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Gravitational Waves: 
An Unprecedented Window to 

New Physics?
• LIGO discovery 2016: 
A new era of observational astronomy 
(blackholes, neutron stars…)

• New opportunities for probing 
new particle physics/early universe cosmology?
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Cosmological Sources of Stochastic GW Background
— BSM particle physics meets GWs

• Inflation
• 1st order phase transition: EWPT/EWBG, dark sector
• Cosmic strings: e.g. a spontaneous U(1) symmetry-breaking (𝛾’, Z’, U(1)B-L, axion…) or 
superstring theory, “cosmic archaeology” (pre-BBN primordial dark age) 

   —my personal focus so far (arXiv: 1711.03104, 1808.08968, 1910.04781,1912.08832) + other work in prep

★  Rising interest in recent years!
★ Primary targets of LIGO-Virgo, LISA

arxiv: 1712.01168, 2101.12248 by LIGO-Virgo collaboration;
arxiv: 1909.00819, 1910.13125 by LISA cosmology working group + LISA science book (in prep)
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E.g. Geller, Hook, Sundrum, Tsai 2018; Buchmuller, Domcke, Murayama, Schmitz 2019; Dror, Kohri, 
Hiramatsu, Murayama, White 2019; YC, Chang 2019; Dunsky, Hall, Harigaya 2019; Gouttenoire, 
Servant, Simakachorn 2019 (2); YC, Lewicki, Morrissey 2019; Kumar, Sundum, Tsai 2020…

Cosmological Sources of Stochastic GW Background
— BSM particle physics meets GWs

• The potential rewards: HUGE! 
 Shed light on big questions:
 The electroweak hierarchy problem, matter-antimatter asymmetry, dark matter, 
 unification of forces, inflation, primordial dark age… 

•  May not be “futuristic”! 
Active searches @ LIGO, the recent NANOGrav excess signal can be readily 
addressed by a SGWB…
E.g. Ellis, Lewicki 2020; Blasi, Brdar, Schmitz 2020

Emerging field!



The Practical Challenges: 
Astrophysical Sources of SGWB
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• SGWB can also originate from astrophysics!
e.g. With modeling assumptions LIGO/Virgo expect to detect stochastic GW bkg from 
unresolved binary BH/NS mergers, possibly overwhelms/confuses with cosmogenic signals 
in the LIGO f range…
- Ongoing searches for inclusive SGWB (astro+cosmo)@LIGO  (arXiv: 2101.12130)

 A real challenge for discovery of BSM physics: 
Can we/How can we distinguish/separate cosmological SGWB 

from astrophysical SGWB?



Facing the Challenge of
Astrophysical Sources of SGWB
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• A pessimist’s view: too hard, hopeless, not worth the effort… 

• An optimist’s view: creative efforts required, but many reasons to be optimistic!
‣ Remember: the potential reward is HUGE! → Worth the effort!

‣  Large cosmological signal→Obvious excess over astro bkg (easy/lucky scenario)
‣  This is a signal vs. background problem, we have successful histories/inspirations!

CMB foreground subtraction DM indirect detection LHC (Higgs!)

✔



Confronting the Challenge of
Astrophysical Sources of SGWB
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—SGWB signals in time domain: they look similar, difficult to tell apart!
(Instrumental noises reduced by cross-correlation of >1 detectors)



Confronting the Challenge of
Astrophysical Sources of SGWB
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What are possible solutions? 
    — An important newly developing research area! 

• Optimize statistical analysis in time domain: identify astro bkg with fine patterns, 

  e.g. (non-/quasi-)Gaussianity  e.g. arXiv:1712.00688

• Resolve the “unresolved”: subtract astro bkg by identifying them with future 

  observations/detectors (e.g. + LISA, ET/CE, BBO)  e.g. arXiv: 1611.08943 

✔ • Utilize information in frequency domain: astro and cosmo SGWB generally

 have different shapes in frequency spectrum

 e.g. binary mergers  with a cutoff , inflation/cosmic strings  at high , 

  PT split power-law with a peak at characteristic … More later.

f2/3 ∼ 103Hz f 0 f
f



A Muti-Frequency Band Approach

• SGWB: typically broadband in  
 → effective reconstruction/characterization of  spectral shape helps separating 

astro vs. cosmo sources

• But, individual GW experiments focus on a relatively narrow  band → limited info!

f
f

f

☞ Utilize information from different GW experiments across a wide  range

  We are at the dawn of multi-band GW astronomy (cosmology)!

f
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The Landscape of GW Experiments in Frequency Bands

+ CMB 
 ∼ 10−16Hz

• The designs mostly driven 
by astrophysics targets;
Cosmology/HEP drivers?

11

•The gaps!
 Midband proposals: 
(B-)DECIGO, TianGo, 
TianQin, MAGIS, AEDGE, 
BBO… 

Arxiv: 1908.11391 ( ), 
2010.02218(astrometry)

μAres? The “Midband”: most studied, many proposals

✔

•  + further developments in 
LIGO band: KAGRA, ET, CE…
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Designs for Midband/Deci-Hz GW Experiments
(  )f ∼ 10−2 − 10Hz

 

The reason for the above design of DECIGO is the following. First, let us explain the bandwidth of 
DECIGO. We chose a frequency band of DECIGO to be 0.1 Hz to 10 Hz because this frequency band 
is located in a gap between the frequency band of LISA and the ground-based detectors. It means 
that DECIGO can be used as a follow-up detector after LISA detects gravitational waves coming from 
the intermediate-mass black hole binaries. Also, DECIGO can be used as a forecast detector before 
the ground-based detectors detect gravitational waves coming from the 10-100 solar-mass black hole 
binaries or neutron star binaries. 

Another reason that justifies this frequency band comes from the consideration of the importance 
of low-frequency gravitational waves and the confusion limiting noise. Generally speaking, we can say 
that at a lower frequency regime, the expected number of gravitational-wave sources is larger, relative 
to the available data amount. This is because, at lower frequencies, the evolution timescale becomes 
longer, and we also have a larger variety of gravitational wave sources. Up to ~0.1Hz, the confusion 
limiting noise is dominated by a large number of gravitational wave signals coming from white dwarf 
binaries. These gravitational wave signals are so abundant that many more than two signals are likely 
to exist within one frequency resolution bin, which is determined by the observation time. As a result, 
separation of these signals becomes a significant challenge, and they form a sensitivity limit for 
signals in that frequency range. This confusion limiting noise due to white dwarf binaries exists only 
below ~0.1 Hz because they merge when their gravitational waves reach ~0.1 Hz. While we still need 
to deal with gravitational waves from binaries composed of black holes and neutron stars, it is 
expected that, above ~0.1 Hz, we can open a deep window without this confusion limit of gravitational 
waves. 

It is also essential to point out that the expected strain of the primordial gravitational waves is 
relatively reachable around 0.1 Hz, compared with a higher frequency regime. Therefore, the 
frequency band between 0.1 Hz and 10 Hz is the most fruitful band for future gravitational wave 
astronomy and physics. 

2.2.�Design�of�DECIGO 

Now we optimize the arm length for the frequency band. We chose the arm length of DECIGO to be 
1,000 km. This size is much longer than ground-based detectors, but it is much shorter than LISA. We 
can justify this choice by the consideration of optimizing the quantum noise, which consists of shot 

Fig. 1. Orbit of DECIGO. Four clusters of 
DECIGO are put in the heliocentric orbit: two 
at the same position and the other two at 
different positions. 

Fig. 2. Conceptual design of DECIGO. One 
cluster of DECIGO consists of three drag-free 
spacecraft. FP cavities are used to measure 
a change in the arm length. 

Current status of DECIGO: arXiv:2006.13545
Original concept (2008): by Dimopoulos, Graham, Logan Kasevich,
 Rajendran; AEDGE: arXiv: 1908.00802

★ Laser-interferometer based:
(B-)DECIGO, TianGo, TianQin, BBO…  

★ Atomic-interferometer based: MAGIS, AEDGE…  



Key motivations 
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• Dedicated quantitative study: how a future midband GW experiment complements  

LIGO + LISA for improving sensitivity to cosmo SGWB 

• Interdisciplinary: HEP + astro, theory + experiment 

• Boost the science case for midband GW experiments from HEP/cosmo motivation

• Improvement for inclusive SGWB (astro+cosmo) vs. noise: combined power law 

integrated sensitivity curve (CPLS)

• Benchmark sources for cosmo SGWB and astro bkg sources, parametrization

• Likelihood analysis, forecast results

• Conclusion/Outlook 

Outline
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Power-law Integrated Sensitivity Curve (PLS)

• An individual GW experiment: effective strain noise , strain noise spectral density 

 . Commonly used for SGWB searches is the noise energy density sensitivity:

 

hn( f )
Sn( f ) = h2

n( f )/f

Ωs( f ) ≡
4π2

3H2
0

f3Sn( f )

• SGWB signal (cosmo or astro):  

Naive sensitivity curve:  → SNR>1 

ΩGW( f ) ≡
1
ρc

dρGW

d ln f
=

1
3H2

0M2
p

dρGW

d ln f

ΩGW( f ) > Ωs( f )

10  

 

distance of mirrors M1 and M2 from the beam splitter, interference patter will be 
formed at the detector. A small mismatch in the travel length will result in a 
fringe pattern (alternate rings or light and dark shades). The separation of the 
fringes depends on the wave length and path length difference of the two light 
beams. For a known wavelength light, the fringe separation gives the difference 
in length traversed by the two light beams.  
 

 
   
Figure 6: Schematic diagram of a Michelson interferometer. 

 With reference to Figure 4, effect of the gravitational wave  on 
Michelson interferometer can be understood. It is illustrated in  Figure 7.  Let 
the two   mirrors M1 and M2 are placed at a distance of L from the splitter. Let 
the gravitational wave  propagate along the Z-axis. As shown in the Figure 7, 
the gravitational wave will set the mirrors to oscillation, the lengths changing 
from L to L+'L and L-'L.  The change of length 'L will result in an 
interference pattern and the  induced change 'L can be measured. 
  

 
 
Figure 7: Cartoon illustration of effect of gravitational wave  on two mirrors 
of a Michelson interferometer.   

