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Executive summary

The gravitational-wave astronomical revolution began in 2015 with LIGO’s observation of the coalescence
of two stellar-mass black holes. Over the coming decades, ground-based detectors like LIGO will extend
their reach, discovering thousands of stellar-mass binaries. In the 2030s, the space-based LISA will enable
gravitational-wave observations of the massive black holes in galactic centres. Between LISA and ground-
based observatories lies the unexplored decihertz gravitational-wave frequency band. Here, we propose a
Decihertz Observatory to cover this band, and complement observations made by other gravitational-wave
observatories. The decihertz band is uniquely suited to observation of intermediate-mass (~ 102-10%M,)
black holes, which may form the missing link between stellar-mass and massive black holes, offering a
unique opportunity to measure their properties. Decihertz observations will be able to detect stellar-mass
binaries days to years before they merge and are observed by ground-based detectors, providing early
warning of nearby binary neutron star mergers, and enabling measurements of the eccentricity of binary
black holes, providing revealing insights into their formation. Observing decihertz gravitational-waves
also opens the possibility of testing fundamental physics in a new laboratory, permitting unique tests
of general relativity and the Standard Model of particle physics. Overall, a Decihertz Observatory will
answer key questions about how black holes form and evolve across cosmic time, open new avenues for
multimessenger astronomy, and advance our understanding of gravitation, particle physics and cosmology.



1 The astronomical revolution

During the 20th century there was an explosion of astronomical discoveries as new instruments en-
abled us to observe more of the electromagnetic spectrum [247]. Diversifying out from visible light
provided a richer understanding of the cosmos and provided many unexpected discoveries—from radio
pulsars [88, 193] to gamma-ray bursts [82, 224, 273]. A similar revolution awaits gravitational-wave
(GW) astronomy [4, 331], and we discuss the scientific potential of exploring the ~ 0.01-1 Hz
GW spectrum.

On 14 September 2015 the twin LIGO observatories made the first observation of a GW signal [4].
GW150914 originated from a coalescence of two black holes (BHs) each about 30M [6, 14]. This discov-
ery enabled revolutionary advances in the understanding of the astrophysics of binary BHs (BBHs) [7, 13]
and the nature of gravity [5, 20]. The signal was observed sweeping through a frequency range of ~ 20—
250 Hz. The lower frequency limit is set by the sensitivity of the detectors, because seismic noise prevents
observations at low frequencies. The upper limit is set by the merger frequency of the BHs, which is
inversely proportional to the binary’s total mass. Ground-based detectors, like LIGO [1], Virgo [23] and
KAGRA [27], can observe across a range of frequencies ~ 10-10% Hz. This is well tailored to the detec-
tion of merging BH and neutron star (NS) binaries [14], but it is only a small part of the GW spectrum.
Next-generation ground-based detectors, like Cosmic Explorer [8] or the Einstein Telescope [332] may
extend the observable range of GW frequencies down to a few hertz, but pushing lower requires switching
to space-based observatories.

Moving to lower GW frequencies enables observations of the mergers of more massive binaries, and
measurements of stellar-mass binaries earlier in their inspirals. The space-based Laser Interferometer
Space Antenna (LISA), due for launch in 2034, will observe across frequencies ~ 10~%-10~1 Hz, being
most sensitive around 3 x 1073 Hz [38]. This makes it perfectly suited to observe the merger of binaries
with ~ 105Mg massive BHs [56, 86, 225]. These massive BHs are found in the centres of galaxies [162,
232], including our own Milky Way [22]. LISA would also have been able to observe a binary like
GW150914’s source years—days prior to merger [339]. Making multiband observations of stellar-mass
binaries opens up new avenues of investigation, including unravelling how the systems formed [97, 289]
and enabling precision tests of GRy [372].

At even lower frequencies, pulsar timing arrays are sensitive to GWs of ~ 1079-10~7 Hz [254]. This
makes them well suited to observe ~ 109 M, supermassive BHs [278]. How (super)massive BHs form and
evolve is currently an active area of research with many outstanding questions. Combining observations
from LISA and pulsar timing will provide a unique insight into the growth of supermassive BHs [125, 301].

