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• 密度扰动与原初功率谱

• 各向异性的角功率谱
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The Primordial Density 
Perturbation
from inflation or alternative as 
the origin of structure



通过CMB限制

宇宙原初量⼦涨落对引⼒波各向异性中的遗迹
The quest for small-scale power spectrum——The road less traveled

ü A complete model of inflation requires a solid understanding of the small-scale primordial power spectrum;
ü however, it is hard! 

Phys. Rev. D 85, 125027



引力波各向异性探索早期宇宙的研究：
Liu J, Cai RG, Guo ZK. Phys. Rev. Lett., 2021, 126(14): 141303. 
Geller M, Hook A, Sundrum R, et al, Phys. Rev. Lett., 2018, 121(20): 201303.

宇宙原初量⼦涨落在引⼒波各向异性中的遗迹

Yongping Li, FPH, Xiao Wang, Xinmin Zhang, Phys.Rev.D 105 (2022) 083527 
Yongping Li, FPH, Xiao Wang, work in progress

The quest for small-scale power spectrum——The road less traveled

1. :宇宙⼤尺度结构形成的原初种⼦是inflation时期的原
初量⼦(密度)涨落——原初功率谱

2. Silk damping导致CMB难以探测⼩尺度的密度涨落

3. 我们考虑不受Silk damping影响的相变引⼒波探针，来了解
inflation产⽣的原初密度涨落的⼩尺度信息
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早期宇宙相变引力波的产生机制
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相变发生概率

产生机制：
• 泡泡碰撞
• 声波机制
• 湍流机制

能谱

早期宇宙相变引力波的产生机制
Xiao Wang, FPH, Yongping Li, Sound velocity effects on the 
phase transition gravitational wave spectrum in the Sound 
Shell Model, Phys.Rev.D 105 (2022) 103513
Details see Xiao Wang’s talk.



早期宇宙引力波产生的一般机制

arXiv:1801.04268 

Possible sources of tensor anisotropic stress in the early universe 

eg. Collisions of bubble walls

eg. Sound waves and turbulence in the fluid

eg. Primordial magnetic fields (MHD turbulence)



Xiao Wang, FPH, Yongping Li, Sound velocity effects on the phase transition gravitational wave spectrum 
in the Sound Shell Model, Phys.Rev.D 105 (2022) 103513
Details see Xiao Wang’s talk.

相变引力波声波起源的物理分析

重点是计算宇宙早期的高温粒子汤中的形成的声波的速度
分布和能量分布，进而可以得到剪切应力张量。



The amplitude and shape of GW spectrum are strongly related to phase
transition dynamics.

Bubble 
collision

Sound wave

Turbulence

JCAP 0809, 022 (2008); PRL112, 041301 (2014); PRD92, no. 12,123009 (2015); PRD96, no. 10,103520
(2017); Phys. Rev. D 66, 024030 (2002), Phys. Rev. D 76 (2007) 083002, JCAP 0912, 024 (2009)

相变引力波的可能迹象

Searching For Gravitational Waves From Cosmological Phase Transitions With The NANOGrav 12.5-year 
dataset (The NANOGrav Collaboration) arXiv:2104.13930 .
“We find that the data can be explained in terms of a strong first order phase transition taking place at 
temperatures below the electroweak scale.”
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相变引力波各向异性

•声波机制的相变引力波

•模型参数选取
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相变引力波能谱强度
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相变引力波各向异性

•涨落的描述

•涨落的演化方程
分布函数
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G(⌘,x, p̂)

Phys. Lett. B, 2017, 771: 9-12 ; Phys. Rev. D, 2019, 100(12): 121501 ; Phys. 
Rev. D, 2021, 103 (2): 023522 ;  Phys. Rev. Lett., 2021, 127(27): 271301



相变引力波各向异性

•各向异性的角功率谱
• SW效应

• ISW效应
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相变引力波各向异性

•各向异性的角功率谱
• 大尺度，SW效应主导

• 小尺度，SW+ISW效应，ISW效应主导
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ü PTGW在各尺度均呈现比CMB温度更强的各向异性
ü PTGW各向异性的角功率谱在小尺度有抬升 角功率谱
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ln(1010As) = 3.040± 0.016 ns = 0.9626± 0.0057Planck:
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相变引力波各向异性

•各向异性的角功率谱
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ü PTGW的各向异性保留了更多的小尺度原初扰动的信息

标量扰动原初功率谱

<latexit sha1_base64="WQrGu6ZTwLPSq69zhDSig1D5UNo=">AAACIXicbVBPS8MwHE39O+e/qje9BMfAi6PVoV6EoSBehAnrNtjqSLNsC0vTkqTiKBW/i+BVv4Y38SZ+CT+C6bbD3HwQeLz3+5fnhYxKZVlfxtz8wuLScmYlu7q2vrFpbm1XZRAJTBwcsEDUPSQJo5w4iipG6qEgyPcYqXn9y9Sv3RMhacArahAS10ddTjsUI6Wllrnbb8lzq3AMH5s+Uj3hxzchTu7iQztpmTmrYA0BZ4k9JjkwRrll/jTbAY58whVmSMqGbYXKjZFQFDOSZJuRJCHCfdQlDU058ol04+EfEpjXSht2AqEfV3CoTnbEyJdy4Hu6Mj1UTnup+J/XiFTnzI0pDyNFOB4t6kQMqgCmgcA2FQQrNtAEYUH1rRD3kEBY6diy+clRTuVKj9LGQxLLgHfTiOzpQGZJ9ahgnxSKt8Vc6WIcVgbsgX1wAGxwCkrgGpSBAzB4Ai/gFbwZz8a78WF8jkrnjHHPDvgD4/sXP9+jmg==</latexit>

ks = 0.3 Mpc�1



10°10 10°9 10°8 10°7

f [Hz]

1

2

3

4

5

6

7

8

F
re

qu
en

cy
d
ep

en
d
en

ce
g(

f
)

SW,Benchmark 1

SW,Benchmark 2

CO,Benchmark 1

CO,Benchmark 2

相变引力波各向异性

•相变引力波能谱各向异性
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p4

⇢c


f̄(⌘, p)� p

@f̄(⌘, p)

@p
G(⌘,x, p̂)

�

<latexit sha1_base64="NlqhTPx4LSbTeHwmr1/X9fpyNxc="></latexit>

�GW =
�⌦GW(⌘,x, p, p̂)

⌦̄GW(⌘, p)
能谱各向异性

<latexit sha1_base64="LfTZCDWoM6uzCnEu9RMekdsgNFs="></latexit>

�GW(⌘,x, p, p̂) =


4� @ ln ⌦̄GW(⌘, p)

@ ln p

�
G(⌘,x, p̂)

