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2GRAVITATIONAL WAVE ASTRONOMY ERA

[GWPlotter]
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3SEARCH FOR PRIMORDIAL GW BACKGROUNDS
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4PRIMORDIAL GW BACKGROUNDS FROM LOCAL SOURCES

▸ GWs from primordial 
source local in space and 
time

▸ Phase transitions, 
preheating, peak in  …𝒫ζ

[‘15 Hindmarsh+]
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[‘03 Seto, Yokoyama; 
‘05 Boyle, Steinhardt; 
‘06 Watanabe, Komatsu; 
‘09 Caprini, Durrer, Konstandin, Servant; 
‘18 Caprini, Figueroa; 
‘18 Saikawa, Shirai; 
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…]

▸ Low-f spectrum GWs  universal 
(model-independent) probe of the 
Universe

⇔
Causality

tail
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8DEPENDENCE OF CAUSALITY TAIL ON w [‘20 Hook, Marques-Tavares, DR]

▸ Causality tail  probe 
equation-of-state 

⇔
w
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9COSMOLOGY OF STANDARD MODEL 

⟵ T

▸ SM particles are 
massless ⇒ w = 1

3

vEW

▸ Heavy particle decays 
 ⇒ ΩGW ∼ g⋆(T)1/3

ΛQCD

▸ QCD confines

▸  deviates from w 1
3

[Sandor Katz]time ⟶
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10STANDARD MODEL EFFECT ON THE CAUSALITY TAIL [‘23 Franciolini, DR, Rompineve]

1 nHz 10 nHz
1-10 nHz → GW bkg at PTAs
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11PULSAR TIMING ARRAY MEASUREMENTS 

[‘23 NG15, Olivia Young]

[‘23 NANOGrav;  
EPTA; PPTA; CPTA]

[‘08 Lorimer]

Milli-
second 
pulsars

[‘78 Sazhin; ‘79 Detweiler; 
‘83 Hellings, Downs]

[‘67 Bell Burnell]
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12PULSAR TIMING ARRAY MEASUREMENTS: GW SPECTRUM 

 : tilt of bkg nT ΩGW ∼ f nT

 : tilt of timing residuals γ = 5 − nT ⟨h( f )2⟩ ∼ f −γ

 a
t 

 
lo

g 1
0

A
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1 
yr

−
1
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▸ Earth motion ▸ Pulsar evolution: 
timing model
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13PULSAR TIMING ARRAY MEASUREMENTS: SYSTEMATIC ERRORS 

▸ Earth motion ▸ Pulsar evolution: 
timing model

GW spectral tilt
G

W
 p

ea
k 

am
pl

itu
de

[‘23 NANOGrav-15]

▸ Dispersion measure: 
ionised gas clouds
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1) Dynamical 
friction

2) Final parsec problem

3) GW emission

[‘19 Taylor, Burke-Spolaor +]



La Thuile 2024  Davide Racco (ETH - U. Zürich)

14ORIGIN OF THE SIGNAL: ASTROPHYSICAL INTERPRETATION 

1) Dynamical 
friction

2) Final parsec problem

3) GW emission

[‘19 Taylor, Burke-Spolaor +]



La Thuile 2024  Davide Racco (ETH - U. Zürich)

14ORIGIN OF THE SIGNAL: ASTROPHYSICAL INTERPRETATION 

1) Dynamical 
friction

2) Final parsec problem

3) GW emission

[‘19 Taylor, Burke-Spolaor +]
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15ORIGIN OF THE SIGNAL: ASTROPHYSICAL INTERPRETATION 

▸ Handle to discriminate different origins: identify robust spectral features

3σ contours

[‘23 Becsy+ (NG15)]
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16GW BACKGROUND DETECTED BY PTA [‘23 Franciolini, DR, Rompineve]

 : tilt of bkg nT ΩGW ∼ f nT

 : tilt of timing residuals γ = 5 − nT ⟨h( f )2⟩ ∼ f −γ
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16GW BACKGROUND DETECTED BY PTA [‘23 Franciolini, DR, Rompineve]

 : tilt of bkg nT ΩGW ∼ f nT

 : tilt of timing residuals γ = 5 − nT ⟨h( f )2⟩ ∼ f −γ
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17PTA DISTINGUISH  FROM THE ACTUAL CAUSALITY TAILf3 [‘23 Franciolini, DR, Rompineve]

▸ Bayesian model comparison: 
causality tail vs. 

