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WHAT IS NEXT?

Garcia Bellido et al. 2020
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Figure 1-2: Example strain sensitivity curves for proposed terrestrial (red
dashed) and satellite (blue solid) atom GW detectors. Terrestrial parameters:
L =4km, 1000hk atom ancsandT 1.4, Satellite parameters; [ = 10° km,

ydemonstrated[S])andT 1005, Both assume 10°
_atoms/s shot-noise limited phase detection. LIGO and LISA sensitivity curves

100hk atom optics (recent

(gray thin) are shown for reference.

LASER VS ATOMIC INTERFEROMETRY
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(b) Figure A.2 represents a three-pulsed Raman atom interferometer Space-Time diagram.
’ . An Optical Interferometer Pulses in this interferometer consist of two counter propagating lasers.
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Figure 1-1: Gravitational wave detection using atoms. () Dilute clouds _ |2
of atoms (black circles) at either end of a long baseline act as inertial test Figure A.1. An Optical Interferometer Time Axis 7y | 2]
masses. Laser light (red) l;Jropagates between the atoms from sources S, 5
and S,. (b) Space-time diagram of the trajectories of both atom inter- Optical interferometers are used to measure surfaces, displacements, and absolute lengths. In this g
feromete[S showing the ground (blue) and excited (red dashed) atomic case, the desired information is the surface or position of object(s). The desired information
states. Shor'[ laser pu|ses (Wavy lines) trave“ng from a|tema'[|ng sides about the object is encoded in the reflected light and the interference of the two coherent light
of the baseline are used to divide, redirect, and recombine the atom de beams results in a change of intensity as a function of the controlled phase ¢ . This intensity
Broglie waves, yielding atom interference patterns that are highly sensi- variation is referred to as an interference fringe pattern or “fringes.” Fringes are analyzed and Figure A.2. A Three-Pulsed Raman Atom Interferometer
tive to any madulation of the |I%ht travel time caused by ?ravnatlonal OPD are measured.
radiation. The spatial extent of the atom interferometers relative to the

baseline has been exaggerated..

The proposed atom-based GW antenna (see Fig. 1.1(a)) is similar to well-established atom interferometric
gravity gradiometers. Dilute clouds of ultracold atoms at either end of the baseline act as inerfial test
masses, and laser light propagates between the atoms. To implement atom interferometry, the lasers
from sources S1 and S2 are briefly pulsed a number of times during each measurement cycle. The paths
of these light pulses appear as wavy lines in Fig. 1.1(b). The two diamond-shaped loops represent the
atom interferometers. Interaction with a light pulse transfers momentum to the atom and toggles the
atomic state between the ground and the excited states. As a result, the light pulses act as beam-splitters
and mirrors for the atom de Broglie waves, dividing them intfo a quantum superposition of two paths and
eventually recombining them. Similar to an atomic clock, the phase shift recorded by each atom
interferometer depends on the tfime spent in the excited state, which here is directly tied to the light tfravel
time (L/c) across the baseline. GWs can be detected because they modulate the light travel time
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WHY NEW PHYSICS
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HUBBLE TENSION

sound horizon-based (ACDM-dependent)
CMB (Planck)

67.4 £ 0.5 km/s/Mpc .
Planck Collab. 2020 A&A 641 A6

CMB (WMAP + ACT)

67.6 £1.1 km/s/Mpc

Aiola et al. 2020 JCAP 12 047

CMB (WMAP + SPT) -

68.2+1.1 km/s/Mpc
SPT-3G Collab, 2023 Phys. Rev. D 108 023510

Galaxy survey (DESI)
68.53 £ 0.80 km/s/Mpc
DESI Collab. 2024 arXiv:2404.03002

SN la luminosity-based (A\CDM-independent)
Cepheids (SHoES/HST)

Riess et al. 2022 ApJL 934 L7 -

73.04 £ 1.04 km/s/Mpc

TRGB (CCHP/HST)

69.8 £ 0.8 (stat) £ 1.7 (syst) km/s/Mpc
Freedman et al. 2019 ApJ 882 34

Wide open DESI’s map of the universe is the largest to date, showing delicate bubble-like structures in the TRGB (Anand et al./HST)
distribution of galaxies (inset) that contain clues to the expansion history of the universe. Credit: C 71 5’1 1 8 l;m/s/M‘;)c N -

Lamman/DESI/cmastro Anand et al. 2022 ApJ 932 15

TRGB (CCHP/JWST)
69.85 £ 1.75 (stat) £ 1.54 (syst) km/s/Mpc
Freedman et al. 2024 arXiv:2408.06153

JAGB (CCHP/JWST)

67.96 + 1.85 (stat) + 1.90 (syst) km/s/Mpc
Freedman et al. 2024 arXiv:2408.06153
Cepheids (CCHP/JWST)

72.05 £ 1.86 (stat) £ 3.10 (syst) km/s/Mpc
Freedman et al. 2024 arXiv:2408.06153

T T 1 T T T T T T T T
65 66 67 68 69 70 71 72 73 74 75 76
Ho [km/s/Mpc]

The Hubble tension The measurements of the Hubble constant described in this article. ACDM
predictions (green) are labelled by the method of measuring the scale of baryon acoustic
oscillations and the instrument(s) used. Direct measurements are labelled by the means of
calibrating the distance to SN Ia, the analysis team and the instrument used for the calibration.
Credit: V Poulin

If you measure the expansion rate of the Universe using an early relic method, like the light from the CMB (top

right), you get a value of around 67 km/s/Mpc. If you measure it by constructing a distance ladder (below left),

such as with Cepheids and type la supernovae, you get a value more like 73 km/s/Mpc. This discrepancy is at
the root of the Hubble tension. (Credit: Annelisa Leinbach / NASA, Adobe Stock)
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PULSAR TIMING ARRAYS

= 0.80 -

= 0605, giciag In 1983, Hellings and Downs!extended
‘_§ 040 R T 70 ? this idea to an array of pulsars and
IR NE o _-= found that a stochastic background
8 . \ o ” . . .

£ 0.00 Ny 0.’ of GWs would produce a distinctive
N R R L X i GW signature: a quadrupolar spatial
2-0.20 . . .

3 oo 1 correlation between arrival times of
=-04 . . o1

S 0 300 e0° 90° 120° 150° 180°  pulses emifted by different millisecond

Angular separation between pulsars, &av

_ _ - pulsar pairings that depends only on

The proposal to use pulsars as 1 1 2, 3 the pairing's angular separatfion in the
GW detectors was originally Lap = §5ab t3 - T 3¥aInza  sky as viewed from Earth (actually the
made by Sazhin (1978) and solar system barycenter). The key
Detweiler (1979) iThe idea is to Zap = (1 — cos(ap)/2, property of a pulsar timing array is that
treat the solar system . . the signal from a stochastic GW
barycenter and a galactic overlap reduction function 1,1 ground will be correlated across
pulsar as opposite ends of an Credit: NANOGrav the sightlines of pulsar pairs, while that
Imaginary arm in space. from the other noise processes will not.

