></latexit>

Zero-point fluctuations



Quantum Fluctuations during Inflation

This holds as long as the mode evolves adiabatically (inside the horizon):

h(��)2i = 1

2

1

k3

✓
k

a(t)

◆2

<latexit sha1_base64="l6XZMeG47+hbjpWfRFngdKm7YrA="></latexit>

At horizon crossing , k/a(t⇤) = H(t⇤),

<latexit sha1_base64="XcWLrbzzqBAsrHYlFLBUAM3tkRg=">AAACBnicbZDLSgNBEEVr4ivGV9SlCI2JoBLiTFAURAy4yTKCiUISQk+no016HnTXiGHIyo2/4saFIm79Bnf+hZ9gZ5KFrwsNh1tVVNd1Qyk02vaHlZqYnJqeSc9m5uYXFpeyyyt1HUSK8RoLZKAuXaq5FD6voUDJL0PFqedKfuH2Tof1ixuutAj8c+yHvOXRK190BaNorHZ2vYn8FuMCyfd26Ra2d7bJMakkkC8M2tmcXbQTkb/gjCF38gmJqu3se7MTsMjjPjJJtW44doitmCoUTPJBphlpHlLWo1e8YdCnHtetODljQDaN0yHdQJnnI0nc7xMx9bTue67p9Che69+1oflfrRFh97AVCz+MkPtstKgbSYIBGWZCOkJxhrJvgDIlzF8Ju6aKMjTJZUwIzu+T/0K9VHT2ivtnpVz5aJQGpGENNmALHDiAMlSgCjVgcAcP8ATP1r31aL1Yr6PWlDWeWYUfst6+AD/xlzA=</latexit>

the fluctuations freeze and we get

P��(k) ⌘
k
3

2⇡2
h(��)2i⇤ =

✓
H

2⇡

◆2

<latexit sha1_base64="6e4UobE+IZR8ntjCvMwI1FCorOo="></latexit>

⇡ const

<latexit sha1_base64="Y1wsDcN8fQjH+Lq8HGRmKZusG2k=">AAAB/XicbVDLSgNBEOyNrxhf6+PmZTAInsKuRBQ8KHjxGMGokIQwO5kkQ2ZnlpleMS7BX/HiQRGv/oc3/8JPcLLx4KugoajqprsrSqSwGATvXmFqemZ2rjhfWlhcWl7xV9curE4N43WmpTZXEbVcCsXrKFDyq8RwGkeSX0aDk7F/ec2NFVqd4zDhrZj2lOgKRtFJbX+jSZPE6BvSRH6DGdPK4qjtl4NKkIP8JeEXKR99QI5a239rdjRLY66QSWptIwwSbGXUoGCSj0rN1PKEsgHt8YajisbctrL8+hHZdkqHdLVxpZDk6veJjMbWDuPIdcYU+/a3Nxb/8xopdg9amVBJilyxyaJuKglqMo6CdIThDOXQEcqMcLcS1qeGMnSBlVwI4e+X/5KL3UpYreydVcvHh5M0oAibsAU7EMI+HMMp1KAODG7hHh7hybvzHrxn72XSWvC+ZtbhB7zXT/JHlvk=</latexit>

After inflation, these become nearly scale-invariant density fluctuations.

��

<latexit sha1_base64="sD3OnCktQQPLF6+frLPfZeMG+lE=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBgBePEcwDdpcwOzubDJl9MNMrhJDP8OJBEa9+jTf/wk9wsslBEwsaiqpuuruCTAqNtv1llVZW19Y3ypuVre2d3b3q/kFbp7livMVSmapuQDWXIuEtFCh5N1OcxoHknWB4O/U7j1xpkSYPOMq4H9N+IiLBKBrJ9UIukRIvG4hetWbX7QJkmThzUrv5hgLNXvXTC1OWxzxBJqnWrmNn6I+pQsEkn1S8XPOMsiHtc9fQhMZc++Pi5Ak5MUpIolSZSpAU6u+JMY21HsWB6YwpDvSiNxX/89wcoyt/LJIsR56w2aIolwRTMv2fhEJxhnJkCGVKmFsJG1BFGZqUKiYEZ/HlZdI+qzvn9Yv781rjepYGlOEIjuEUHLiEBtxBE1rAIIUneIFXC61n6816n7WWrPnMIfyB9fEDl1CSOw==</latexit>

�⇢

<latexit sha1_base64="j61JHtSoHsowwzX0DzjjtHShcjE=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBgBePEcwDskuYncwmQ2Z3lpleIYR8hhcPinj1a7z5F36Ck00OmljQUFR1090VplIYdN0vp7Cyura+UdwsbW3v7O6V9w+aRmWa8QZTUul2SA2XIuENFCh5O9WcxqHkrXB4O/Vbj1wboZIHHKU8iGk/EZFgFK3U8XtcIiW+HqhuueJW3RxkmXhzUrn5hhz1bvnT7ymWxTxBJqkxHc9NMRhTjYJJPin5meEpZUPa5x1LExpzE4zzkyfkxCo9EiltK0GSq78nxjQ2ZhSHtjOmODCL3lT8z+tkGF0FY5GkGfKEzRZFmSSoyPR/0hOaM5QjSyjTwt5K2IBqytCmVLIheIsvL5PmWdU7r17cn1dq17M0oAhHcAyn4MEl1OAO6tAABgqe4AVeHXSenTfnfdZacOYzh/AHzscPo3SSQw==</latexit>