<latexit sha1_base64="/l/ig2IiVg5hXjI3JefIkQHf8Zw="></latexit>

C�GW
l (p) = g2(p)CG

l

不同机制的相变引力波的各向异性具有不同的频率依赖

<latexit sha1_base64="xXwiO5dPngMmkzdqNDONQ4BZU4w=">AAACDHicbVDNSgMxGMzWv1r/qh69BEvBU9mVoj0WBfFYodsW2qVk0+w2NJssSVYsy76C4FVfw5t49R18Cx/BtN1DbR0IDDPfX8aPGVXatr+twsbm1vZOcbe0t39weFQ+PukokUhMXCyYkD0fKcIoJ66mmpFeLAmKfEa6/uR25ncfiVRU8LaexsSLUMhpQDHSRuqGA0Uj2BiWK3bNngOuEycnFZCjNSz/DEYCJxHhGjOkVN+xY+2lSGqKGclKg0SRGOEJCknfUI4iorx0fm4Gq0YZwUBI87iGc3W5I0WRUtPIN5UR0mO16s3E/7x+ooOGl1IeJ5pwvFgUJAxqAWd/hyMqCdZsagjCkppbIR4jibA2CZWqy6Pc9p0ZZYynLFWCh5mJyFkNZJ10LmvOVa3+UK80b/KwiuAMnIML4IBr0AT3oAVcgMEEvIBX8GY9W+/Wh/W5KC1Yec8p+APr6xc7QZu1</latexit>

g ⇠ 8

<latexit sha1_base64="xEOZVVZC6xRPabMvxwprOEOyjtQ=">AAACDHicbVDLSgMxFM3UV62vqks3wVJwVWakPpZFQVxW6LSFdiiZNDMNzSRDkhHLML8guNXfcCdu/Qf/wk8wbWdRWw8EDufcV44fM6q0bX9bhbX1jc2t4nZpZ3dv/6B8eNRWIpGYuFgwIbs+UoRRTlxNNSPdWBIU+Yx0/PHt1O88Eqmo4C09iYkXoZDTgGKkjdQJ+4pG8GJQrtg1ewa4SpycVECO5qD80x8KnESEa8yQUj3HjrWXIqkpZiQr9RNFYoTHKCQ9QzmKiPLS2bkZrBplCAMhzeMaztTFjhRFSk0i31RGSI/UsjcV//N6iQ6uvZTyONGE4/miIGFQCzj9OxxSSbBmE0MQltTcCvEISYS1SahUXRzltu7MKGM8ZakSPMxMRM5yIKukfV5zLmv1h3qlcZOHVQQn4BScAQdcgQa4B03gAgzG4AW8gjfr2Xq3PqzPeWnBynuOwR9YX782W5uy</latexit>

g ⇠ 5

±GW

-0.00196774 0.00227284
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相变引力波各向异性

•相变引力波能谱各向异性
<latexit sha1_base64="lLV81Qid5fwfnmUS8abzofJypus="></latexit>

VarG =
1

4⇡

X

`

(2`+ 1)CG
`

<latexit sha1_base64="64EiOn6jV5nj7C43kKx3Vviu5R8="></latexit>

�GW(p) ⌘ h2⌦GW(p)
q
Var�GW(p)

CMB温度各向异性

PTGW各向异性

PTGW能谱的各向异性

<latexit sha1_base64="leclX+5pJkYSl2Z2nRnu43lQD9A=">AAACFnicbVDLSsNAFJ34rPXRqEs3g6XgxpJIfSyLgris0LSFNpbJdNIOnUzCzEQsIf8huNXfcCdu3foXfoKTNovaeuDC4Zz74ngRo1JZ1rexsrq2vrFZ2Cpu7+zulcz9g5YMY4GJg0MWio6HJGGUE0dRxUgnEgQFHiNtb3yT+e1HIiQNeVNNIuIGaMipTzFSWuqbpVpP0YBIaFsPyel52jfLVtWaAi4TOydlkKPRN396gxDHAeEKMyRl17Yi5SZIKIoZSYu9WJII4TEakq6mHOljbjJ9PIUVrQygHwpdXMGpOj+RoEDKSeDpzgCpkVz0MvE/rxsr/8pNKI9iRTieHfJjBlUIsxTggAqCFZtogrCg+leIR0ggrHRWxcr8Kqd5q1dp4ylNZMiHWUT2YiDLpHVWtS+qtftauX6dh1UAR+AYnAAbXII6uAMN4AAMYvACXsGb8Wy8Gx/G56x1xchnDsEfGF+/Gx2evQ==</latexit>

4⇥ 10�5

<latexit sha1_base64="G108BWUowPpD4pFdsNNVL0LwElQ=">AAACFnicbVDLSsNAFJ3UV62PRl26GSwFN5ZEirosCuKyQtMW2lgm00k7dDIJMxOxhPyH4FZ/w524detf+AlO2ixq64ELh3Pui+NFjEplWd9GYW19Y3OruF3a2d3bL5sHh20ZxgITB4csFF0PScIoJ46iipFuJAgKPEY63uQm8zuPREga8paaRsQN0IhTn2KktDQwy3Zf0YBIaFsPyVk9HZgVq2bNAFeJnZMKyNEcmD/9YYjjgHCFGZKyZ1uRchMkFMWMpKV+LEmE8ASNSE9TjvQxN5k9nsKqVobQD4UuruBMXZxIUCDlNPB0Z4DUWC57mfif14uVf+UmlEexIhzPD/kxgyqEWQpwSAXBik01QVhQ/SvEYyQQVjqrUnVxldO61au08ZQmMuSjLCJ7OZBV0j6v2Re1+n290rjOwyqCY3ACToENLkED3IEmcAAGMXgBr+DNeDbejQ/jc95aMPKZI/AHxtcvFGqeuQ==</latexit>

1⇥ 10�4

<latexit sha1_base64="yOMgObs2T6Ib/JRjHVVaFm4WiFA=">AAACFnicbVDLSsNAFJ34rPXRqEs3g6XgxpJI0S6Lgris0LSFNpbJdNIOnUzCzEQsIf8huNXfcCdu3foXfoKTNovaeuDC4Zz74ngRo1JZ1rextr6xubVd2Cnu7u0flMzDo7YMY4GJg0MWiq6HJGGUE0dRxUg3EgQFHiMdb3KT+Z1HIiQNeUtNI+IGaMSpTzFSWhqYpXpf0YBIaFsPyXktHZhlq2rNAFeJnZMyyNEcmD/9YYjjgHCFGZKyZ1uRchMkFMWMpMV+LEmE8ASNSE9TjvQxN5k9nsKKVobQD4UuruBMXZxIUCDlNPB0Z4DUWC57mfif14uVX3cTyqNYEY7nh/yYQRXCLAU4pIJgxaaaICyo/hXiMRIIK51VsbK4ymnd6lXaeEoTGfJRFpG9HMgqaV9U7ctq7b5WblznYRXACTgFZ8AGV6AB7kATOACDGLyAV/BmPBvvxofxOW9dM/KZY/AHxtcvIDqewA==</latexit>