Assumptions: Isotropic GW that obeys Einstein’s general relativity.
It is valid for "long-arm” detectors like pulsar timing arrays, where
the wavelengths of typical GWs are much shorter than the "long-

o’{//
"o . L
arm” distance between Earth and typical pulsars _—

= (7 A1


https://en.wikipedia.org/wiki/Pulsar_timing_array

" STOCHASTIC GRAVITATIONAL WAVES
____________ DETECTION

Power-law posteior 1 Detection residuals in
~ == == Median power-law amplitude; y = 13/3
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STOCHASTIC GRAVITATIONAL WAVES
DETECTION

h,w(k) = Z h(i)(k) eg‘z : €., Polarization tensor

(h9 (5,000 (£.62)) = 2052 (Q.00) 68 (1 - £) x |12 1)

A W In the barycenter reference frame of the solar system, the frequency
shift is characterized by the redshift z(t) = 222 qnd averaged

>}' redshift: 2(f) = [ d?Q z(f, Q)

3H?252 (n s"z') 8 6(f — f")

~ ~( £/

zZ(f)z = Q2 I

(Z2()z(f)) 32873 [P gw ([ FDT(f])

. . P isthe normalization factor introduced so that I'(|f|) = 1/2 for coaligned coincident
Credit Chris, Chol  pulsars to match the conventions of the Hellings-Downs (HD) correlation

dQE(—£,DE DR (QF," (),



De Rham 2017

Yukawa
my (eV) Ag (km) Eq.
7.2x1072% 28x10' (49) A 20 bound from the precession of Mercury (Talmadge et al., 1988; Will, 1998).
6 x 10732 3x10*"  (53) A 1o bound from weak lensing of a cluster at z = 1.2 (Choudhury et al., 2004). Sensitive
to the dark matter distribution and cosmological model.
10720 10% (52)  From observations of gravitationally bound clusters of 0.5 Mpc (Goldhaber and Nieto,
1974; Hare, 1973). Sensitive to the dark matter distribution.
Dispersion Relation

Shankaranarayanan & Johnson

my (eV) Ag (km) Eq.
1.2x10°?%2  1.7x10' (58) A 90% confidence bound two 30 M bh-bh merger (GW150916) (Abbott et al., 2016d;
Massive r——— Will, 1998).
g 7.6 x 1072 2.6 x10°  (65) From pulsar timing of PSR B1913+16 and PSR B1534+12 (Finn and Sutton, 2002).
107%° 10%° (63)  Observations of power in B-mode polarization in CMB at low £ (Dubovsky et al., 2010;
‘[;"fl';:'s"‘ Gumrukcuoglu et al., 2012; Raveri et al., 2015).
Extra 10=% 10*° (59) A 10" to 10" Mg merger by eLISA type experiment (Will, 1998).
cotilggts 10~% 104 (60) A dual messenger observation of IBWD by eLISA type experiment (Cooray and Seto,
Scalar- 2004; Cutler et al., 2003; Larson and Hiscock, 2000).
i 1072 107 (66)  Pulsar timing array of 100ns accuracy with 10 year observation (Lee et al., 2010).
10=% 101° (61)  Dual messenger observation of SNe gamma ray burst and gravitational waves (Nishizawa
and Nakamura, 2014).
Modified gravity Fifth Force
mg (eV) Ag (km) Eq.
10732 10%2 (77)  From earth-moon precession for cubic Galileon theories (Dvali et al., 2003).
Dilaton 10732 10%2 (84)  From precession in full 5D DGP in the Solar System (Gruzinov, 2005; Lue and Starkman,
Gauss- 2003).
Gl Non- Higher Bomet 10730 10%° (81)  From earth-moon precession for quartic Galileon theories (IRGT-like) (de Rham, 2014).
Galileons c";{',}',’.'i‘,fé Cimeng 10727 1017 (86) From PSR B1913+16 pulsar in cubic Galileon theories (DGP) (de Rham et al., 2013d).
DGP 10=% 10% (89) A prospective 40 bound from weak lensing on next-gen surveys (Park and Wyman, 2015;
‘Wyman, 2011). Sensitive to alternative DM halo profiles.
G\:ﬁcl::‘s 10~ 10** (90)  Observations of altered structure formation from fifth force (Khoury and Wyman, 2009;
Chern- K;::[’: 5:‘:::]':“ Park and Wyman, 2015; Wyman, 2011; Zu et al., 2014). Sensitive to the particular theory
Simons of massive gravity.

Figure 1. A modified gravity architecture, which gives a representation of some possible ways of modifying GR through breaking the
Lovelock’s theorem along with some examples. Theories are classified in order to avoid Lovelock’s restrictions. In the green region we have
theories as de Rham-Gabadadze-Tolley (dRGT) massive gravity theories, and cases with m, > 0. In the red region we have theories with
additional field as scalar (Horndeski) which includes cases as Galileon, Quintessence, Brans—Dicke and f(R). Moreover, Vector theories
such as Proca and Tensor—Vector—Scalar (TeVes) are presented and, finally, bigravity theories. In the olive region we have an example of
theories that are constructed in the break assumption formalism as non-local ones, extra dimensions and Lorentz violating. The main
gravitational wave (GW) test of each theory is framed at the top, where the following was considered: GW speed (blue color) and dispersion
(red color) refers to constraints from late time GW sources. GW oscillations (yellow color) refer to these oscillations during the propagation
introducing a modulation of the GW amplitude. GW damping (green color) refers to probing the damping of GWs using standard sirens from
dfw (luminosity distance of GWs) and dEM (electro-magnetic luminosity distance). Theories that are constrained by these GW observables
are enclosed by a dashed square of each GW color, respectively. This figure was designed based on the ideas and discussions behind the
construction of theoretically sensible modified gravity theories [10,11,12]. Classification of parameterised post-Newtonian (PPN) tests was
based on approximations to obtain the PPN parameters at 1, 2, 4 PN level [13,14,15]. Moreover, a PPN extension for a five-dimensional
metric was included [16]. Notice that theories that are in agreement with this PNN test are filled in their respective colors: 2PN level (solid
green color), unconstrained (solid red color) and 4PN level/PNN extra-dimensional (olive color).