 BXW LVQ¶W OaVeU LV aOVR affecWed b\ JUaYLWaWLRQaO ZaYe aV PXcK aV WKe aUP 
lengths? Yes, they are. But, nowhere in Michelson Interferometer is laser used 
to measure a distance. We measure the time taken by the laser to travel between 

GW strain  h = ΔL/L
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Power-law Integrated Sensitivity Curve (PLS)
•  We can do better! Signal generally broad band in   and static over observation time 

 ☞ Integrate over  and  band width   to boost SNR by  !

f T
T f Δf ∼ TΔf

11
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FIG. 10: One-sigma, power-law integrated sensitivity curves. The dashed purple curves show the effective strain spectral
density Seff(f) (Sn(f) for LISA, middle panel) converted to fractional energy density units (see Eqs. 23, 27, 3). Top panel:
BBO assuming T = 1yr of observation. The spike at ≈ 2.5Hz is due to a zero in the BBO overlap reduction function. Middle
panel: LISA autocorrelation measurement assuming T = 1yr of observation and perfect subtraction of instrumental noise
and/or any unwanted astrophysical foreground. Bottom panel: A pulsar timing array consisting of 20 pulsars, 100 ns timing
noise, T = 5 yr of observation, and a cadence of 20 yr−1.

•  Power-law Integrated Sensitivity Curve  (for individual experiment)

 (Thrane and Romano 2013):  

SNR = T∫
fmax

fmin

df ( ΩGW( f )
Ωs( f ) )

2

2

tion to potential astrophysical sources of a SGWB, as one
of the possible benefits of a midband experiment is break-
ing degeneracies between astrophysical and cosmological
signals. Our analysis is at the power spectrum level, but
a full analysis of the astrophysical sources would make
use of the information available in higher order statis-
tics. (e.g. [51–53]) We create simulated signals with as-
trophysical SGWB sources and both with and without
a cosmological source component. Using Markov Chain
Monte Carlo (MCMC), we forecast satellite mission sen-
sitivities to cosmogenic SGWBs.

Di↵erent SGWB sources produce signals with di↵er-
ent power law indices, allowing component separation
(e.g. [54]). Bayesian stochastic background detection
techniques have been considered by Refs. [55, 56]. Vari-
ous separation techniques have also been considered for
LISA [57–60]. Ref. [61] mentioned that a midband ex-
periment could improve detectability of a SGWB from a
phase transition near the electroweak symmetry breaking
scale of ⇠ 100 GeV, assuming that the SGWB from lower
redshift black hole mergers could be completely sub-
tracted. Here we improve these estimates by explicitly
modelling relevant astrophysical and cosmological back-
grounds and using Bayesian techniques to marginalise
the amplitude of each one. This allows us to compute
the extent to which a midband experiment improves cos-
mological detectability.

We first propose a generalization of power-law inte-
grated sensitivity curves [62], commonly derived for in-
dividual experiments, to combinations of multiple ex-
periments covering di↵erent frequency bands. We then
present our likelihood analysis and results with bench-
mark cosmological and astrophysical source models,
demonstrating ways that a midband GW experiment can
boost the discovery prospect for a cosmological SGWB.
Finally we summarize and conclude.

COMBINED SENSITIVITY CURVE
INCORPORATING MIDBAND DATA

Below, we demonstrate how midband data would en-
hance sensitivity to cosmological SGWBs when marginal-
ising over astrophysical sources. Here we present an ana-
lytical approach to illustrate this improvement, the com-
bined power-law sensitivity curve. The discussion here
focuses on distinguishing an SGWB from experimental
noise, and does not yet address issues of separability into
astrophysical and cosmological sources.

Combined Power-Law Sensitivity to SGWB

An individual GW experiment has an e↵ective char-
acteristic strain noise amplitude hn(f) and an e↵ective

strain noise spectral density Sn(f) = h
2

n(f)/f
1. For

SGWB searches the energy density sensitivity,

⌦s(f) ⌘
4⇡2

3H2

0

f
3
Sn(f) , (1)

is usually introduced to characterize noise level. H0 is the
current-day Hubble expansion rate (we assume H0 = 70
km/s/Mpc). The corresponding GW energy density for
signals is defined as [64]

⌦GW(f) ⌘ 1

⇢c

d⇢GW

d ln f
=

1

3H2

0
M2

p

d⇢GW

d ln f
, (2)

where Mp is the reduced Planck mass. ⌦GW(f) can be
detected with signal to noise ratio (SNR) SNR > 1 if
⌦s(f) > ⌦GW(f). Thus, ⌦s(f) is an estimate of the sen-
sitivity to a SGWB signal in a single narrow frequency
bin. However, in practice the sensitivity to a SGWB will
be much better: the signal is generally expected to be
spread over a wide frequency range and static through-
out the observational time window. A more realistic es-
timate of SNR integrates over all observations and scales
as

p
T�f [62] for observation time T and frequency f .

For a frequency-dependent signal, SNR is defined as

SNR =

s

T

Z fmax

fmi

df

✓
⌦GW(f)

⌦s(f)

◆2

. (3)

Ref. [62] introduced a modification, the integrated
power-law sensitivity (PLS) curve, which describes the
sensitivity to a general signal with a piece-wise power-
law dependence on f . For a given power law signal
⌦GW(f) = (f/fref)B , with index B and reference fre-
quency fref , the sensitivity ⌦s(f) is defined so that
SNR(f,B) from Eq. 3 is equal to the target threshold
SNRthr. The PLS for ⌦(f) is then defined by maximis-
ing over B

⌦PLS(f) = maxB

"✓
f

fref

◆B SNRthr

SNR(f,B)

#
, (4)

where we take the maximum over all integer B from �8
to 8. Note that ⌦PLS(f) is independent of fref .
In Ref. [62], PLS curves are drawn for individual ex-

periments. Here we propose that they can be further
generalized to combine data from GW experiments de-
signed for di↵erent frequency ranges, such as LISA and a
midband experiment. We can consider the combination

of these di↵erent GW experiments as one big experiment

for GW measurements, even if their running times do not
overlap: the SGWB is expected to be static over the rel-
evant 5 � 10 year observational time window. Labeling

1
See Ref. [63] for a discussion of the di↵erent GW sensitivity con-

ventions in use.
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 : the naive 
sensitivity curve
Ωs

 : PLS, significant 
improvement!
ΩPLS
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FIG. 1. The power-law sensitivity curves for SGWB from
LIGO (the A+ detector), LISA, TianGo and B-DECIGO. We
assume a nominal 4 year observation time for LISA, TianGo
and B-DECIGO, 3 years for LIGO in A+ mode and SNRthr =
1. B-DECIGO overlaps TianGo strongly and is shown as the
lighter grey band extending to lower ⌦GW. We also show the
several combined PLS (CPLS) curves, computed as explained
in the text, which demonstrate substantial improvement in
the transitional frequency bands compared to the PLS curves
based on individual experiments.

di↵erent experiments with i, we can define the combined
SNR for a given SGWB as:

SNRcomb =

vuutX

i

Ti

Z fi
max

fi
min

df

✓
⌦GW(f)

⌦i
s(f)

◆2

. (5)

and then substitute SNRcomb into Eq. 4 to define the
combined experimental PLS, ⌦comb

GW (f).

Expected Strain Sensitivities

In this section we detail our assumed models for the
gravitational wave detector landscape around 2035, the
timescale of the full LISA mission. We model LISA and
the funded LIGO A+ detector becoming operational in
the 2020s. We also discuss the impact of the proposed
third generation ground-based detector network, Cosmic
Explorer and Einstein Telescope [65, 66]. The first phase
of this network, improving by a factor of⇠ 5 in sensitivity
to strain and 25 in sensitivity to ⌦GW over LIGO A+,
could begin operations by 2035, a similar timeframe to
LISA [65].

The midband landscape is substantially more uncer-
tain, including several space-based designs and atomic in-
terferometers. We choose to focus on two space missions,
TianGo and B-DECIGO, where B-DECIGO is more am-
bitious. Our results for B-DECIGO are also relevant for
the atomic interferometer AEDGE [7], which has similar

sensitivity. We do not consider the Taiji mission [67] as
its constraining power is similar to LISA and it is thus
of limited interest. We also neglect the earlier TianQin
mission concept [5], which reaches into the midband, but
to a lesser extent than TianGo. Other missions in a sim-
ilar frequency range are possible, but should give similar
results for realistic error budgets.
Figure 1 shows the power law sensitivity curves for our

three main experiments, given our assumed Sn(f) mod-
els, as well as the power law sensitivity for the combina-
tion. In the transitional region between LIGO and LISA,
the midband experiment TianGo improves sensitivity by
several orders of magnitude.
LISA: We use the noise model from [64], which is based

on the LISA science requirements document [2]. This as-
sumes a single detector channel2, and 4 years of observa-
tional data in a 5 year mission (thus setting T in Eq. 5).
The noise budget at high frequencies is dominated by the
“optical metrology system” noise Poms(f, P ) and at low
frequencies by the “mass acceleration” noise Pacc(f,A),
where P and A are dimensionless accuracy constants (see
also [68, 69]). For arm length, L0, the shape of the noise
curve is

Poms(f, P ) = P
2

"
1 +

✓
2mHz

f

◆4
#✓

2⇡f

c

◆2

, (6)

Pacc(f,A) =
A

2

(2⇡fc)2

"
1 +

✓
0.4mHz

f

◆2
#
Pdisp , (7)

Pdisp =

"
1 +

✓
f

fdisp

2.5⇥ 109m

L0

◆4
#
. (8)

Pdisp, which relaxes the sensitivity at high frequencies,
comes from white noise displacement of the test masses
converted into acceleration. The constant fdisp is 8mHz
for LISA. For other missions we have assumed it scales
linearly with arm length, as it becomes important when
frequency is comparable to round-trip laser time.
We combine Eqs. 6-8 with the gravitational wave trans-

fer function R(w) to give

Sn =
1

R(w)
[Poms(f, P ) + (3 + cos (w))Pacc(f,A)] . (9)

w = 2⇡fL0/c and the transfer function R(w) is

R(w) =
3

10
(w)2

h
1 + 0.6 (w)2

i�1

. (10)

Here L0 is the length of the satellite arms, f is the fre-
quency in Hz, c is the speed of light, A is the residual ac-
celeration noise and P is the position noise. For LISA, we

2
The use of 2 laser interferometry channels may allow a

p
2 im-

proved sensitivity by Poisson counting.

Combined PLS Curve
— Barish, Bird and YC 2020

What about combine different GW experiments as one big multi-band experiment?

• We focus on: Midband (e.g. TianGo/B-DECIGO) + LISA+LIGO—continuous 
coverage over a wide  rangef

Combined PLS:

  : label different experiment 

SNRcomb = ∑
i

Ti ∫
f i
max

f i
min

df ( ΩGW( f )
Ωi

s( f ) )
2

i Significant improvement, 
Esp. in transitional regions!