8⇥ 10�4

相变引力波能谱各向异性强度

(            )
<latexit sha1_base64="mm/TlI6LpltD1eYzJ7fYxpNUKZo="></latexit>

> fsw



PTGW anisotropy and its implication for 
primordial seeds of our universe
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总结

PTGW anisotropy and its implication
for primordial seeds of our universe
• 相变引力波在各尺度均呈现出比CMB温度更强的各向异性

• 相变引力波各向异性可能保留了更多的原初密度扰动的小尺度信息

• 将更加深入的讨论引力波各向异性以及实验观测能力

THnaks！
Comments and collaborations are welcome!
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•原初扰动与各向异性

CMBPTGW Observer

<latexit sha1_base64="zAojQPGs4bCBEJy7cgLuEMOdxPc="></latexit>

Cobs
` =

1

2`+ 1

X

`m

a`ma⇤`m

<latexit sha1_base64="r2wSjlMhYw4V2NBNTEgVDfgEWF4="></latexit>

⇥(x, p̂, ⌘) =
1X

l=1

lX

m=�l

alm(x, ⌘)Ylm(p̂)

<latexit sha1_base64="V8v6POoVc04w08SStZRUA00sBr0="></latexit>

Cl =
2

⇡

Z 1

0
dkk2PR(k) |Tl(k)|2角功率谱



现在，加速膨胀

再电离

复合时期

物质与辐射相等

暗能量与物质相等

核合成

正负电子湮灭

中微子退耦合

QCD相变

重子产生

电弱相变

热
大
爆
炸

暴
胀

共动哈勃视界

<latexit sha1_base64="GVNo8m7/g9yOIZnX4KRu5RJSRDs=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gPaUDbbTbt0dxN2J0IJ/QtePCji1T/kzX9j0uagrQ8GHu/NMDMviKWw6LrfTmltfWNzq7xd2dnd2z+oHh61bZQYxlsskpHpBtRyKTRvoUDJu7HhVAWSd4LJXe53nrixItKPOI25r+hIi1AwirnU50gH1Zpbd+cgq8QrSA0KNAfVr/4wYoniGpmk1vY8N0Y/pQYFk3xW6SeWx5RN6Ij3Mqqp4tZP57fOyFmmDEkYmaw0krn6eyKlytqpCrJORXFsl71c/M/rJRje+KnQcYJcs8WiMJEEI5I/TobCcIZymhHKjMhuJWxMDWWYxVPJQvCWX14l7Yu6d1W/fLisNW6LOMpwAqdwDh5cQwPuoQktYDCGZ3iFN0c5L86787FoLTnFzDH8gfP5AwvQjkE=</latexit>⌘

相变引力波

温度

时间

红移

暴胀结束

出视界

入视界

共形时

量子扰动

<latexit sha1_base64="gSs5mlGm8HCdIOi7r5P/mZTQBEo=">AAAB83icdVDJSgNBEK2JW4xb1KOXxiB4GmZikkluQS85RjALZIbQ0+lJmvQsdPcIYchvePGgiFd/xpt/Y2cRVPRBweO9Kqrq+QlnUlnWh5Hb2Nza3snvFvb2Dw6PiscnXRmngtAOiXks+j6WlLOIdhRTnPYTQXHoc9rzpzcLv3dPhWRxdKdmCfVCPI5YwAhWWnLdQGCS2fMMt+bDYskyy1a9UXOQZV5VnUa1poljO07DQbZpLVGCNdrD4rs7ikka0kgRjqUc2FaivAwLxQin84KbSppgMsVjOtA0wiGVXra8eY4utDJCQSx0RQot1e8TGQ6lnIW+7gyxmsjf3kL8yxukKqh7GYuSVNGIrBYFKUcqRosA0IgJShSfaYKJYPpWRCZYx6B0TAUdwten6H/SLZt2zazcVkrN63UceTiDc7gEGxxoQgva0AECCTzAEzwbqfFovBivq9acsZ45hR8w3j4BsZuSJg==</latexit>

1

aH

<latexit sha1_base64="dNFYe/x/1NxpyrDq1bH4oWwbFL4=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1JMUvXgRKtgPaELZbCft0s0m7G6EUvo3vHhQxKt/xpv/xm2bg7Y+GHi8N8PMvDAVXBvX/XYKK6tr6xvFzdLW9s7uXnn/oKmTTDFssEQkqh1SjYJLbBhuBLZThTQOBbbC4e3Ubz2h0jyRj2aUYhDTvuQRZ9RYyb/2XJf4Kib32OyWK27VnYEsEy8nFchR75a//F7CshilYYJq3fHc1ARjqgxnAiclP9OYUjakfexYKmmMOhjPbp6QE6v0SJQoW9KQmfp7YkxjrUdxaDtjagZ60ZuK/3mdzERXwZjLNDMo2XxRlAliEjINgPS4QmbEyBLKFLe3EjagijJjYyrZELzFl5dJ86zqXVTPH84rtZs8jiIcwTGcggeXUIM7qEMDGKTwDK/w5mTOi/PufMxbC04+cwh/4Hz+AOI8kE0=</latexit>

> 100MeV
<latexit sha1_base64="4cemyQjPe68aSdPc76mRptawZGg=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBC8GHYlPg4egl48RjAPSDZhdjKbDJmZXWZmlbDkP7x4UMSr/+LNv3GS7EETCxqKqm66u4KYM21c99tZWl5ZXVvPbeQ3t7Z3dgt7+3UdJYrQGol4pJoB1pQzSWuGGU6bsaJYBJw2guHtxG88UqVZJB/MKKa+wH3JQkawsVLnGnluJz09H7eVQLpbKLoldwq0SLyMFCFDtVv4avcikggqDeFY65bnxsZPsTKMcDrOtxNNY0yGuE9blkosqPbT6dVjdGyVHgojZUsaNFV/T6RYaD0Sge0U2Az0vDcR//NaiQmv/JTJODFUktmiMOHIRGgSAeoxRYnhI0swUczeisgAK0yMDSpvQ/DmX14k9bOSd1Eq35eLlZssjhwcwhGcgAeXUIE7qEINCCh4hld4c56cF+fd+Zi1LjnZzAH8gfP5A6HSkVI=</latexit>

