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PULSARS
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TIMING RESIDUALS



 timing residualsδt
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TIMING RESIDUALS
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A GALAXY-SIZE DETECTOR FOR GWs
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A GALAXY-SIZE DETECTOR FOR GWs

68 pulsars observed  
by NG

observing 
baseline of 15 yrs

distance to pulsars up 
to ~kpc

IPTA DR3 will contain 
>100 pulsars
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CONTINUOUS WAVE
hij(t, x) = ∑
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GW BACKGROUND

hij(t, x) = ∑
A=+,×
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GW BACKGROUND
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CORRELATIONS EXAMPLE
Toy model examples of common “uncorrelated” and common 

“correlated” red noise processes

18

Γab = (
1 0 0
0 1 0
0 0 1)

CURN

Γab =
1 0.5 0.5

0.5 1 0.5
0.5 0.5 1

moderate correlaDons

Γab =
1 0.95 0.95

0.95 1 0.95
0.95 0.95 1

strong correlaDons

“real-world” example: stock prices for three companies

uncorrelated moderately correlated strongly correlated

slide from Joe Romano
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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HELLINGS & DOWNS CURVE
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EVIDENCE FOR GWB

Agazie et al. [2306.16213]

https://arxiv.org/abs/2306.16213
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EVIDENCE FOR GWB
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Antoniadis et al. [2306.16214]

Reardon et al. [2306.16215]

Xu et al. [2306.16216]

Agazie et al. [2306.16213]

NANOGrav:  
68 pulsars, 16yr of data 
~3-4  significanceσ

EPTA + InPTA: 
25 pulsars, 24yr of data 
~3  significanceσ

PPTA:  
32 pulsars, 18yr of data 
~2  significanceσ

CPTA:  
57 pulsars, 3yr of data 
~4.6  significanceσ

https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16216
https://arxiv.org/abs/2306.16213
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Agazie et al. [2306.16213]
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Agazie et al. [2306.16213]
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Reardon et al. [2306.16215]

Agazie et al. [2306.16213]
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IPTA early data combination
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https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16213
https://arxiv.org/abs/2306.16214
https://arxiv.org/abs/2309.00693
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ANISOTROPIES

overlap reduction 
function

PTA response 
function

GWB power
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Agazie et al. [2306.16221]

https://arxiv.org/abs/2306.16221


20

ANISOTROPIES
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PTA response 
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GWB power
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ANISOTROPIES

overlap reduction 
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PTA response 
function

GWB power
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ANISOTROPIES

overlap reduction 
function

PTA response 
function

GWB power
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what is the source?
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SUPERMASSIVE BH

most massive galaxies host supermassive black holes at their center
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number density of SMBHB binaries

GW signal from individual SMBHB

the SMBHB density depends on 

1. galaxies merger rate 
2. SMBHB - galaxy mass relation 
3. SMBHB binary evolution
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EXPECTATIONS Agazie et al. [2306.16220]

https://arxiv.org/abs/2306.16220
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ADJUSTING EXPECTATIONS

Agazie et al. [2306.16220]
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ADJUSTING EXPECTATIONS

Agazie et al. [2306.16220]
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light starts to free stream inflation 
baryogengesis 
DM formation? 

??? 

PRIMORDIAL SOURCES
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Afzal et al. [2306.16219]

°2 0 2
log10 Trh/GeV

2

4

n
t

N
e
ff

°30

°20

°10

lo
g
1
0

r

°30 °20 °10
log10 r

N
G
15

2 4
nt

igw + smbhb

igw

https://arxiv.org/abs/2306.16219


°9 °7
log10 f§/Hz

1

2

¢

°2

°1

0

lo
g
1
0

A

fPBH = 1

N
G
1
5

°2 °1 0
log10 A

1 2
¢

sigw-gauss + smbhb

sigw-gauss

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219


34

°2 °1 0 1
log10 T§/GeV

°2

°1

lo
g
1
0

H
§
R

§

°1

0

lo
g
1
0

Æ
§

°1 0
log10 Æ§

°2 °1
log10 H§R§

pt-bubble + smbhb

pt-bubble

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219


35

°10 °7 °4
log10 Gµ

7.5

8.0

8.5

9.0

p
∑

CMB

NG15

L
V

K

7.5 8.0 8.5 9.0p
∑

meta-l+smbhb

meta-l

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219


36

COSMOLOGICAL SIGNALS
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where do we go from here?
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ANISOTROPIES
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ANISOTROPIES