★ This shows generic improvement for
 inclusive SWGB (astro+cosmo) vs. noise
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Benchmark Cosmological Sources of SGWB                                       
1. Cosmic Strings

• The origin of cosmic strings: stable 1-dim field theory topological defects from 

certain symmetry breaking in the early Universe (e.g U(1)’), or superstring theory

• Horizon-sized long strings inter-commute on collisions → sub-horizon loops

• GW bursts from decays of oscillating string loops throughout cosmic history
           

Figure 5. Physical effects by cosmic strings. Kaiser-Stebbins effect, double image, and wake are due to conic
space-time around the cosmic string. Radiation of gravitational waves is a generic phenomenon by the time-
varying fluctuation of the metric, especially around the cusp.
Kaiser-Stebbins effect is explained in the next page in more detail. 

<< Back | Contents | Next >>

Smoot Group Home

• Accumulation of unresolvable (high redshift) GW bursts → SGWB from strings!
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Benchmark Cosmological Sources of SGWB                                       
1. Cosmic Strings

• NG or local/gauge strings ✔ (vs. global): GW is the dominant radiation mode

•  Loop size distribution:  ✔— widely used simulation results

•  Cosmic history: ✔ standard cosmology (long epoch of RD) (vs. non-standard)

•  String tension  :  (  symmetry breaking scale)

ℓi ∼ αti, α ∼ 0.1

Gμ μ ∼ v2 v :

 Factors to determine the SGWB spectrum from a cosmic string network & our choices

11

FIG. 4. Stochastic gravitational wave background signals
from cosmic strings. Shown is the expected signal for a variety
of cosmic string tensions less than the current upper bound
from pulsar timing. Grey shaded regions show experimental
power law sensitivity curves with SNR= 1.

FIG. 5. Posterior likelihood contour for signal input with
astrophysical SGWB sources and a cosmic string model with
Gµ = 10�16, showing the degeneracy between Gµ and the
EMRI merger rate. Red contours include LISA and LIGO
but no midband, while blue contours also include TianGo.
Dashed lines show the true parameters of the mock model.
The 2D shaded regions show 1 � � and 2 � � marginalised
confidence interval contours.

aration for these low string tensions. The addition of the
extra information from a midband experiment resolved
this issue. Cosmic strings were separated from the EMRI
SGWB with a 95% confidence interval on the tension of
Gµ = 4⇥10�17�1.7⇥10�16 for TianGo. For B-DECIGO

the interval was slightly narrower, 6⇥10�17�1.65⇥10�16.

FIG. 6. Stochastic gravitational wave background signals
from phase transitions. The fiducial model (solid, green) has
�/H⇤ = 40, ↵ = 0.5 and T⇤ = 105 GeV. The other curves
di↵er from the fiducial model only in the listed parameter.
Hence the curve labelled T⇤ = 103 GeV has �/H⇤ = 40 and
↵ = 0.5. Grey shaded regions show experimental power law
sensitivity curves with SNR= 1.

Phase Transitions

Constraints

Figure 6 shows the expected SGWB signal from a va-
riety of phase transitions. This SGWB signal is sharply
peaked, at a frequency depending on the energy scale and
an amplitude directly proportional to the strength of the
transition. For our fiducial choice of �/H⇤ = 40, transi-
tions peak in the midband region with a temperature (or
energy scale) at T⇤ ⇠ 104 � 106 GeV. Transitions around
the electroweak energy scale at 102 � 104 GeV peak in
the LISA band. Finally, strong phase transitions with
T⇤ = 107 GeV peak in the LIGO band, although these are
only detectable for ↵ > 0.5. A future third generation
network with a sensitivity improvement of 25�100 would
further close this energy gap and improve constraints on
phase transitions in this energy band to ↵ . 0.1. For
completeness, we also show the e↵ect of increasing �/H⇤.
This increases the peak frequency by decreasing the ef-
fective bubble size R⇤ as well as decreasing the amplitude
of the SGWB.

Figure 6 thus suggests that there is a region of param-
eter space where the midband experiment will sharply
constrain the presence of a phase transition, and a re-
gion of parameter space where the signal peaks at lower
energies, within the LISA frequency range. This is con-
firmed by Figure 7, where we shows constraints on the
phase transition parameters from our Markov chains, in-
cluding only astrophysical SGWBs. Again we show LISA

and LIGO only, followed by the results also including

✤ SGWB from strings: a nearly flat plateau 

 at high  (RD), bump/declination at low f f
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Benchmark Cosmological Sources of SGWB                                       
2. Phase Transitions

• Strong 1st order phase transition in the early Universe: EWPT, EWBG, dark sectors

• GW produced during the PT due to 3 effects: bubble collisions, sound waves ✔, turbulence;  

Recent studies→ sound wave contribution typically dominates (our focus)
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Benchmark Cosmological Sources of SGWB                                       
2. Phase Transitions

• Source: sound wave ✔ 

•  Temperature at which the PT occurs: , we scan in the relevant range of (100 GeV, 107 GeV)

•  Bubble wall velocity: —simulation determines, we choose benchmark 

•  The strength of the PT:  , the duration of the PT:  —correlated for a given particle physics model, 
we scan over  (safe for the PT to complete) and marginalize over 

T*

vw vw = 0.5
α β/H*

α < 0.8 β

 Factors to determine the SGWB spectrum from a PT & our choices

11
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from pulsar timing. Grey shaded regions show experimental
power law sensitivity curves with SNR= 1.
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SGWB with a 95% confidence interval on the tension of
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di↵er from the fiducial model only in the listed parameter.
Hence the curve labelled T⇤ = 103 GeV has �/H⇤ = 40 and
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Phase Transitions

Constraints

Figure 6 shows the expected SGWB signal from a va-
riety of phase transitions. This SGWB signal is sharply
peaked, at a frequency depending on the energy scale and
an amplitude directly proportional to the strength of the
transition. For our fiducial choice of �/H⇤ = 40, transi-
tions peak in the midband region with a temperature (or
energy scale) at T⇤ ⇠ 104 � 106 GeV. Transitions around
the electroweak energy scale at 102 � 104 GeV peak in
the LISA band. Finally, strong phase transitions with
T⇤ = 107 GeV peak in the LIGO band, although these are
only detectable for ↵ > 0.5. A future third generation
network with a sensitivity improvement of 25�100 would
further close this energy gap and improve constraints on
phase transitions in this energy band to ↵ . 0.1. For
completeness, we also show the e↵ect of increasing �/H⇤.
This increases the peak frequency by decreasing the ef-
fective bubble size R⇤ as well as decreasing the amplitude
of the SGWB.

Figure 6 thus suggests that there is a region of param-
eter space where the midband experiment will sharply
constrain the presence of a phase transition, and a re-
gion of parameter space where the signal peaks at lower
energies, within the LISA frequency range. This is con-
firmed by Figure 7, where we shows constraints on the
phase transition parameters from our Markov chains, in-
cluding only astrophysical SGWBs. Again we show LISA

and LIGO only, followed by the results also including

✤ SGWB from a PT: a peak at a characteristic  with 
 power law at two sides (SW)

f
∼ f ±3

5

which is several orders of magnitude larger than LISA’s
detection limit.

Phase Transitions

A strong first order phase transition (PT) may oc-
cur in the early Universe, associated with, for example,
electroweak symmetry breaking, generation of a matter-
antimatter asymmetry or the formation of dark matter
[82]. Notably, with simple extensions to the Higgs sec-
tor, in the SM the electroweak symmetry breaking phase
transition may be first order, and so trigger electroweak
baryogenesis. Such a phase transition can generate a
SGWB with a peaky structure [23, 83, 84].

The gravitational wave signal from phase transitions
arises from three major e↵ects: sound waves during the
transition, collisions between bubbles, and turbulence
[10, 23, 85]. Each of these three e↵ects produce a com-
ponent of gravitational wave spectrum which follow a
broken power law, peaking around a frequency which
roughly scales as the average bubble size (e.g. [85]). The
specific amplitude, power laws and peak location depend
on the underlying phase transition model. Recent studies
show that the GW component from bubble collisions is
generally sub-dominant in many particle physics models,
such as the H

6 extension of the SM for the electroweak
phase transition. It can however be important in spe-
cial cases such as a classically scale-invariant U(1)B�L

extension of the SM [86, 87]. The signal from turbu-
lence is currently uncertain, as it may only be derived
from numerical simulations, which are challenging in the
strongly turbulent regime [88]. We will therefore con-
sider the sound wave component only, neglecting other
sources. As described below, we focus on parameter re-
gions where this is likely to be a good approximation (e.g.
away from extreme supercooling [40, 86]).

The SGWB spectra from a first order PT is deter-
mined by four independent parameters: the bubble wall
velocity vw, the temperature T⇤ at which the transition
occurs, the strength of the transition ↵, and the dura-
tion of the transition �/H⇤ (which we refer to as � here-
after). For any given particle physics model T⇤, � and
↵ can be computed from the field Lagrangian, although
vw requires detailed simulation. As our focus is on de-
tectability using a midband experiment we do not choose
a specific particle physics model and instead marginalise
over these phenomenological parameters.

The emitted gravitational wave spectrum may be com-
puted from these parameters using the formulae derived
in [85, 87, 89, 90]. For a phase transition at temperature
T⇤, with Hubble expansion rate H⇤ = H(T⇤) and bubble

size R⇤ at the percolation time, we have6

R⇤ =
(8⇡)1/3

H⇤�vw
. (11)

The gravitational wave spectrum peaks at a frequency
proportional to R⇤, which today becomes

fp,0 =
2.6⇥ 10�5

H⇤R⇤

✓
T⇤

100 GeV

◆⇣
g⇤
100

⌘1/6
Hz . (12)

g⇤ is the number of degrees of freedom at the phase transi-
tion which for T⇤ & 200 GeV is 106.75, assuming particle
content as in the SM.
The gravitational wave spectrum today is [64, 87, 89]:

d⌦GW,0

d ln f
= 2.061FGW,0K

2
H⇤R⇤⌦̃GWC

✓
f

fp,0

◆
. (13)

The normalisation ⌦̃GW comes from fitting to the numer-
ical simulations of Ref. [89].7 Here subscript 0 denotes
the present day and subscript ⇤ denotes the time of the
phase transition. FGW,0 evolves ⌦GW,⇤ into ⌦GW,0 and
is given by

FGW,0 = 1.65⇥ 10�5
h
�2

✓
100

g⇤

◆1/3

. (14)

h is the reduced Hubble parameter, which we assume to
be 0.679 in agreement with Planck [92]. We neglect for
simplicity the possibility of an early matter dominated
phase induced by a very strong phase transition [93]. The
shape function C(s) is chosen to fit numerical simulations
[82, 94]:

C(s) = s
3

✓
7

4 + 3s2

◆7/2

. (15)

The numerical factor Eq. 13 comes from 3
R1
0

C(s)d ln s.
This shape function overestimates power at small s and
underestimates it at large s. Its domain of validity is ↵ <

