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PTAs FAQs

evidence for a GWB

how?

evidence? why not detection?

are all PTAs seeing the same thing? if not, why not?

source still unknown

supermassive BH binaries?

can it be new physics?

how can we tell?
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PULSARS
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TIMING RESIDUALS
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A GALAXY-SIZE DETECTOR FOR GWs

credits Keyi "Onyx" Li / NSF / NANOGrav
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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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Reardon et al. [2306.16215]

Agazie et al. [2306.16213]

2.5 3.0 3.5 4.0 4.5
gGWB

°14
.8°14
.6°14
.4°14
.2°14
.0°13
.8

lo
g 1

0
A G

W
B

fref = 1 yr°1 32 nHz
fref = 0.1 yr°1 3.2 nHz

GWB= 13/3      !      

≈
≈

°9.0 °8.8 °8.6 °8.4 °8.2 °8.0 °7.8 °7.6 °7.4

log10(f/Hz)

°9.0

°8.5

°8.0

°7.5

°7.0

°6.5

°6.0

°5.5

lo
g 1

0(
Ω/

s)

2 3 4 5 6 7

∞

°16.0

°15.5

°15.0

°14.5

°14.0

°13.5

lo
g 1

0
A

C
R

N

DE440
DE438
DE421

SPECTRUM
NANOGrav PPTA

EPTA + InPTA
Antoniadis et al. [2306.16214]

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5
∞

°15.50

°15.25

°15.00

°14.75

°14.50

°14.25

°14.00

°13.75

lo
g 1

0
A

NANOGrav

EPTA + InPTA

PPTA

https://arxiv.org/abs/2306.16215
https://arxiv.org/abs/2306.16213
https://arxiv.org/abs/2306.16214


19

Reardon et al. [2306.16215]

Agazie et al. [2306.16213]
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ANISOTROPIES

overlap reduction 
function

PTA response 
function

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?



24

1. galaxies merger rate 

2. SMBHB - galaxy mass relation 

3. SMBHB binary evolution

CONTENDER #1
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3. SMBHB binary evolution

CONTENDER #1
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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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CONTENDER(s) #2
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COSMOLOGICAL SIGNALS
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Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
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COSMOLOGICAL SIGNALS
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PHASE TRANSITIONS

ϕ

⟨ϕ⟩ = 0
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PHASE TRANSITIONS

ϕ
⟨ϕ⟩ ≠ 0
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s(t) ⇠ G⇢�
m3

�

sin(2m�t)
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<latexit sha1_base64="49xkPfrphmjmdXvHOFJ9RvuD8I8="></latexit>

�(~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)

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

s(t) ⇠ d

p
⇢�

m2
�⇤

sin(m�t)

Kaplan, AM, Trickle [2205.06817]Khmelnitsky, Rubakov [1309.5888]

https://arxiv.org/abs/2205.06817
https://arxiv.org/abs/1309.5888
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Afzal et al. [2306.16219]

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

strong evidence for a GWB in the nHz band

SMBH or cosmological signal? still unclear

anisotropies and CW searches will help discriminating

precise estimates of detection probabilities are needed

PTAs can be used to set tight constraints on NP models
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<latexit sha1_base64="LPGBAzbzOT2RODov/K2xbSe8O6Y="></latexit>
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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
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<latexit sha1_base64="bzF3lE9Dwynfs/DLi0vyXRZoIqU="></latexit>

h
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2

H
2
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✓
f
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◆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⇤)
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<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>
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<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>
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<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
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<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
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Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
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Afzal et al. [2306.16219]

https://arxiv.org/abs/2306.16219
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