Lemke, AM, et al., in preparation
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<latexit sha1_base64="U4/9/Zlgx/QrMFQhf0IK6vNv17I=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2a0b3vN65YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzBxzPjtc=</latexit>
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⌧ f
<latexit sha1_base64="ZWJN+c+Xn1QjWjZTzpTXwK3MohE=">AAAB83icbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBmEBmCD2dnqRJb/QihCG/4cWDIl79GW/+jZ1kDpr4oODxXhVV9VLFqLFh+B2UVlbX1jfKm5Wt7Z3dver+waORTmPSwpJJ3UmRIYwK0rLUMtJRmiCeMtJOR7dTv/1EtKFSPNixIglHA0EzipH1UhwTZSiTohdz16vWwno4A1wmUUFqoECzV/2K+xI7ToTFDBnTjUJlkxxpSzEjk0rsDFEIj9CAdD0ViBOT5LObJ/DEK32YSe1LWDhTf0/kiBsz5qnv5MgOzaI3Ff/zus5m10lOhXKWCDxflDkGrYTTAGCfaoItG3uCsKb+VoiHSCNsfUwVH0K0+PIyeTyrR5f1i/vzWuOmiKMMjsAxOAURuAINcAeaoAUwUOAZvIK3wAUvwXvwMW8tBcXMIfiD4PMHZaCR7w==</latexit> ✏ µ

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit> µ
<latexit sha1_base64="aptoqmwr+ieOHHF38tOWByARDDk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFcSJkRX8uiG5cV7APboWTSTBuaZEKSEcrQv3DjQhG3/o07/8a0nYW2HrhwOOde7r0nUpwZ6/vf3tLyyuraemGjuLm1vbNb2ttvmCTVhNZJwhPdirChnElat8xy2lKaYhFx2oyGtxO/+US1YYl8sCNFQ4H7ksWMYOukR9HNOsqwU3/cLZX9ij8FWiRBTsqQo9YtfXV6CUkFlZZwbEw78JUNM6wtI5yOi53UUIXJEPdp21GJBTVhNr14jI6d0kNxol1Ji6bq74kMC2NGInKdAtuBmfcm4n9eO7XxdZgxqVJLJZktilOObIIm76Me05RYPnIEE83crYgMsMbEupCKLoRg/uVF0jirBJeVi/vzcvUmj6MAh3AEJxDAFVThDmpQBwISnuEV3jzjvXjv3sesdcnLZw7gD7zPH01/kLA=</latexit> m
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<latexit sha1_base64="Zl1w7LzEbiwqSpjnDZNJrxVhq+I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYns8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgecQpQSs1u0jSXtQrV7yqN4O7TPycVCBHvVf+6vYVTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdu3EPbFK342UtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1Uoyug4zLJEUm6XxRlAoXlTt93e1zzSiKsSWEam5vdemQaELRBlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c5L8678zFvLTj5zCH8gfP5A5yRjys=</latexit>⌧f
<latexit sha1_base64="ZWJN+c+Xn1QjWjZTzpTXwK3MohE=">AAAB83icbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBmEBmCD2dnqRJb/QihCG/4cWDIl79GW/+jZ1kDpr4oODxXhVV9VLFqLFh+B2UVlbX1jfKm5Wt7Z3dver+waORTmPSwpJJ3UmRIYwK0rLUMtJRmiCeMtJOR7dTv/1EtKFSPNixIglHA0EzipH1UhwTZSiTohdz16vWwno4A1wmUUFqoECzV/2K+xI7ToTFDBnTjUJlkxxpSzEjk0rsDFEIj9CAdD0ViBOT5LObJ/DEK32YSe1LWDhTf0/kiBsz5qnv5MgOzaI3Ff/zus5m10lOhXKWCDxflDkGrYTTAGCfaoItG3uCsKb+VoiHSCNsfUwVH0K0+PIyeTyrR5f1i/vzWuOmiKMMjsAxOAURuAINcAeaoAUwUOAZvIK3wAUvwXvwMW8tBcXMIfiD4PMHZaCR7w==</latexit>✏µ

