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Observational Landscape -future



S.W.Ballmer, R.Adhikari, L.Badurina, D.A.Brown, S.Chattopadhyay, 2022 Snowmass Summer Study, arXiv:2203.08228
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See talk by Jan Schütte-EngelSee talk by Michael Fedderke





GW could 
probe early 
universe/high 
energies
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Primordial Black Holes

Hilma af Klint

Y.B.Zel’dovich and I.D.Novikov, Soviet Astronomy 10
(1967)
S.Hawking, Mon.Not.Roy.Astron.Soc. 152 (1971) 
B.J.Carr and S.W.Hawking, Mon.Not.Roy.Soc. 168 (1974),  
B.J.Carr, Astrophys.J. 201 (1975)



D.S. Akerib et al., 2203.08084 Fermi-LAT, M.Ackermann, 1704.03910



PBH –DM mass fraction

G.Franciolini, A.Maharana, and F.Muia, 2205.02153, based on 
B.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, Rept.Prog.Phys. (2021), 2002.12778.



PBH –DM mass fraction

Hawking radiation

G.Franciolini, A.Maharana, and F.Muia, 2205.02153, based on 
B.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, Rept.Prog.Phys. (2021), 2002.12778.



Formation mechanisms and mass distributions

Monochromatic

B.J.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, 0912.5297, B.J.Carr, M.Raidal, T.Tenkanen, V.Vaskonen, and H.Veermae, 
1705.05567.
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Formation mechanisms and mass distributions

Monochromatic

B.J.Carr, K.Kohri, Y.Sendouda, and J.Yokoyama, 0912.5297, B.J.Carr, M.Raidal, T.Tenkanen, V.Vaskonen, and H.Veermae, 
1705.05567.

lognormal

Power law

…
See talk by Volodymyr Takhistov



PBH – binary formation

For Gaussian perturbations they are 
uniformly spatially distributed with 
Poisson number density fluctuations 

Decouple from Hubble flow at some xcrit
Early: Three body – 2binary, 1 to torque produce binary orbits

Late: close encounters, relatively suppressed M.Sasaki, T.Suyama, T.Tanaka, and S.Yokoyama, 
1801.05235

T.Nakamura, M.Sasaki, T.Tanaka, and K.S.Thorne, astro-ph/9708060, S.Bird, I.Cholis, J.B. Muñoz, Y. Ali-Haïmoud, 
E.D.Kovetz, A.Raccanelli, A.G.Riess, and M.Kamionkowski, 1603.00464, 
M.Raidal, V.Vaskonen, and H.Veermäe, 1707.01480, Z.-C.Chen and Q.-G.Huang, 1801.10327, K.Jedamzik, 2006.11172, …



PBH – binary formation

For Gaussian perturbations they are 
uniformly spatially distributed with 
Poisson number density fluctuations 

Decouple from Hubble flow at some xcrit
Early: Three body – 2binary, 1 to torque produce binary orbits

Late: close encounters M.Sasaki, T.Suyama, T.Tanaka, and S.Yokoyama, 
1801.05235

Can produce coalescence signal or SGWB

See talks by Heling Deng
Jan Schütte-Engel

T.Nakamura, M.Sasaki, T.Tanaka, and K.S.Thorne, astro-ph/9708060, S.Bird, I.Cholis, J.B. Muñoz, Y. Ali-Haïmoud, 
E.D.Kovetz, A.Raccanelli, A.G.Riess, and M.Kamionkowski, 1603.00464, 
M.Raidal, V.Vaskonen, and H.Veermäe, 1707.01480, Z.-C.Chen and Q.-G.Huang, 1801.10327, K.Jedamzik, 2006.11172, …



PBH – sub-solar mass merger

A possible signal of PHBs would be the detection of a merger with at least one compact 
sub-solar mass in the binary

LIGO, VIRGO, and KAGRA, R.Abbott et al., 2109.12197



PBH – Scalar Induced GW

Since PHB are formed from large density fluctuations, there exists an irreducible tensor 
mode induced by the scalar fluctuations at second order

K. Tomita. Non-linear theory of gravitational instability in an expanding universe. Prog. Theor. Phys. 37, 831 (1967), 
K.N.Ananda, C.Clarkson, and D.Wands, gr-qc/0612013, D.Baumann, P.J.Steinhardt, K.Takahashi, and K.Ichiki, hep-
th/0703290, R.Saito and J.Yokoyama, 0812.4339, K.Kohri and T.Terada, 1804.08577,
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Since PHB are formed from large density fluctuations, there exists an irreducible tensor 
mode induced by the scalar fluctuations at second order