0.1, 0.4 < vw < 0.5 [87]. We are particularly interested
in this regime, as it includes the upper limit on ↵ for
well-constrained phase transition energies. The factor
⌦̃GW = 0.012 is numerically determined [89]. K is the
kinetic energy fraction in the fluid, given by

K = 
↵

1 + ↵
, (16)

 =
↵

0.73 + 0.083
p
↵+ ↵

. (17)

6
Ref. [85] uses max(vw, cs), where cs is the sound speed instead

of vw, but see [89–91].
7
An erratum was issued for their eq. 39. We use the corrected

equation. However, at the time of writing the correction has not

propagated to the equivalent equation (eq. 29) of Ref. [85], with

which we disagree by a factor of
p
3.
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Astrophysical Sources of SGWB                                      
•  Mergers of compact astrophysical objects (BH, NS) → transient GW chirps/bursts that LIGO 
has observed

• These mergers, if unresolved → SGWB!  Unresolved:
‣  Too far away to be detectable
‣  Early inspiral phase of ultimately observable merger (weak, long-lasting signals)

★ For stellar mass BH/NS: mergers 
are important only in the LIGO band, 
low-  inspirals dominates LISA bandf
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Astrophysical Sources of SGWB                                      

6

As shown by [90, 95] when the phase transition is slow
the gravitational wave amplitude decays by a factor pro-
portional to the optical depth, due to shock formation
[96]

H⇤⌧sh ⇠ H⇤R⇤p
4/3K

, (18)

so that Eq. 13 is multiplied by H⇤⌧sh when H⇤⌧sh < 1,
which is the generic case as noted by Ref. [95].8 Thus
when H⇤⌧sh < 1, the final equation is

d⌦GW,0

d ln f
= 1.785FGW,0K

3/2(H⇤R⇤)
2⌦̃GWC

✓
f

fp,0

◆
.

(19)
Eq. 19 applies in practice to all our phase transition pre-
dictions.

To summarize, this model includes four free param-
eters. First, the strength of the phase transition, ↵,
which controls the amplitude of the gravitational wave
signal. Second, T⇤, the energy density of the phase tran-
sition which controls the frequency of the emitted grav-
itational waves. Third, the speed of the phase transi-
tion, �/H⇤. Finally, the speed of the bubbles, vw. As
vw occurs only in Eq. 11, it is observationally degener-
ate with �. We therefore fix vw = 0.5, a regime where
the equations above are accurate. For any given particle
physics model for the phase transition, �/H⇤ correlates
with ↵ (e.g. [95]), and is observationally degenerate with
a combination of ↵ and T⇤. For the purposes of our pa-
rameter constraints we fix �/H⇤ = 40 as a fiducial value
for which the above equations are valid. We have con-
firmed explicitly by running dedicated chains that vary-
ing �/H⇤ produces a three-way parameter degeneracy.
We will therefore vary only T⇤ and ↵ in our analysis.

We scan T⇤ over the range of 100 GeV < T⇤ < 107

GeV, the region most relevant for observation with a
midband experiment. This includes the ⇠ 100 GeV en-
ergy range generally expected for the electroweak phase
transition as well as possible more energetic phase tran-
sitions associated with, for example, EW PT in Randall-
Sundrum models [97], supersymmetry breaking [98] or
a dark sector [24, 26]. We choose to limit ↵ < 0.8 in
our chains, which generally ensures that the PT can be
completed [95].

Astrophysical Stochastic Gravitational Wave
Backgrounds

Gravitational waves have been detected from mergers
of compact objects: black holes and neutron stars. These

8
We define ⌧sh following Ref. [93], but older models, omit the

factor of

p
4/3 [85].

objects also contribute to the SGWB. The unresolved
signals that make it up are merger events which are too
far away to be detectable, and the early inspiral phase of
ultimately observable mergers. The latter emit weakly
at low frequencies and thus may last much longer at low
frequencies than the mission time of LISA. Coalescing
compact objects emit GWs with a spectral energy density
dE/dfs, where fs is the frequency in the source frame.
The background energy density is then

⌦GW(fobs) =
fobs

⇢c

d⇢GW

dfobs

=
fobs

c2⇢c

Z
10

0

dz
Rm(z)

(1 + z)H(z)

dE

dfs
. (20)

Here ⇢c = 8.5 ⇥ 10�27 kg m�3 is the critical density,
fobs = fs(1 + z) is the frequency in the observed frame,
H(z) is the Hubble expansion rate and Rm(z) is the
merger rate in Gpc�3 yr�1. For all astrophysical back-
grounds we integrate redshift from z = 0 to z = 10,
approximately the time of formation of the earliest black
hole binaries. We have checked that our results are in-
sensitive to the upper redshift limit.
In the below Section, we discuss a variety of astro-

physical SGWB sources. The most important are: the
unresolved inspiral phases of the already detected LIGO

mergers, which we call Stellar Mass Binary Black Holes
(StMBBH), mergers from putative intermediate mass ra-
tio inspirals (IMRIs), and, in the LISA band, extreme
mass ratio inspirals (EMRIs). We discuss, and conclude
to be subdominant, SGWB signals from supermassive
black holes, white dwarf mergers and type 1a supernovae.
The SGWB from StMBBH and IMRI can be approxi-
mated as a power law with index 2/3. The shape of the
EMRI SGWB is more complex, but can be approximated
by a power law with index �1/3 for 3⇥10�3�3⇥10�2 Hz.
These astrophysical sources are summarized in Figure 2.

Stellar Mass Black Hole Binary Mergers

Mergers detected in the LIGO band emit GWs at
lower frequencies during their inspiral phase [99]. We
model the signal from these stellar mass binary black
hole (StMBBH) mergers following [100, 101]. We neglect
neutron star mergers as they are subdominant and degen-
erate with the overall merger rate, which we marginalize
over. By allowing the merger rate to vary we include
possible signals from as-yet undetected sources such as
primordial black holes [102]. We compute dE/dfs using
the separate templates for the merger and inspiral phases
from [103]. For the inspiral phase

dEinsp

dfs
=

1

3

✓
⇡
2
G

2

fs

◆1/3
m1m2

(m1 +m2)
1/3

. (21)

• : Spectral energy density of 
the source (depends on coalescing 
masses)

dE/dfs

7

m1 and m2 are the masses of the two merging objects
and G is the gravitational constant. During the inspiral
phase the emission varies over a wide frequency range.
For the merger phase

dEmerg

dfs
=

1

3

�
⇡
2
G

2
�1/3 f

2/3
s

fStBBH
merg

m1m2

(m1 +m2)
1/3

. (22)

f
StBBH

merg
is the GW frequency at merger in the source

frame:

f
StBBH

merg
= 0.04

c
3

G(m1 +m2)
. (23)

We neglect the subdominant signal from ringdown, and
so set dE/df = 0 for f > fring, the source frame ringdown
frequency:

fring =
0.915(1� 0.63)(1� 0.67)0.3c3

2⇡G(m1 +m2)
. (24)

In the LISA band the stochastic signal is dominated
by the low-frequency inspiral phases, while the merger
phase is important only in the LIGO band. We assume
mergers occur for masses 5 < m1,m2 < 50M�. m1 has a
power law mass distribution m

�2.3
1

and m2 is uniformly
distributed. We assume that the merger rate evolves with
redshift following an empirical fit to the star formation
rate:

Rm(z) ⇠ a exp [b(z � zm)]

a+ b (exp [a(z � zm)]� 1)
. (25)

We take a = 1.92, b = 1.5 and we define a normaliz-
ing constant R0 to specify the rate at z = 0, which we
leave as a free parameter in our Markov chains. The
shape of Rm(z) and the values of a and b are currently
uncertain. However, in the midband region the signal is
dominated by the early inspiral phase of relatively low
redshift binaries, so we found that for reasonable values
of these parameters they were degenerate with the total
merger rate. For similar reasons we have not attempted
to remove the contribution for merger events resolved by
LIGO, which is also degenerate with the overall merger
rate.

Extreme Mass Ratio Inspirals

LISA will be sensitive to extreme mass ratio inspirals
(EMRIs), mergers between stellar mass and supermassive
black holes (SuMBH) [104–106]. The merger frequency
of these objects is approximately

f
EMRI

merg
= 0.01

✓
MSuMBH

106

◆�1

Hz . (26)

The non-detection of a black hole in M33 [107] suggests
that a lower limit on the SuMBHmass is 2⇥106M�, while

cosmological simulations use a seed mass around 5.6 ⇥
105M�. The EMRI signal thus lies within the LISA band,
and would not be detected by a midband experiment. A
typical EMRI signal lasts ⇠ 1 year and includes up to
105 orbits [105]. A fiducial merger rate is ⇠ 1 Gpc�3

year�1, or 300 LISA detections year�1 [108]. Although
these signals are faint, the mock LISA data challenge [109]
demonstrated that they are detectable in the datastream
due to the high number of orbits.
Modelling the overall signal from EMRIs is complex,

as they have a large range of possible parameters, includ-
ing both black hole masses, eccentricity and black hole
spin. We use the EMRI population model from Ref. [110],
based on the fiducial population model (M1) of Ref. [105],
with detected sources removed. We calculate ⌦GW using

⌦GW(f) =
4⇡2

f
2

3H2

0

hc(f)
2 (27)

where h
2

c(f) is the EMRI SGWB characteristic strain.
When making forecasts, we leave the overall rate of EMRI
mergers as a free parameter to model uncertainty in the
EMRI population [105, 111].

Supermassive Black Holes

LISA will also be sensitive to mergers between two
SuMBH of masses 104M� � 107M�. We do not con-
sider the stochastic background from these objects as
LISA is sensitive enough to detect essentially all such
mergers for z < 8. At higher redshifts the expected
number of supermassive black hole mergers is reduced
exponentially, following the number density of halos and
the expected timescale for SuMBH formation. SuMBH
with M > 107M�, when they occur, would merge in
a timescale too short to be resolved from LISA’s data
stream [112]. As these objects are rare, brief, transients,
they are better treated as glitches rather than a SGWB
and so we do not include them.