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit>µ<latexit sha1_base64="aptoqmwr+ieOHHF38tOWByARDDk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFcSJkRX8uiG5cV7APboWTSTBuaZEKSEcrQv3DjQhG3/o07/8a0nYW2HrhwOOde7r0nUpwZ6/vf3tLyyuraemGjuLm1vbNb2ttvmCTVhNZJwhPdirChnElat8xy2lKaYhFx2oyGtxO/+US1YYl8sCNFQ4H7ksWMYOukR9HNOsqwU3/cLZX9ij8FWiRBTsqQo9YtfXV6CUkFlZZwbEw78JUNM6wtI5yOi53UUIXJEPdp21GJBTVhNr14jI6d0kNxol1Ji6bq74kMC2NGInKdAtuBmfcm4n9eO7XxdZgxqVJLJZktilOObIIm76Me05RYPnIEE83crYgMsMbEupCKLoRg/uVF0jirBJeVi/vzcvUmj6MAh3AEJxDAFVThDmpQBwISnuEV3jzjvXjv3sesdcnLZw7gD7zPH01/kLA=</latexit>m ,0
<latexit sha1_base64="U4/9/Zlgx/QrMFQhf0IK6vNv17I=">AAAB7XicbVDLSgMxFL2pr1pfVZdugkVwVWbE17LoxmUF+4B2KJk008ZmkiHJCGXoP7hxoYhb/8edf2PazkJbD1w4nHMv994TJoIb63nfqLCyura+UdwsbW3v7O6V9w+aRqWasgZVQul2SAwTXLKG5VawdqIZiUPBWuHoduq3npg2XMkHO05YEJOB5BGnxDqp2a0b3vN65YpX9WbAy8TPSQVy1Hvlr25f0TRm0lJBjOn4XmKDjGjLqWCTUjc1LCF0RAas46gkMTNBNrt2gk+c0seR0q6kxTP190RGYmPGceg6Y2KHZtGbiv95ndRG10HGZZJaJul8UZQKbBWevo77XDNqxdgRQjV3t2I6JJpQ6wIquRD8xZeXSfOs6l9WL+7PK7WbPI4iHMExnIIPV1CDO6hDAyg8wjO8whtS6AW9o495awHlM4fwB+jzBxzPjtc=</latexit>
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<latexit sha1_base64="Zl1w7LzEbiwqSpjnDZNJrxVhq+I=">AAAB7XicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr2PQi8cI5gHJEmYns8mY2ZllplcIS/7BiwdFvPo/3vwbJ8keNLGgoajqprsrTAQ36HnfTmFldW19o7hZ2tre2d0r7x80jUo1ZQ2qhNLtkBgmuGQN5ChYO9GMxKFgrXB0O/VbT0wbruQDjhMWxGQgecQpQSs1u0jSXtQrV7yqN4O7TPycVCBHvVf+6vYVTWMmkQpiTMf3EgwyopFTwSalbmpYQuiIDFjHUkliZoJsdu3EPbFK342UtiXRnam/JzISGzOOQ9sZExyaRW8q/ud1Uoyug4zLJEUm6XxRlAoXlTt93e1zzSiKsSWEam5vdemQaELRBlSyIfiLLy+T5lnVv6xe3J9Xajd5HEU4gmM4BR+uoAZ3UIcGUHiEZ3iFN0c5L8678zFvLTj5zCH8gfP5A5yRjys=</latexit> ⌧ f
<latexit sha1_base64="ZWJN+c+Xn1QjWjZTzpTXwK3MohE=">AAAB83icbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBmEBmCD2dnqRJb/QihCG/4cWDIl79GW/+jZ1kDpr4oODxXhVV9VLFqLFh+B2UVlbX1jfKm5Wt7Z3dver+waORTmPSwpJJ3UmRIYwK0rLUMtJRmiCeMtJOR7dTv/1EtKFSPNixIglHA0EzipH1UhwTZSiTohdz16vWwno4A1wmUUFqoECzV/2K+xI7ToTFDBnTjUJlkxxpSzEjk0rsDFEIj9CAdD0ViBOT5LObJ/DEK32YSe1LWDhTf0/kiBsz5qnv5MgOzaI3Ff/zus5m10lOhXKWCDxflDkGrYTTAGCfaoItG3uCsKb+VoiHSCNsfUwVH0K0+PIyeTyrR5f1i/vzWuOmiKMMjsAxOAURuAINcAeaoAUwUOAZvIK3wAUvwXvwMW8tBcXMIfiD4PMHZaCR7w==</latexit> ✏ µ

