
(초기우주의) 확률적 중력파 
Stochastic Gravitational Waves from early Universe

�앟  
(빦왷뺂� / 푪츦쑎훊 �쭃쒆뻖)



자연스러운 단위계 (natural units)
•  

• � ��춶빃칻툲� 않: 2.726 K = . meV ( ) 

• � 쾚퉇펞  

• � ��� 뽦 춆않  

• �쥏:  

• 푢붊:  

• 뾾�: 

c = ℏ = kB = 1

E = kBT

H0 = 100h km/s/Mpc = 0.0003356 h/Mpc = (2997.9 Mpc/h)−1

1 g = 5.61 × 1023 GeV

1 s = 1.52 × 1024 GeV−1

1 cm = 5.7 × 1013 GeV−1
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Hubble-Lemaître의 법칙
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Hubble-Lemaître의 법칙과 우주팽창
a(t) = �않��scale factor쬂 ��,  
찮왦 � 툲�� 뷶쬲쬂 �즍븒 홾 펞 �쑪. 
Δr (쳂쬲� 뷶쬲, t) = a(t)Δx (첺쿟 comoving 뷶쬲)

a(t2)Δx

a(t3)Δx

a(t1)Δx



적색이동 (z)

• a(t) = ��� ��않�� (scale factor) 

• �쐚 ��흖튢 찮왦 ��흖 쒆: �앟쥏 p(t) ∝ /a(t) 

• 뺗�� 빃�, p=h/λ �쵆짢, λ ∝ a(t); λ뺆�/λ춯� = a뺆�/a춯� ≣ ( + z) 

• 흖슎�ퟆ �앟펞쐚 E(t) ∝ ν(t) ∝ p(t) ∝ /( + z) 짢 �휺왲. 
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ds2 = �dt2 + a2(t)dx2
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E =
p

(mc2)2 + (pc)2 : pc (reletivistic) ! mc2 (non� relativistic)
�뾶�� ��붆 � 흖 욶줂 �� �� ���

�빦: �쥏� ��쯺, 



일치 우주론에서 우주팽창
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중력파 (Gravitational Wave; GW)

http://www.esa.int/spaceinvideos/Videos/2015/09/Gravitational_waves

중력파의 전파 방향 ( )k̂

블랙홀 쌍성 방향 ( )n̂
+ 편광 모드

× 편광 모드

<latexit sha1_base64="rI94nC8485MD/ay7BXo38+aWqxM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVJdFNy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDP1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttH3ojozAtCPM77mZeATNy8b1edmjMDXiZuQaqoQLNvf3mDmKYRCE05UarnOon2MyI1oxzyipcqSAgdkyH0DBUkAuVns+tzfGqUAQ5jaUpoPFN/T2QkUmoSBaYzInqkFr2p+J/XS3V45WdMJKkGQeeLwpRjHeNpFHjAJFDNJ4YQKpm5FdMRkYRqE1jFhOAuvrxM2uc1t16r311UG9dFHGV0jE7QGXLRJWqgW9RELUTRI3pGr+jNerJerHfrY95asoqZQ/QH1ucPnbmVWQ==</latexit>

k̂?1

<latexit sha1_base64="DM36iZBhNSDoheKq2SKa+3YTblg=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRFqsuiG5cV7AOaUCbTSTt0kgwzE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feEwjOlHacb2tldW19Y7O0Vd7e2d3btw8O2ypJJaEtkvBEdgOsKGcxbWmmOe0KSXEUcNoJxjdTv/NApWJJfK8ngvoRHsYsZARrI/XtY2+EdeYFIRrn/cwTVIpa3rcrTtWZAS0TtyAVKNDs21/eICFpRGNNOFaq5zpC+xmWmhFO87KXKiowGeMh7Rka44gqP5tdn6MzowxQmEhTsUYz9fdEhiOlJlFgOiOsR2rRm4r/eb1Uh1d+xmKRahqT+aIw5UgnaBoFGjBJieYTQzCRzNyKyAhLTLQJrGxCcBdfXibtWtWtV+t3F5XGdRFHCU7gFM7BhUtowC00oQUEHuEZXuHNerJerHfrY966YhUzR/AH1ucPnz6VWg==</latexit>