Intermediate Mass Ratio Inspirals

Between stellar mass and supermassive black hole pop-
ulations lies a hypothetical population of intermediate
mass black holes (IMBH) with 102 � 104M� [104, e.g ].
The best candidate for their production is dense star clus-
ters which may produce a runaway merger [113, 114].
Only one IMBH has yet been observed, indirectly as the
outcome of GW190521 [115], although some may be ac-
cessible with LIGO [116].
We can postulate Intermediate Mass Ratio Inspirals

(IMRIs) with a mass ratio of 102�104M�, resulting from
the merger of stellar mass black holes and IMBHs. Such
a merger would be observable by a midband experiment

•   : frequency in the source framefs
fobs = fs/(1 + z)

•  : merger rate, assumed to follow an 
empirical fit to star formation rate, we scan 
over the overall normalization factor

Rm(z)

General formula:
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Astrophysical Sources of SGWB  
- The most important astro sources for our consideration                                    

•  Stellar mass BH binary mergers (StMBBH) (NS mergers subdominant and 
degenerate with overall merger rate)

6

As shown by [90, 95] when the phase transition is slow
the gravitational wave amplitude decays by a factor pro-
portional to the optical depth, due to shock formation
[96]

H⇤⌧sh ⇠ H⇤R⇤p
4/3K

, (18)

so that Eq. 13 is multiplied by H⇤⌧sh when H⇤⌧sh < 1,
which is the generic case as noted by Ref. [95].8 Thus
when H⇤⌧sh < 1, the final equation is

d⌦GW,0

d ln f
= 1.785FGW,0K

3/2(H⇤R⇤)
2⌦̃GWC

✓
f

fp,0

◆
.

(19)
Eq. 19 applies in practice to all our phase transition pre-
dictions.

To summarize, this model includes four free param-
eters. First, the strength of the phase transition, ↵,
which controls the amplitude of the gravitational wave
signal. Second, T⇤, the energy density of the phase tran-
sition which controls the frequency of the emitted grav-
itational waves. Third, the speed of the phase transi-
tion, �/H⇤. Finally, the speed of the bubbles, vw. As
vw occurs only in Eq. 11, it is observationally degener-
ate with �. We therefore fix vw = 0.5, a regime where
the equations above are accurate. For any given particle
physics model for the phase transition, �/H⇤ correlates
with ↵ (e.g. [95]), and is observationally degenerate with
a combination of ↵ and T⇤. For the purposes of our pa-
rameter constraints we fix �/H⇤ = 40 as a fiducial value
for which the above equations are valid. We have con-
firmed explicitly by running dedicated chains that vary-
ing �/H⇤ produces a three-way parameter degeneracy.
We will therefore vary only T⇤ and ↵ in our analysis.

We scan T⇤ over the range of 100 GeV < T⇤ < 107

GeV, the region most relevant for observation with a
midband experiment. This includes the ⇠ 100 GeV en-
ergy range generally expected for the electroweak phase
transition as well as possible more energetic phase tran-
sitions associated with, for example, EW PT in Randall-
Sundrum models [97], supersymmetry breaking [98] or
a dark sector [24, 26]. We choose to limit ↵ < 0.8 in
our chains, which generally ensures that the PT can be
completed [95].

Astrophysical Stochastic Gravitational Wave
Backgrounds

Gravitational waves have been detected from mergers
of compact objects: black holes and neutron stars. These

8
We define ⌧sh following Ref. [93], but older models, omit the

factor of

p
4/3 [85].

objects also contribute to the SGWB. The unresolved
signals that make it up are merger events which are too
far away to be detectable, and the early inspiral phase of
ultimately observable mergers. The latter emit weakly
at low frequencies and thus may last much longer at low
frequencies than the mission time of LISA. Coalescing
compact objects emit GWs with a spectral energy density
dE/dfs, where fs is the frequency in the source frame.
The background energy density is then

⌦GW(fobs) =
fobs

⇢c

d⇢GW

dfobs

=
fobs

c2⇢c

Z
10

0

dz
Rm(z)

(1 + z)H(z)

dE

dfs
. (20)

Here ⇢c = 8.5 ⇥ 10�27 kg m�3 is the critical density,
fobs = fs(1 + z) is the frequency in the observed frame,
H(z) is the Hubble expansion rate and Rm(z) is the
merger rate in Gpc�3 yr�1. For all astrophysical back-
grounds we integrate redshift from z = 0 to z = 10,
approximately the time of formation of the earliest black
hole binaries. We have checked that our results are in-
sensitive to the upper redshift limit.
In the below Section, we discuss a variety of astro-

physical SGWB sources. The most important are: the
unresolved inspiral phases of the already detected LIGO

mergers, which we call Stellar Mass Binary Black Holes
(StMBBH), mergers from putative intermediate mass ra-
tio inspirals (IMRIs), and, in the LISA band, extreme
mass ratio inspirals (EMRIs). We discuss, and conclude
to be subdominant, SGWB signals from supermassive
black holes, white dwarf mergers and type 1a supernovae.
The SGWB from StMBBH and IMRI can be approxi-
mated as a power law with index 2/3. The shape of the
EMRI SGWB is more complex, but can be approximated
by a power law with index �1/3 for 3⇥10�3�3⇥10�2 Hz.
These astrophysical sources are summarized in Figure 2.

Stellar Mass Black Hole Binary Mergers

Mergers detected in the LIGO band emit GWs at
lower frequencies during their inspiral phase [99]. We
model the signal from these stellar mass binary black
hole (StMBBH) mergers following [100, 101]. We neglect
neutron star mergers as they are subdominant and degen-
erate with the overall merger rate, which we marginalize
over. By allowing the merger rate to vary we include
possible signals from as-yet undetected sources such as
primordial black holes [102]. We compute dE/dfs using
the separate templates for the merger and inspiral phases
from [103]. For the inspiral phase

dEinsp

dfs
=

1

3

✓
⇡
2
G

2

fs

◆1/3
m1m2

(m1 +m2)
1/3

. (21)
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m1 and m2 are the masses of the two merging objects
and G is the gravitational constant. During the inspiral
phase the emission varies over a wide frequency range.
For the merger phase

dEmerg

dfs
=
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3

�
⇡
2
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2
�1/3 f

2/3
s

fStBBH
merg

m1m2

(m1 +m2)
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. (22)

f
StBBH

merg
is the GW frequency at merger in the source

frame:

f
StBBH

merg
= 0.04

c
3

G(m1 +m2)
. (23)

We neglect the subdominant signal from ringdown, and
so set dE/df = 0 for f > fring, the source frame ringdown
frequency:

fring =
0.915(1� 0.63)(1� 0.67)0.3c3

2⇡G(m1 +m2)
. (24)

In the LISA band the stochastic signal is dominated
by the low-frequency inspiral phases, while the merger
phase is important only in the LIGO band. We assume
mergers occur for masses 5 < m1,m2 < 50M�. m1 has a
power law mass distribution m

�2.3
1

and m2 is uniformly
distributed. We assume that the merger rate evolves with
redshift following an empirical fit to the star formation
rate:

Rm(z) ⇠ a exp [b(z � zm)]

a+ b (exp [a(z � zm)]� 1)
. (25)

We take a = 1.92, b = 1.5 and we define a normaliz-
ing constant R0 to specify the rate at z = 0, which we
leave as a free parameter in our Markov chains. The
shape of Rm(z) and the values of a and b are currently
uncertain. However, in the midband region the signal is
dominated by the early inspiral phase of relatively low
redshift binaries, so we found that for reasonable values
of these parameters they were degenerate with the total
merger rate. For similar reasons we have not attempted
to remove the contribution for merger events resolved by
LIGO, which is also degenerate with the overall merger
rate.

Extreme Mass Ratio Inspirals

LISA will be sensitive to extreme mass ratio inspirals
(EMRIs), mergers between stellar mass and supermassive
black holes (SuMBH) [104–106]. The merger frequency
of these objects is approximately

f
EMRI

merg
= 0.01

✓
MSuMBH

106

◆�1

Hz . (26)

The non-detection of a black hole in M33 [107] suggests
that a lower limit on the SuMBHmass is 2⇥106M�, while

cosmological simulations use a seed mass around 5.6 ⇥
105M�. The EMRI signal thus lies within the LISA band,
and would not be detected by a midband experiment. A
typical EMRI signal lasts ⇠ 1 year and includes up to
105 orbits [105]. A fiducial merger rate is ⇠ 1 Gpc�3

year�1, or 300 LISA detections year�1 [108]. Although
these signals are faint, the mock LISA data challenge [109]
demonstrated that they are detectable in the datastream
due to the high number of orbits.
Modelling the overall signal from EMRIs is complex,

as they have a large range of possible parameters, includ-
ing both black hole masses, eccentricity and black hole
spin. We use the EMRI population model from Ref. [110],
based on the fiducial population model (M1) of Ref. [105],
with detected sources removed. We calculate ⌦GW using

⌦GW(f) =
4⇡2

f
2

3H2

0

hc(f)
2 (27)

where h
2

c(f) is the EMRI SGWB characteristic strain.
When making forecasts, we leave the overall rate of EMRI
mergers as a free parameter to model uncertainty in the
EMRI population [105, 111].

Supermassive Black Holes

LISA will also be sensitive to mergers between two
SuMBH of masses 104M� � 107M�. We do not con-
sider the stochastic background from these objects as
LISA is sensitive enough to detect essentially all such
mergers for z < 8. At higher redshifts the expected
number of supermassive black hole mergers is reduced
exponentially, following the number density of halos and
the expected timescale for SuMBH formation. SuMBH
with M > 107M�, when they occur, would merge in
a timescale too short to be resolved from LISA’s data
stream [112]. As these objects are rare, brief, transients,
they are better treated as glitches rather than a SGWB
and so we do not include them.

Intermediate Mass Ratio Inspirals

Between stellar mass and supermassive black hole pop-
ulations lies a hypothetical population of intermediate
mass black holes (IMBH) with 102 � 104M� [104, e.g ].
The best candidate for their production is dense star clus-
ters which may produce a runaway merger [113, 114].
Only one IMBH has yet been observed, indirectly as the
outcome of GW190521 [115], although some may be ac-
cessible with LIGO [116].
We can postulate Intermediate Mass Ratio Inspirals

(IMRIs) with a mass ratio of 102�104M�, resulting from
the merger of stellar mass black holes and IMBHs. Such
a merger would be observable by a midband experiment

 We consider 5 < m1, m2 < 50M⊙

•  Intermediate Mass Ratio Inspirals (IMRI): IMBHs with , hypothetical until 
the first (and the only) discovery of LIGO GW290521 (2020!); 
 ☞ We know little about them now but potentially important for LISA and midband!