Escamilla-Rivera and Falbris 2021
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TESTS OF MASSIVE GRAVITY

1 1 1
Fiertz-Pauli i /d4$ liaAh“”aAhW o anhuAauhuA £ s (‘)uh“"(‘),,h N é(‘),\h(‘)’\h * §m2 (h,whi“' i hz)]

Yukawa-like exponential suppression is expected when the
force carrier possesses a nonzero mass. In the case of MG,
suppression of the gravitational potential is of the form

® < exp [-myzR/R]
There is also a suppression of GWs at wavelengths larger than
the Compton length scale of the graviton R, ~ (mg)_l

Modification of the dispersion relation gains a massive term,
implying a difference between the GW propagation speed ¢,
and fthe speed of light ¢, which can be used to constrain my,.

Additional degrees of polarization are characterized by the
addifional helicity £1 and 0 modes. Certain theories of MG,
such as the minimal theory of MG, only have two tensor modes,
as in GR, but a general theory of MG that assumes Lorentz

invariance will have five in total, De Rham-Gabadadze-Tolley
model

Figure5

Al M, f’ P I

n H h ’ ‘
H W‘ ul Mh | . ﬁ

Difference between phase, group, signal and front velocities. At t = dt, the

phase and group velocities are represented on the left and given
respectively by v phase = 6xp/6t and Ugyonp = 0 /6t (in the limit 6t - 0.)
The signal and front velocity represented on the right are given by vgjgnal =
oxs/dot (Where dxs is the point where at least half the intensity of the
original signal is reached.) The front velocity is given by veont = 0xg/dt.

De Rham 2014, Living Review
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The analyses in this Letter, as well as those in Bernardo & Ng

_p25 | |— o ore (2023c) and Chen et al. (2023), do not rule out the possibility of

++ss GW-dipole ORF e
—0.50

I A

Angular Separation (rad) .
Figure 4. The solid line is the HD correlation curve, the dashed line is the ST C O rre | O TI O n S .
ORF, the dashed—dotted line is the GW-monopole ORF, and the dotted line is
the GW-dipole ORF. These four ORFs can be hard to distinguish if the
uncertainties in the timing residual cross-correlations are sufficiently large.

I I I B ST correlations in our data. However, our analysis also shows no
statistical need for an additional stochastic process with ST
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Do Pulsar Timing Datasets Favor Massive Gravity?

Chris Choi ®'* and Tina Kahniashvili ®1:2:3: T

L McWilliams Center for Cosmology and Astrophysics and Department of Physics,
Carnegie Mellon University, Pittsburgh, Pennsylvania 15213, USA
28chool of Natural Sciences and Medicine, Ilia State University, 0194 Tbilisi, Georgia
3 Department of Theoretical Astrophysics and Cosmology,
Georgian National Astrophysical Observatory, Tbhilisi, 47/57 M. Kostava St., GE-0179, Georgia
(Dated: August 4, 2025)

Several observational phenomena suggest that the standard model of cosmology and particle
physics requires revision. To address this, we consider the extension of general relativity known
as massive gravity (MG). In this Letter, we explore the imprints of MG on the propagation of
gravitational waves (GWs): their modified dispersion relation and their additional (two vector and
one scalar) polarization modes on the stochastic GW background (SGWB) detected by pulsar timing
arrays (PTAs). We analyze the effects of massive GWs on the Hellings-Downs curve induced by
modification of the overlap reduction function. Our study consists of analyzing observational data
from the NANOGrav 15-year dataset and the Chinese PTA Data Release I, and is independent of
the origin of the SGWB (astrophysical or cosmological). By considering the bound on the graviton
mass imposed through the dispersion relation, we scrutinize the possibility of detecting traces of
MG in the PTA observational data. We find that massive GWs predict better fits for the observed
pulsar correlations. Future PTA missions with more precise data will hopefully be able to detect
the GW additional polarization modes and might be effectively used to constrain the graviton mass.
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PULSAR TIMING ARRAYS AND

MASSIVE GRAVITY
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OVERALL REDUCTION FUNCTION

Final result, ignoring exponential terms
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FIG. 1: The ORFs plotted as a function of angular separa-
tion €. The solid lines use the full expression of the ORFs,
including €. The dotted lines assume &1 (—f)E2(f) = 1.



Frequency dependent ORF?

MORE DATA — MORE QUESTIONS

Chinese Pulsar Timing Array data: frequency dependent!

Correlation coefficient

f=1.0S=2.4PV=2x10"2

R L A TR

0 50 100 150

6 (Degree)

1.00 -

0.75 -

0.50 -

0.25 -

0.00 -

—0.25

—0.50 -

-0.75 1

—1.00 1

CPTA

From a presentation by Qiuyue Liang

f=15(S=4.6PV=4x10"°

AN TR A ¥y Y,

0 50 100 150

6 (Degree)

1.00 1

0,75+

0.50 1

0.25 1

0.00 1

—0.25 1

—0.50 1

—0.75 1

—1.00 1

f=2fS=23PV=2x10"2

P

0 50 100 150

0 (Degree)




PULSAR TIMING ARRAYS DATA

Choi and Kahniashvili 2025 *
1o 1 Data Fit type|Best fit % x? |x?/d.o.f.
= = = Hellings - Downs

0-81 1 HD - 22.20| 1.71

0.6 T - NANOGravl5s

0.4 - i J 1 TS MG 0.61 6.59 0.55

021 . =1 | ° HD ~ 3895 3.00

~ 0.0 ~~_l ‘T e CPTA DR1
—0.2 1 - I MG 0.01 16.58| 1.35
—0.4 -
—0.6 TABLE I: The x? and x?/d.o.f. values for different fit func-
0.8 - Ty, |k|/ko = 0.61 T, [K|/ko = 0.01 tions for the two datasets used in this analysis. We have 13
_104 ¥ NANOGravis | ¥ CPTADRL, f=f, degrees of freedom for the HD correlation and 12 for the
0 30 60 90 120 150 1800 30 60 90 120 150 180 MG model (one fit parameter, |k|/ko).
3 3

FIG. 2: The effective ORF plotted as a function of the angular separation £ between a pair of pulsars, for |k|/ko = 0.61 in
red and |k|/ko = 0.01 in blue. NANOGrav15 is plotted with error bars in the left panel, and CPTA DRI in the right panel,
for f = 1/Tcpra. For both panels, we depict the HD correlation as a reference.

A rigorous fitting to NANOGrav15 without considering E has been done in Arjona
et al. 2024, which found that the best-fit ratio to the frequentist-optimal statistic of
NANOGravl1s is |k|/kg ~ 0.73. It is set Q, = Q; and had Q; as the second fit
parameter, obtaining a best-fit value of 0.46 and a x2of 6.91, slightly worse than
our 6.59. While we do observe tension between the PTA datasets and the HD
interpretation, opening the door for beyond-GR theories such as MG to provide a
better fit, it may be addressed by more data from higher precision measurements
and extended observing campaigns, as well as improved modeling techniques.