k̂?2

<latexit sha1_base64="rI94nC8485MD/ay7BXo38+aWqxM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCq5KIVJdFNy4r2Ac0oUymN+3QySTMTIQagr/ixoUibv0Pd/6N0zYLbT1w4XDOvdx7T5BwprTjfFulldW19Y3yZmVre2d3z94/aKs4lRRaNOax7AZEAWcCWpppDt1EAokCDp1gfDP1Ow8gFYvFvZ4k4EdkKFjIKNFG6ttH3ojozAtCPM77mZeATNy8b1edmjMDXiZuQaqoQLNvf3mDmKYRCE05UarnOon2MyI1oxzyipcqSAgdkyH0DBUkAuVns+tzfGqUAQ5jaUpoPFN/T2QkUmoSBaYzInqkFr2p+J/XS3V45WdMJKkGQeeLwpRjHeNpFHjAJFDNJ4YQKpm5FdMRkYRqE1jFhOAuvrxM2uc1t16r311UG9dFHGV0jE7QGXLRJWqgW9RELUTRI3pGr+jNerJerHfrY95asoqZQ/QH1ucPnbmVWQ==</latexit>

k̂?1

<latexit sha1_base64="DM36iZBhNSDoheKq2SKa+3YTblg=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiRFqsuiG5cV7AOaUCbTSTt0kgwzE6GG4K+4caGIW//DnX/jtM1CWw9cOJxzL/feEwjOlHacb2tldW19Y7O0Vd7e2d3btw8O2ypJJaEtkvBEdgOsKGcxbWmmOe0KSXEUcNoJxjdTv/NApWJJfK8ngvoRHsYsZARrI/XtY2+EdeYFIRrn/cwTVIpa3rcrTtWZAS0TtyAVKNDs21/eICFpRGNNOFaq5zpC+xmWmhFO87KXKiowGeMh7Rka44gqP5tdn6MzowxQmEhTsUYz9fdEhiOlJlFgOiOsR2rRm4r/eb1Uh1d+xmKRahqT+aIw5UgnaBoFGjBJieYTQzCRzNyKyAhLTLQJrGxCcBdfXibtWtWtV+t3F5XGdRFHCU7gFM7BhUtowC00oQUEHuEZXuHNerJerHfrY966YhUzR/AH1ucPnz6VWg==</latexit>

k̂?2
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• �즫� Transverse ( ) 빦, traceless ( )  엖 붢� 뺗찮왢.k̂iε
p
ij(k̂) = 0 ∑

i=j

εp
ij(k̂) = 0

중력파 (GW) 편광 모드

+ 편광 모드
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확률적 중력파 (Stochastic GW; SGW)

• 찮왦 춯흖튢 쐚 �즫� 뺂쬂 쓚 븉. ��짦��짢 퉣뾺 쫦� �즫� 빃� 

• 왷춯�(Isotropic): 뽦�왷춯 ��찮뺂 휂. 

• �퉇퉇(Stationary): ��짦� 푢붊흖 퉣빂�쵆짢, �쬲붆 �� 앟훎흖쐚 ��.   

• 뷶� �뽢켊(Gaussian): 첺펞 쭔� 팒퐪쬂 쓚뾶흖, �푲뽿�쬲. 

• cf. �쬲 ��� 춷퉏ퟢ튷 풓튷빊흖튢 숞쐚 SGW쐚 쿊왷춯�� 븉.
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초기우주 SGW의 진동수 ~ 시간 지표
• 뽦�왷춯 ��흖튢 ��짦��짢 퉣뾺 쫦� �즫� 빃�, ��� 찮왦 빹흖튢 (뷶

�) 앟푢흖 퉣뿆. 

• �뾶��� 푢붊� ~ ��� 숞�: 

• SGW붆 쭒왪휺� 웒� �앟펞:

<latexit sha1_base64="/8y3+dqolfVZ7JgxEcBa8RMSMKw="></latexit>
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현재 SGW의 진동수~(시간 지표)x(적색이동)
• �뾶��흖튢 쭒왪휺� SGW� �앟펞쐚 ���흖 � �퉏�앟쑪. �, 찮왦 GW

쐚 �� �흖 춞쿊짆흲 뽾 흖슎�쬂 �븒 얢쑪. 

• � ��춶빃칻툲� 않쐚 2.726K ~ . meV.  
않붆 MeV�흎� 웒� �퉏�앟 붘 
 
 

• 뽾쥲쵆짢, 힎�흖 춯�얢 SGW붆 � 뺆�얞쐚 �앟펞쐚:
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' 4.26⇥ 109TMeV
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관측한 SGW의 진동수와 초기우주
• 뺆� 펞 �쐚 SGW� �앟펞흖 쑿쐚 �뾶 ��� 흖슎�ퟆ 푢붊:
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p
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⌘2

진동수 관측장비 온도 시간

nHz NANOGrav, PTA ~ MeV ~ 1초

mHz LISA ~ TeV ~ 10-13초

kHz LVK ~ 109GeV ~ 10-25초



http://gwplotter.com

nHz μHz mHz Hz kHz
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nHz μHz mHz Hz kHz
~1/32 years ~12 days ~15 mins

http://gwplotter.com
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nHz μHz mHz Hz kHz
~1/32 years ~12 days ~15 mins
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http://gwplotter.com


SGW생성 1. 인플레이션



• �즎�틞  
= �뾶 ��� 붆팓�푢뾶 

• 쿋췋��짦� 붜쐚 흲쥲 첾�왪� 
븶뾶 � �훎얮 

• CMB쐚 ퟢ 뽦�붆? 
• ��붆 ퟢ 붆? 
• ��흖 ퟢ 왢줞빪(??)� 흌숞? 