P��(k)

<latexit sha1_base64="GgijfUQmLuPypxujzsnPXx8eK3U=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkouDCghuXFewDmhAmk0k7dPJgZiKW0F9x40IRt/6IO//CT3CadqGtBy4czrmXe+/xU86ksqwvY2V1bX1js7RV3t7Z3ds3DyodmWSC0DZJeCJ6PpaUs5i2FVOc9lJBceRz2vVHN1O/+0CFZEl8r8YpdSM8iFnICFZa8sxKy8udgHKFkZMO2aQ2OvXMqlW3CqBlYs9J9fobCrQ889MJEpJFNFaEYyn7tpUqN8dCMcLppOxkkqaYjPCA9jWNcUSlmxe3T9CJVgIUJkJXrFCh/p7IcSTlOPJ1Z4TVUC56U/E/r5+p8NLNWZxmisZktijMOFIJmgaBAiYoUXysCSaC6VsRGWKBidJxlXUI9uLLy6RzVrcb9fO7RrV5NUsDSnAEx1ADGy6gCbfQgjYQeIQneIFXY2I8G2/G+6x1xZjPHMIfGB8/1d6VFQ==</latexit>

Summary

Time

Scales

Quantum

Classical

k

<latexit sha1_base64="gk/xkCSONEiD3lA8iERZuUM7AJU=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5F36Ck00OmljQUFR1090VJIJr47pfTm5ldW19I79Z2Nre2d0r7h80dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LejBL0I9qXPOSMGivVht1iyS27Gcgy8eakdPMNGard4menF7M0QmmYoFq3PTcx/pgqw5nASaGTakwoG9I+ti2VNELtj7NDJ+TEKj0SxsqWNCRTf0+MaaT1KApsZ0TNQC96U/E/r52a8Mofc5mkBiWbLQpTQUxMpl+THlfIjBhZQpni9lbCBlRRZmw2BRuCt/jyMmmclb3z8kXtvFS5nqUBeTiCYzgFDy6hAndQhTowQHiCF3h1Hpxn5815n7XmnPnMIfyB8/EDbhSOHw==</latexit>

H
�1

<latexit sha1_base64="d8CA/U8cz7lRH8KZjNT0P9uBeJQ=">AAAB7XicdVDLSsNAFL2pr1pfVZduBovgxpBIfay04KbLCvYBNZbJdNKOnWTCzEQoof/gxoUibv0fd/6Fn+AkVfB5YJjDOfdy7z1+zJnSjvNqFWZm5+YXioulpeWV1bXy+kZLiUQS2iSCC9nxsaKcRbSpmea0E0uKQ5/Ttj86y/z2DZWKiehCj2PqhXgQsYARrI3Uql+le+6kV6449qGTAf0mrp3/TuX0DXI0euWXy74gSUgjTThWqus6sfZSLDUjnE5Kl4miMSYjPKBdQyMcUuWl+bYTtGOUPgqENC/SKFe/dqQ4VGoc+qYyxHqofnqZ+JfXTXRw7KUsihNNIzIdFCQcaYGy01GfSUo0HxuCiWRmV0SGWGKiTUAlE8Lnpeh/0tq33ap9cF6t1E6maUARtmAbdsGFI6hBHRrQBALXcAv38GAJ6856tJ6mpQXro2cTvsF6fgemio/3</latexit>

Cl

<latexit sha1_base64="FcnC+WB0cga0FRMT3w1oQHZ7Beo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBQC4eI5oHJEuYnfQmQ2Znl5lZIYR8ghcPinj1i7z5F36Ck00OmljQUFR1090VJIJr47pfTm5ldW19I79Z2Nre2d0r7h80dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjCsTv3mIyrNY/lgRgn6Ee1LHnJGjZXuq13RLZbcspuBLBNvTko335Ch1i1+dnoxSyOUhgmqddtzE+OPqTKcCZwUOqnGhLIh7WPbUkkj1P44O3VCTqzSI2GsbElDMvX3xJhGWo+iwHZG1Az0ojcV//PaqQmv/DGXSWpQstmiMBXExGT6N+lxhcyIkSWUKW5vJWxAFWXGplOwIXiLLy+TxlnZOy9f3J2XKtezNCAPR3AMp+DBJVTgFmpQBwZ9eIIXeHWE8+y8Oe+z1pwznzmEP3A+fgCv3o7W</latexit>

l

<latexit sha1_base64="rAkDA+JuYYtJUdttafeyJYPna+g=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKouDBgBePCZgHJEuYnfQmY2Znl5lZIYR8gRcPinj1k7z5F36Ck00OmljQUFR1090VJIJr47pfTm5ldW19I79Z2Nre2d0r7h80dJwqhnUWi1i1AqpRcIl1w43AVqKQRoHAZjC8nfrNR1Sax/LejBL0I9qXPOSMGivVRLdYcstuBrJMvDkp3XxDhmq3+NnpxSyNUBomqNZtz02MP6bKcCZwUuikGhPKhrSPbUsljVD74+zQCTmxSo+EsbIlDcnU3xNjGmk9igLbGVEz0IveVPzPa6cmvPLHXCapQclmi8JUEBOT6dekxxUyI0aWUKa4vZWwAVWUGZtNwYbgLb68TBpnZe+8fFE7L1WuZ2lAHo7gGE7Bg0uowB1UoQ4MEJ7gBV6dB+fZeXPeZ605Zz5zCH/gfPwAb5iOIA==</latexit>