<latexit sha1_base64="v73/7iDx2oytdIpUlff0XR7xX/Y=">AAAB6nicbVDJSgNBEK2JW4xb1KOXxiB4CjPidgx68RjRLJAMoafTkzTpZejuEcKQT/DiQRGvfpE3/8ZOMgdNfFDweK+KqnpRwpmxvv/tFVZW19Y3ipulre2d3b3y/kHTqFQT2iCKK92OsKGcSdqwzHLaTjTFIuK0FY1up37riWrDlHy044SGAg8kixnB1kkPXZH2yhW/6s+AlkmQkwrkqPfKX92+Iqmg0hKOjekEfmLDDGvLCKeTUjc1NMFkhAe046jEgpowm506QSdO6aNYaVfSopn6eyLDwpixiFynwHZoFr2p+J/XSW18HWZMJqmlkswXxSlHVqHp36jPNCWWjx3BRDN3KyJDrDGxLp2SCyFYfHmZNM+qwWX14v68UrvJ4yjCERzDKQRwBTW4gzo0gMAAnuEV3jzuvXjv3se8teDlM4fwB97nD2CejeA=</latexit> µ
<latexit sha1_base64="aptoqmwr+ieOHHF38tOWByARDDk=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFcSJkRX8uiG5cV7APboWTSTBuaZEKSEcrQv3DjQhG3/o07/8a0nYW2HrhwOOde7r0nUpwZ6/vf3tLyyuraemGjuLm1vbNb2ttvmCTVhNZJwhPdirChnElat8xy2lKaYhFx2oyGtxO/+US1YYl8sCNFQ4H7ksWMYOukR9HNOsqwU3/cLZX9ij8FWiRBTsqQo9YtfXV6CUkFlZZwbEw78JUNM6wtI5yOi53UUIXJEPdp21GJBTVhNr14jI6d0kNxol1Ji6bq74kMC2NGInKdAtuBmfcm4n9eO7XxdZgxqVJLJZktilOObIIm76Me05RYPnIEE83crYgMsMbEupCKLoRg/uVF0jirBJeVi/vzcvUmj6MAh3AEJxDAFVThDmpQBwISnuEV3jzjvXjv3sesdcnLZw7gD7zPH01/kLA=</latexit> m
 
,0

Lemke, AM, et al., in preparationGardiner, Kelley, Lemke, AM [2309.07227]

https://arxiv.org/abs/2309.07227


41

SINGLE SOURCE

Kelley et al. [1711.00075]



42

SINGLE SOURCE

Agazie et al. [2306.16222]

https://arxiv.org/abs/2306.16222


43

SINGLE SOURCE

Agazie et al. [2306.16222]

https://arxiv.org/abs/2306.16222


44

SINGLE SOURCE

Agazie et al. [2306.16222]

https://arxiv.org/abs/2306.16222


what if it’s not new physics



COSMIC STRINGS

°13 °12 °11 °10
log10 Gµ

A

stable-c + smbhb

stable-k + smbhb

stable-m + smbhb

stable-n + smbhb

upper limits

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

46

Afzal et al. [2306.16219]

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
https://arxiv.org/abs/2306.16219


COSMIC STRINGS

°13 °12 °11 °10
log10 Gµ

A

stable-c + smbhb

stable-k + smbhb

stable-m + smbhb

stable-n + smbhb

upper limits

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

μ

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

46

Afzal et al. [2306.16219]

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
https://arxiv.org/abs/2306.16219