Bl NANOGravls
Il CPTA DR1

1 — MGfit

--- HDfit

0.0 02 04 06 08 10
[k| /Ko

FIG. 3: The x?/d.o.f. fitting plotted as a function of the
ratio |k|/ko. The values for the horizontal dashed lines, rep-
resenting the fit for the HD, can be found in Table 1.



B s - b . e i e — e
e > —

DISPERSION RELATION

— _ . 2 _ 112 2 < 8.2x107%%eV/c2
(1)=k0—27'[f. w —|k| -|—mg Mg X eV/c
L < f< i T,ps — dutation of pulsar observations

T obs 0t 5t — time between observations
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Figure 1. Top panel: the 90% credible interval of the
power spectrum amplitude Agw as a function of the graviton
mass mg, from NANOGrav 15-year data set. Bottom panel:

the corresponding Bayes factor, BF, as a function of the
graviton mass myg.

Best case scenario: 3.17 x1071Y Hz < f < 8.27 x1077Hz
—»m ~ 1.e31 x10™%*eV
LIGO/VIRGO - propagation speed: 1-2 magnitudes weaker limits!

Still too weaker to influence cosmology (ARGGT — model) Cosmology needs 1031 eV

Results does not depend if the source is astrophysical or cosmological
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Figure 1: The energy density spectrum of SIGW with different EoS parameter w and sound speed c; as a function of GW
M 1 frequency.
Credif: CERN Courier, 2021

Sensitivity of current (solid) and future (dashed) gravitational-wave
(GW) observatories to stochastic GW backgrounds (expressed in
terms of the energy density fraction in the universe today). On the
upper x-axis, the temperature in the early universe is given, which is
obtained when the peak frequency of a GW signal is equal to the
inverse of the expansion rate when GWs are emitted. Some example
possible GW spectra from the early universe are also shown (pink,
dashed). F. Rompineve/ arXiv:2101.12130/arXiv:2002.0461
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EARLY UNIVERSE GRAVITATIONAL WAVES:
PARAMETRIC RESONANCE

Ho et al. 2025

Grishchuk 1974
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Fig. 1. Parametric amplification. a) variation of the
length of the pendulum, b) increased amplitude of
oscillations.

Fig. 7. Expected spectrum h(Vv) for the case B =-1.9.
FIG. 3. Amplification of waves.



PARAMETRIC RESONANCE IN MASSIVE
GRAVITY

Gumrukcuoglu et al. 2012 a’”

— 21.2 272 2\ = =, —
, k2 , Y - Cgk + a MG‘W - _a -+ 2KCg Yk = 0, Yk = aYk,
w” = —5 + Maw,

k.=aM;y(t.)=a.H./\N2 the horizon crossing occurs at time t=t¢t,,
w?(ty) = H*(tx). when both the momentum and the mass term contribute equally to the
frequency, ky = agMey (ty) The momentum of the mode for which, the
mass term starts to dominate from today on,

aH

2 4 GR
2 H eq Qeq ag ; o >
k 2 (aTF)? 1+ ap  ak ao
a a
k eq (a)Short wavelength: ko < k (b)Intermediate wavelength: (c)Long wavelength: k < k.
kc < k < ko
Hey (aeq)\? a L . . . .
H = 1 + FIG. 2: Examples for each type of momenta based on the classification in the main text. For modes with short and intermediate
a a wavelengths (ko < k£ and kc < K < ko), the horizon entry time 1s the same as 1n , with ar ~ aj . However, for modes wit
eq lengths (ko < k and k. < k < ko), the hori ime is th in GR, with REH for modes with
long wavelength (k < k.), the momentum term never becomes dominant and the horizon entry in the massive theory occurs

earlier than in GR, i.e. ar < akGR.



Gumrukcuoglu et al. 2012

e Short wavelength (kg < k): modes for which the momentum is large enough to dominate the frequency after
horizon re-entry. We thus have t; ~ t&% a; ~ al® and Hy ~ HS®E. Since the mass term never becomes
important, the evolution is indistinguishable from its counterpart in GR.

AS(@o) e Intermediate wavelength (k. < k < kp): modes for which the mass term becomes dominant after horizon re-

entry, but before today. We still have t; ~ t&F, ay ~ a{® and Hy ~ HFE. We expect slight modifications with
respect to GR signal.

e Long wavelength (k < k.): modes for which the mass term is dominant at horizon re-entry. Since the momentum
. is negligible throughout the evolution after horizon exit, their evolution is the same, regardless of their momenta.

! ! In other words, t; for these modes is roughly independent of the momentum and all modes of this type re-enter
—|—| | | 5 the horizon simultaneously. We thus have t ~ t., ar ~ a. and Hy ~ H,.. The largest deviation from general

Mgy, ©c \2Mgy, 0 relativity is expected in this category.
R
( a cg(tr) y My/2n=10Hz
oy /2 (ko < K)
k' Qeg(to)k g0 5 -
Cl:k Wka;k ax c (tk)ko £ 10°15
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e Sharp peak just above the cutoff (0 < k < k. & Mgw, o < wo < we): lim k_zpp'rim(k) < o,
e No signal below the cutoff (wo < Magw): S(wp) = 0. k—+0




TIME DEPENDENT GRAVITON MASS

Choi et al. 2023
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m T<Tm
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T > Tm
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Fujita et al. 2018
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FIG. 1: We plot Qgw for Hins = 108GeV and 7,,, /7, = 10*°
(black), 10*® (red) and 10** (blue) as thick lines. The graviton
mass is m = 0.5Hips (solid) and m = 0.8Hin¢ (dashed). The
shaded regions are excluded by the BBN (green) and CMB
(yellow) constraints. The sensitivity curves of SKA, LISA,
A-LIGO and DECIGO (with the original and upgraded sen-
sitivity curves [36]) are also shown as thin dashed lines.
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FIG. 3. SGWB produced by the SFM model. Both figures: we show the BBN excluded region shaded in purple at the top,
—T the periodogram for a Hellings-Down-correlated free spectral process [1] in shaded grey, the 1o, 20, and 30 posterior medians
10—9 10—8 for NG15 [1] in darker to lighter orange respectively, and the GWB spectrum produced by an astrophysical population of
inspiraling SMBHBs with parameters detailed in Eq. Al of Ref. [99] as a black dotted line. Top: The red curve is the GWB
f [HZ] spectra fitted to the 1o posterior, the blue curve is fitted to the 20 posterior, and the green curve is fitted to the 3o posterior.