< 10�5s
<latexit sha1_base64="xuex/YtHuCFdPX9XPIdU7c7SCu4=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU9ktpXqSohePFeyHtGvJptk2NMkuSVYoS3+FFw+KePXnePPfmLZ70NYHA4/3ZpiZF8ScaeO6305ubX1jcyu/XdjZ3ds/KB4etXSUKEKbJOKR6gRYU84kbRpmOO3EimIRcNoOxjczv/1ElWaRvDeTmPoCDyULGcHGSg9XyHMfU68y7RdLbtmdA60SLyMlyNDoF796g4gkgkpDONa667mx8VOsDCOcTgu9RNMYkzEe0q6lEguq/XR+8BSdWWWAwkjZkgbN1d8TKRZaT0RgOwU2I73szcT/vG5iwks/ZTJODJVksShMODIRmn2PBkxRYvjEEkwUs7ciMsIKE2MzKtgQvOWXV0mrUvZq5epdtVS/zuLIwwmcwjl4cAF1uIUGNIGAgGd4hTdHOS/Ou/OxaM052cwx/IHz+QMhLY9V</latexit>

> 1012

<latexit sha1_base64="QUFcCFaR0FsZtwacrnS3PVfLHQA=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0hKqR6LXjxWsLWQhrLZbtqlu5uwuxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzopQzbTzv2yltbG5t75R3K3v7B4dH1eOTrk4yRWiHJDxRvQhrypmkHcMMp71UUSwiTh+jye3cf3yiSrNEPphpSkOBR5LFjGBjpcBz603UVwLR7qBa81xvAbRO/ILUoEB7UP3qDxOSCSoN4VjrwPdSE+ZYGUY4nVX6maYpJhM8ooGlEguqw3xx8gxdWGWI4kTZkgYt1N8TORZaT0VkOwU2Y73qzcX/vCAz8XWYM5lmhkqyXBRnHJkEzf9HQ6YoMXxqCSaK2VsRGWOFibEpVWwI/urL66Rbd/2m27hv1Fo3RRxlOINzuAQfrqAFd9CGDhBI4Ble4c0xzovz7nwsW0tOMXMKf+B8/gA3m4/t</latexit>

0.26eV

CMB形成

温度

时间

红移

<latexit sha1_base64="XVnSYNnquGc5ZoT7A/KYiuZxxJU=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgQcKsBs0x6MVjBPOAZA2zk9lkyOzsMjOrLEv+w4sHRbz6L978GyePgyYWNBRV3XR3+bHg2mD87eRWVtfWN/Kbha3tnd294v5BU0eJoqxBIxGptk80E1yyhuFGsHasGAl9wVr+6Gbitx6Z0jyS9yaNmReSgeQBp8RY6eGiis8wxqirQpSqXrGEy3gKtEzcOSnBHPVe8avbj2gSMmmoIFp3XBwbLyPKcCrYuNBNNIsJHZEB61gqSci0l02vHqMTq/RREClb0qCp+nsiI6HWaejbzpCYoV70JuJ/XicxQdXLuIwTwySdLQoSgUyEJhGgPleMGpFaQqji9lZEh0QRamxQBRuCu/jyMmmel93LcuWuUqpdz+PIwxEcwym4cAU1uIU6NICCgmd4hTfnyXlx3p2PWWvOmc8cwh84nz/SJ5DM</latexit>

380, 000yr
<latexit sha1_base64="7NstfBVj90+eb2yktlvo4UjtwYY=">AAAB8HicbVBNSwMxEJ2tX7V+VT16CRbBU8lKUY9FLx4r2A9pl5JNs21okl2SrFCW/govHhTx6s/x5r8xbfegrQ8GHu/NMDMvTAQ3FuNvr7C2vrG5Vdwu7ezu7R+UD49aJk41ZU0ai1h3QmKY4Io1LbeCdRLNiAwFa4fj25nffmLa8Fg92EnCAkmGikecEuukx57hEvk+xv1yBVfxHGiV+DmpQI5Gv/zVG8Q0lUxZKogxXR8nNsiItpwKNi31UsMSQsdkyLqOKiKZCbL5wVN05pQBimLtSlk0V39PZEQaM5Gh65TEjsyyNxP/87qpja6DjKsktUzRxaIoFcjGaPY9GnDNqBUTRwjV3N2K6IhoQq3LqORC8JdfXiWti6p/Wa3d1yr1mzyOIpzAKZyDD1dQhztoQBMoSHiGV3jztPfivXsfi9aCl88cwx94nz87x49k</latexit>⇠ 1100

光子退耦合

热大爆炸初始条件

光锥

<latexit sha1_base64="te0amkaYTtfBLNGpY8kOvQqY6/4=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVo8j7bv9csWtunOQVeLlpAI5Gv3yV28QszTiCpmkxnQ9N0E/oxoFk3xa6qWGJ5SN6ZB3LVU04sbP5tdOyZlVBiSMtS2FZK7+nshoZMwkCmxnRHFklr2Z+J/XTTG89jOhkhS5YotFYSoJxmT2OhkIzRnKiSWUaWFvJWxENWVoAyrZELzll1dJ66LqXVZr97VK/SaPowgncArn4MEV1OEOGtAEBo/wDK/w5sTOi/PufCxaC04+cwx/4Hz+ADH8juQ=</latexit>⌘0

<latexit sha1_base64="7GBbeA3sbDCes3+lKfhyz9yizX0=">AAAB8XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae2Q8mkd9rQTGZIMkIZ+hduXCji1r9x59+YtrPQ1gOBwzn3kntOkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHssHM0nQj+hQ8pAzaqz02END+5lCNu2XK27VnYOsEi8nFcjR6Je/eoOYpRFKwwTVuuu5ifEzqgxnAqelXqoxoWxMh9i1VNIItZ/NL56SM6sMSBgr+6Qhc/X3RkYjrSdRYCcjakZ62ZuJ/3nd1ITXfsZlkhqUbPFRmApiYjKLTwbchjViYgllittbCRtRRZmxJZVsCd5y5FXSuqh6l9Xafa1Sv8nrKMIJnMI5eHAFdbiDBjSBgYRneIU3RzsvzrvzsRgtOPnOMfyB8/kD3TiRDg==</latexit>⌘rec

<latexit sha1_base64="oE0hTuQ1n1FamDa7lN8vy6a5p48=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtIu3Wzi7kYooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5YMYJ+hEdSB5yRo2V2l00lFwTt1euuFV3BrJMvJxUIEe9V/7q9mOWRigNE1Trjucmxs+oMpwJnJS6qcaEshEdYMdSSSPUfja7d0JOrNInYaxsSUNm6u+JjEZaj6PAdkbUDPWiNxX/8zqpCa/8jMskNSjZfFGYCmJiMn2e9LlCZsTYEsoUt7cSNqSKMmMjKtkQvMWXl0nzrOpdVM/vzyu1mzyOIhzBMZyCB5dQgzuoQwMYCHiGV3hzHp0X5935mLcWnHzmEP7A+fwBrRmPFg==</latexit>