47

COSMIC STRINGS

°13 °12 °11 °10
log10 Gµ

A

stable-c + smbhb

stable-k + smbhb

stable-m + smbhb

stable-n + smbhb

upper limits

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

μ

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-c stable-c+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-k stable-k+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-m stable-m+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

stable-n stable-n+smbhb

10°12

10°10

10°8

10°6

10°4
h

2
≠

G
W

meta-l meta-l+smbhb

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

meta-ls meta-ls+smbhb

10°9 10°8 10°7

f [Hz]

10°12

10°10

10°8

10°6

10°4

h
2
≠

G
W

super

10°8 10°7

f [Hz]

super+smbhb

Afzal et al. [2306.16219]

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
https://arxiv.org/abs/2306.16219


48

ULDM
<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))

DM density

stochastic low-f 
fluctuations +



<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))

49

ULDM

DM mass

stochastic low-f 
fluctuations +



50

ULDM

gravitational signals
<latexit sha1_base64="Z/+JH9LCyKcuKpgqogp0j4RWt34=">AAACHHicbVC7TsMwFHV4lvIKMLJYVEhlqRLeI4IBxiJRWqkJleM61KrtRPYNUhX1Q1j4FRYGEGJhQOJvcNMOvI5k+fice3V9T5QKbsDzPp2p6ZnZufnSQnlxaXll1V1bvzZJpilr0EQkuhURwwRXrAEcBGulmhEZCdaM+mcjv3nHtOGJuoJBykJJbhWPOSVgpY67Z6qwExgucRBrQvPzQPeSTpD2+DCXxX2zN7S+qu6Onxh2Om7Fq3kF8F/iT0gFTVDvuO9BN6GZZAqoIMa0fS+FMCcaOBVsWA4yw1JC++SWtS1VRDIT5sVyQ7xtlS6OE22PAlyo3ztyIo0ZyMhWSgI989sbif957Qzi4zDnKs2AKToeFGcCQ4JHSeEu14yCGFhCqOb2r5j2iA0JbJ5lG4L/e+W/5Hq35h/WDi73KyenkzhKaBNtoSry0RE6QReojhqIonv0iJ7Ri/PgPDmvztu4dMqZ9GygH3A+vgB9FKGg</latexit>

s(t) ⇠ G⇢�
m3

�

sin(2m�t)

Khmelnitsky, Rubakov [1309.5888]

<latexit sha1_base64="er9+1Fgi8Jf/7fAWUhd+Uy03f+Q="></latexit>

hss0i ⇠ G2⇢2

m3f4�4
K0

⇣ !

m�2

⌘

Kim, AM [2311.xxxx]

<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))
stochastic low-f 

fluctuations +

https://arxiv.org/abs/1309.5888


51

ULDM
�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))

gravitational signal
<latexit sha1_base64="Z/+JH9LCyKcuKpgqogp0j4RWt34=">AAACHHicbVC7TsMwFHV4lvIKMLJYVEhlqRLeI4IBxiJRWqkJleM61KrtRPYNUhX1Q1j4FRYGEGJhQOJvcNMOvI5k+fice3V9T5QKbsDzPp2p6ZnZufnSQnlxaXll1V1bvzZJpilr0EQkuhURwwRXrAEcBGulmhEZCdaM+mcjv3nHtOGJuoJBykJJbhWPOSVgpY67Z6qwExgucRBrQvPzQPeSTpD2+DCXxX2zN7S+qu6Onxh2Om7Fq3kF8F/iT0gFTVDvuO9BN6GZZAqoIMa0fS+FMCcaOBVsWA4yw1JC++SWtS1VRDIT5sVyQ7xtlS6OE22PAlyo3ztyIo0ZyMhWSgI989sbif957Qzi4zDnKs2AKToeFGcCQ4JHSeEu14yCGFhCqOb2r5j2iA0JbJ5lG4L/e+W/5Hq35h/WDi73KyenkzhKaBNtoSry0RE6QReojhqIonv0iJ7Ri/PgPDmvztu4dMqZ9GygH3A+vgB9FKGg</latexit>

s(t) ⇠ G⇢�
m3

�

sin(2m�t)

10°24 10°23 10°22

m¡ [eV]