Choi et al. 2023

Bottom: the purple curve is the energy density that respects the BBN bound for high frequency and passes through the upper
limit of the free spectral process of the data, and the golden curve is the energy density that respects the CMB bound for low
frequency and passes through the lower limit of the free spectral process of the data.



Astrophysical:

v Super massive black hole binary
(SMBHB)

(Phinney 2001): y=13/3

Cosmological:

v' Bubbles collisions (Kosowsky et. al.
1993)

v Inflation (Vagnozzi 2020)

v' Cosmic strings (Blanco-Pillado et al.
2020)

v' Sound Waves (Hindmarsh et al. 2014)
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v Seed magnetic fields (Neronov eft. al.

2020)
v Hydrodynamic and MHD Turbulence
(Brandenburg et al. 2021)
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Gravitational Waves from First-Order C logical Phase Tr

Arthur Kosowsky, - Michael S. Turner,">®®) and Richard Watkins ")
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@ pepartment of Physics, Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637 -1433
O pepartment of Astronomy & Astrophysics, Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 606371433
(Received 6 December 1991; revised manuscript received 26 May 1992)

A first-order cosmological phase transition that proceeds through the nucleation and collision of true-
vacuum bubbles is a potent source of gravitational radiation. Possibilities for such include first-order
inflation, grand-unified-theory-symmetry breaking, and electroweak-symmetry breaking. We have cal-
culated gravity-wave production from the collision of two scalar-field vacuum bubbles, and, using an ap-
proximation based upon these results, from the collision of 20 to 30 vacuum bubbles. We present esti-
mates of the relic background of gravitational waves produced by a first-order phase transition: in gen-
eral, Qow~10""and f~ (10 ~® H2)(T/1 GeV)
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Gravitational radiation from colliding vacuum bubbl Envelope appr
to many-bubble collisions

Arthur Kosowsky
Department of Physics, Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637-1433
and NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500

Michael S. Turner
” of Physics and & Enrico Fermi Institute, University of Chicago, Chicago, Illinois 60637-1433
and NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
(Received 9 November 1992)

We introduce an approximation to calculate the gravitational radiation produced by the collision of
true-vacuum bubbles that is simple enough to allow the simulation of a phase transition by the collision
of hundreds of bubbles. This “envelope imation” neglects the i “overlap” regions of
colliding bubbles and follows only the evolution of the bubble walls. The approximation accurately
reproduces previous results for the gravitational radiation from the collision of two scalar-field vacuum
bubbles. Using a bubble nucleation rate given by I'=ge”, we simulate a phase transition by colliding
20 to 200 bubbles; the fraction of vacuum energy released into gravity waves is Egw /E,,. =0.06(H /B)*
and the peak of the spectrum occurs at @,,,, = 1.6 (H>=87Gp/3 is the Hubble constant associated with
the false-vacuum phase). The spectrum is very similar to that in the two-bubble case, except that the
efficiency of gravity-wave generation is about five times higher, presumably due to the fact that a given
bubble collides with many others. Finally, we consider two further “statistical” approximations, where
the gravitational radiation is computed as an incoherent sum over individual bubbles weighted by the
distribution of bubble sizes. These approximations provide reasonable estimates of the gravitational-
wave spectrum with far less computation.

T+ — the Universe temperature at which the PT
takes place.

ax — the strength of the phase transition,
defined as the ratio of the vacuum and
relativistic energy density at PT

B/Hx — the bubble nucleation rate in units of
the Hubble rate at the time of the PT, Hx.

v — the velocity of the bubble walls.

Kosowsky, et al, 1992a,b & 1993, Kamionkowsky et al. 1994
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Gravitational radiation from colliding vacuum bubbles PHYSICAL REVIEW D VOLUME 49, NUMBER 6

Arthur Kosowsky, Michael S. Turner, and Richard Watkins
NASA/Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
and Dep of Physics and & ics, Enrico Fermi Institute,
The University of Chicago, Chicago, Illinois 60637-1433
(Received 20 December 1991)

Gravitational radiation from first-order phase transitions

Marc Kamionkowski*
School of Natural Sci Institute for Advanced Study, Princeton, New Jersey 08540

In the lineari i imation we compute the amount of gravitational radiation
produced by the collision of two true-vacuum bubbles in Minkowski space. The bubbles are separated
by distance d and we calculate the amount of gravitational radiation that is produced in a time 7~d (in a
cosmological phase transition 7 corresponds to the duration of the transition, which is expected to be of
the order of the mean bubble separation d). Our approximations are generally valid for 7S H ~'. We
find that the amount of gravitational radiation produced depends only upon the grossest fealurcs of the
collision: the time 7 and the energy density associated with the fal state, pac.

the spectrum dE gy /dw = pl,.7* and peaks at a characteristic frequency ., ~3.8/7, and the fraction of
the vacuum energy released into gravitational waves is about 1.3X 10 (r/H ~'?, where H2=87Gp,q./3
(r/H " is expected to be of the order of a few percent). We address in some detail the important sym-
metry issues in the problem, and how the familiar “quadrupole approximation™ breaks down in a most
unusual way: it i the amount of gravitational radiation produced in this highly relativistic
situation by more than a factor of 50. Most of our results are for collisions of bubbles of equal size,
though we briefly consider the collision of vacuum bubbles of unequal size. Our work implies that the
vacuum-bubble collisions associated with a strongly first-order phase transition are a very potent cosmo-
logical source of gravitational radiation.

Arthur Kosowsky! and Michael S. Turner*
NASA /Fermilab Astrophysics Center, Fermi National Accelerator Laboratory, Batavia, Illinois 60510-0500
and Departments of Physics and of Astronomy and Astrophysics,
Enrico Fermi Institute, The University of Chicago, Chicago, Illinois 60637-1433
(Received 26 October 1993)

We consider the stochastic background of gravity waves produced by first-order cosmological
phase transitions from two types of sources: colliding b\lbbles and hydrodynamic turbulence. First
we discuss the fluid mechanics of relativistic spherical ot We then ically collide many
bubbles expanding at a velocity v and calculate the resulting spectrum of gravitational radiation
in the linearized gravity approximation. Our results are expressed as simple functions of the mean
bubble separation, the bubble expansion velocity, the latent heat, and the efficiency of converting
latent heat to kinetic energy of the bubble walls. A first-order phase transition is also likely to excite
a Kolmogoroff spectrum of turbulence. We estimate the gravity waves produced by such a spectrum
of turbulence and find that the characteristic amplitude of the gravity waves produced is comparable