K. Tomita. Non-linear theory of gravitational instability in an expanding universe. Prog. Theor. Phys. 37, 831 (1967), 
K.N.Ananda, C.Clarkson, and D.Wands, gr-qc/0612013, D.Baumann, P.J.Steinhardt, K.Takahashi, and K.Ichiki, hep-
th/0703290, R.Saito and J.Yokoyama, 0812.4339, K.Kohri and T.Terada, 1804.08577,

See talk by Keisuke Inomata



PBH – MeV Sky

A.Coogan, L.Morrison, and S.Profumo, 2010.04797
See also C.Keith, D.Hooper, T.Linden, and R.Liu, 2204.05337



PBH – Scalar Induced GW – MeV Sky

K.Agashe, J.H.Chang, S.J.Clark, B.Dutta, Y.Tsai, and T.Xu, 2202.04653
See also: V. De Luca, G. Franciolini, and A. Riotto, 2009.08268



Ultralight Bosons and Gravitational Waves

Image from: A.Arvanitaki and S.Dubovsky, 1004.3558



A.Arvanitaki, S.Dimopoulos, S.Dubovsky, N.Kaloper, and 
J.March-Russell, 0905.4720

R.Penrose, Riv.Nuovo Cim. (1969), Y.B. Zel’dovich, Pis’ma Zh. Eeksp. Teor. Fiz. 14 [JETP Lett. 14 (1971)], Misner, C. W., 
Phys. Rev. Lett., 28, 994 (1972), W.H. Press and S.A. Teukolsky, Nature 238 (1972), S.L. Detweiler, PRD 22 (1980), 
S.R.Dolan, PRD 76 (2007), R.Brito, V.Cardoso, and P.Pani, Lect.Notes Phys. (2015), 1501.06570.

A superradiant instability causes a bosonic cloud to form around 
a rotating BH

Introduces the possibility 
of detecting very weakly 
interacting particles

Superradiance - mechanism



Superradiance - mechanism

A.Arvanitaki, S.Dimopoulos, S.Dubovsky, N.Kaloper, and 
J.March-Russell, 0905.4720

R.Penrose, Riv.Nuovo Cim. (1969), Y.B. Zel’dovich, Pis’ma Zh. Eeksp. Teor. Fiz. 14 [JETP Lett. 14 (1971)], W.H. Press and 
S.A. Teukolsky, Nature 238 (1972), S.L. Detweiler, PRD 22 (1980), S.R.Dolan, PRD 76 (2007), R.Brito, V.Cardoso, and 
P.Pani, Lect.Notes Phys. (2015), 1501.06570.

Introduces the possibility 
of detecting very weakly 
interacting particles

The cloud extracts energy and angular momentum from the BH 
until the superradiance bound is saturated (BH spin-down)



Superradiance

Gravitational atom

A.Arvanitaki, M.Baryakhtar, and X.Huang, 1411.2263
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Superradiance

Gravitational atom

A.Arvanitaki, M.Baryakhtar, and X.Huang, 1411.2263

Fine Structure

Superradiance
Condition

See talks by Peizhi Du
Jan Schütte-Engel



Superradiance – spin v. mass

Effect is strongest when the Compton wavelength is comparable to the BH size 

R.Brito, S.Ghosh, E.Barausse, E.Berti, V.Cardoso, I.Dvorkin, A.Klein, and P.Pani, 1706.06311



Superradiance – time scales and frequency

R.Brito, S.Ghosh, E.Barausse, E.Berti, V.Cardoso, I.Dvorkin, A.Klein, and P.Pani, 1706.06311

M.Isi, L.Sun, R.Brito, A.Melatos, 1810.03812

C.Palomba, S.D’Antonio, P.Astone, S.Frasca, G.Intini, et al., 1909.08854

The timescales for the superradiant instability

and for the gravitational wave emission are calculated

along with the frequency of GW emission



Superradiance
All-sky for quasi-monochromatic, long-duration from scalar boson clouds

LIGO Scientific, Virgo, and KAGRA, R.Abbott et al., 2111.15507



Superradiance – SGWB search

SGWB search with O3

C.Yuan, Y.Jiang, Q.-G.Huang, 2204.03482 – O3 search

C.Yuan, R. Brito, and V.Cardoso, 2106.00021 – SGWB predictions



Superradiance – further issues

Environmental effects (binaries)
Resonances, multipole 
moments, etc.