• 앟푢흖, �� 뷶쒆뻲�쬂 쭒왢쐚 휗
��앟 횮훝� �튦 출�짢 숺칺
숺튢 뻹. 

• 흲뾶튢 툺훊숮� 펞 �쐚 휗��앟
� 춆않튳앟뺂 �즫! 
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• 흲뾶튢 툺훊숮� 펞 �쐚 휗��앟
횮훝� 춆않튳앟뺂 �즫! 



인플레이션 중력파

• �즎�틞흖튢 쭒왪휺� �즫� 튾뾶쐚 뽾 쑿푢� 쾚 � 빊펞짢 ��쑪: 
 
 
 

• �즎�틞 SGW = �즎�틞� 흖슎� 퐪�: E~(r/.)/GeV! 

• �즎�틞 SGW = �즎�틞 쑿푢 ��� �쫦: 뺆���짢 �즎�틞� �찋 붆쐫!
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+ 프리드만 방정식: 3H2 ~ 8πGρ



Planck가 측정한 CMB 편광 지도

5° 짢 퐪첺욯 Planck 않 (퉏퉇) + 뺗 (튦) �않



E-mode와 B-mode
거울대칭에 Even인 편광은 
초기우주의 
scalar (density),  
vector (vorticity),  
tensor (gravitational waves) 
섭동에 의해 만들어진다

거울대칭에 Odd인 편광은 
초기우주의  
vector (vorticity),  
tensor (gravitational waves) 
섭동에 의해 만들어진다.

Kamionkowski, Kovetz (2015)
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CMB로 초기우주 중력파 찾기
r<0.036 (95% C.L.)



SGW생성 2. 우주끈 (Cosmic String)



• ��쇎 (Cosmic String) 
= �뾶��흖튢 쒆�튷� 뿮� 웒 
쭒왪휺� 펞 �쐚 1�� �퉇븶
(Topological defect). 

• �춢� 쒆�튷 뿮� 
(Spontaneous Symmetry 
breaking)뺂 붟� 2� 퉇��붆 쯛
푢 찮� 붟� 틢짢 �휺숞
빦, 쒆�뻶� 숮훊�쐚 빃�.



• ��쇎 (Cosmic String) 
= �뾶��흖튢 쒆�튷� 뿮� 웒 
쭒왪휺� 펞 �쐚 1�� �퉇븶
(Topological defect). 

•  �춢� 쒆�튷 뿮�(ڜ)
(Spontaneous Symmetry breaking)뺂 붟
� 2� 퉇��붆 쯛푢 찮� 붟� 
틢짢 �휺숞빦, (ڟ) 퉇��  
쒆�튷� 숮훊�쐚 빃� 퉣뿆.



• ��쇎 (Cosmic String) 
= �뾶��흖튢 쒆�튷� 뿮� 웒 
쭒왪휺� 펞 �쐚 1�� �퉇븶
(Topological defect). 

•  �춢� 쒆�튷 뿮�(ڜ)
(Spontaneous Symmetry breaking)뺂 붟
� 2� 퉇��붆 쯛푢 찮� 붟� 
틢짢 �휺숞빦, (ڟ) 퉇��  
쒆�튷� 숮훊�쐚 빃� 퉣뿆. 

• ��뷶쒆뻲�� 횮훝튳앟� 쭒왪 
펞 �쐚 춯츛�쓶, CMB뺆��짢 
�즎�틞흖 � 쭒왪휺� 횮훝
튳앟� �튾쑪빦 븶�얮. ��쇎
� 뾶흲쐚 쭔훊휂 10% �않.



• ��쇎 (Cosmic String) 
= �뾶��흖튢 쒆�튷� 뿮� 웒 
쭒왪휺� 펞 �쐚 1�� �퉇븶
(Topological defect). 

• ��쇎� 쭒숞쯺 ��쇎 빦쬲(쿮붊
퉏)쬂 쭒왢쐚쓶, � ��쇎 빦쬲� 
�앟� �즫쬂 춯�.