⌘ = 0

<latexit sha1_base64="DIWYCN0rRjpo4jBHx9pO6+K07o8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2k3bpZhN2N0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4dua3n1BpHstHM0nQj+hQ8pAzaqz0kPTdfrniVt05yCrxclKBHI1++as3iFkaoTRMUK27npsYP6PKcCZwWuqlGhPKxnSIXUsljVD72fzUKTmzyoCEsbIlDZmrvycyGmk9iQLbGVEz0sveTPzP66YmvPYzLpPUoGSLRWEqiInJ7G8y4AqZERNLKFPc3krYiCrKjE2nZEPwll9eJa2LqndZrd3XKvWbPI4inMApnIMHV1CHO2hAExgM4Rle4c0Rzovz7nwsWgtOPnMMf+B8/gAA6o2g</latexit>p0

<latexit sha1_base64="rvFkdU+uuWYuXG1vbyOQTQDywXE=">AAAB8nicdVDLSgMxFM3UV62vqks3wSK4GmZq22l3RTcuq9gHTIeSSTNtaCYZkoxQhn6GGxeKuPVr3Pk3pg9BRQ8EDufcS849YcKo0o7zYeXW1jc2t/LbhZ3dvf2D4uFRR4lUYtLGggnZC5EijHLS1lQz0kskQXHISDecXM397j2Rigp+p6cJCWI04jSiGGkj+f0Y6TFGLLudDYolxy479UbNg459UfUa1Zohnut5DQ+6trNACazQGhTf+0OB05hwjRlSynedRAcZkppiRmaFfqpIgvAEjYhvKEcxUUG2iDyDZ0YZwkhI87iGC/X7RoZipaZxaCbnEdVvby7+5fmpjupBRnmSasLx8qMoZVALOL8fDqkkWLOpIQhLarJCPEYSYW1aKpgSvi6F/5NO2XZrduWmUmperurIgxNwCs6BCzzQBNegBdoAAwEewBN4trT1aL1Yr8vRnLXaOQY/YL19AiS2kdo=</latexit>

R超视界尺度， 守恒

亚视界尺度，涨落演化

<latexit sha1_base64="OSJCS+UT9rJyQlO4VR+/rpawYPs=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ic0oWy2m3bpbhJ2J0Ip/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemEph0HW/ncLa+sbmVnG7tLO7t39QPjxqmSTTjDdZIhPdCanhUsS8iQIl76SaUxVK3g5HtzO//cS1EUn8gOOUB4oOYhEJRtFKjz5H2vOpwV654lbdOcgq8XJSgRyNXvnL7ycsUzxGJqkxXc9NMZhQjYJJPi35meEpZSM64F1LY6q4CSbzg6fkzCp9EiXaVoxkrv6emFBlzFiFtlNRHJplbyb+53UzjK6DiYjTDHnMFouiTBJMyOx70heaM5RjSyjTwt5K2JBqytBmVLIheMsvr5LWRdW7rNbua5X6TR5HEU7gFM7Bgyuowx00oAkMFDzDK7w52nlx3p2PRWvByWeO4Q+czx/c4pB2</latexit>⌘⇤

<latexit sha1_base64="CVxhjuiWCAq9Wgc2ex/ty206swg=">AAAB+3icbZDLSsNAFIYn9Vbrrdalm8EiuLEkUtRl0Y3LCvYCTQiT6aQdOpmEmROxhL6KGxeKuPVF3Pk2TtMstPWHgY//nMM58weJ4Bps+9sqra1vbG6Vtys7u3v7B9XDWlfHqaKsQ2MRq35ANBNcsg5wEKyfKEaiQLBeMLmd13uPTGkeyweYJsyLyEjykFMCxvKrNZcB8W18jnNwiQa/Wrcbdi68Ck4BdVSo7Ve/3GFM04hJoIJoPXDsBLyMKOBUsFnFTTVLCJ2QERsYlCRi2svy22f41DhDHMbKPAk4d39PZCTSehoFpjMiMNbLtbn5X22QQnjtZVwmKTBJF4vCVGCI8TwIPOSKURBTA4Qqbm7FdEwUoWDiqpgQnOUvr0L3ouFcNpr3zXrrpoijjI7RCTpDDrpCLXSH2qiDKHpCz+gVvVkz68V6tz4WrSWrmDlCf2R9/gCrTZOT</latexit>⌘0 � ⌘⇤

<latexit sha1_base64="2LTaomDRLgwzCyTKyhHXbMdRnbU=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapjpw+my6MZlRfuAdiiZNG1DM5khyQhl6Ce4caGIW7/InX9jpq2goicEDufcy733BDFnSjvOh5VbW9/Y3MpvF3Z29/YPiodHbRUlktAWiXgkuwFWlDNBW5ppTruxpDgMOO0E06vM79xTqVgk7vQspn6Ix4KNGMHaSLfTgTsolhy77NQr9TJy7ErN82pVQzw3e8i1nQVKsEJzUHzvDyOShFRowrFSPdeJtZ9iqRnhdF7oJ4rGmEzxmPYMFTikyk8Xq87RmVGGaBRJ84VGC/V7R4pDpWZhYCpDrCfqt5eJf3m9RI/qfspEnGgqyHLQKOFIRyi7Gw2ZpETzmSGYSGZ2RWSCJSbapFMwIXxdiv4n7bLtXtjVm2qpcbmKIw8ncArn4IIHDbiGJrSAwBge4AmeLW49Wi/W67I0Z616juEHrLdPa6eN6g==</latexit>

k1
<latexit sha1_base64="9HK/NwgjqJsOvAoX6EgCTv09VPI=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRpa7osunFZ0T6gDWUynbRDJw9mJkIJ/QQ3LhRx6xe582+ctBVU9AwDh3Pu5d57/IQzqSzrwyisrW9sbhW3Szu7e/sH5cOjjoxTQWibxDwWPR9LyllE24opTnuJoDj0Oe3606vc795TIVkc3alZQr0QjyMWMIKVlm6nQ2dYrlimYzWqDQdZZrXuuvWaJq6dP2Sb1gIVWKE1LL8PRjFJQxopwrGUfdtKlJdhoRjhdF4apJImmEzxmPY1jXBIpZctVp2jM62MUBAL/SOFFur3jgyHUs5CX1eGWE3kby8X//L6qQoaXsaiJFU0IstBQcqRilF+NxoxQYniM00wEUzvisgEC0yUTqekQ/i6FP1POo5pX5i1m1qlebmKowgncArnYIMLTbiGFrSBwBge4AmeDW48Gi/G67K0YKx6juEHjLdPbSuN6w==</latexit>