D.Baumann, H.S.Chia, and R.A.Porto, 1804.03208

Self-interactions

M.Baryakhtar, M.Galanis, R.Lasenby, and O.Simon, 2011.11646

Uncertainties in mass-spin distributions

Other signals – (Lasing axions?) T.W.Kephart and J.Rosa, 1709.06581 



Phase Transitions

V.Vasarely
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1st order 2nd order

Phase Transitions

where

A.Kosowsky, M.S.Turner, and R.Watkins, PRL 1992, M.Kamionkowski, A.Kosowsky, and M.S.Turner, astro-ph/9310044,
R.Apreda, M.Maggiore, A.Nicolis, and A.Riotto, gr-qc/0107033, C.Grojean and G.Servant, hep-ph/0607107



1st order 2nd order

Phase Transitions

where

M.Laine, K.Rummukainen, hep-lat/9809045
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Phase Transitions – GW production

SGWB: See talk by Emma Clarke



Bubble nucleation rate 
Hubble parameter at percolation 

Strength of the transformation
Fractional energy converted to bubble kinetic energy
wall velocity

C. Caprini et al., “Detecting gravitational waves from cosmological phase transitions from LISA: an update”, 1910.13125



Phase Transitions – GW spectrum

M.Hindmarsh, S.J.Huber, K. Rummukainen, D.J. Weir, 1704.05871
.Cutting, M.Hindmarsh, and D.J.Weir, 1802.05712

C. Caprini et al., 1910.13125

Can produce GW in the region of LISA
sensitivity



Nucleation rate per unit volume

For prob ~ O(1) nucleation of 
a bubble per Hubble volume

Assuming radiation domination

Bounce solution

From this, the amount of available 
energy that is converted into 
bubble kinetic energy can be 
calculated

The transition strength can be 
calculated

Provides the transition rate

Finally, one needs the wall velocity

There is a suppression of the 
signal due to the source lifetime

Phase Transitions – the parameters (simplified)

Energy budget refs: J.R.Espinosa,T.Konstandin,J.M.No,G.Servant, JCAP 2010, 1004.4187 
L.Leitao and A.Megevand,1410.3875, F.Giese, T.Konstandin, J. van de Vis, 2004.06995
F.Giese, T.Konstandin, K.Schmitz, J. van de Vis, 2010.09744



Nucleation rate per unit volume

For prob ~ O(1) nucleation of 
a bubble per Hubble volume

Assuming radiation domination

Bounce solution

From this, the amount of available 
energy that is converted into 
bubble kinetic energy can be 
calculated

The transition strength can be 
calculated

Provides the transition rate

Finally, one needs the wall velocity

There is a suppression of the 
signal due to the source lifetime

Wall speed refs: S.Höche, J.Kozaczuk, A.J.Long, J.Turner, and Y.Wang, 2007.10343
B.Laurent and J.M.Cline 2204.13120
M.B.Hindmarsh, M.Luben, J.Lumma, and M.Pauly, SciPost Phys.Lect.Notes (2021), 2008.09136

Phase Transitions – the parameters (simplified)



Phase Transitions – Model Classes

Broadly: i) EWPT affected ii) not affected

i) xSM, EW Multiplets, 2HDM, SUSY, SMEFT
ii) Dark sector, Warped ExDim, Conformal

C. Caprini et al., JCAP (2020) 1910.13125

See talk by Arnab Dasgupta



Phase Transitions – singlet scalar xSM

C. Caprini et al., JCAP (2020) 1910.13125



Model PISCs

3720 Benchmark Points - 10 LISA models 
using a general broken power law 

T.Alanne, T.Hugle, M.Platscher, and K.Schmitz, 1909.11356 
K.Schmitz, 2002.04615 and 2005.10789



Example Sensitivity to Dark Sector Scales

JBD, B.Dutta, S.Ghosh, J.Kumar, and J.Runburg, 2203.11736

has a minimum at with a mass of

Thermal effective potential that is polynomial and renormalizable



Example Sensitivity to Dark Sector Scales

M.Dine, R.G.Leigh, P.Y.Huet, A.D.Linde, and D.A.Linde, PRD (1992), hep-ph/9203203

JBD, B.Dutta, S.Ghosh, J.Kumar, and J.Runburg, 2203.11736

has a minimum at with a mass of

Rescale the 
potential, the 
temperature, and 
the field

The bounce analytic approximation

Thermal effective potential that is polynomial and renormalizable



Effective Potential

JBD, B.Dutta, S.Ghosh, J.Kumar, and J.Runburg, 2203.11736

The criteria
allows the determination of       and 

for any and 

And subsequently, we can calculate the rate and transition strength 
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1. Perturbativity 2.FOPT 3. nucleation rate exceeds Hubble rate.