— We take a simplistic modeling of IMRI SGWB based on limited current literature +  
formulae for StMBBH: best we can do now, future observations will clarify

102 − 104M⊙

dE/dfs

7

m1 and m2 are the masses of the two merging objects
and G is the gravitational constant. During the inspiral
phase the emission varies over a wide frequency range.
For the merger phase
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merg
is the GW frequency at merger in the source

frame:
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merg
= 0.04

c
3
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. (23)

We neglect the subdominant signal from ringdown, and
so set dE/df = 0 for f > fring, the source frame ringdown
frequency:

fring =
0.915(1� 0.63)(1� 0.67)0.3c3

2⇡G(m1 +m2)
. (24)

In the LISA band the stochastic signal is dominated
by the low-frequency inspiral phases, while the merger
phase is important only in the LIGO band. We assume
mergers occur for masses 5 < m1,m2 < 50M�. m1 has a
power law mass distribution m

�2.3
1

and m2 is uniformly
distributed. We assume that the merger rate evolves with
redshift following an empirical fit to the star formation
rate:

Rm(z) ⇠ a exp [b(z � zm)]

a+ b (exp [a(z � zm)]� 1)
. (25)

We take a = 1.92, b = 1.5 and we define a normaliz-
ing constant R0 to specify the rate at z = 0, which we
leave as a free parameter in our Markov chains. The
shape of Rm(z) and the values of a and b are currently
uncertain. However, in the midband region the signal is
dominated by the early inspiral phase of relatively low
redshift binaries, so we found that for reasonable values
of these parameters they were degenerate with the total
merger rate. For similar reasons we have not attempted
to remove the contribution for merger events resolved by
LIGO, which is also degenerate with the overall merger
rate.

Extreme Mass Ratio Inspirals

LISA will be sensitive to extreme mass ratio inspirals
(EMRIs), mergers between stellar mass and supermassive
black holes (SuMBH) [104–106]. The merger frequency
of these objects is approximately

f
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merg
= 0.01

✓
MSuMBH

106

◆�1

Hz . (26)

The non-detection of a black hole in M33 [107] suggests
that a lower limit on the SuMBHmass is 2⇥106M�, while

cosmological simulations use a seed mass around 5.6 ⇥
105M�. The EMRI signal thus lies within the LISA band,
and would not be detected by a midband experiment. A
typical EMRI signal lasts ⇠ 1 year and includes up to
105 orbits [105]. A fiducial merger rate is ⇠ 1 Gpc�3

year�1, or 300 LISA detections year�1 [108]. Although
these signals are faint, the mock LISA data challenge [109]
demonstrated that they are detectable in the datastream
due to the high number of orbits.
Modelling the overall signal from EMRIs is complex,

as they have a large range of possible parameters, includ-
ing both black hole masses, eccentricity and black hole
spin. We use the EMRI population model from Ref. [110],
based on the fiducial population model (M1) of Ref. [105],
with detected sources removed. We calculate ⌦GW using

⌦GW(f) =
4⇡2

f
2

3H2

0

hc(f)
2 (27)

where h
2

c(f) is the EMRI SGWB characteristic strain.
When making forecasts, we leave the overall rate of EMRI
mergers as a free parameter to model uncertainty in the
EMRI population [105, 111].

Supermassive Black Holes

LISA will also be sensitive to mergers between two
SuMBH of masses 104M� � 107M�. We do not con-
sider the stochastic background from these objects as
LISA is sensitive enough to detect essentially all such
mergers for z < 8. At higher redshifts the expected
number of supermassive black hole mergers is reduced
exponentially, following the number density of halos and
the expected timescale for SuMBH formation. SuMBH
with M > 107M�, when they occur, would merge in
a timescale too short to be resolved from LISA’s data
stream [112]. As these objects are rare, brief, transients,
they are better treated as glitches rather than a SGWB
and so we do not include them.

Intermediate Mass Ratio Inspirals

Between stellar mass and supermassive black hole pop-
ulations lies a hypothetical population of intermediate
mass black holes (IMBH) with 102 � 104M� [104, e.g ].
The best candidate for their production is dense star clus-
ters which may produce a runaway merger [113, 114].
Only one IMBH has yet been observed, indirectly as the
outcome of GW190521 [115], although some may be ac-
cessible with LIGO [116].
We can postulate Intermediate Mass Ratio Inspirals

(IMRIs) with a mass ratio of 102�104M�, resulting from
the merger of stellar mass black holes and IMBHs. Such
a merger would be observable by a midband experiment
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•  Extreme mass ratio inspirals (EMRIs): mergers between stellar mass and 
supermassive BHs (SuMBH),  (galaxy M33)MSuMBH ≳ 106M⊙
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m1 and m2 are the masses of the two merging objects
and G is the gravitational constant. During the inspiral
phase the emission varies over a wide frequency range.
For the merger phase
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merg
is the GW frequency at merger in the source

frame:
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We neglect the subdominant signal from ringdown, and
so set dE/df = 0 for f > fring, the source frame ringdown
frequency:

fring =
0.915(1� 0.63)(1� 0.67)0.3c3

2⇡G(m1 +m2)
. (24)

In the LISA band the stochastic signal is dominated
by the low-frequency inspiral phases, while the merger
phase is important only in the LIGO band. We assume
mergers occur for masses 5 < m1,m2 < 50M�. m1 has a
power law mass distribution m

�2.3
1

and m2 is uniformly
distributed. We assume that the merger rate evolves with
redshift following an empirical fit to the star formation
rate:

Rm(z) ⇠ a exp [b(z � zm)]

a+ b (exp [a(z � zm)]� 1)
. (25)

We take a = 1.92, b = 1.5 and we define a normaliz-
ing constant R0 to specify the rate at z = 0, which we
leave as a free parameter in our Markov chains. The
shape of Rm(z) and the values of a and b are currently
uncertain. However, in the midband region the signal is
dominated by the early inspiral phase of relatively low
redshift binaries, so we found that for reasonable values
of these parameters they were degenerate with the total
merger rate. For similar reasons we have not attempted
to remove the contribution for merger events resolved by
LIGO, which is also degenerate with the overall merger
rate.

Extreme Mass Ratio Inspirals

LISA will be sensitive to extreme mass ratio inspirals
(EMRIs), mergers between stellar mass and supermassive
black holes (SuMBH) [104–106]. The merger frequency
of these objects is approximately
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The non-detection of a black hole in M33 [107] suggests
that a lower limit on the SuMBHmass is 2⇥106M�, while

cosmological simulations use a seed mass around 5.6 ⇥
105M�. The EMRI signal thus lies within the LISA band,
and would not be detected by a midband experiment. A
typical EMRI signal lasts ⇠ 1 year and includes up to
105 orbits [105]. A fiducial merger rate is ⇠ 1 Gpc�3

year�1, or 300 LISA detections year�1 [108]. Although
these signals are faint, the mock LISA data challenge [109]
demonstrated that they are detectable in the datastream
due to the high number of orbits.
Modelling the overall signal from EMRIs is complex,

as they have a large range of possible parameters, includ-
ing both black hole masses, eccentricity and black hole
spin. We use the EMRI population model from Ref. [110],
based on the fiducial population model (M1) of Ref. [105],
with detected sources removed. We calculate ⌦GW using

⌦GW(f) =
4⇡2

f
2

3H2

0

hc(f)
2 (27)

where h
2

c(f) is the EMRI SGWB characteristic strain.
When making forecasts, we leave the overall rate of EMRI
mergers as a free parameter to model uncertainty in the
EMRI population [105, 111].

Supermassive Black Holes

LISA will also be sensitive to mergers between two
SuMBH of masses 104M� � 107M�. We do not con-
sider the stochastic background from these objects as
LISA is sensitive enough to detect essentially all such
mergers for z < 8. At higher redshifts the expected
number of supermassive black hole mergers is reduced
exponentially, following the number density of halos and
the expected timescale for SuMBH formation. SuMBH
with M > 107M�, when they occur, would merge in
a timescale too short to be resolved from LISA’s data
stream [112]. As these objects are rare, brief, transients,
they are better treated as glitches rather than a SGWB
and so we do not include them.

Intermediate Mass Ratio Inspirals

Between stellar mass and supermassive black hole pop-
ulations lies a hypothetical population of intermediate
mass black holes (IMBH) with 102 � 104M� [104, e.g ].
The best candidate for their production is dense star clus-
ters which may produce a runaway merger [113, 114].
Only one IMBH has yet been observed, indirectly as the
outcome of GW190521 [115], although some may be ac-
cessible with LIGO [116].
We can postulate Intermediate Mass Ratio Inspirals

(IMRIs) with a mass ratio of 102�104M�, resulting from
the merger of stellar mass black holes and IMBHs. Such
a merger would be observable by a midband experiment
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m1 and m2 are the masses of the two merging objects
and G is the gravitational constant. During the inspiral
phase the emission varies over a wide frequency range.
For the merger phase
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merg
is the GW frequency at merger in the source

frame:
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= 0.04
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We neglect the subdominant signal from ringdown, and
so set dE/df = 0 for f > fring, the source frame ringdown
frequency:

fring =
0.915(1� 0.63)(1� 0.67)0.3c3

2⇡G(m1 +m2)
. (24)

In the LISA band the stochastic signal is dominated
by the low-frequency inspiral phases, while the merger
phase is important only in the LIGO band. We assume
mergers occur for masses 5 < m1,m2 < 50M�. m1 has a
power law mass distribution m

�2.3
1

and m2 is uniformly
distributed. We assume that the merger rate evolves with
redshift following an empirical fit to the star formation
rate:

Rm(z) ⇠ a exp [b(z � zm)]

a+ b (exp [a(z � zm)]� 1)
. (25)

We take a = 1.92, b = 1.5 and we define a normaliz-
ing constant R0 to specify the rate at z = 0, which we
leave as a free parameter in our Markov chains. The
shape of Rm(z) and the values of a and b are currently
uncertain. However, in the midband region the signal is
dominated by the early inspiral phase of relatively low
redshift binaries, so we found that for reasonable values
of these parameters they were degenerate with the total
merger rate. For similar reasons we have not attempted
to remove the contribution for merger events resolved by
LIGO, which is also degenerate with the overall merger
rate.

Extreme Mass Ratio Inspirals

LISA will be sensitive to extreme mass ratio inspirals
(EMRIs), mergers between stellar mass and supermassive
black holes (SuMBH) [104–106]. The merger frequency
of these objects is approximately
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The non-detection of a black hole in M33 [107] suggests
that a lower limit on the SuMBHmass is 2⇥106M�, while

cosmological simulations use a seed mass around 5.6 ⇥
105M�. The EMRI signal thus lies within the LISA band,
and would not be detected by a midband experiment. A
typical EMRI signal lasts ⇠ 1 year and includes up to
105 orbits [105]. A fiducial merger rate is ⇠ 1 Gpc�3

year�1, or 300 LISA detections year�1 [108]. Although
these signals are faint, the mock LISA data challenge [109]
demonstrated that they are detectable in the datastream
due to the high number of orbits.
Modelling the overall signal from EMRIs is complex,

as they have a large range of possible parameters, includ-
ing both black hole masses, eccentricity and black hole
spin. We use the EMRI population model from Ref. [110],
based on the fiducial population model (M1) of Ref. [105],
with detected sources removed. We calculate ⌦GW using

⌦GW(f) =
4⇡2

f
2

3H2

0

hc(f)
2 (27)

where h
2

c(f) is the EMRI SGWB characteristic strain.
When making forecasts, we leave the overall rate of EMRI
mergers as a free parameter to model uncertainty in the
EMRI population [105, 111].