k2
<latexit sha1_base64="jKu0r7vK7nt7c+x314PMM9o8Kqw=">AAAB6nicdVDLSgMxFL1TX7W+qi7dBIvgapjpw+my6MZlRfuAdiiZNG1DM5khyQhl6Ce4caGIW7/InX9jpq2goicEDufcy733BDFnSjvOh5VbW9/Y3MpvF3Z29/YPiodHbRUlktAWiXgkuwFWlDNBW5ppTruxpDgMOO0E06vM79xTqVgk7vQspn6Ix4KNGMHaSLfTQWVQLDl22alX6mXk2JWa59Wqhnhu9pBrOwuUYIXmoPjeH0YkCanQhGOleq4Taz/FUjPC6bzQTxSNMZniMe0ZKnBIlZ8uVp2jM6MM0SiS5guNFur3jhSHSs3CwFSGWE/Uby8T//J6iR7V/ZSJONFUkOWgUcKRjlB2NxoySYnmM0MwkczsisgES0y0SadgQvi6FP1P2mXbvbCrN9VS43IVRx5O4BTOwQUPGnANTWgBgTE8wBM8W9x6tF6s12Vpzlr1HMMPWG+fbq+N7A==</latexit>

k3

相变引力波
PTGW

原初引力波
CMB极化(B模式)



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 频率红移

<latexit sha1_base64="hVvw57Cx9M4BDkgwT7Aiwa7fWVg=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGXQxsIigvmA5Ah7m71kyd7esTsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjuFtfWNza3idmlnd2//oHx41DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjG9nfvuJayNi9YiThPsRHSoRCkbRSu373ogiSfrlilt15yCrxMtJBXI0+uWv3iBmacQVMkmN6Xpugn5GNQom+bTUSw1PKBvTIe9aqmjEjZ/Nz52SM6sMSBhrWwrJXP09kdHImEkU2M6I4sgsezPxP6+bYnjtZ0IlKXLFFovCVBKMyex3MhCaM5QTSyjTwt5K2IhqytAmVLIheMsvr5LWRdW7rNYeapX6TR5HEU7gFM7Bgyuowx00oAkMxvAMr/DmJM6L8+58LFoLTj5zDH/gfP4A0ayPPg==</latexit>

Lp̂

<latexit sha1_base64="g6ZcLCL7wMnr6uii5flrqPVOsSk=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mkqMeiF29WsB+QhLLZbtqlu9mwOxFK6M/w4kERr/4ab/4bt20O2vpg4PHeDDPzolRwA6777ZTW1jc2t8rblZ3dvf2D6uFRx6hMU9amSijdi4hhgiesDRwE66WaERkJ1o3GtzO/+8S04Sp5hEnKQkmGCY85JWAlPxgRwMG9ZEPSr9bcujsHXiVeQWqoQKtf/QoGimaSJUAFMcb33BTCnGjgVLBpJcgMSwkdkyHzLU2IZCbM5ydP8ZlVBjhW2lYCeK7+nsiJNGYiI9spCYzMsjcT//P8DOLrMOdJmgFL6GJRnAkMCs/+xwOuGQUxsYRQze2tmI6IJhRsShUbgrf88irpXNS9y3rjoVFr3hRxlNEJOkXnyENXqInuUAu1EUUKPaNX9OaA8+K8Ox+L1pJTzByjP3A+fwDFnpDv</latexit>

⌦̂

<latexit sha1_base64="scpIyx9g63dKgJirmkRTeixHcnI=">AAAB7XicbVDLSgNBEJyNrxhfUY9eBoPgKexKUI9BLx4jmAckS5idzCZj5rHM9AphyT948aCIV//Hm3/jJNmDJhY0FFXddHdFieAWfP/bK6ytb2xuFbdLO7t7+wflw6OW1amhrEm10KYTEcsEV6wJHATrJIYRGQnWjsa3M7/9xIzlWj3AJGGhJEPFY04JOKnVGxHAsl+u+FV/DrxKgpxUUI5Gv/zVG2iaSqaACmJtN/ATCDNigFPBpqVeallC6JgMWddRRSSzYTa/dorPnDLAsTauFOC5+nsiI9LaiYxcpyQwssveTPzP66YQX4cZV0kKTNHFojgVGDSevY4H3DAKYuIIoYa7WzEdEUMouIBKLoRg+eVV0rqoBpfV2n2tUr/J4yiiE3SKzlGArlAd3aEGaiKKHtEzekVvnvZevHfvY9Fa8PKZY/QH3ucPMzqO5Q==</latexit>

m̂

<latexit sha1_base64="yX4AJvAZPWv1G7oqLT1N+zMx1SQ=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVm9Ekah+ueJW3TnIKvFyUoEcjX75qzeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn82un5MwqAxLG2pZCMld/T2Q0MmYSBbYzojgyy95M/M/rphhe+5lQSYpcscWiMJUEYzJ7nQyE5gzlxBLKtLC3EjaimjK0AZVsCN7yy6ukdVH1Lqu1+1qlfpPHUYQTOIVz8OAK6nAHDWgCg0d4hld4c2LnxXl3PhatBSefOYY/cD5/ADS+juY=</latexit>

n̂

<latexit sha1_base64="RzSau8yswbIKGs44OjoFl/W14ZI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Qe0oWy2m3bpZhN2J0IJ/QlePCji1V/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB+wn/XLFrbpzkFXi5aQCORr98ldvELM04gqZpMZ0PTdBP6MaBZN8WuqlhieUjemQdy1VNOLGz+anTsmZVQYkjLUthWSu/p7IaGTMJApsZ0RxZJa9mfif100xvPYzoZIUuWKLRWEqCcZk9jcZCM0ZyokllGlhbyVsRDVlaNMp2RC85ZdXSeui6l1Wa/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZDeIZXeHOk8+K8Ox+L1oKTzxzDHzifP2gCjeQ=</latexit>

tp

<latexit sha1_base64="4mSRiAOC1HPbUsbyd7QN48TyFAA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsN+3azSbsToQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/CEY3878hyeujYjVPU4S7kd0qEQoGEUrNbFfrrhVdw6ySrycVCBHo1/+6g1ilkZcIZPUmK7nJuhnVKNgkk9LvdTwhLIxHfKupYpG3PjZ/NApObPKgISxtqWQzNXfExmNjJlEge2MKI7MsjcT//O6KYbXfiZUkiJXbLEoTCXBmMy+JgOhOUM5sYQyLeythI2opgxtNiUbgrf88ippX1S9y2qtWavUb/I4inACp3AOHlxBHe6gAS1gwOEZXuHNeXRenHfnY9FacPKZY/gD5/MH4xeNAQ==</latexit>

t

脉冲星

地球

引力波传播方向

<latexit sha1_base64="sSYoBLsfTkQSi/VYAgcZYQ3zip0=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48VTFtoQ9lsN+3SzSbsToRa+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MJXCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNEmmGfdZIhPdDqnhUijuo0DJ26nmNA4lb4Wj25nfeuTaiEQ94DjlQUwHSkSCUbSS333iSHvlilt15yCrxMtJBXI0euWvbj9hWcwVMkmN6XhuisGEahRM8mmpmxmeUjaiA96xVNGYm2AyP3ZKzqzSJ1GibSkkc/X3xITGxozj0HbGFIdm2ZuJ/3mdDKPrYCJUmiFXbLEoyiTBhMw+J32hOUM5toQyLeythA2ppgxtPiUbgrf88ippXlS9y2rtvlap3+RxFOEETuEcPLiCOtxBA3xgIOAZXuHNUc6L8+58LFoLTj5zDH/gfP4A62yOxQ==</latexit>

