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e Brief intro on recent Pulsar Timing Array (PTA) observations
e Constraints on cosmological sources:

e (Model-independent) role of QCD thermal history

e Second-order induced GWs and primordial black hole bounds

e Estimate future sensitivity to sub-dominant GW backgrounds
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Pulsar Timing Array observations
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“Recent” Pulsar Timing Array (PTA) observations
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Correlation between pulsar pairs: Hellings-Downs curve

e Pulse frequency variation induced by GWs 038
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>3 sigma evidence for HD in PTA datasets
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Evidence for HD found most recent datasets

e Results compatible with each other IPTA [arXiv:2309.00693]
e NANOGrav 15 currently giving the most stringent constraint

—— FEPTA+InPTA —— PPTA x f?
——— NANOGrav — == joint median —13.0
1071 E :Q: —13.5 4=
< : E 14.0 \ :
5 10712 g
% ] () —145 ]
Z 1013 4 E —— EPTA+InPTA
g = = —15.01 NANOGrav :
S - S S :
& 10714 - © —15.5 - !DP.TA :
O = joint :
g - ——rrrrr] ——rrrrr] ——rrrrr} . —16.0 T T T : T
107 1078 1077 1076 1 2 34 > \6
Frequency [Hz] spectral index, yup
; nr =2/3
PTA optimal range | (See also Hazboun et al [arXiv:1907.04341]) T /
n .
SGWB spectrum: QGW X (f/fyr) T SGWRB tilt: nr = 9—1.
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GWs sources in the nHz frequency range

Hubble+Keck observations

Astrophysics:

SMBH binaries formed
in galaxy mergers

Image: NASA, ESA

o0
o

“New” physics: N
GW backgrounds of g
cosmological origin .
o
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L. Mayer et al. Science 316 (2007), 1874-1877 [arXiv:0706.1562]

J. Ellis, G.F. , et al. [arXiv:2308.08546]
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5x107° 108 2x1078

f [Hz]

Numerical simulations of galaxy mergers

: O NGI5

————— Cosmic SuperStrings

———- Domain Walls

— —— First—order GWs

] — . Scalar—-induced GWs

- MHD turbolence



Role of the QCD thermal history




Coincidence of scales: PTA and QCD

e Relevant scale for cosmological GWs: Hubble sphere Ry = T

2
Ry 7ol

hi
GW mode

Frequencies of modes crossing the Hubble sphere f = k/2m = aH /27

1/6
g*S(T) T
~ 3.0nHz - :
J = 3.0nllz ( 20 ) <150Me\/>

PTA frequency range €+— epoch of confinement of QCD
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QCD effects on cosmological evolution

Lattice QCD. Borsanyi et al, [1606.07494]

0.95 | | | 3 |
QCD crossover affects oy 110 P — s -
: : S Quark-gluon plasm
cosmological evolution < | : |
L
3 e
S Y g*’sT 45
4 =
P~ g*T )

'l 'l
10° 10’ 10° 10° 104 10°

. . Temperature [MeV]|
Evolution of the equation

of state of the universe

100 MeV GeV
A 0.32——— ——
w(T) — 5(9*,8(T)/g*(T)) —1 0_303_
0.28}
S I
RD: w=1/3 0.26;
0.24} L 1
0 221_ MeV GeV TeV_I
30% deviation from perfect radiation 107 [PTA optimal range [107°
induced by QCD crossover f [Hz]
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Class of GW spectra: transient sources

e Model independent effect of QCD thermal history on transient sources

e Source active for timescale 7. RH

2
53 7TG,0H_

83% + 27‘[87-}%]’ + k2hz’j — a ij = Jij

h

Anisotropic stress

Over longer time-scales: J(k,7") = J,(k)§(7" — %)

e.g. bubbles collisions from PTs

Example of transient sources:

e First-order cosmological phase transitions
e Second-order GWs with peaked spectrum
e Spectator fields
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GW spectra for transient sources

Source independent ~ Source dependent
% Super-Hubble emission
G Acw > 1/H, el
3 R
O
g s
@ .
g "
= ‘.
= ~
<

_—

f < fe

|
Frequencies:  f/ f

Model dependent, may require
numerical simulations, potential

Model independent feature of degeneracy with other sources

transient cosmological sources: ,
['03 Seto, Yokoyama; ‘05 Boyle, Steinhardt; ‘06 Watanabe, Komatsu; ‘09