1

10

102

(2
S

¡
+

1)
Ω ¡

[G
eV

cm
°

3
]

(2S¡ + 1)Ω¡ = 0.4 GeV/cm3

Correlated

Uncorrelated

10°9 10°8

f [Hz]

Afzal et al. [2306.16219]

10°19 10°18 10°17 10°16 10°15 10°14 10°13 10°12

m [eV]

10

102

103

104

105

106

107

108

Ω/
Ω 0

Earth

Mars

Saturn

(Tobs, Npsr) = (15 yr, 67)

(Tobs, Npsr) = (20 yr, 100)

(Tobs, Npsr) = (30 yr, 166)

Kim, AM [2311.xxxx]

https://arxiv.org/abs/2306.16219


52

ULDM
<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~x, t) =

p
2⇢�
m�

�̂(~x) cos (m�t+ �(~x))

direct coupling signals
<latexit sha1_base64="C3vg+JDwmT1leXY69B3v04LbF7Y="></latexit>

s(t) ⇠ d

p
⇢�

m2
�⇤

sin(m�t)

Kaplan, AM, Trickle [2205.06817]

gravitational signals
<latexit sha1_base64="Z/+JH9LCyKcuKpgqogp0j4RWt34=">AAACHHicbVC7TsMwFHV4lvIKMLJYVEhlqRLeI4IBxiJRWqkJleM61KrtRPYNUhX1Q1j4FRYGEGJhQOJvcNMOvI5k+fice3V9T5QKbsDzPp2p6ZnZufnSQnlxaXll1V1bvzZJpilr0EQkuhURwwRXrAEcBGulmhEZCdaM+mcjv3nHtOGJuoJBykJJbhWPOSVgpY67Z6qwExgucRBrQvPzQPeSTpD2+DCXxX2zN7S+qu6Onxh2Om7Fq3kF8F/iT0gFTVDvuO9BN6GZZAqoIMa0fS+FMCcaOBVsWA4yw1JC++SWtS1VRDIT5sVyQ7xtlS6OE22PAlyo3ztyIo0ZyMhWSgI989sbif957Qzi4zDnKs2AKToeFGcCQ4JHSeEu14yCGFhCqOb2r5j2iA0JbJ5lG4L/e+W/5Hq35h/WDi73KyenkzhKaBNtoSry0RE6QReojhqIonv0iJ7Ri/PgPDmvztu4dMqZ9GygH3A+vgB9FKGg</latexit>

s(t) ⇠ G⇢�
m3

�

sin(2m�t)

<latexit sha1_base64="er9+1Fgi8Jf/7fAWUhd+Uy03f+Q="></latexit>

hss0i ⇠ G2⇢2

m3f4�4
K0

⇣ !

m�2

⌘
Khmelnitsky, Rubakov [1309.5888]

Kim, AM [2311.xxxx]

https://arxiv.org/abs/2205.06817
https://arxiv.org/abs/1309.5888


53

10°24 10°23 10°22 10°21 10°20

m¡ [eV]

10°8

10°7

10°6

10°5

10°4

10°3

10°2

d m̂

A < A
grav

Rb/Cs atomic clocks

MICROSCOPE

Correlated

Uncorrelated

10°24 10°23 10°22 10°21 10°20

m¡ [eV]

10°8

10°7

10°6

10°5

10°4

10°3

10°2

d e

A < A
grav

H
/S

ic
lo

ck
sh

ift

MICROSCOPE

10°24 10°23 10°22 10°21 10°20

m¡ [eV]

10°8

10°7

10°6

10°5

10°4

10°3

10°2

10°1

1

d µ

A < A
grav

NS binary system

10°24 10°23 10°22 10°21 10°20

m¡ [eV]

10°8

10°7

10°6

10°5

10°4

10°3

d ∞

A(ªA = 4.83) < Agrav

Rb/Cs atomic clocks

Al/H
g ato

mic clo
cks

10°24 10°23 10°22 10°21 10°20

m¡ [eV]

10°8

10°7

10°6

10°5

10°4

10°3

d g

A < A
grav

Rb/Cs atomic clocks

MICROSCOPE

10°9 10°8 10°7 10°6
f [Hz]

10°9 10°8 10°7 10°6
f [Hz]

10°9 10°8 10°7 10°6
f [Hz]

10°9 10°8 10°7 10°6
f [Hz]

10°9 10°8 10°7 10°6
f [Hz]

ULDM

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219


strong evidence for a GWB in the nHz band



strong evidence for a GWB in the nHz band

cosmology or astrophysics?



strong evidence for a GWB in the nHz band

cosmology or astrophysics?