⇣

<latexit sha1_base64="WF2Pf1CuJ11BaS9CdVvxDcUpNms="></latexit>

z(t, ⌦̂) ⌘ ⌫(t)� ⌫0
⌫0

=
1

2

p̂ip̂j

1 + ⌦̂ · p̂
�hij(t, ⌦̂)

=
X

A=+,⇥
�hA(t, ⌦̂)F

A(⌦̂)

<latexit sha1_base64="kZRTGC35N6ELG4g0yotAjacks18="></latexit>

�hA(t, ⌦̂) ⌘ hA(t, ⌦̂)� hA

⇣
tp, ⌦̂

⌘

=
X

A=+,⇥

Z 1

�1
df ei2⇡ft

h
1� e�i2⇡fL(1+⌦̂·p̂)

i
hA(f)

<latexit sha1_base64="73/r5uWvcTYYvTiY+IOZ6n96C7w="></latexit>

FA(⌦̂) =
1

2

p̂ip̂j

1 + ⌦̂ · p̂
eAij(⌦̂)引力波方向束



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 计时残差

<latexit sha1_base64="zEDYWl9iK/F65VE0mfepNgiyxqQ="></latexit>

r(t) =

Z t

dt0
d⌦̂

4⇡
z
⇣
t0, ⌦̂

⌘

<latexit sha1_base64="CjY3HEiUfMVAYC1HGZzfTTwyNcc="></latexit>

hr⇤a (t1) rb (t2)i =
Z t1

dt

Z t2

dt
0
Z

d⌦̂

4⇡

Z
d⌦̂0

4⇡

D
z
⇤
a

⇣
t, ⌦̂

⌘
zb

⇣
t
0
, ⌦̂0

⌘E

=

Z t1

dt

Z t2

dt
0
Z

d⌦̂

4⇡

Z
d⌦̂0

4⇡

Z +1

�1
df

Z +1

�1
df

0

⇥ e
�i2⇡t(f�f 0)

h
1� e

i2⇡fLa(1+⌦̂·p̂a)
i h

1� e
�i2⇡f 0Lb(1+⌦̂0·p̂b)

i

⇥
X

A,A0=+,⇥

h
F

A
a (⌦̂)FA0

b (⌦̂0)
i D

h
⇤
A(f, ⌦̂)hA0

⇣
f
0
, ⌦̂0

⌘E

=

Z t1

dt

Z t2

dt
0
Z +1

�1
dfe

�i2⇡f(t�t0)
H(f)�ab(f)

=

Z +1

�1
dfe

�i2⇡f(t)H(f)

f2
�ab(f) 引力波的特征信号：重叠减弱函数

脉冲星对关联函数

<latexit sha1_base64="9ZYNQLLbug6Tu3LaYWuYRHfU6vg="></latexit> D
h
⇤
A(f, ⌦̂)hA0

⇣
f
0
, ⌦̂0

⌘E

=�AA0�
2(⌦̂, ⌦̂0)�(f � f

0)H(f)P (⌦̂)

假设：同偏振、同频率、同方向的引力波
存在关联，且方向依赖可以分离

高斯随机噪声

<latexit sha1_base64="LTwhItTGiomTCQMZLL/lo+ZpLMk=">AAACDHicbVDLSgMxFM3UV62vqks3wVKoIGVGiroRioLorkJf0A4lk2ba0EwyJBmxDPMLglv9DXfi1n/wL/wE03YWtfVA4HDOfeV4IaNK2/a3lVlZXVvfyG7mtrZ3dvfy+wdNJSKJSQMLJmTbQ4owyklDU81IO5QEBR4jLW90M/Fbj0QqKnhdj0PiBmjAqU8x0kZq3V+V0Kl30ssX7LI9BVwmTkoKIEWtl//p9gWOAsI1ZkipjmOH2o2R1BQzkuS6kSIhwiM0IB1DOQqIcuPpuQksGqUPfSHN4xpO1fmOGAVKjQPPVAZID9WiNxH/8zqR9i/dmPIw0oTj2SI/YlALOPk77FNJsGZjQxCW1NwK8RBJhLVJKFecH9Wo35pRxnhKYiX4IDEROYuBLJPmWdk5L1ceKoXqdRpWFhyBY1ACDrgAVXAHaqABMBiBF/AK3qxn6936sD5npRkr7TkEf2B9/QI2Y5sX</latexit>

I = (a, b)



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 重叠减弱函数

<latexit sha1_base64="tC0e3NhDcO7D20kTLjlN+P/Urmw="></latexit>

�ab(f) =

Z
d⌦̂

4⇡
ab(f, ⌦̂)P (⌦̂)

X

A=+,⇥

h
FA
a (⌦̂)FA

b (⌦̂)
i

HD曲线 广义叠加减弱函数
NANOGrav:  Astrophys. J. Lett., 2020, 905(2): L34 Phys. Rev. D, 2013, 88(6): 062005

<latexit sha1_base64="Ux1XMC+yH2gue8HPn4RiJ5DiEkM=">AAACFnicbVDLSsNAFJ3UV62PRl26CZZC3ZREiroRioK4s0LTFppQJtNJOnQyCTMTsYT8h+BWf8OduHXrX/gJTtssauuBC4dz7ovjxZQIaZrfWmFtfWNzq7hd2tnd2y/rB4cdESUcYRtFNOI9DwpMCcO2JJLiXswxDD2Ku974Zup3HzEXJGJtOYmxG8KAEZ8gKJU00MutmjOC0rkPcQBPr6yBXjHr5gzGKrFyUgE5WgP9xxlGKAkxk4hCIfqWGUs3hVwSRHFWchKBY4jGMMB9RRkMsXDT2eOZUVXK0PAjropJY6YuTqQwFGISeqozhHIklr2p+J/XT6R/6aaExYnEDM0P+Qk1ZGRMUzCGhGMk6UQRiDhRvxpoBDlEUmVVqi6ustu3apUynrJURCzIVETWciCrpHNWt87rjYdGpXmdh1UEx+AE1IAFLkAT3IEWsAECCXgBr+BNe9betQ/tc95a0PKZI/AH2tcvHwGevw==</latexit>