Caprini, Durrer, Konstandin, Servant; ‘18 Caprini, Figueroa; ‘18 Saikawa,

44 3 1120
Causallty Tail Shirai; ‘18 Cui, Lewicki, Morrissey, Wells; ‘19 D’Eramo, Schmitz;...|
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Derivation of the causality tail

e On scales: 1/k > 1/k,
one finds N = (k,/k)° independent patches

e The GW amplitude over super-Hubble scales is

e The GW two point function:

(hihi) = N72 37 Aheyhay) = (K/Ex)?[hal?

o« GW dynamics: constant on super-Hubble scales (over-damped), then decays as 1/a:

paw ~ (hi) ~ (k/a)*(h})

k3  Radiation Domination
Qcow ~ paw ~ (super-Hubble scales)
k Matter Domination
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QCD crossover affects the causality tail in the PTA band

G.Franciolini, D.Racco and F.Rompineve, PRL [arXiv:2306.17136|

T
Change of background equation of state 039 100 MeV GeV
x 32T 0.30f
0.28}
= 0.26}
0.24} A :
022 | | o MeV | Ge\l/' ITeIV_Z

d}aw 1 _ dpaw

dinf  po . dinf

(o

X Gx,s  Gx

100;_"' QGw(f)O(f?) : _
including g.(.(T) for EOM of GWs |
10-1— including also gu(¢)(T) in paw/py " | ]

—_

=
w
T

Qew(f) [arb. units]

fyr

entropy injection to SM bath only

Relevant modulation for all f [Hz]
early-universe sources of GWs

active before QCD crossover. PTA optimal range
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QCD crossover affects the causality tail in the PTA band

G.Franciolini, D.Racco and F.Rompineve, PRL [arXiv:2306.17136]

Maximum Posterior Signals

AN " PlanckIs+BAO |
—6 5
L T e vi: - A T
1077 === ~ f? |
Q 10—8 ....... free nr :‘i’i
g ‘ _.|= ‘
@ |
5
<

EEE [PTA DR2
B NCiS

10~ 1078

fHz

o Effect already relevant for signal interpretation

Significant difference in evidence between
approximated cubic and actual causality tail
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QCD crossover affects the causality tail in the PTA band

G.Franciolini, D.Racco and F.Rompineve, PRL [arXiv:2306.17136]

SGWB tilt: nr
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Second-order induced GWs




Induced GWs at second-order

A

| Inflation RD / MD

Scales ; B
‘..  Hubble scale H o 1/%

A 3

Acns

-' Sales

ds? = —dt® + a?(t)eX* ") [dr? 4+ r2d0%] ™

Rehe.ating

- Time —— P

Farly universe
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Emission of induced GWs at second-order

K. Tomita, Prog. Theor. Phys. 54, 730 (1975).

!/ / 2 S. Matarrese, O. Pantano, and D. Saez, Phys. Rev. Lett. 72, 320 (1994), [arXiv:9310036].
o . 2 o« o A . . V. Acquaviva, et al. Nucl. Phys. B 667, 119 (2003), [arXiv:0209156].
(/ 1
17 () J J S. Mollerach, D. Harari, and S. Matarrese, Phys. Rev. D 69, 063002 (2004), [arXiv:0310711].
K. N. Ananda, C. Clarkson, and D. Wands, Phys. Rev. D 75, 123518 (2007), [arXiv:0612013].

T

Scales Hubble lcrossing

Ry =1/H

Super-Hubble scales
Sij ~ 0:C0;¢ ~ (k/H)? < 1

k/H 1

() ,‘ “., MEEEAYETE
I Sub-Hubble scales
Sii~(k/H)? <1

» T'1me
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Characterization of the spectrum

At second-order in comoving curvature perturbation, after h / \ h
averaging over the fast oscillating pieces: \ /

2

_ d*p p*[1— 1] : 2 (7 =
Qaw (0, k) = I3HE? / (27T)3 3 |E—ﬁ’3 Pe (p) Pe (’k —ﬁ‘){f (k, p)]

e Double peak feature for narrow spectra

o Universal IR slope (super-Hubble modes)

h2Qgw/(cgA%)

e UV model dependent: o P¢(k > k)

broken power—law

10—12 -

001 010 1 10 100
k/k.
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SIGW can fit PTA data well