Supermassive Black Holes

LISA will also be sensitive to mergers between two
SuMBH of masses 104M� � 107M�. We do not con-
sider the stochastic background from these objects as
LISA is sensitive enough to detect essentially all such
mergers for z < 8. At higher redshifts the expected
number of supermassive black hole mergers is reduced
exponentially, following the number density of halos and
the expected timescale for SuMBH formation. SuMBH
with M > 107M�, when they occur, would merge in
a timescale too short to be resolved from LISA’s data
stream [112]. As these objects are rare, brief, transients,
they are better treated as glitches rather than a SGWB
and so we do not include them.

Intermediate Mass Ratio Inspirals

Between stellar mass and supermassive black hole pop-
ulations lies a hypothetical population of intermediate
mass black holes (IMBH) with 102 � 104M� [104, e.g ].
The best candidate for their production is dense star clus-
ters which may produce a runaway merger [113, 114].
Only one IMBH has yet been observed, indirectly as the
outcome of GW190521 [115], although some may be ac-
cessible with LIGO [116].
We can postulate Intermediate Mass Ratio Inspirals

(IMRIs) with a mass ratio of 102�104M�, resulting from
the merger of stellar mass black holes and IMBHs. Such
a merger would be observable by a midband experiment

— relevant for LISA band, faint but detectable. 

Modeling: complex, depends on many params—BH masses, eccentricity, spin;
We use available EMRI population model (e.g. Bonetti and Sesana 2020) to extract the 
characteristic EMRI strain , and calculate SGWB as:hc( f )

— The overall merger rate is a parameter in our scan
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FIG. 2. Example stochastic gravitational wave backgrounds
as a function of frequency. Shown are the astrophysical back-
grounds from stellar mass binary black hole mergers with our
fiducial merger rate of 56 yr�1 Gpc�3 (StMBBH, dot-dashed),
EMRI mergers with the fiducial merger rate of [110] (EMRI,
solid) and IMBHs with a merger rate of 4⇥10�3 yr�1 Gpc�3

(IMRI, dashed). We have o↵set this curve from the fiducial
merger rate of 5 ⇥ 10�3 yr�1 Gpc�3 for clarity: the similar
amplitudes for our fiducial model assumptions are largely co-
incidental. Grey shaded regions show experimental power law
sensitivity curves with SNR= 1.

Markov chains were sampled using EMCEE [120], a
widely used a�ne-invariant sampler. We ran the sam-
pler using 100 walkers for 6 ⇥ 104 samples each. The
walkers were initialized at randomly chosen positions in
a ball in the middle of parameter space and moved for
600 samples each. These samples were then discarded
and the position of the walkers used as the initial posi-
tions for the main sampling run. Acceptance fractions
after burn-in were ⇠ 0.3.

To summarize our parameters, they were: 1) The over-
all merger rate of stellar mass black holes. 2) The overall
merger rate of intermediate mass ratio black holes. 3)
The overall rate of EMRI mergers. Depending on the
cosmological model we then had: 4) The cosmic string
tension Gµ, or 4) the phase transition temperature scale
T⇤ and 5) the phase transition strength ↵.

RESULTS

Astrophysical SGWB sources

Figure 2 shows example signals from the astrophysical
SGWB signals. We show for comparison the PLS for
LIGO, LISA and TianGo. Midband experiments improve
sensitivity in the region between 0.01 Hz and 10 Hz. In
addition to TianGo, we have run chains with B-DECIGO,

which has roughly a factor of two higher sensitivity.

The astrophysical signal from StMBBH and IMRIs
is dominated by the inspiral phase until near the peak
amplitude. These two astrophysical signals have simi-
lar shapes and we have chosen the (uncertain) fiducial
merger rate of the IMBH SGWB so that the amplitude
of the GW signal is similar to the fiducial StMBBH sig-
nal. They are thus extremely degenerate in the LISA and
midband frequency channels, although this degeneracy is
broken by the high frequency measurements of LIGO and
(somewhat) by the signal from the merger phase at f ⇠ 1
Hz. The shape of the EMRI signal di↵ers substantially,
as explained in [110]. That the overall amplitude is simi-
lar in the LISA band to the fiducial StMBBH merger rate
is largely a coincidence and sensitive to our assumptions
about how many EMRI mergers are resolvable.

Cosmic Strings

Constraints

Figure 3 shows the results of our forecast for constrain-
ing a cosmic string SGWB based on mock data including
astrophysical sources only. We compare the likelihood
contours with only LISA and LIGO to those including
TianGo. The midband experiment produces a quanti-
tative improvement in the constraints. With only LIGO

and LISA, the marginalised 95% upper confidence limit
on Gµ was 2.7⇥ 10�17, whereas with TianGo it became
9.2⇥ 10�18, an improvement of a factor of 2.9. We per-
formed chains with the more sensitive B-DECIGO exper-
iment and found an upper limit of 2.5 ⇥ 10�18, an im-
provement of a further factor of 3.7.

The improvement in the upper limit on Gµ is driven
by improved constraints on the SGWB from EMRI and
IMRI, which improves following the power law sensitiv-
ity of the combined experiments. StMBBH rate con-
straints do not improve substantially as they are already
well constrained by LIGO. Figure 4 explains these results:
because the SGWB from cosmic strings is flat between
10�3 Hz and 1 Hz, LISA dominates the sensitivity if as-
trophysical sources are neglected. Improvements in Gµ

constraints with TianGo are thus driven primarily by im-
proved component separation.

Note that, since neither IMRIs nor EMRIs emit at
LIGO frequencies, the third generation detectors are un-
likely to further improve component separation. How-
ever, the raw improvement by a factor of 25�100 in sen-
sitivity to ⌦GW means that the third generation network
may be able to directly detect a cosmic string SGWB
with Gµ > 10�17 [66].

Astrophysical Sources of SGWB  
- Putting the three leading astro sources together                               

•  StMBBH and IMRI:  till the cutoff
•  EMRI: complex:  between
  

∼ f2/3

∼ f −1/3

3 × 10−3 − 3 × 10−2Hz

 Caveats on uncertainties:
•  StMBBH: best known, amplitude uncertainty O(1)
•  EMRI: shape less certain, amplitude uncertainty 
up to 1 order of magnitude

•  IMRI: shape/amplitude uncertain, power law 
should be between EMRI and StMBBH

★ Our assumptions are based on current best understanding, a great amount of new data 
will become available in the next decade to better constrain astro SGWB
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Astrophysical Sources of SGWB  
- The less important astro sources for our consideration                                    

•  Supermassive BH mergers: LISA can resolve all such mergers with 
 Higher redshift: number exponentially reduced, : rare very brief transients, more 
like glitches than SGWB ☞ We do not consider these in our analysis

104M⊙ − 107M⊙, z < 8
M > 107M⊙

•  White dwarf mergers: relevant for LISA band, but the signal very weak unless occurring in 
the Milky Way → highly anisotropic, can be reduced by decomposing into angular harmonics 
(discard all but isotropic component) ☞ We assume they can be neglected

• Type 1A Supernovae: white dwarfs reaching the Chandrasekhar mass by accretion, peak 
around  (unique to midband), but very faint SGWB due to lack of inspiral phase (all 
GW energy released in 1-2 sec)— ☞ too small!

0.5 − 1Hz
ΩGW ∼ 10−21

•  Slowly rotating neutron stars: non-axisymmetric NS can produce GWs, may be marginally 
detectable by LIGO, limited to Milky Way, so can be reduced like for WD mergers
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Our Analysis: Forecast Generation                                     
• We simulate signals with astro SGWB sources + with (for evidence/discovery) and 
without (for constraints) a cosmo SGWB (from strings or PT), using MCMC

‣ Our likelihood function:

log ℒ(p) = − ΣiTi ∫ df ( Mi( f, p) − Di( f )
Si

n( f ) )
2

‣   : sum over  experiments (recall: the power of combining!), we compare 

vs. (LISA, LIGO, + B-DECIGO or TianGo)

‣ : observation time duration of each experiment, : noise spectral density

‣  : model prediction with parameters 

‣  : mock data, with default astro model only for constraints, adding cosmo SGWB for 

discovery forecast

Σi i i = (LISA, LIGO)

i =

Ti Si
n( f )

Mi( f, p) p
Di( f )
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Results: Cosmic Strings                         
• Constraints: mock data with astro sources only

10

FIG. 3. Posterior likelihood contours for signal input with astrophysical SGWB sources only, with which we attempt to constrain
the cosmic string tension. Red: Including LISA and LIGO but no midband. Blue: Including LISA, LIGO and the TianGo
midband experiment. IMRI and StMBBH merger rates are shown in units of yr�1 Gpc�3. The EMRI SGWB amplitude
parameter is given as a fraction of the fiducial model. Gµ is dimensionless. Dashed lines show the true parameters of the mock
astrophysical model. Line plots show marginalised one-dimensional likelihoods, while the 2D shaded regions show 1 � � and
2� � marginalised confidence interval contours for each two-parameter combination.

Discovery Potential

To further assess discovery potential, we ran chains
where the simulated data include a cosmic string SGWB
with Gµ = 10�16, near the edge of the amplitude de-
tectable with LISA. As expected, without a midband
experiment, the string signal was detected at low con-
fidence. Figure 5 shows our results. A strong curv-
ing degeneracy emerged between the amplitude of the

EMRI SGWB signal and the cosmic string signal: in the
presence of a cosmological signal, LISA alone was un-
able to correctly separate astrophysical and cosmologi-
cal components. The degeneracy ran between Gµ ⇠ 0,
and Gµ = 2 ⇥ 10�16, while the EMRI merger rate runs
between 0.95 and 1.05 the fiducial rate. Since we have
probably underestimated the uncertainty in the EMRI
SGWB by assuming the fiducial model of [110], this sug-
gests that LISA will struggle to perform component sep-

‣ 95% C.L. with LIGO+LISA only: 
‣  + TianGo: , 
or + B-DECIGO: 

Gμ < 2.7 × 10−17

Gμ < 9 × 10−18

Gμ < 2.5 × 10−18

☞Up to an order of magnitude improvement
 in  sensitivity!
- cosmic string signal flat in , 
so LISA dominates signal sensitivity
- With midband improvement primarily driven
 by better constraints on EMRI and IMRI
(StMBBH already well constrained by LIGO)

Gμ
10−3 − 1Hz
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Results: Cosmic Strings                         

11

FIG. 4. Stochastic gravitational wave background signals
from cosmic strings. Shown is the expected signal for a variety
of cosmic string tensions less than the current upper bound
from pulsar timing. Grey shaded regions show experimental
power law sensitivity curves with SNR= 1.