CW and anisotropies will help us discriminating



strong evidence for a GWB in the nHz band

cosmology or astrophysics?

CW and anisotropies will help us discriminating

PTA can be used to constrain new physics



backup



have a model you want to test against PTA data?

say hello to PTArcade

PTArcade



57

PTArcade

toy model
<latexit sha1_base64="hNsHM5m0WynRcu0wEP7ghBycsJA="></latexit>

h2⌦GW (f) =
A⇤

f/f⇤ + f⇤/f

Step 3

Step 2

Step 1



58

PTArcade

Step 3

Step 2

toy model
<latexit sha1_base64="hNsHM5m0WynRcu0wEP7ghBycsJA="></latexit>

h2⌦GW (f) =
A⇤

f/f⇤ + f⇤/f

Step 1



59

PTArcade

Step 3

Step 2

toy model
<latexit sha1_base64="hNsHM5m0WynRcu0wEP7ghBycsJA="></latexit>

h2⌦GW (f) =
A⇤

f/f⇤ + f⇤/f

Step 1



60

PTArcade

Step 3

Step 2

toy model
<latexit sha1_base64="hNsHM5m0WynRcu0wEP7ghBycsJA="></latexit>

h2⌦GW (f) =
A⇤

f/f⇤ + f⇤/f

Step 1



61

PTArcade

Step 3

Step 2

toy model

h2⌦GW (f) =
A⇤

f/f⇤ + f⇤/f

Step 1



62

FACE-OFF

vs

inflation

scalar induced GW

phase transitions

cosmic strings

domain walls

SMBHB



63

FACE-OFF

vs

inflation

scalar induced GW

phase transitions

cosmic strings

domain walls

<latexit sha1_base64="LPGBAzbzOT2RODov/K2xbSe8O6Y="></latexit>

h
2⌦GW / A

2

H
2
0

✓
f

yr�1

◆5��

yr�2



64

FACE-OFF

vs

inflation

scalar induced GW

phase transitions

cosmic strings

domain walls

<latexit sha1_base64="bzF3lE9Dwynfs/DLi0vyXRZoIqU="></latexit>

h
2⌦GW / A

2

H
2
0

✓
f

yr�1

◆5��

yr�2

free parameters



65

FACE-OFF

vs

<latexit sha1_base64="bzF3lE9Dwynfs/DLi0vyXRZoIqU="></latexit>

h
2⌦GW / A

2

H
2
0

✓
f

yr�1

◆5��

yr�2

free parameters

<latexit sha1_base64="022yVDRFm+5JrIUKXT70sRF+uYY=">AAACB3icbVDJSgNBEO1xjXGLehSkMQjxEmaCG+QS9KA3I2SDTAw9nZqkSffM0N0jhCE3L/6KFw+KePUXvPk3dpaDJj4oeLxXRVU9L+JMadv+thYWl5ZXVlNr6fWNza3tzM5uTYWxpFClIQ9lwyMKOAugqpnm0IgkEOFxqHv9q5FffwCpWBhU9CCCliDdgPmMEm2kduagd19wbwV0STtxpcDX9WHOL7pFt9IDTY7bmaydt8fA88SZkiyaotzOfLmdkMYCAk05Uarp2JFuJURqRjkM026sICK0T7rQNDQgAlQrGf8xxEdG6WA/lKYCjcfq74mECKUGwjOdguiemvVG4n9eM9b+RSthQRRrCOhkkR9zrEM8CgV3mASq+cAQQiUzt2LaI5JQbaJLmxCc2ZfnSa2Qd87yp3cn2dLlNI4U2keHKIccdI5K6AaVURVR9Iie0St6s56sF+vd+pi0LljTmT30B9bnDz8RmEk=</latexit>