T T T T T T T
u:: b T T T T T ] to that from bubble collisions. Finally, we apply these results to the electroweak transition. Using
5 3 r ] the loop effective p ial for the minimal electroweak model, the characteristic amplitude
i 03— of the gravity waves produced is h ~ 1.5 x 10727 at a characteristic frequency of 4.1 x 1073 Hz
-~ L corresponding to 2 ~ 10~%? in gravity waves, far too small for detection. Gravity waves from more
E strongly first-order phase transitions, including the electroweak transition in nonminimal models,
o 01 - have better prospects for detection, though probably not by LIGO.
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Gravitational radiation from cosmological turbulence

Arthur Kosowsky™*
Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Road, Piscataway, New Jersey 08854-8019
and School of Natural Sciences, Institute for Advanced Study, Olden Lane, Princeton, New Jersey 08540

Andrew Mack'
Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Road, Piscataway, New Jersey 08854-8019

Tinatin Kahniashvili*
Department of Physics and Astronomy, Rutgers University, 136 Frelinghuysen Road, Piscataway, New Jersey 08854-8019
and Center for Plasma Astrophysics, Abastumani Astrophysical Observatory, A. Kazbegi Ave. 2a, 380060 Tbilisi, Georgia
(Received 6 April 2002; published 24 July 2002)

An injection of energy into the early Universe on a given characteristic length scale will result in turbulent
motions of the primordial plasma. We calculate the stochastic background of gravitational radiation arising
from a period of cosmological turbulence, using a simple model of isotropic Kolmogoroff turbulence produced
in a cosmological phase transition. We also derive the gravitational radiation generated by magnetic fields
arising from a dynamo operating during the period of turbulence. The resulting gravitational radiation back-
ground has a maximum amplitude comparable to the radiation background from the collision of bubbles in a
first-order phase transition, but at a lower frequency, while the radiation from the induced magnetic fields is
always subdominant to that from the turbulence itself. We briefly discuss the detectability of such a signal.

COSMOLOGICAL PHASE TRANSITIONS:
HYDRO- AND MHD TURBULENCE
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Gravitational waves from stochastic relativistic sources:
Primordial turbulence and magnetic fields

Chiara Caprini* and Ruth Durrer’

Département de Physique Théorique, Université de Genéve, 24 quai Ernest Ansermet, CH-1211 Genéve 4, Switzerland
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The power spectrum of a homogeneous and isotropic stochastic variable, characterized by a finite
correlation length, does not, in general, vanish on scales larger than the correlation scale. If the variable is
a divergence-free vector field, we demonstrate that its power spectrum is blue on large scales. Accounting
for this fact, we compute the gravitational waves induced by an incompressible turbulent fluid and by a
causal magnetic field present in the early universe. The gravitational wave power spectra show common
features: they are both blue on large scales, and they both peak at the correlation scale. However, the
magnetic field can be treated as a coherent source and it is active for a long time. This results in a very
effective conversion of magnetic energy in gravitational wave energy at horizon crossing. Turbulence
instead acts as a source for gravitational waves over a time interval much shorter than a Hubble time, and
the conversion into gravitational wave energy is much less effective. We also derive a strong constraint on
the amplitude of a primordial magnetic field when the correlation length is much smaller than the horizon.
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Spectrum of gravitational radiation from primordial turbulence
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Energy injection into the early universe can induce turbulent motions of the primordial plasma, which
in turn act as a source for gravitational radiation. Earlier work computed the amplitude and characteristic
frequency of the relic gravitational wave background, as a function of the total energy injected and the
stirring scale of the turbulence. This paper computes the frequency spectrum of relic gravitational
radiation from a turbulent source of the stationary Kolmogoroff form which acts for a given duration,
making no other approximations. We also show that the limit of long source wavelengths, commonly
employed in aeroacoustic problems, is an excellent approximation. The gravitational waves from
cosmological turbulence around the electroweak energy scale will be detectable by future space-based
laser interferometers for a substantial range of turbulence parameters.

For follow papers see: Caprini and Figueroa 2018
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Gravitational Waves from the Sound of a First Order Phase Transition
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We report on the first three-dimensional numerical simulations of first-order phase transitions in the early FIG. 4 (color online). ~Slices of fluid Kinetic energy density E/T¢ at t = 5007, 1 = 10007;" and r = 15007 ;" respectively, for the
Universe to include the cosmic fluid as well as the scalar field order parameter. We calculate the 7T = 015, Ny = 958 simultion
gravitational wave (GW) spectrum resulting from the nucleation, expansion, and collision of bubbles of the
low-temperature phase, for phase transition strengths and bubble wall velocities covering many cases of . . . . o 4o
interest.p\:’e find [:hat the coII)npression waves in tie fluid continue to be a source of G“§S long after the Numerical simulations of acoustically generat.e d gravitational waves
bubbles have merged, a new effect not taken properly into account in previous modeling of the GW source. at a first order phase transition
For a wide range of models, the main source of the GWs produced by a phase transition is, therefore, the
sound the bubbles make.
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characterizing the efficiency of this “acoustic” gravitational wave production whose value is 87Qgy =
0.8 £ 0.1 across all our simulations. We compare the acoustic gravitational waves with the standard
prediction from the envelope approximation. Not only is the power spectrum steeper (apart from an initial
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<> 001 5; { 25; 1008 We present details of numerical simulations of the gravitational radiation produced by a first order
S 0001 € 1 € o thermal phase transition in the early Universe. We confirm that the dominant source of gravitational waves
= 0.0001 1 : is sound waves generated by the expanding bubbles of the low-temperature phase. We demonstrate that the
2 1x10° " @ o1 * ot @ LI @ ' sound waves have a power spectrum with a power-law form between the scales set by the average bubble
g Ix10° n=015 T, N7 =027, N7 separation (which sets the length scale of the fluid flow L;) and the bubble wall width. The sound waves
1x107 o’:;n - ' ' ] u‘:‘ ' ' generate gravitational waves whose power spectrum also has a power-law form, at a rate proportional to L
1’(12_: ‘ 3 oo A\_/“\ oool and the square of the fluid kinetic energy density. We identify a dimensionless parameter Qg
*19% o1 0.1 1 oo N oo

dpgyldIn k (GT.)
dpyld In k (GT.)
2

— =500
— 1=10007T,

— r=15007,
— 1=20007 |

b 1007
A R VAVAYN

3
r
3
r
F
F

FIG. 3 (color online). Gravitational wave power spectra during
the phase transition, for the intermediate strength transition, from
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—1 § . L ’ y N FIG. 8 (color online). Gravitational wave power spectra, for weak transitions, at#/T,. = 0.1, 0.15 and 0.2 (v, = 0.83, 0.54 and 0.44) electroweak phase transition.
:):ggg;:) r. The red dashed line indicates the expected k for N}, = 988 (top row) and N}, = 37 (bottom row). Note that the axes and time intervals are the same for all plots, which means that in p

some cases the latest (2500/7,) curve is from before the completion of the phase transition.
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Searching for Gravitational Waves from Cosmological Phase Transitions with the
NANOGrav 12.5-Year Dataset

