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SGWB
Stochastic Gravitational Wave Background

Independent sources which are not individually resolvable lead to an incoherent 
superposition, large number of such sources —> SGWB

[Images: A. Stuver/LIGO]

Events can be individually 
detected e.g. by matched 

filtering
Looks like noise!
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SGWB detection
The cross-correlation method

Suppose we have the data from two different detectors
<latexit sha1_base64="goX907+ugeOoek3CJKt0PAHCGAA=">AAACDXicbZBNS8NAEIY39avGr6hHL4tVEYSSSFEvQtGL9lTBfkBbwmazaZduNmF3I5TQP+DFv+LFgyJevXvz37hNc9DWgR1enplhdl4vZlQq2/42CguLS8srxVVzbX1jc8va3mnKKBGYNHDEItH2kCSMctJQVDHSjgVBocdIyxteT+qtByIkjfi9GsWkF6I+pwHFSGnkWgdHvnsLL+FA5xPIde52Tc1qGatlrOZaJbtsZwHnhZOLEsij7lpfXT/CSUi4wgxJ2XHsWPVSJBTFjIzNbiJJjPAQ9UlHS45CIntpds0YHmriwyAS+nEFM/p7IkWhlKPQ050hUgM5W5vA/2qdRAUXvZTyOFGE4+miIGFQRXBiDfSpIFixkRYIC6r/CvEACYSVNtDUJjizJ8+L5mnZOStX7iql6lVuRxHsgX1wDBxwDqrgBtRBA2DwCJ7BK3gznowX4934mLYWjHxmF/wJ4/MHntGXgQ==</latexit>

dI = hI + nI

dJ = hJ + nJ

Now, if we build the cross-correlation

<latexit sha1_base64="NXRif25zsngz0kYTqab10GqBu5I="></latexit>

CIJ ⌘ dIdJ = hIhJ + nIhJ + nJhI + nInJ

hCIJi = hhIhJi+ hnIhJ + nJhIi+ hnInJi
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PPTA, EPTA, NANOGrav, InPTA, 
CPTA, SKA (2030s)

BICEP/Keck, CMB-
S4, LiteBIRD
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θ

GW induce correlated deviations from expected 
time of arrival across pulsars

SGWB and PTAs

<latexit sha1_base64="T7+wO8y2TgFnG7J+SD1707cEMto=">AAACI3icbVDLSgMxFM34tr6qLt0Ei6CbMiNFxZXoxrpStFroDMOdNNOGJpkhyQhl6L+48VfcuFCKGxf+i2k7C61eSO7hnHtJzolSzrRx3U9nZnZufmFxabm0srq2vlHe3LrXSaYIbZCEJ6oZgaacSdowzHDaTBUFEXH6EPUuRvrDI1WaJfLO9FMaCOhIFjMCxlJh+dTnIDuc4nZY348PbLsaNV9NWD9VSWoS7HdACAjz+tXAyrdh195hueJW3XHhv8ArQAUVdR2Wh347IZmg0hAOWrc8NzVBDsowwumg5GeapkB60KEtCyUIqoN87HGA9yzTxnGi7JEGj9mfGzkIrfsispMCTFdPayPyP62VmfgkyJlMM0MlmTwUZxxb16PAcJspSgzvWwBEMftXTLqggBgba8mG4E1b/gvuD6veUbV2U6ucnRdxLKEdtIv2kYeO0Rm6RNeogQh6Qi/oDb07z86rM3Q+JqMzTrGzjX6V8/UN3ReilA==</latexit>

hdI(f)dJ(f)i / �IJ(f)Sh(f)

Geometric factor that depends on the relative 
positions of the 2 pulsars
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SGWB detection
Overlap function: Pulsar Timing

<latexit sha1_base64="/LnRDeULFDTlz5EE0KJHBBE3tTI="></latexit>

�(✓ij) = 1 +
cos ✓ij

3
+ 2(1� cos ✓ij) ln

✓
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◆

The Hellings-Downs curve: PTA response 
to isotropic SGWB
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IPTA joint analysis, arxiv: 2309.00693

News from PTAs
Strong evidence for SGWB detected by 
NANOGrav, EPTA, PPTA, InPTA, CPTA 


HD correlations detected with ~  
significance

2 − 4σ

NANOGrav 15 year analysis

<latexit sha1_base64="qETPIn5ATs9PEvOMraZc8Ei9z3c="></latexit>
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What comes next?