(a+58)
(B (k/k*)—a/v +a (k/k*)ﬁ/ﬁ)7

Assuming BPL curvature spectrum: P (k)= A

The IR tail of a SIGW scenario can fit well the data

(7.92*355, 8.19775)

SIGW-BPL
e o —— EPTADR2New
o —— NANOGravlb
2/\9’
o0 ~
) b [Mpe|
, : C
2 J (450753 4537500) P
106 107
SN 107°F ' T T T 3
SR Power-law
-6
o] ! 107" | _ siew-BpL
| (5.2571%,5.00718)
— e : 107 — SIGW-LN
. | f:rﬂ""“""’"'f".
SN ’
> i |
V1 : !
| (5.021543,5.031567)
o |
- Q 1 1 ]
| 10~ -
“7 NANOGrav15 3
v ' = o 10—12 | )
I I YOI SO R 1079 1078 1077
logo(k«/Mpc™t) log;y A « p v f [HZ]
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Large curvature perturbations are required

QGVV X QT,O X C4

MpgH [M@]
10°! 10" 10° 103 10- ’ 0%  107P

f | [ E ,x‘ | 7
N 2 I:’ PTA //I “‘ //
< 107°F T
Ny I Pr1ry10r0hal Black Horles
N I
Q. “wEPTA ¥
o ) ,,'_ ’PPTA “\‘\\Ln SA K@@
= 1074k FIRAS A _
4;3 10 'I' ‘SKAA/.,' \\\\// |
O 1 | N S /
2 \ Il :I«v’ N /
2 1 fo .BBO
— 6 \\\ 'l \\_/ '
q; 107°F \ ! _
O \ / MPBH —1/2
= Ik~ 10"Mpc? ( )
<D \ / M®
= \ PIXIE /
HE —8 Lyman-alpha‘._ . e |
C:S 10 Planck
r ~~__ §
ST S N

101 ' I | l | |
10 4 1071 102 10° 108 101 10
k [Mpc ']
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Large curvature perturbations: primordial black hole formation

Large curvature perturbations

PBH collapse

Emission of II order GWs

-»

Mass and frequency related by the Hubble scale at formation

GW —1/2
YT s () e @
Mg

R.Saito and J.Yokoyama, Phys. Rev. Lett. 102 (2009), 161101 [arXiv:0812.4339]
J. Garcia-Bellido, M. Peloso and C. Unal, JCAP 09 (2017), 013 [arXiv:1707.02441]
N. Bartolo, et al, Phys. Rev. Lett. 122 (2019) no.21, 211301 [arXiv:1810.12218]
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Complementary constraints from PBH overproduction

Review: B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama, Rept. Prog. Phys. 84, no.11, 116902 (2021) [arXiv:2002.12778]
10V

&
510_2; ) .
o e o ;
10_3_— ~ \ —
= \ =
g E [ 8 | @3
B 1
v N Y V|

ISR S 1) 23
5 bR 3 i|E:
5 i 34|

< 10 <

S

=

10-18 1071 10-12 107 1076 1073 10° 103

Primordial black hole mass Mpgy [Mg)
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Detailed computation of the PBH abundance

M. Shibata and M. Sasaki, Phys. Rev. D 60, 084002 (1999) |arXiv:gr-qc/9905064]
T. Harada, C. M. Yoo and K. Kohri, Phys. Rev. D 88, no.8, 084051 (2013) [arXiv:1309.4201] . . . . ~
C. Germani and 1. Musco, Phys. Rev. Lett. 122, no.14, 141302 (2019) [arXiv:1805.04087] Formation criterion: 0 > 0 c (= 0.9

Threshold for collapse sensitive to the following:

L1
(==}

oo
o wWL =

e Shape of the collapsing peak (controlled by curvature spectrum) 03

[N
ot
5

0.2
I. Musco, V. De Luca, G. Franciolini and A. Riotto, Phys.Rev.D 103 (2021) no.6, 063538 [arXiv:2011.03014] 0.1
0.0
0.0 0.5 1.0 1:5 2.0 2.5 3.0
PR BB o oo A ' Q.5GE 7T T T
0.32f ! F
e QCD era: softening of the equation of state | 0.54-
0.28} 5t
i — ¢ =0p/op 0.52
) ) 0.24+ — w=p/p [ nex~1
[. Musco, K. Jedamzik, and S. Young [arXiv:2303.07980] [ o5l
10102 100 100 1ot 102 10 10t .10—3 16-2 16-1 160 161 162 163 10*
Cosmological horizon mass My [Mg)] Mp[My)]