h2⌦GW(f ; ⇥)

free parameters



66

FACE-OFF

vs

<latexit sha1_base64="bzF3lE9Dwynfs/DLi0vyXRZoIqU="></latexit>

h
2⌦GW / A

2

H
2
0

✓
f

yr�1

◆5��

yr�2

free parameters free parameters

<latexit sha1_base64="2TZicpP7/HaUfj/Z5cZUpcSHY0g=">AAACFHicbVDLSgMxFM34rPVVdekmWAStUmaKL+hGdKE7q7RW6NThTpppQ5OZIckIZehHuPFX3LhQxK0Ld/6N6WPh68C9HM65l+QeP+ZMadv+tCYmp6ZnZjNz2fmFxaXl3MrqtYoSSWiNRDySNz4oyllIa5ppTm9iSUH4nNb97unAr99RqVgUVnUvpk0B7ZAFjIA2kpfb6dyW3AtB2+ClrhT4rN7fCspu2QUed8Ar7OLqoJ1feYVtL5e3i/YQ+C9xxiSPxqh4uQ+3FZFE0FATDko1HDvWzRSkZoTTftZNFI2BdKFNG4aGIKhqpsOj+njTKC0cRNJUqPFQ/b6RglCqJ3wzKUB31G9vIP7nNRIdHDVTFsaJpiEZPRQkHOsIDxLCLSYp0bxnCBDJzF8x6YAEok2OWROC8/vkv+S6VHQOivuXe/njk3EcGbSONtAWctAhOkbnqIJqiKB79Iie0Yv1YD1Zr9bbaHTCGu+soR+w3r8Alneb/A==</latexit>

h
2⌦GW(f ; ↵⇤, T⇤, HR⇤)



67

FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB



68

FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

likelihood function

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB



69

FACE-OFF
<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

likelihood function

prior distributions

<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB



70

FACE-OFF
<latexit sha1_base64="0J4hmRWHG5aoVkqC9ivdHh9cw5c=">AAACJ3icbZDLSsNAFIYn9VbrLerSzWARXJVEvG2UEjddSQV7wSaEyXTSDp1cmJkIJeRt3PgqbgQV0aVv4qQNoq0/DPx85xzmnN+LGRXSMD610sLi0vJKebWytr6xuaVv77RFlHBMWjhiEe96SBBGQ9KSVDLSjTlBgcdIxxtd5fXOPeGCRuGtHMfECdAgpD7FSCrk6pd2gOQQI5Za2YXtc4TTH3KXuanNA3jdzLJ5ajWsLHP1qlEzJoLzxixMFRRquvqL3Y9wEpBQYoaE6JlGLJ0UcUkxI1nFTgSJER6hAekpG6KACCed3JnBA0X60I+4eqGEE/p7IkWBEOPAU535tmK2lsP/ar1E+udOSsM4kSTE04/8hEEZwTw02KecYMnGyiDMqdoV4iFSYUkVbUWFYM6ePG/aRzXztHZyc1ytW0UcZbAH9sEhMMEZqIMGaIIWwOABPIFX8KY9as/au/YxbS1pxcwu+CPt6xuLUaeU</latexit>

B =
ZNP

ZBHB

<latexit sha1_base64="qUmn3HDWGgp5FMLhbv0OgPkHm18="></latexit>

Z =

Z
d⇥ P (D|⇥,H)⇥ P (⇥|H)

likelihood function

prior distributions

2 3 4 5 6
∞

°18

°17

°16

°15

°14

°13

lo
g 1

0
A

holodeck

NG15

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219


71

FACE-OFF

inflation

ig
w

si
g
w

-d
el

ta
si
g
w

-g
a
u
ss

si
g
w

-b
o
x

pt
-b

u
bb

le
pt

-s
o
u
n
d

st
a
bl

e-
c

st
a
bl

e-
k

st
a
bl

e-
m

st
a
bl

e-
n

m
et

a
-l

m
et

a
-l

s

su
pe

r

d
w

-s
m

d
w

-d
r

10°1

1

10

102

B
ay

es
fa

ct
or

New Physics

New Physics + SMBHB

Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219