Image: GWplotter.com

SGWB

Near term: 
IPTA DR3EPTA

IPTA

SKA (2030s)

NANOGrav

Improved constraints and increased 
HD correlation significance 
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What else in the PTA range?
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Astrometry and SGWB

Precision astrometry with a large 
number of stars as a SGWB detector

Gaia has  observed over 10 years with  precision. Already used to put 
constraints on low-frequency SGWB [Darling et al. 2018; Aoyama et al. 2021; Jaraba et al. (2023) ]

N ∼ 109 𝒪(mas)

[see Book, Flanagan (2010) for a review] 
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More Gaia data is coming in the next few years + future experiments (Roman, Theia…)


Forecasts for Theia , much better angular resolution and lot more stars [J. García-
Bellido et al. 2021]

𝒪(10−10)

Astrometry and SGWB
A. Romero, S. Kuroyanagi, (2024)
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Astrometry and SGWB
GW induced deflection

<latexit sha1_base64="YJpbamNUbvqj9GJgm/H4VIahOZQ="></latexit>

�ni(t,~n) = Rikl(~n, ~p)hij(t)|earth, Rikl(~n, ~p) =
nk

2


(ni + pi)nl

1 + ~n · ~p � �il

�

<latexit sha1_base64="NUmFLInYtmi+pPoheA6O5Dw6GZI=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZXLWL1fcqrsAWSdeTiqQo9Evf/UGMUsjlIYJqnXXcxPjZ1QZzgTOSr1UY0LZmA6xa6mkEWo/W5w7IxdWGZAwVrakIQv190RGI62nUWA7I2pGetWbi/953dSEt37GZZIalGy5KEwFMTGZ/04GXCEzYmoJZYrbWwkbUUWZsQmVbAje6svrpHVV9a6rtcdapX6Xx1GEMziHS/DgBurwAA1oAoMxPMMrvDmJ8+K8Ox/L1oKTz5zCHzifP6Wfj8k=</latexit>

~n
<latexit sha1_base64="n6h0f02wdOvDFHP4NADGu5oAPFQ=">AAACAXicbVBNS8NAEN3Ur1q/ol4EL4tFEISSSFGPRS8eK9gPaELZbKbt0s0m7G4KJdSLf8WLB0W8+i+8+W/ctjlo64OBx3szzMwLEs6Udpxvq7Cyura+UdwsbW3v7O7Z+wdNFaeSQoPGPJbtgCjgTEBDM82hnUggUcChFQxvp35rBFKxWDzocQJ+RPqC9Rgl2khd+8gbAc3EBJ9jLwSuCc6Frl12Ks4MeJm4OSmjHPWu/eWFMU0jEJpyolTHdRLtZ0RqRjlMSl6qICF0SPrQMVSQCJSfzT6Y4FOjhLgXS1NC45n6eyIjkVLjKDCdEdEDtehNxf+8Tqp7137GRJJqEHS+qJdyrGM8jQOHTALVfGwIoZKZWzEdEEmoNqGVTAju4svLpHlRcS8r1ftquXaTx1FEx+gEnSEXXaEaukN11EAUPaJn9IrerCfrxXq3PuatBSufOUR/YH3+APEmlpU=</latexit>

~n+ �~n

<latexit sha1_base64="Pj6IhsdItD0rVPofiBJCT1av3PA=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2k3bpZhN2N4US+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx/dxvT1BpHssnM03Qj+hQ8pAzaqzU7k2QZcmsX664VXcBsk68nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclXqpxoSyMR1i11JJI9R+tjh3Ri6sMiBhrGxJQxbq74mMRlpPo8B2RtSM9Ko3F//zuqkJb/2MyyQ1KNlyUZgKYmIy/50MuEJmxNQSyhS3txI2oooyYxMq2RC81ZfXSeuq6l1Xa4+1Sv0uj6MIZ3AOl+DBDdThARrQBAZjeIZXeHMS58V5dz6WrQUnnzmFP3A+fwCoqY/L</latexit>

~p

[Book, Flanagan (2010)] 

GWs affect the observed 
position of the star

For distant sources, D ≫ λGW
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Astrometry and SGWB
Correlated deflections

<latexit sha1_base64="zXwbkbs7uzMhlo6Tb64vl/P78yU=">AAAB9XicbVDLTgJBEJzFF+IL9ehlIjHxRHYNUY9ELx4xkUcCK5kdGpgwO7uZ6cWQDf/hxYPGePVfvPk3DrAHBSvppFLVne6uIJbCoOt+O7m19Y3Nrfx2YWd3b/+geHjUMFGiOdR5JCPdCpgBKRTUUaCEVqyBhYGEZjC6nfnNMWgjIvWAkxj8kA2U6AvO0EqPnR5IZLQzBp6qabdYcsvuHHSVeBkpkQy1bvGr04t4EoJCLpkxbc+N0U+ZRsElTAudxEDM+IgNoG2pYiEYP51fPaVnVunRfqRtKaRz9fdEykJjJmFgO0OGQ7PszcT/vHaC/Ws/FSpOEBRfLOonkmJEZxHQntDAUU4sYVwLeyvlQ6YZRxtUwYbgLb+8ShoXZe+yXLmvlKo3WRx5ckJOyTnxyBWpkjtSI3XCiSbP5JW8OU/Oi/PufCxac042c0z+wPn8AZWjkpU=</latexit>