8 5@ /2g2, @2

9a’ H?
S. Young, I. Musco and C. T. Byrnes, JCAP 11 (2019), 012 [arXiv:1904.00984]
V.De Luca, G.Franciolini, A.Kehagias, M.Peloso, A.Riotto and C.Unal, JCAP 07 (2019), 048 [arXiv:1904.00970]

e Non-linearities: ¢ (f7 t) —

e Primordial non-Gaussianities: e.g. different models predict local-type NGs (= F({¢)

Curvaton model: ¢ =log[X (rdec,(q)] USR models: ¢ =— (&) log (1 — & farda)

See talk by I. Musco on Friday GW probes of FP - 24



Non-Gaussian effects on the SGWB

P.Adshead, K.D.Lozanov and Z.J.Weiner, JCAP 10 (2021), 080 [arXiv:2105.01659]

_ 2 (0) (1) (2)
¢ = Ca+FINLCE Qaw (T) = Qe (1) + Qe (1) + Qg (1)
49 3 112 4 14
A A F$r A Fyy
J. Ellis, G.F. , et al. [arXiv:2308.08546] .
0 — P /(A%
10 —P,Sl)/(A3F§L) : / [-1.5,—0.55)
10—1;_ _Pi(zm/(AélFl%IL) “ y=
: c=04 ;%/\Q
102 g
103 )
10~4 E ‘
Lognormal curvature PS &
107° i E— — ;
107! 10° 10

k/k,
e No additional features generated by NGs in the IR Qaw(k < ki) o k*(1 + Aln®*(k/k)),
o A-fy1, degeneracy in the posterior distribution

o Expansion parameter (A x Fg;) small in realistic models considered
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NGs can alleviate PBH overproduction bounds

G. Franciolini, A. Iovino, Junior., V. Vaskonen and H. Veermae, PRL |arXiv:2306.17149|

0.0
e ; ~ Band corresponds to
=2
NL _3
_05' _Irdec:O'g fPBH C [10 ,1]
[ [== NL
< ~HO ]
S - 7 '
o0 _1 5 | Negative NGs
a 7 B Gaussian
—2.0F
—2.5F (m) > Mt

e SIGWs amplitude constrained by PBH overproduction, possible tension if it is the only source
e One needs scenarios in which the PBH abundance is suppressed

e On the other hand, current observations do not constrain PBHs in the (sub-)solar mass range

* beware of remaining uncertainties on PBH formation (De Luca et al [arXiv: 2307.13633])
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SMBHs vs CGWs I: Poisson noise

e Resolved SMBH mergers et heckaround Taylor et al. [arXiv:1903.08183]
% .‘_:‘: single resolvable binary
dr, O |
-(4?) s time —>
256 —3/8 L 105
W(t) = W [1 — ?/\/l5/3w§/3(t — to) ..2)_.)
glo-lﬁ-
-
o
107120
ll()‘9 ll()_8 IIO_7
frequency [HZ]
. J. Ellis, G.F. , et al. [arXiv:2308.08546]
 Spectral fluctuations 10 e
_ 2 3
Pauet,i = P(=AQ(fi) > Qen(fi)) 0.8} NGI5
: SMBH
e SMBHs models predict spectral . 0.61
fluctuations due to Poisson eftects 04l
(most relevant at high-f) . 22
o Cosmological signals mostly smooth 7~ b
' 5 10 15 20 25

over the relevant PTA scales
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SMBHSs vs CGWs II: Anisotropies

. ] ) NANOGrav |arXiv:2306.16221]
o Astrophysical SGWB is anisotropic, GW Frequency [yr-1]

o o N -1 0
due to finite number of emitting sources 9 Y

[

3

A

lem Q Emax ™~ Npsr

4

Ci/Cy

4
:O =

NANOGrav 15 upper bound on /

anisotropies normalized w.r.t. monopole

GW Frequency [Hz]

Predicted 95 % C.I. for anisotropies SMBHs pop

e Cosmological SIGW background predicts very small anisotropies

e small scales at emission (unless large local NGs correlating to large scale modes)

e propagation effects (analogue of the SW effect)

\/ o CE,I—I—S (k) ~2.8-10 (2.2 . 109
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Other probes of large SIGWs: sub-solar mergers