Here, we propose the case for extending the accessible GW spectrum with an observatory that can
observe in the ~ 0.01-1 Hz decihertz range. Such observations would (i) unravel the channels driving
the formation of stellar-mass binaries, enhancing ground-based observations with deeper multiband ob-
servations compared to those achievable with LISA; (ii) complete our picture of the population of BHs
by providing unrivaled measurements of intermediate-mass BHs (IMBHs), which may be the missing link
in the evolution of (super)massive BHs, and (iii) enable tests of fundamental physics in a new regime.
A decihertz GW observatory has the unrivaled potential to answer questions about the
complex physical processes that regulate binary star formation and evolution, to examine
the formation of astrophysical BHs at all scales back to the early Universe, and to look for
the existence of extensions to general relativity (GR) or the Standard Model.

2 Opening the decihertz window

In the following sections, we will highlight some of the scientific opportunities of 0.01-1 Hz GW mea-
surements. Exploiting decihertz observations would bridge space-based low-frequency detectors, like
LISA, and ground-based experiments, like LIGO and Virgo or their next-generation successors Cosmic
Explorer [8] or the Einstein Telescope [332]. Spanning this GW frequency spectrum will open new sci-
entific highways, making possible the detection of new sources and phenomena, as well as enhancing our
understanding of multiband sources. Among the population of astrophysical systems available to study
are:

1. Stellar-mass binaries of compact stellar remnants—white dwarfs (WDs), NSs and stellar-mass BHs
(Section 3). BH and NS mergers are observable with ground-based detectors, hence it is possible to
have combined multiband observations of these populations, with decihertz observations providing
valuable forewarning of mergers. Decihertz observations of BH and NS mergers can provide critical
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Figure 1: Evolution of binaries from millihertz to decihertz to hectohertz, together with sensitvity
curves for space-based and ground-based gravitational-wave observatories. Concept designs for Decihertz
Observatories (DOs) fill the gap between LISA and ground-based detectors like Advanced LIGO (aLIGO),
Cosmic Explorer and the Einstein Telescope. Details about different design curves and corresponding
parameters are discussed in Section 6.

forewarning of multimessenger emission associated with merger events. Following their detection
by LIGO and Virgo, BHs and NSs are a guaranteed class of GW source [4, 14].

2. The currently undiscovered IMBHs of ~ 102-10* M. The decihertz GW range is perfectly suited
to study BHs in this mass range. IMBHs could be discovered in binaries with compact stellar
remnants as intermediate mass-ratio inspirals (IMRIs), or in a coalescing binary with another
IMBH (Section 4).

3. Cosmological sources as part of a stochastic GW background (SGWB). Both this, and the other
astrophysical sources serve as probes of new physics, enabling tests of modifications to GR and
the Standard Model of particle physics (Section 5). Observing a modification to either of these
cornerstones of modern physics would revolutionise our understanding of the Universe, whereas
recording no deviations would place new, stringent bounds on viable alternative theories.

Decihertz observations provide a unique insight into the physics of each of these sources, and observations
would answer questions on diverse topics ranging from the dynamics of globular clusters to the nature
of dark matter.

The scientific return for each of the source classes is dependent upon the observatory design. There
are multiple potential technologies and mission designs for observing the 0.01-1 Hz GW spectrum. We
will refer to this class of detectors as Decihertz Observatories (DOs). To illustrate the potential of DOs,
we pick illustrative configurations to highlight what would be possible with an observatory of compara-
ble sensitivity. Our ensemble of illustrative detectors consists of: two illustrative LISA-like designs, the



more ambitious DO-Optimal and the less challenging DO-Conservative, and two DO concepts currently
in the literature, the Advanced Laser Interferometer Antenna (ALIA) [61, 80] and the DECi-hertz In-
terferometer Gravitational-wave Observatory (DECIGO) [333]. Together, these designs span a range of
sensitivities across the decihertz range. Details of these designs and our current technological readiness
are reviewed in Section 6. Potential sensitivity of DOs are illustrated in Figure 1; to highlight the po-
tential of these detectors, we overlay signals associated with different sources: NS binaries (component

mas 4Me +1.4My), stellar-mass BBHs (30Mg + 30M), IMRIs (103 Mg + 10M,) with eccentricity
0.9, [MBH binaries (103Mg, + 103 Mg).
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Figure 2: Cosmological reach to black hole and neutron star binaries in the proposed Decihertz Obser-

vatories (DOs). Binaries are assumed to be circular, and components are assumed to be equal mass and
have zero spin.