Zaven Arzoumanian,' Paul T. Baker,” Harsha Blumer,** Bence Bécsy.s Adam Brazier,*” Paul R. Brook,*
Sarah Burke-Spolaor,*** Maria Charisi,” Shami Chatterjee,® Siyuan Chen,'*'"'"? James M. Cordes,® Neil J. Cornish,’
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We search for a first-order phase transition gravitational wave signal in 45 pulsars from the NANOGrav
12.5-year dataset. We find that the data can be modeled in terms of a strong first order phase transition
taking place at temperatures below the electroweak scale. However, we do not observe any strong
preference for a phase-transition interpretation of the signal over the standard astrophysical interpretation in
terms of supermassive black hole mergers; but we expect to gain additional discriminating power with
future datasets, improving the signal to noise ratio and extending the sensitivity window to lower
frequencies. An interesting open question is how well gravitational wave observatories could separate
such signals.

PHYSICAL REVIEW LETTERS 127, 251302 (2021)

TABLEIIL Prior distributions for the parameters used in all the analyses in this work. The prior for the bubble wall velocity reported in
this table is the one used for the SWO analysis, for the BO analyses we use v,, = 1 as explained in the text.

Parameter Description Prior Comments

White noise
Ey EFAC per backend-receiver system Uniform [0, 10] Single-pulsar analysis only
0Oy [s] EQUAD per backend-receiver system Log-uniform [-8.5,-5] Single-pulsar analysis only
Ji [s] ECORR per backend-receiver system Log-uniform [-8.5, —5] Single-pulsar analysis only

Red noise
Arg Red-noise power-law amplitude Log-uniform [-20,—11] One parameter per pulsar
Yred Red-noise power-law spectral index Uniform [0, 7] One parameter per pulsar
Phase transition

T. [GeV] Phase transition temperature Log-uniform [-4, 3] One parameter for PTA
a, Phase transition strength Log-uniform [-1.3, 1] One parameter for PTA
H,/p Bubble nucleation rate Log-uniform [-2,0] One parameter for PTA
vy Bubble wall velocity Log-uniform [-2,1] One parameter for PTA

Supermassive black bole binaries (SMBHBs)
Acws Common process strain amplitude Log-uniform [—18,—14] One parameter for PTA
YGWB Common process power-law spectral index Delta function (ygwp = 13/3) Fixed

TABLE 1. Parameters for the gravitational wave spectrum of
Eq. (4). The values of the parameters (a, b, c) in the spectral
shape of the bubble contribution are reported in Table II.

Bubbles [58] Sound waves [59]

PULSAR TIMING ARRAYS:
OSMOLOGICAL PHASE TRANSITIONS

TABLEIL. Comparison of the bubble spectral shape parameters
derived using the envelope and thin wall approximation [58] (left
column), the semianalytic approach of reference [64] (middle
column), and lattice simulations [62] (right column). For numeri-
cal and semianalytic results the values of the parameters depend
on the choice of the scalar field potential; we report the range of
values obtained for the different scalar field potentials considered

3 2 4
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FIG. 1. Inred (blue) the 1-o (68% posterior credible level), and 2-6 (95% posterior credible level) contours for the two-dimensional
posterior distributions in the (T,,a,) plane obtained in the BO (SWO). The BO analysis has been performed with the spectral shape
computed by using the envelope approximation (left panel), semianalytic results (central panel), and numerical results (right panel).
Specifically, we use (a,b, ¢) = (1,2.61,1.5) for the semianalytic results, and (a,b,c) = (0.7,2.3,1) for the numerical results.
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FIG. 2. Maximum likelihood GWB fractional energy-density
spectrum for the BO (red) and SWO (blue) analyses compared
with the marginalized posterior for the free power spectrum
(independent per-frequency characterization; red violin plot)
derived in NG12gwb For the BO analysis we show the results
derived by using the envelope (solid line), semianalytic (dashed),
and numerical (dot-dashed) spectral shapes. For the BO analyses
the values of (a,,T,) for these maximum likelihood spectra are
(0.28,0.7 MeV) for the envelope results, (1.2,3.4 MeV) for the
semianalytic results, and (0.13,14.1 MeV) for the numerical
results. While for the SO analysis we get (6.0,0.32 MeV).
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Summary. We discuss possible anisotropic and inhomogencous phases in the
early Universe at relatively late epochs corresponding to the temperatures
300 MeV-1TeV. The anisotropy and inhomogeneity of the stress-energy tensor
at the horizon scale gives rise to the generation of a stochastic gravitational wave
background. Both the amplitude and spectral energy density of this background
are estimated. We also discuss the possibility of the detection this background on
working and planned gravitational wave detectors.

2

corresponding to the temperatures 1 GeV-10 TeV. The anisotropy and inhomogeneity of the energy-momentum
tensor at the horizon scale gives rise to the generation of a stochastic gravitational wave background. It is shown

that the present amplitudes and frequencies of this background may be well within the access of planned

gravitational wave detectors.

The frequency decreases because of the cosmological redshift and at the present moment its
value is

T,
vo=3.7x10 *(—-—L—)nz.
1 GeV)

while the amplitude of the wave is

1 GeV'
hq=3x1()”‘h,( = )

8
The order of magnitude estimate of the energy density of these background waves is
£,=2gh.

Let us estimate the values of amplitudes and frequencies corresponding to two moments of the
generation. Both of them can be relevant for the anisotropic phases connected with cold
baryogenesis: 7, =1TeV and T, =100GeV. For the temperature 7, =1TeV, the amplitude and
frequency are

hy=3x10"2, vy=4x10- Hz,
where we assume that i1, = 10", For the temperature T, = 100 GeV one has
hg=3%10"", vy =4x10""Hz.

Smaller anisotropic domains may appear during the QCD phase at temperatures above

Vzhij(x, t) — mhij(x, t) = —=l16nG Sij(x, t)

‘We discuss possible anisotropic and inhomogeneous phases in the early Universe at relatively late epochs

ANISOTROPIC PHASES AND

GRAVITATIONAL WAVES

360 D. V. Deryagin et al.

T,=300MeV. The amplitude of the anisotropic pressure is hard to calculate although dimen-
sional estimates (Shaposhnikov 1987) give A~10-2~10-". In this case the gravitational wave
background is also generated, and the present amplitude and the frequency is of order of

hg=3%1071, vo=4x10"*Hz.
It is worth emphasizing that the anisotropy of the early Universe discussed in this paper is one
of the most strong possible sources of the gravitational radiation in this frequency band. Indeed,

the gravitational radiation from binary stars in our Galaxy in this frequency band is expected to
have the amplitudes as high as

h~(10-3) < 10-%,

The amplitudes of gravitational waves created during the inflation period are
h~(10"*-10"*") at v~10"Hz

and

h~10"" at v~10""Hz.