(strong evidence)

f3

log10 ℬ = {1.6 (NANOGrav-15)
1.3 (IPTA-DR2)

▸ Must account for causality tail 
in model comparison for PTAs
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18CONCLUSIONS

Franciolini, DR, Rompineve 
Phys. Rev. Lett. (2024)

▸ Causality tail  probe  and  
independently of the primordial GW source

⇔ w fFS

Tilt 3 + 3.2 fFS

f = a⋆H⋆
f

ΩGW

▸ SM effects on the causality 
tail must be included at PTAs

Buchalter Cosmology Prize 2023

Hook, Marques-Tavares, DR 
JHEP (2021)
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APPLICATIONS 
ARE OPEN!



Thank you for your 
attention!
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22DERIVATION OF CAUSALITY TAIL [‘20 Hook, Marques-Tavares, DR]
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ΩGW

Standard histo
ry

[‘20 Hook, Marques-Tavares, DR]

▸ Intermediate MD phase → amplify low-f spectrum
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23EFFECT OF INTERMEDIATE MATTER-DOMINATION 

f

ΩGW

Standard histo
ry

Intermediate 
MD

Boost at low f

[‘20 Hook, Marques-Tavares, DR]

▸ Intermediate MD phase → amplify low-f spectrum
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24INTERMEDIATE MD [‘20 Hook, Marques-Tavares, DR]
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26CAUSALITY TAIL AS A PROBE OF FREE-STREAMING PARTICLES

f

ΩGW

▸ Weinberg damping:  at 
horizon crossing

▸ Frequency-independent

h′￼ ≠ 0

[‘04 Weinberg]
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ΩGW

Tilt 3 + 3.2 fFS

f = a⋆H⋆

[‘20 Hook, Marques-Tavares, DR]

▸ Causality-limited sources: also 
affected at GW production

▸ Frequency-dependent
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26CAUSALITY TAIL AS A PROBE OF FREE-STREAMING PARTICLES

f

ΩGW

Tilt 3 + 3.2 fFS

f = a⋆H⋆

[‘20 Hook, Marques-Tavares, DR]

▸ Causality-limited sources: also 
affected at GW production

▸ Frequency-dependent

▸ Causality tail  probe new free-
streaming particles before BBN

⇔

▸ Weinberg damping:  at 
horizon crossing

▸ Frequency-independent

h′￼ ≠ 0

[‘04 Weinberg]
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27DAMPING FROM FREE-STREAMING PARTICLES

[‘20 Hook, Marques-Tavares, DR]
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28DAMPING FROM FREE-STREAMING PARTICLES
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29HOW WELL CAN WE DETECT FEATURES IN THE CAUSALITY TAIL?

[‘22 Brzeminski, Hook, Marques-Tavares ]
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30ORIGIN OF THE SIGNAL: PRIMORDIAL INTERPRETATION 

must go to CT at low f

can go to CT at low f
inflationary GWB: no CT



La Thuile 2024  Davide Racco (ETH - U. Zürich)

31NG15: SEARCH FOR NEW PHYSICS — BEST FITS
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32BOUND FROM  FOR PRIMORDIAL SIGNALΔNeff

 boundΔNeffΩGW

ffyr f⋆

A

ΩCGWh2 = 1.6 ⋅ 10−6 ⋅
ΔNCGW

eff

0.28

▸ Primordial GWs are relativistic 
energy not coupled to SM bath

▸  constrained by CMB ⇒ ΔNeff
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32BOUND FROM  FOR PRIMORDIAL SIGNALΔNeff

[‘23 Franciolini, DR, Rompineve]

 : tilt of bkg nT ΩGW ∼ f nT

 : tilt of timing residuals γ = 5 − nT ⟨h( f )2⟩ ∼ f −γ
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32BOUND FROM  FOR PRIMORDIAL SIGNALΔNeff

[‘23 Franciolini, DR, Rompineve]
▸ Primordial GWB can’t grow until too large 
▸ Signature in CMB if GWB is primordial!

f⋆

 : tilt of bkg nT ΩGW ∼ f nT

 : tilt of timing residuals γ = 5 − nT ⟨h( f )2⟩ ∼ f −γ
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▸  constrained by CMB ⇒ ΔNeff
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33TESTING PRIMORDIAL BLACK HOLES AS DARK MATTER

[‘18 Bartolo, De Luca, Franciolini, Peloso, DR, Riotto]
[‘18 Espinosa, DR, Riotto]
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