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A new window on the Universe

[talk by G. M. Guidi]
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“Hearing” things never seen before

Three kinds of astrophysical sources:
Transient (e.g. compact binary inspirals)
Continuous (e.g. rapidly spinning neutron star)
Stochastic (e.g. superposition of unresolved sources)

Stochastic signal also from cosmic events, e.g. inflation, cosmic strings,
domain walls, phase transition.

GWs can probe physics all the way up to the Planck epoch.

Bhupal Dev (MPIK) New Physics with GWs ICTP (05.05.2016) 3 / 15



Phase Transition Basics
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First Order Phase Transition
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Bubble Nucleation
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Energy Density 4

FIG. 2: Bubble geometries used in envelope approximation
simulations. At left is the widely adopted spherical cutoff,
where all gravitational wave power beyond a certain distance
from the ‘central’ bubble is ignored. At right is the ‘mirror’
approach taken in the present work, where mirror bubbles
are nucleated in neighbouring repeating unit cells; the aim of
this is to closely model the periodic boundary conditions of
lattice simulations. For a sufficiently large number of bubbles
the two approaches are equivalent, corresponding to a system
with ‘mirror’ boundary conditions at the edges of the system.

The fitted broken power law ansatz for the envelope
approximation was given in Eq. (1) – a positive power law
with index a at low wavenumber and a negative power
law with b at high wavenumber. This also describes our
own computations with the envelope approximation and
so curves given by fits to Eq. 1 will be shown alongside
our simulation results in the following sections.

The theoretical expectation is that the low-frequency
rising power law has index a = 3, due to causality – there
is nothing in the system on length scales larger than the
largest bubble, so a cubic power law is anticipated (two
powers of ω from the radial integral, and one additional
power). We have confirmed this in our envelope approx-
imation simulations.

For the high-frequency power law, it is widely expected
that b ≈ 1, either due to the size distribution of bubbles
or intrinsic effects. Unfortunately, we cannot reach high
enough frequencies ω to verify that b is exactly unity.

However, we will show that these exponents are in-
trinsic to the envelope approximation and do not de-
pend on, for example, nucleation rate. Later, we will
also show that colliding scalar field bubble walls give the
same power laws.

A. Testing the envelope approximation: geometry
and nucleation rate

It is standard to model the nucleation probability per
unit volume and time P by

P = P0e
β(t−t0), (18)

with β computed, in principle, from the bounce ac-
tion [23–26]. We instead take β to be a constant nu-
merical value throughout our simulations in this section
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FIG. 3: Comparison of scaled bubble collision power spectra,
with vw = 1. We show results from a simulation of 109 bub-
bles nucleated using the exponentially increasing nucleation
rate (squares) and from one where the same number of bub-
bles are nucleated in the same positions simultaneously (cir-
cles). The parameters are such that comparison with Fig. 2
of Ref. [9] is also possible, where the bubbles were nucleated
at unequal times but with a spherical boundary to the sim-
ulation volume. As expected, there is no dependence on the
form of the simulation volume. Furthermore, the unequal nu-
cleation time case can be recovered from the equal nucleation
time case by the reweighting outlined in the main text (solid
blue curve).

(in some cases we make it effectively infinite: we nucleate
bubbles simultaneously).

In this section, we consider the results of simulations
with vw = 1, 109 bubbles and β = 1 or β → ∞. For a
given bubble distribution, our results are the average of
32 uniformly distributed random choices of the z-axis in
Eq. (13).

In Fig. 3, we choose a single spatial distribution of
bubbles and nucleate them either over time with rate
parametrised by the ‘realistic’ β = 1, or simultaneously.
For this bubble distribution, a bootstrapped fit to Eq. (1)
for ω ∈ [0.01, 100] yields a = 3.05 ± 0.03, b = 0.62 ± 0.05
for the ‘realistic’ case. For the simultaneous case, we
obtain a = 2.98 ± 0.02 and b = 0.65 ± 0.04. The power
laws at high frequencies in the envelope approximation
are therefore not dependent on the size distribution of
bubbles at the end of the phase transition.

We have confirmed that these fitted power laws do not
change substantially when averaged over eight different
bubble distributions.

We can do even more with the simultaneously nucle-
ated simulation. The resulting power spectrum can be
rescaled to give the gravitational wave power spectrum
for a physical nucleation rate. Given Eq. (5), we can

In the envelope approximation [Caprini, Durrer, Servant (PRD ’08); Huber, Konstandin

(JCAP ’08); Espinosa, Konstandin, No, Servant (JCAP ’10); Weir ’16],

ρGW

ρtot
∝ κ2v3

(
α

1 + α

)2(H∗
β

)2

.

In the strong first-order, thin-wall and vacuum-dominated limit:
κ ≡ ρv/ρvac → 1, α ≡ ρvac/ρ∗ � 1, v→ 1.

GW signal at T∗ only depends on the nucleation rate β/H∗ ∼ log(mPl/T∗).
[Kosowsky, Turner, Watkins (PRL ’92); Kamionkowski, Kosowsky, Turner (PRD ’94)]

In realistic models with a given effective potential, typically
β/H∗ ' 5/ε ∼ O(100− 1000). [Schwaller (PRL ’15); Jaeckel, Khoze, Spannowsky ’16]
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GW Spectrum

ΩGW(f )h2 ≡ 1
ρc

dρGW

d log f
= Ω0h2

(p + q)
(

f
f0

)p

q + p
(

f
f0

)p+q ,

with p = 2.8, q = 1.0, and the peak values are [Huber, Konstandin (JCAP ’08)]

f0 ' (1.65× 10−7 Hz)

(
0.62

1.8− 0.1 v + v2

)(
β

H∗

)(
T∗

1 GeV

)( g∗
100

)1/6
,

Ω0h2 ' (1.67× 10−5)κ2
(

α

1 + α

)2( 0.11 v3

0.42 + v2

)(
H∗
β

)2(100
g∗

)1/3

,

Ω ∝ f 2.8 at low frequencies and f−1 at high frequencies.

GW signal strength decreases with larger g∗.

Need T∗ ∼ 107 − 108 GeV and β/H∗ . 100 to be accessible at aLIGO.
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GW Spectrum
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LIGO Sensitivity
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BBH Background
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Inflationary Spectrum (Blue-Tilted)
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Key Point

Possible distinction between different stochastic GW signals using the
frequency dependence:

ΩGW ∝ f 2.8 (Phase Transition)

f 2/3 (BBH)

f nt(<0.36) (Inflation)

Feasible with the future worldwide GW network
(LIGO+VIRGO+GEO+KAGRA+LIGO-India).
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New Physics Scenarios

Toy model with two scalar fields (φ, χ):

V(φ, χ) =
1
4!

g2 (φ2 − v2
∗
)2

+
1
2

hφ2χ2 .

χ-field induces thermal corrections to the effective potential of φ:

VT(φ) =
1
24

h(T2 − T2
∗)φ2 + · · · , where T∗ =

√
2g
h

v∗

First-order phase transition for T∗/v∗ ≤ 1. [Jinno, Moroi, Nakayama (PLB ’12)]

Realistic examples: PQ axion, High-scale Supersymmetry.
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Conclusion

LIGO discovery has opened a new window on the Universe.

Advanced LIGO design sensitivity can probe stochastic GW from
cosmological phase transitions with T∗ ∼ 107 − 108 GeV.

Distinct energy spectrum, as compared to other possible sources.

Can be distinguished in future worldwide GW network.

An unprecedented opportunity to constrain BSM physics at energy scales
not directly accessible by laboratory experiments.
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