3 Stellar-mass binaries & multiband gravitational-wave astron-
omy

3.1 Revealing binary evolution channels

LIGO and Virgo have opened the window to the GW Universe with their observations of a stellar-
mass BBH [4]. Following the completion of their second observing run, 10 BBHs and 1 binary NS
(BNS) have been observed [14]. With measurements of these systems’ masses and spins we can start to
reconstruct the characteristics of the underlying populations [13]. There are a diverse range of formation
channels, and the true astrophysical population is likely to be a mixture drawn from a combination of
channels. For example, BBH systems that merge within a Hubble time may form via the evolution of
isolated field binaries that proceed through a common-envelope phase [72, 146, 154, 354] or chemically
homogeneous evolution [256, 258], through dynamical encounters in dense stellar environments such
as globular clusters [55, 150, 320], young star clusters [63, 144, 302, 315] or nuclear clusters [43, 48,
197, 276], which facilitate strong binary—single [49, 133, 325] and binary—binary [49, 392] interactions



Table 1: Horizon redshift for different sources and gravitational-wave observatories. Binaries are assumed
to be circular, and components are assumed to have zero spin.

Source type Masses (my +m2)/Mg DO-Conservative DO-Optimal ALIA DECIGO
BNS 14414 0.1 0.5 0.05 10
NSBH 14414 0.3 2 0.5 170
NSBH 70+ 1.4 0.6 4 2 250
BBH 30+ 30 3 100 20 > 103
IMRI (IMBH BH) 100 + 10 3 60 20 > 10
IMRI (IMBH-BH) 2000 + 40 30 50 180 160
IMBH-IMBH 1000 + 100 90 160 600 470
IMBH-IMBH 1000 4 1000 370 380 > 103 > 103

to form hardened BBHs, or via the secular evolution of hierarchical systems undergoing Kozai—Lidov
oscillations [346]. Increasing the number of observed sources would help in identifying typical signatures
of different channels [46, 217, 255, 355, 358, 391]. Each formation mechanism has its own associated
uncertainties, inherent in our incomplete understanding of the underlying physics—this is precisely the
physics we can come to understand through precision GW observations.

Current generation ground-based detectors will be able to detect stellar-mass BBHs out to redshifts
of z ~ 1-2; next generation detectors like the Einstein Telescope [332] or Cosmic Explorer [8] will see
out to z ~ 20, enabling them to chart the evolution of the binary population across the history of the
Universe [217]. To match the cosmological reach of upcoming ground-based detectors, and to
stand a chance of making a non-negligible number of multiband detections, it is essential to
have a detector with an enhanced sensitivity in the 0.01-1 Hz range. LISA would only observe
a small number of nearby (z < 0.1) systems [172, 281]. This limited detection range means (i) that LISA
cannot probe evolution over cosmic time, it cannot even match the detection range of current ground-
based detectors, and (ii) that multiband detections will be rare, making population inferences difficult
if not impossible. An improved decihertz sensitivity will allow a more thorough characterization of the
full range of formation channels which produce BBHs. DOs can potentially match, and even exceed, the
range of next-generation ground-based GW observatories. Detection horizons for a range of binaries are
shown in Figure 1 and Table 1. BBHs could be observed from cosmic dawn to the early Universe ensuring
that (i) by combining ground-based and decihertz observations we will have a complete multiband census
of the BBH population, and (ii) independent of ground-based detectors, DOs can perform a synoptic
survey measuring not only the properties of the BBH population, but how the properties change with
redshift. Of order of 10® observations are required to place percent-level constraints on the currently
uncertain parameters describing binary evolution [67]. Current ground-based detectors may achieve this
after a few years at design sensitivity [13, 15]; next-generation ground-based detectors and DOs can
achieve the same in a couple of years for each redshift interval of width 0.1 [217]. The large number
of BBHs across a wide range of masses observable with DOs presents a remarkable opportunity to pin
down the details of binary evolution.