SGW생성 3. 1차 상전이

Credit: David J. Weir (Helsinki)



• 1� 퉇�� (First-order phase transition) 
= 쳂� 쇙쐚 븉 �즂  퉇흖튢 쑪
쫾 퉇짢 뾏븯 칆쐚 뺂� 

•  튷�(ڟ) - 퉣튷 (nucleation) (ڜ)
(growth) - (ڢ) 칗 (merger)� 뺂�
� 튢 붆 퉎짢� 퉇짢 �
�얢쑪. 

• 뽾쭂 = �즫쬂 쭒왢쐚 � � 
�앟흖슎�. 퉇��붆 쩒얢 흖
않 �� 짢 흖슎�붆 숮훊�
휺 �즫쬂 쭒왪븒 얢쑪.

Hindmarsh et al. (2014)
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Caldwell et al. (2022)



 팽창하는 우주에서 SGW의 전파

• 쾚붖퍦 (���)흖 � 힇�짢, 
SGW쐚 �튦 출 ( )흖튢 뻹휺튢 
�� 붘� 붆�숞, �튦 훎�짢 왪휺
  붖팒쑪. 

• 쿊왷춯튷 �즫 (anisotropic stress)붆 
�쐚 빃�, SGW� 춢퉣/팒쯾�� 얞
휺, 뽾 튾뾶쬂 칆푢 펞 �쑪.  

• �� �앟쐚 쏺쬲싾� 뺂짢 
SGW붆 붖퍦. Weinberg ()

kτ ≪ 1
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FIG. 6: Numerical solutions of tensor perturbations. The solid, dashed, and short-dashed lines show the high, medium, and
low frequency modes, respectively. The higher k-modes enter the horizon earlier, and are damped more by the cosmological
redshift. Vertical lines define the horizon crossing time for each k-mode.
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FIG. 7: Comparison between numerical solutions and analytical solutions of tensor perturbations. The dashed and short-dashed
lines show numerical solutions of the high and low frequency modes, respectively. The higher k-modes enter the horizon earlier,
and thus the numerical solution is well approximated by the analytical solution during the radiation era, χ(kτ ) = j0(kτ ) (solid
line). On the other hand, the lower k-modes enter the horizon much later, and thus the numerical solution is close to the
analytical solution during the matter era, χ(kτ ) = 3j1(kτ )/kτ (dotted line).

where R(1)
µν ∼ O(h) and R(2)

µν ∼ O(h2).
For the vacuum field equation, Rµν = 0. As the Einstein equation is non-linear, R̄µν is in general not linear in hµν .

The linear term in Eq. (C1) must obey the vacuum equation,

R(1)
µν = 0. (C2)

This is an equation for the propagation of the gravitational waves, which corresponds to Eq. (9) or more generally to
Eq. (D23) in the FRW universe. The remaining part of Rµν may be divided into a smooth part which varies only on
scales larger than some coarse-graining scales,

R̄µν + ⟨R(2)
µν ⟩ = 0, (C3)

Watanabe & Komatsu (2006)

<latexit sha1_base64="14/6PGEDzSBOyXHeqiQJD8U4ZzA="></latexit>
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SGW에 새겨진 우주팽창과 𝚷p의 효과
<latexit sha1_base64="14/6PGEDzSBOyXHeqiQJD8U4ZzA="></latexit>
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Matter-radiation equality

뉴트리노의 자유유동에 
의한 중력파의 감쇠

Watanabe & Komatsu (2006)



SGW에 새겨진 g★(T)의 효과
<latexit sha1_base64="14/6PGEDzSBOyXHeqiQJD8U4ZzA="></latexit>
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확률적 중력파 요약
• �뾶��흖튢 쫦� �즫쬂 쭒왪 펞 �쐚 튾 붆� 춯츛: 

• �즎�틞 앟훎 �튦 출�짢 숞붊 휗��앟 
• ��쇎� 쭒숞튢 쭒왦 빦쬲� �앟 
• 1� 퉇�� 뷶� 퉣튷, 튷�, �앒쯺튢 퉣뾺 �앟흖슎� 

• 쫦� �즫쐚 뽦 �� 뷶쬲붆 훊� 뾾뾶 웒첾흖, �뾶 ��� 빦흖슎� 퉇흖 쒆 
�칺쬂 �� �쑲 � 펞 �쑪. 

• 쳂짦, 쫦� �즫붆 않쑲쐚 앟훎 ����숞 쿊왷춯튷 �즫왷� 칆붆 ��쯺 � 
잖 �즫 흖 퉎븮� �쑪.  
(�켊 붖않붆 쑪쯺) LIGO��짢쐚 ��숞� 10-�뿒� 캂 펞 ��!!!