�~n
<latexit sha1_base64="rcSoQH1H2yGhBrqH5/Wd+sG3EE4=">AAAB9XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSNczO9iZDZh/OzEbCkv/w4kERr/6LN//GSbIHTSxoKKq66e7yEsGVtu1vq7Cyura+UdwsbW3v7O6V9w+aKk4lwwaLRSzbHlUoeIQNzbXAdiKRhp7Alje8mfqtEUrF4+hejxN0Q9qPeMAZ1UZ66PooNCXdEbLscdIrV+yqPQNZJk5OKpCj3it/df2YpSFGmgmqVMexE+1mVGrOBE5K3VRhQtmQ9rFjaERDVG42u3pCTozikyCWpiJNZurviYyGSo1Dz3SGVA/UojcV//M6qQ6u3IxHSaoxYvNFQSqIjsk0AuJziUyLsSGUSW5uJWxAJWXaBFUyITiLLy+T5lnVuaie351Xatd5HEU4gmM4BQcuoQa3UIcGMJDwDK/wZj1ZL9a79TFvLVj5zCH8gfX5A5oykpg=</latexit>

�~q

<latexit sha1_base64="RHYtP54kYocnZjDsTPvBTG+Pw/I="></latexit>

H
(0)
ij (~n, ~q) =

⇡

3(1� y)2
�
1� 8y + 7y2 � 6y2 ln y

�

⇥ [(2� 2y)�ij � ninj � qiqj � qinj + (1� 2y)qjni]

<latexit sha1_base64="iOS/+goWBP2WP4tsow+nhdJ33Ts="></latexit>

h�ni
�q

ji /
Z

df Sh(f)H
(0)
ij (~n, ~q)

<latexit sha1_base64="YSfQzqNITreCgKe+btD1z+LQ1zg=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCWGZKUZdFNy4r2Ad0Ssmkd9rQTGaaZAplmI9w46+4caGIWxfu/BvTx0JbD1w4Oedecu/xY86Udpxva2V1bX1jM7eV397Z3du3Dw7rKkokhRqNeCSbPlHAmYCaZppDM5ZAQp9Dwx/cTvzGCKRikXjQ4xjaIekJFjBKtJE69vkYezBM2Ah7gSQ0dfEF9kZAU5F5tBvp2WOYZWkp69gFp+hMgZeJOycFNEe1Y3953YgmIQhNOVGq5TqxbqdEakY5ZHkvURATOiA9aBkqSAiqnU6PyvCpUbo4iKQpofFU/T2RklCpceibzpDovlr0JuJ/XivRwXU7ZSJONAg6+yhIONYRniSEu0wC1XxsCKGSmV0x7RMTjjY55k0I7uLJy6ReKrqXxfJ9uVC5mceRQ8foBJ0hF12hCrpDVVRDFD2iZ/SK3qwn68V6tz5mrSvWfOYI/YH1+QN7C56C</latexit>

y ⌘ 1� ~n · ~q
2

Geometry dependent correlation

SGWB PSD
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The angular deflections and timing residuals induced by the SGWB are correlated 

Astrometry x PTA
Cross-correlations

<latexit sha1_base64="m405Uh2lzf1neZSoWqoK3eEHbYo="></latexit>

K(0)
i (~n, ~x) =

16⇡

3

(1� 2y)ni � xi

4y(1� y)

�
2y � 2y2 + 3y2 ln(y)

�

Pulsar direction Star direction
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The angular deflections and timing residuals induced by the SGWB are correlated 

Astrometry x PTA
Cross-correlations

<latexit sha1_base64="m405Uh2lzf1neZSoWqoK3eEHbYo="></latexit>

K(0)
i (~n, ~x) =

16⇡

3

(1� 2y)ni � xi

4y(1� y)

�
2y � 2y2 + 3y2 ln(y)

�

Pulsar direction Star direction

Can cross-correlating Astrometry with PTA help?
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Forecasts with PTA at current sensitivity and an astrometric survey with  
precision and  stars. 


Joint Gaussian likelihood in the timing residuals and angular deflections.

0.01 mas
106

<latexit sha1_base64="2mLI6cqsfe8ZAl+YGLccdmrjtBw="></latexit>

� lnL ⇠ (�t, �~n)C�1(�t, �~n)T

<latexit sha1_base64="oxnC7iq4huEyTv61S9v5mvfeGAA="></latexit>

C =

2

4C�t�t C�t�~n

CT
�t�~n C�~n�~n

3

5

PTA PTA x Astro

AstroPTA x Astro

Astrometry x PTA
The setup
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Astrometry x PTA
Power-law
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Astrometry x PTA
Dipole anisotropy
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Minimum detectable dipole 
anisotropy relative to 

monopole ~ 0.05. 


Current PTA level ~ 0.1
PRELIM

INARY
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Summary
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Summary

PTAs will gather further evidence for the SGWB over the next few years

Astrometry offers a complementary probe of SGWB in the low-frequency range

Cross-correlating PTA and Astrometry data can provide tighter constraints on the 
SGWB

Future work: how to implement this in practice?
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Thank you!
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