Effective Potential

JBD, B.Dutta, S.Ghosh, J.Kumar, and J.Runburg, 2203.11736

The criteria
allows the determination of       and 

for any and 

And subsequently, we can calculate the rate and transition strength 

We scan over b and c ensuring:

1. Perturbativity 2.FOPT 3. nucleation rate exceeds Hubble rate.

We then calculate the GW amplitude and peak f



Detectability



Sensitivity to Dark Sector Scales



PBH and FOPT

D.Marfatia, P.-Y. Seng, 
2112.14588

J.-P.Hong, S.Jung, and K.-P. Xie, 2008.04430
K.Kawana, K.-P. Xie, 2106.00111



Superradiance and FOPT

P.B.Denton, H.Davoudiasl, J.Gehrlein, 2109.01678

Dark SU(3) gauge symmetry, ~10keV PT, ultralight axions connected with SMBH



H.-K.Guo, K.Sinha, D.Vagie, and G.White, 2103.06993

Theory uncertainties

FOPT - Uncertainties

Thermal Parameter uncertainties

D.Croon, O.Gould, P.Schicho, T.V.I. Tenkanen, and G.White, 2009.10080



Discussion
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Particle Dark Matter

…
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Inflation Talk by Steven Harris
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Nucleation rate per unit volume Provides the transition rate

For prob ~ O(1) nucleation of 
a bubble per Hubble volume

Assuming radiation domination

Bounce solution

Phase Transitions – the parameters (simplified)
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Nucleation rate per unit volume
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Nucleation rate per unit volume

For prob ~ O(1) nucleation of 
a bubble per Hubble volume

Assuming radiation domination

Bounce solution
L ! experiment (1)
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We begin by pointing out that, among Refs. [24, 25], only Ref. [24] presents semiana-
lytical expressions for all three GW sources, ⌦b, ⌦s, and ⌦t. The discussion in Ref. [25] is
more conservative in the sense that it solely accounts for the signal from sound waves, which
is in many cases much stronger than the signal from bubble collisions and in general much
better understood from a theoretical perspective than the signal from turbulence. Ref. [25]
also distinguishes between two di↵erent expressions for ⌦s, depending on whether the time
of shock formation in the bulk plasma after the phase transition is longer or shorter than the
Hubble time. Meanwhile, it assumes the same spectral shape function for the signal from
sound waves as the analysis in Ref. [24]. In view of this situation, we decide to consistently
base our analysis on the expressions for ⌦b, ⌦s, and ⌦t in Ref. [24]. There are two main
reasons for this decision: First of all, we intend to demonstrate how to apply our new PISC
method in case there is more than just one contribution to the total signal. The point is that
we expect to see significant progress on the theory side in the coming years, which will even-
tually prompt one to go again beyond the conservative approach of Ref. [25]. Our analysis
thus sets the stage for this moment when the understanding of all three sources has improved
and more reliable expressions for ⌦b, ⌦s, and ⌦t have been attained. A second reason is that
the focus of our analysis is primarily on the construction of new experimental sensitivity
curves; we do not have anything new to say on the theoretical aspects of the expected GW
signal. For this reason, we refrain from participating in the ongoing debate on the correct
treatment of shock formation and the corresponding energy transfer from sound waves to
turbulence. An attractive feature of our new sensitivity curves is that their construction is
for the most part anyway independent of these open questions on the theory side. As antic-
ipated in Eq. (1.4), our PISCs will only require knowledge of the experimental noise spectra
and spectral shape functions, but will be independent of the exact theoretical predictions
for the peak amplitudes entering the GW spectrum. Therefore, as Ref. [24] and Ref. [25]
use the same spectral shape function for the signal from sound waves, our sensitivity curves
are actually not a↵ected by the di↵erent treatment of sound waves in Ref. [25]. For our
purposes, the only noticeable consequence consists in the fact that the analysis in Ref. [25]
causes some of the benchmark points to slightly shift in our PISC plots compared to the
analysis in Ref. [24]. We will comment on these shifts in more detail in Sec. 3.6, where we
illustrate how an improved theoretical understanding of the peak amplitudes can be used to
update our PISC plots without the need to revise any of the experimental sensitivity curves.
At the same time, we stress that, otherwise, any future update of the spectral shape functions
will require an update of the experimental PISCs. In fact, we expect that regular updates of
our PISC plots would provide a useful means to track the theoretical progress in the field.