P (⌦̂) = 1



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 计时残差交叉关联

<latexit sha1_base64="HI0mqOB+XRTKEmNWp2a9Q+A4hvY="></latexit>

r(t) ⌘
Z

dfe2⇡iftr(f)

<latexit sha1_base64="yHstsPTuejPHttFQwsJ3vcpWPgA="></latexit>

hra(f)r⇤b (f 0)i = � (f 0 � f)Rab(f)
<latexit sha1_base64="Z7UjWEldhxaca5VDGcgDeNcLADA="></latexit>

Rab(f) =
1

(4⇡f)2

Z
d⌦̂

4⇡

p̂iap̂
j
ap̂

m
b p̂nb hhij(f, ⌦̂)hmn(f, ⌦̂0)i

(1 + ⌦̂ · p̂a)(1 + ⌦̂ · p̂b)
ab(f, ⌦̂)

⇡1 + �ab
(4⇡f)2

Z
d⌦̂

4⇡
�ab(⌦̂)I(f, ⌦̂)

仅与脉冲星计时阵列自身相关 仅与引力波背景相关

<latexit sha1_base64="LvKtmqrW+DUCx7tjVJ/9yr9QyuY="></latexit>

�ab =
1 + �ab

4
�ab(⌦̂) · P (⌦̂)

I(f, ⌦̂) = H(f)

f
P (⌦̂)

Rab(f) =
1

4⇡2f3
�abH(f)

频域空间的关联函数

<latexit sha1_base64="heYrFIPtyHSdJqlMYz79Ih6cSoo="></latexit>

�ab(⌦̂) = 4
X

A=+,⇥
FA
a (⌦̂)FA

b (⌦̂) = 2

h
p̂a · p̂b � (⌦̂ · p̂a)(⌦̂ · p̂b)

i2

(1 + ⌦̂ · p̂a)(1 + ⌦̂ · p̂b)
� (1� ⌦̂ · p̂a)(1� ⌦̂ · p̂b)

计时反馈函数

构造估计量



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 通过计时残差的互关联估计引力波及其各向异性的强度

• 似然函数与信噪比

<latexit sha1_base64="Ppy4ztw2ogC/udaq5rivl6aG2aQ="></latexit>

bIf (⌦̂) ⌘ (4⇡f)2
X

I

bRI,f�
⇤
I (⌦̂), �⇤

I · �J = �IJ

<latexit sha1_base64="a89Pnk1mG3n1sfJrktllFdpKGoQ="></latexit>

L(I) / exp


�1

2

Z
df(I � Î)(f, ⌦̂) · C�1(f, ⌦̂, ⌦̂0) · (I � Î)(f, ⌦̂0)

�

<latexit sha1_base64="+DCJlSFa836/to8wPfG8WMxHHFs="></latexit>

SNR2[I(f, ⌦̂)] =I(f, ⌦̂) · C�1(f, ⌦̂, ⌦̂0) · I(f, ⌦̂0)

=
X

a 6=b

2Tab

"
�ab(⌦̂) · I(f, ⌦̂)

(4⇡f)2�a(f)�b(f)

#2

<latexit sha1_base64="0aXyZFBhwY4tAuCkjE43YjmIFL8="></latexit>

SNR2[Ilm,f (⌦̂)] =

Z f+�f/2

f��f/2
df

X

a 6=b

2TabI2
0 (f) |alm|2

"
�ab(⌦̂) · Ylm(⌦̂)

(4⇡f)2�a(f)�b(f)

#2

<latexit sha1_base64="LTwhItTGiomTCQMZLL/lo+ZpLMk=">AAACDHicbVDLSgMxFM3UV62vqks3wVKoIGVGiroRioLorkJf0A4lk2ba0EwyJBmxDPMLglv9DXfi1n/wL/wE03YWtfVA4HDOfeV4IaNK2/a3lVlZXVvfyG7mtrZ3dvfy+wdNJSKJSQMLJmTbQ4owyklDU81IO5QEBR4jLW90M/Fbj0QqKnhdj0PiBmjAqU8x0kZq3V+V0Kl30ssX7LI9BVwmTkoKIEWtl//p9gWOAsI1ZkipjmOH2o2R1BQzkuS6kSIhwiM0IB1DOQqIcuPpuQksGqUPfSHN4xpO1fmOGAVKjQPPVAZID9WiNxH/8zqR9i/dmPIw0oTj2SI/YlALOPk77FNJsGZjQxCW1NwK8RBJhLVJKFecH9Wo35pRxnhKYiX4IDEROYuBLJPmWdk5L1ceKoXqdRpWFhyBY1ACDrgAVXAHaqABMBiBF/AK3qxn6936sD5npRkr7TkEf2B9/QI2Y5sX</latexit>

I = (a, b)
脉冲星对

估计量



相变引力波各向异性

•脉冲星计时阵列探测引力波背景的各向异性
• 信噪比

<latexit sha1_base64="1Y08CbO95xFEEwWKSHN/IgIcN1s="></latexit>

SNR2[Ilm,f (⌦̂)] =

Z f+�f/2

f��f/2
df

Npair

(4⇡f)4
2T

�4(f)
I(f, ⌦̂) · F

⇣
⌦̂ · ⌦̂0

⌘
· I(f, ⌦̂0)

=8⇡T |alm|2 FlNpair

Z f+�f/2

f��f/2
df

I2
0 (f)

[4⇡f�(f)]4
<latexit sha1_base64="1GYJcnHTHhgtwy6lxsQDauS16jY="></latexit>

Npair =
Npulsar(Npulsar � 1)

2
Nmultiple = (lmax + 1)2

<latexit sha1_base64="MHnASXL1dr5nVO5MgAbLKG9Fxc8="></latexit>

lmax . Npulsarp
2 银河系内可观测毫秒脉冲星的数量：～30,000

下一步：利用以上方法结合相变引力波的各向异性做定量分析（正在开展）

假设脉冲星均匀分布



•原初标量扰动

Phys. Rev. Lett., 2014, 113: 061301
Damping scale

CMB PTGW

<latexit sha1_base64="j0iWFGWcZtVsfsZ3RvXsH6KN6dI="></latexit>

D ⇡ exp(� k2

k2D
)

压低

Planck
ACT 2013

218x218 GHz

148x218 GHz

148x148 GHz

ACTPol

None
None
None

2 180 500 1500 3000 5000 9000
Multipole

100

101

102

103

D l
[µ
K2
]

CM
B-TT

CMB-EE

Polarized sources

       
 [no masking]

90º 1º 0.2º 0.1º 0.04º 0.02º
Angular scale

SZ+CIB+Radio 

其他影响：Sunyaev–Zel’dovich效应、CIB等