The most intense gravitational wave background in the frequency range ~10-* Hz cannot have
the amplitudes exceeding h~10-'° in order not to contradict the nucleosynthesis data (Shvarst-
man 1969). According to Grishchuk (1987), the gravitational wave background can also be
created from the zero-point fluctuations at rather late epoch (T~1TeV-1GeV). But in this case
the equation of state in the Universe has to be

p=—¢/3.

To conclude this section we mention that the electroweak and QCD phase transitions could
also have produced the gravitational waves (Witten 1984; Hogan 1986). The full sketch of
the generation mechanisms and the possibilities of the detection can be found in the review by
Thorne (1987).
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Projection of magnetic field strength in three cosmological simulations using different MHD approaches and
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On the Origin of the Cosmic Radiation

ENRico FerMI
Institute for Nuclear Studies, Unitersity of Chicago, Chicago, Ilinois
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A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation
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FIG. 1. Magnetic and GW energy spectra for run ini2
averaged over late times (¢ > 1.1), after the GW spectrum
has started to fluctuate around a steadv state.

(8 — EV)h (1) = G 111 )

4puuj

T;;
YT 31—

— B;B; + (p/3 + B*/2)5;;,

TABLE II. Correspondence between the slopes expected from
Ref. [12] for the subinertial range (“ana’”) and what is obtained in
our run ini2 (“sim”), and the results for spectra with the
Kolmogorov slope (“Kol”) and the Golitsyn slope (“Gol”), which
agrees with Ref. [12].

Slope of ana sim Kol Gol

Qu 5 5 -2/3 -8/3
Qaw 3 1 -8/3 —-14/3
h. 1/2 -1/2 -7/3 -10/3

Roper Pol et al.. 2019
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PRIMORDIAL MAGNETIC FIELDS LIMITS

Kaahniashvili, et al. 2022

» EXTRA RADIATION LIKE ENERGY DENSITY
LESS THAN ~3% OF THE RADIATION
ENERGY DENSITY AT BBN

AN g
0.122

Padd
Prad

» THE UPPER BOUND ON THE MAGNETIC
(EFFECTIVE) AMPLITUDE ORDER OF
MICROGAUSS AT BBN

» ACCOUNTING FOR THE MAGNETIC
FIELD DECAY:

s THE MAGNETIC ENERGY DENSITY DOES
NOT EXCEED THE RADIATION ENERGY
DENSITY AT THE MOMENT OF
GENERATION

s BBN BOUNDS ARE SATISFIED

= 0.277( ): ANgps = Nefr — Nege

log (B | Gauss)

FROM BBN

Possible turbulent evolution of the comoving MF strength B (and
correlation length €,, from generation at the EW and QCD scales in the
cases of fully helical (B = 0 ), nonhelical (B =1, 2, 4), and partially helical
MHD turbulence. Upper limits on §,, are determined by the size of the
horizon and number of domains (bubbles) at generation, ranging from 1
to 6 (at QCD) or 100 (at EW), depending on the PT modeling. Lines
terminate (on the right) at recombination (T =0.25 eV). The upper limit of
the comoving MF strength at BBN (T = 0.1 MeV) is indicated by the black
dot-dashed line. Regimes excluded by observations of blazar spectra are
marked in gray. The hatched regions are bounded by an (upper) limit

from BBN and a (lower) limit from the blazar spectra.,
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Astrophysics (1) = 3402 (LH.) Fow.o S (. f).

21

where Q. is the ratio of the (M)HD turbulent energy density
to the radiation one, and A, H, is the ratio of the characteristic
length scale of the turbulence, A, to the comoving Hubble hori-
zon H; ! at the QCD epoch. The parameter A ~ 1.75 x 1073 is
the efficiency of GW production®, estimated in Roper Pol et al.
(2022a). The function Fgw, is the fractional radiation energy
density at the epoch of GW generation to its value at the present
time. It depends on the temperature scale 7. via the number of

degrees of freedom g.,

10 1/3
Fowo ~8x 1075 (—) .
g«

The spectral shape of the GWB signal, S w1 (f), is

Sun@f) = BAf) pu(A.f)

ln2[1 + H, 6tg,/(27)),
In’[1 + A.H./(27A. f)],

if f < 1/6tgn,
if f>1/6tg,

(22)

(23)

8 This estimate is conservative since it only considers the decaying
stage of turbulence. Numerical simulations find larger values when
including a stage of turbulence production (Roper Pol et al. 2020b,

2022b; Kahniashvili et al. 2021).

The GWB produced from vortical (M)JHD turbulence is therefore determined by three

parameters: the temperature scale Tx, the turbulence strength Qx, and the turbulence

characteristic length scale AxHx,

H o~ 10— (&)6 Hz,
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lence around the QCD energy scale obtained using a free spectrum fit
on DR2new data. The 68% and 95% credible regions are displayed.




P(k) =

(h% (k)h (k') — hZ (k)h_(K')) _ H(k)

(W% (k)hy (K) + hZ(k)h_(K'))
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Measuring the net circular polarization
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background with interferometers
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GRAVITATIONAL WAVES POLARIZATION

Circular polarization of gravitational waves from early-Universe helical turbulence
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We perform direct numerical simulations to compute the net circular polarization of gravitational waves
from helical (chiral) turbulent sources in the early Universe for a variety of initial conditions, including driven

(stationary) and decaying We the resulting wave signal assuming different
turbulent geneses such as magnetically or kinetically driven cases. Under realistic physical conditions in the
early Universe we compute ically the wave numbs degree of the

waves. We find that the spectral polarization degree strongly depends on the initial conditions. The peak of
the spectral polarization degree occurs at twice the typical wave number of the source, as expected, and for
fully helical decaying turbulence, it reaches its maximum of nearly 100% only at the peak. We determine
the temporal evolution of the turbulent sources as well as the resulting gravitational waves, showing that the
dominant contribution to their spectral energy density happens shortly after the activation of the source. Only
through an arti decay of the can further increase of the gravitational wave amplitude
be achieved. We estimate the detection prospects for the net polarization, arguing that its detection contains
clean’i ion (including the i time, and strength) about the sources of possible parity
violations in the early Universe.
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