The three contributions ⌦b, ⌦s, and ⌦t can be parametrized in a model-independent
way in terms of a set of characteristic SFOPT parameters, ↵, �/H⇤, T⇤, vw, b, s, and t,

h
2⌦b (f) = h

2⌦peak
b (↵,�/H⇤, T⇤, vw,b)Sb (f, fb) , (2.2)

h
2⌦s (f) = h

2⌦peak
s (↵,�/H⇤, T⇤, vw,s) Ss (f, fs) ,

h
2⌦t (f) = h

2⌦peak
t (↵,�/H⇤, T⇤, vw,t) St (f, ft, h⇤) .

Let us now go through the di↵erent quantities in this equation one by one. The dimensionless
energy density parameters ⌦i = ⇢i/⇢c on the left-hand side (LHS) of Eq. (2.2) measure the
fractions of the total (critical) energy density ⇢c = 3H2

0M
2
Pl that are contained in GWs of

a particular physical origin, i 2 {b, s, t}. Here, H0 is the Hubble parameter in the present
Universe, and MPl ' 2.44⇥ 1018GeV denotes the reduced Planck mass. In the following, we
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when the source of production becomes active. For a radiation dominated era, the time elapsed
since some reference time, ts, is

(t � ts)Hs =
y2

� 1

2
. (2.59)

Due to the presence of shocks and turbulence in the plasma, the time elapsed is unlikely to last
an arbitrarily long time. The effective lifetime of the source is then given by the timescale of
turbulence, ⌧sw = R⇤/Ūf . This was the basis of the suppression factor used in Eq. 2.14-2.15. We
use the estimated maximum of the fluid velocity in the beyond the bag model when calculating the
lifetime of the source. The gravitational wave energy density will then be suppressed by

⌥ = 1 �
1

p
1 � 2⌧swHs

, (2.60)

which approaches the asymptotic value ⌥ = 1, the lowest diligence, when ⌧swHs ! 1. When
⌧swHs ⌧ 1, the suppression factor is approximately ⌥ = ⌧swHs, the modest diligence.

The peak gravitational wave energy density after taking into consideration the suppressions
arising from vorticity and reheating effects in the plasma as well as the lifetime of source becomes

h2
⌦GW = 8.5 ⇥ 10

�6

✓
100

g⇤

◆1/3

K2

✓
H⇤
�

◆
vw⌥

�
Ūf,max, R⇤

�✓ ⌦̄(vw, ↵)

⌦̄exp(vw, ↵)

◆
, (2.61)

where K is calculated in the beyond the bag, �/H⇤ is calculated from the mean bubble separation,
and the last factor arises from the vorticity and reheating effects in the plasma.

3 Test models

In this section we examine the numerical difference in predictions arising from different levels of
diligence in several models

1 The Standard Model Effective Field Theory (SMEFT), itself close to a toy model when it
comes to cosmological phase transitions [37], but which allows for a comparison to the
uncertainties arising from gauge dependence and the breakdown of perturbation theory as
outlined in [93].

2 Dark Higgs models [50], the simplest phase transition that can occur in a dark sector and has
only three free parameters.

3 A real scalar singlet extension to the standard model (xSM) [114]. A model that allows a
tree level barrier, like SMEFT, but is on firmer footing as a physical theory.

Using a spectrum of models gives a realistic account of the size of the relative errors for different
level of diligence without being overly sensitive to model specific effects. We will also present a
toy model in the appendix B, that has the convenient property that much of the analysis can be done
analytically.
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Finally, one needs the wall velocity

There is a suppression of the 
signal due to the source lifetime

Wall speed refs: S.Höche, J.Kozaczuk, A.J.Long, J.Turner, and Y.Wang, 2007.10343
B.Laurent and J.M.Cline 2204.13120
M.B.Hindmarsh, M.Luben, J.Lumma, and M.Pauly, SciPost Phys.Lect.Notes (2021), 2008.09136
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