FIG. 5. Posterior likelihood contour for signal input with
astrophysical SGWB sources and a cosmic string model with
Gµ = 10�16, showing the degeneracy between Gµ and the
EMRI merger rate. Red contours include LISA and LIGO
but no midband, while blue contours also include TianGo.
Dashed lines show the true parameters of the mock model.
The 2D shaded regions show 1 � � and 2 � � marginalised
confidence interval contours.

aration for these low string tensions. The addition of the
extra information from a midband experiment resolved
this issue. Cosmic strings were separated from the EMRI
SGWB with a 95% confidence interval on the tension of
Gµ = 4⇥10�17�1.7⇥10�16 for TianGo. For B-DECIGO

the interval was slightly narrower, 6⇥10�17�1.65⇥10�16.

FIG. 6. Stochastic gravitational wave background signals
from phase transitions. The fiducial model (solid, green) has
�/H⇤ = 40, ↵ = 0.5 and T⇤ = 105 GeV. The other curves
di↵er from the fiducial model only in the listed parameter.
Hence the curve labelled T⇤ = 103 GeV has �/H⇤ = 40 and
↵ = 0.5. Grey shaded regions show experimental power law
sensitivity curves with SNR= 1.

Phase Transitions

Constraints

Figure 6 shows the expected SGWB signal from a va-
riety of phase transitions. This SGWB signal is sharply
peaked, at a frequency depending on the energy scale and
an amplitude directly proportional to the strength of the
transition. For our fiducial choice of �/H⇤ = 40, transi-
tions peak in the midband region with a temperature (or
energy scale) at T⇤ ⇠ 104 � 106 GeV. Transitions around
the electroweak energy scale at 102 � 104 GeV peak in
the LISA band. Finally, strong phase transitions with
T⇤ = 107 GeV peak in the LIGO band, although these are
only detectable for ↵ > 0.5. A future third generation
network with a sensitivity improvement of 25�100 would
further close this energy gap and improve constraints on
phase transitions in this energy band to ↵ . 0.1. For
completeness, we also show the e↵ect of increasing �/H⇤.
This increases the peak frequency by decreasing the ef-
fective bubble size R⇤ as well as decreasing the amplitude
of the SGWB.

Figure 6 thus suggests that there is a region of param-
eter space where the midband experiment will sharply
constrain the presence of a phase transition, and a re-
gion of parameter space where the signal peaks at lower
energies, within the LISA frequency range. This is con-
firmed by Figure 7, where we shows constraints on the
phase transition parameters from our Markov chains, in-
cluding only astrophysical SGWBs. Again we show LISA

and LIGO only, followed by the results also including

• Discovery: mock data adding cosmo source with  (near LISA threshold)Gμ = 10−16

‣  Strong curving degeneracy between string 
signal and EMRI  
‣LISA alone not able to correctly separate 
cosmo vs. astro SGWB
‣ Extra info from midband: greatly improves 
separation

+TianGo: 
+ B-DECIGO: 

Gμ = 4 × 10−17 − 1.7 × 10−16

Gμ = 6 × 10−17 − 1.65 × 10−16
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Results: Phase Transitions                  
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FIG. 7. Markov chain samples for the phase transition likelihood function. Red: Including LISA and LIGO but no midband.
Blue: Including LISA, LIGO and the TianGo midband experiment. IMRI and StMBBH merger rates are shown in units of
yr�1 Gpc�3. The EMRI SGWB amplitude parameter is given as a fraction of the fiducial model. Ts is the phase transition
energy in GeV. ↵ is dimensionless. Dashed lines show the true parameters of the mock astrophysical model. The line plots
show marginalised one-dimensional likelihoods, while the 2D shaded regions show 1 � � and 2 � � marginalised confidence
interval contours for each two-parameter combination.

TianGo. The midband experiment does not improve con-
straints for phase transitions with T⇤ > 107 GeV, where
detectability is dominated by LIGO. For transitions with
T⇤ < 104 GeV, LISA dominates the constraints, and the
midband has little e↵ect.

For phase transitions with T⇤ = 104 � 106 GeV, the
midband experiment substantially improves constraints,
as these transitions peak in a frequency band where only
the midband experiment has sensitivity. The TianGo ex-

periment leaves a small window around T⇤ = 106 GeV
where the presence of a phase transition is not well con-
strained. Our B-DECIGO chains show that the more sen-
sitive experiment also closes this window.

• Constraints: mock data with astro sources only

‣ A midband experiment does not improve 
constraints for PT with  (LIGO 
dominates) or  (LISA dominates)

T* > 106GeV
T* < 104GeV

‣ A midband experiment substantially
 improves constraints for PT with 
T* = 104 − 106GeV

- The reason: the  peak in SGWB 
spectrum from PT          

f
T*
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Results: Phase Transitions                               
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FIG. 8. Posterior likelihood contour for signal input with
astrophysical SGWB sources and a sample phase transition
at the electroweak energy scale . Red contours include LISA
and LIGO but no midband, while blue contours also include
TianGo. Dashed lines show the true parameters of the mock
model, T⇤ = 5 ⇥ 103 GeV and ↵ = 0.2. The 2D shaded
regions show 1�� and 2�� marginalised confidence interval
contours.

Discovery Potential

To assess discovery potential, we have run chains where
the mock signal includes a phase transition with a vari-
ety of energies. We set ↵ = 0.2. We found that, because
there is uncertainty on the parameters of the phase tran-
sition, there is an energy region where experiments can
detect the transition signal, but not estimate its parame-
ters correctly. For example, a transition with T⇤ = 5⇥103

GeV and ↵ = 0.2 is within the range detectable by LISA.
However, because LISA is much less sensitive to ⌦GW at
higher frequencies, it is not able to distinguish a SGWB
which peaks within the LISA band and then diminishes
in the midband from one which peaks in the midband.
Thus it is di�cult for LISA to estimate the parameters
of the phase transition for signals near the edge of its
sensitivity as it cannot measure both sides of the peak in
the SGWB. Figure 8 shows our results for this parame-
ter choice. With the combination of LISA and LIGO9, we
can only constrain that T⇤ > 103 GeV and ↵ > 0.1, with
a range of possible signals at higher T⇤ and ↵ tracing the
edge of the LISA PLS curve. The TianGo midband exper-
iment provides extra frequency coverage and measures T⇤
between 4.7⇥ 103 and 104 GeV, with ↵ = 0.1� 0.22. At
lower energies in the expected region for an electroweak
phase transition, a cosmological signal with T⇤ = 103

GeV had parameters which were fairly well localised by
LISA alone, which found ↵ > 0 at > 2� �.

9 LIGO does not probe these scales, but is necessary to constrain

the astrophysical signal from StMBBH.

We further examined the e↵ect of the gap TianGo
leaves at T⇤ ⇠ 106 GeV on our constraints. We found
that a signal with T⇤ = 5 ⇥ 104 GeV can be detected
with a combination of LISA, LIGO and TianGo, produc-
ing 95% confidence intervals of T⇤ = 4 ⇥ 104 � 4 ⇥ 105

GeV and ↵ = 0.13�0.24, with slightly smaller parameter
ranges for B-DECIGO. However, a higher energy transi-
tion with T⇤ = 105 GeV was only reliably separable with
B-DECIGO, as TianGo was unable to localise the tran-
sition energy away from the poorly measured 106 GeV
region. The more sensitive B-DECIGO or AEDGE is thus
preferred for the most robust phase transition measure-
ment.

Discussion: Uncertainties in the Astrophysical
SGWB Models

Here we assess the likely uncertainty in our conclusions
due to our modelling choices for astrophysical SGWB
sources. The amplitude of the StMBBH background is
currently uncertain by a factor of two, while the EMRI
background is uncertain at an order of magnitude level.
For the SGWB from IMRI mergers, even the shape is
uncertain, although the power law index of the SGWB
is likely to be between that of the EMRI and StMBBH
backgrounds. Our quantitative forecast limits with B-
DECIGO/AEDGE (Gµ < 2.5 ⇥ 10�18 and strong con-
straints on phase transitions in the T⇤ = 104 � 106 GeV
range) thus represent an estimate. Qualitatively, how-
ever, the model we have built includes a separate astro-
physical SGWB source in each frequency band: LIGO,
LISA and the midband. As long as the IMRI SGWB
is close to a power law with index 2/3 and the EMRI
SGWB close to our assumed shape, our conclusion that
a midband experiment improves component separation
will be valid. Over the next decade a great deal of new
data will become available. In particular, once LISA and
TianGo begin taking data they should detect EMRI and
IMRI mergers, and thus will better constrain the power
law index of the SGWB.

CONCLUSIONS

We have examined the ability of a future midband
gravitational wave experiment to improve detection
prospects for cosmological SGWB signals, when com-
bined with the existing LISA and LIGO detectors. We
propose a new representation of the sensitivity to SGWB
of detectors covering multiple frequency bands, the com-

bined power law sensitivity (CPLS) curve. The CPLS
shows that the midband significantly improves sensitiv-
ity to ⌦GW in the transitional frequency region between
LIGO and LISA.

• Discovery: mock data adding cosmo source with T* = 3 × 103GeV, α = 0.2

‣  With LISA+LIGO only: can only constrain 

‣  Extra coverage from midband data: 
T* > 103GeV, α > 0.1

T* = 4.7 × 103 − 104GeV, α = 0.1 − 0.22

☞Signal parameters much better localized with 
midband data!
- LISA may capture the signal but do not have 
enough information in  band to characterize the 
shape…

f
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Conclusion/Outlook                       

• We forecast how a midband GW experiment (e.g. TianGo, B-DECIGO, AEDGE) can 
impact the detection of cosmo SGWB → potentially substantial improvements

- We propose CPLS curve: up to 2 orders of magnitude improvement in inclusive  ΩGW

- Likelihood analysis for benchmark cosmological SGWB (cosmic strings, PT) vs. 
astro SGWB (explicit modeling of leading sources) → strings:  improvement up to 

; PT: covers , facilitates shape info for 
Gμ

∼ 10 T* ∼ 104 − 106GeV T* ∼ TeV

• Our study helps to propel the science case of a midband GW experiment (from 
cosmology/HEP motivations) + Showcase the advantages for probing BSM physics 
with a well-coordinated multi-band GW program (an exciting new era!)

• To discover BSM with GWs (exiting new frontier!), we need to confront the potential 
challenges from astro sources with creative, dedicated approaches
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The Multi-band GW Astronomy/Cosmology
- The Exciting Future

• Multi-band GW program: will take decades to build, but ample opportunities for 
discovery, rewarding!

• Intriguing/inspiring analogies:
Observatories for EM radiation DM searches over wide mass ranges



Thank you!
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