Indpcgd HHZ SGW.B. . Curvature spectrum

107" 1pTADR2 1< My [Mo]
| —— NG12 ]« 10° 10° 10° 10° 102 10 1 107! 1072 1073
1078 pBH-GW190814| A | ([ VIR == 1 7/ N A
N SMBHB A ._---""-: m , ’ Posterior 90% C.I. GW190814
‘l; 107% e Jo-o s | E 10
o P L VY 1 'iiil.i'ii'llllll | @0 2
S T R | | “Illl E = 1073
. ; < 107
10-1 _
] 1074E
1012 el | I B I A R N g Model A
10-10 107 1078 i ! ~--- Model B
f[Hz] 10* 10° 10° 107 108
k [Mpc™!
PBH abundance
. . . 10‘2; Model A
e Assuming no large non-Gaussianities in the model [ Model B
107}
. . . . CMB
e Mass distribution that could be tested with ground based 3 0l
detectors searching for PBH mergers = ol
e Cyan band compatible with some PBHs in the LVK band 107} /
C /
107" Lotz

10°

G. Franciolini, I. Musco, P. Pani and A. Urbano, Phys. Rev. D 106 (2022) no.12, 123526 [arXiv:2209.05959]
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Forecast future PTA sensitivity




Disentangle multiple contributions to the spectrum?

e Steep growth of SNR with time in the weak signal limit, slow afterwords
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Siemens et al [arXiv:1305.3196]

Simulated injection of SMBHs spectrum + cosmological SGWB  ( Qpaw /QsmBus = 0.5)
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A. R. Kaiser, Astrophys. J. 938 (2022) no.2, 115 [arXiv:2208.02307]
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Simplified future PTA sensitivity forecasts

For each pulsar we assume Gaussian and stationary data: dv — S+ n
(d°) = (%) + (7%) = RPy + P,

1 dPGW _ 47‘(‘2
3HZM?2 dln f  3H?

GW power spectrum: Qaw = 13 Py,

1
- 127212

Response function: 7R(f)

Noise power spectrum: WN + RN + DM + ...

NG15yr Noise Budget: B19374-21 (T an=15.9 yrs)
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Simplified future PTA sensitivity forecasts

S. Babak, M. Falxa, . Franciolini, M. Pieroni, to appear

Whittle likelihood: —21n £(d|0) o< » In [Crs(fr,0)] + diCr) (fr,0)d"
k,lJ

Covariant matrix: C ~ PnJJ + XTIJ R P,

. Hellings & D 1983
(Pulsar indices I,.J)  Felings & Downs (1983)

2 /
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Angle: HIJ

Fisher matrix estimates on measurement uncertainties:
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Recover results with “state-of-the-art” PTA data analyses

Simulated EPTA 20, 50 p.

F\"
Power-law model: Qawh? = 10 <—>
fyr
Q.% b MCMC EPTA20
Fisher EPTA20
Current data: EPTADR2New )
10 yrs, 25 Pulsars
g -QB N QIQ N N
MCMC EPTA10 g g Ao,
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Simulated SKA 10, 50 p.
M-CMC‘SK;V\'M)
g o /'\ Q N N
A,
Fisher estimate
(Time-domain) full Bayesian analyses oSS

S. Babak, M. Falxa, G. Franciolini, M. Pieroni, to appear
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Future sensitivity to subdominant CGWB

—1/2
Set(f) = (Cr) Crp xuk X£1 R?) /
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(If the dominant SGWB is astro, can one subtract resolved mergers?)

S. Babak, M. Falxa, G. Franciolini, M. Pieroni, to appear GW Probes of FP - 35




Multiple SGWB signals at future observatories

Power-law model (e.g. SMBHs) + lognormal bump (e.g. CGWB)

Qawh? = 10° (J;;) + 109"~ exp [—L In” (%)]
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Future SKA: 10yrs, 50 pulsars
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Conclusions

e PTA observations provide unprecedented ways to test the GW spectrum at nHz
e Astrophysical models can fit the data, with constraining power for new physics
e New physics could also fit the data well, no smoking gun signature detected so far

e (QCD thermal history could leave detectable imprints, if there was a transient source of

GW at slightly larger temperatures

e Primordial black hole overproduction constrains the amplitude of SIGWs,

complementarity with ground based detectors bounds

e Future sensitivities will be limited by the observed foregrounds (can this be reduced?)
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