Less massive binaries, such as BNSs, are not observable to as great a distance; however, DOs still
present the opportunity to observe these sources. Depending upon the DO design, the detection range
varies significantly (see Table 1). In more modest scenarios, the range is comparable to the current
generation of ground-based detectors, and in the more ambitious cases we can find sources back to z ~ 10,
when the Universe was only 500 Myr old. Therefore, in the more optimistic cases, we can perform a
census of the BNS, and NS-BH (NSBH) binary, populations across cosmic time. Crucially, observations
can extend beyond the peak in star formation rate at z ~ 2 [253], enabling reconstruction of the delay
time distribution between star formation and eventual merger [73, 322]. In the more pessimistic cases,
we cannot perform the same population studies; however, decihertz observations still provide valuable
warnings of a merger. This is especially beneficial for close-by binaries, as these are the most promising
candidates for having observable multimessenger counterparts (GW170817 was at redshift 0.01 [14]). The
decihertz observations provide notice of when a binary will merge, enabling telescopes to be positioned
ready to observe the merger of the binary.

The decihertz frequency range is ideal to study the detailed properties of the cosmic population of
merging compact binaries. Ground-based detectors (even the next-generation instruments) are sensitive
to the final phase of the inspiral, merger and ringdown, while space-based observatories probe the earlier



inspiral phase. The two observations provide complementary information about the source, enabling
improved parameter measurements. The symmetric mass ratio n = (mims)/(m1 + ma)?, where m; is
the primary mass and ms is the secondary mass, is often not measured precisely through observations
in a single frequency band [90]. For BBHs, ground-based observatories measure more precisely the
total mass M = my + mo from the merger-ringdown phase, while space-based observatory measure
more precisely the chirp mass M = n3/°M from the inspiral phase [132, 211]. Combining the two
can yield a measurement of 1 which is almost as good as the precision of the total mass or the chirp
mass. The mass ratio is correlated with the effective spin parameter x.s (a mass-weighted sum of the
individual component spins) [9, 135], and so it is possible to obtain more precise spin measurements.
Further information about the spins can be obtained from observing precessional dynamics [6, 45]. Spin
precession effects are easier to observe over long inspirals. This ensemble of precision information is
useful both when looking at the overall population characteristics and when considering a single binary
observed in both bands.

In addition to masses, spins and merger rates, eccentricity is a key indicator of binary formation
mechanisms. Eccentricity is informative because binaries formed in isolation exhibit relatively lower
eccentricities compared to those which evolved in dynamically active environments, such as dense stellar
clusters or triples [43, 44, 49, 72, 178, 320, 325]. In addition to distinguishing field binaries from those
formed in clusters or triple systems, eccentricity measurements can differentiate between sub-populations
that are synthesized in dynamical environments, such as BBHs that are ejected from their host clusters
and those that merge within the cluster environment. Dynamically-formed BBHs also have different
characteristic eccentricities depending on whether they merge inside or outside of their host cluster,
as illustrated in Figure 3. However, eccentricity is hard to detect at higher frequencies due to the
circularizing effects of gravitational radiation [298]. The residual eccentricity in the frequency range
accessible by ground-based detectors is expected to be too small to be detectable, except in the rare cases
when systems form with extreme eccentricities and rapid inspiral timescales [7, 49, 321, 327, 392]. At
millihertz frequencies, the eccentricity is much larger; LISA would be able to distinguish between isolated
and dynamical BBH formation channels through eccentricity measurements [97, 104, 236, 289, 290, 312],
but only for a few nearby systems. In some cases, BBHs formed with the highest eccentricities will
radiate GWs with frequencies that are too high for LISA to observe [49, 114, 133, 236, 237, 313, 392].
DOs are therefore well suited for eccentricity measurements. Furthermore, decihertz frequencies are
ideal for observing BBH mergers in clusters that result from gravitational Bremsstrahlung—relativistic
single—single encounters that dissipate enough energy during a close passage to become bound and
merge [328]. Decihertz observations will provide measurements of eccentricity, and hence insights into
binary formation, unavailable in other GW bands.

3.2 Localizing binaries & identifying their host environments

Longer duration observations provided by a space-based detector can provide improved sky localization
compared to ground-based instruments. The motion of the constellation over its orbit provides infor-
mation on the sky location [257]. As well as providing information on spins, precession measurable in
the inspiral also helps break the distance—inclination degeneracy. For nearby events with high signal-
to-noise ratio, combining distance and sky localization will allow the unambiguous identification of host
galaxies [139]. This will provide otherwise inaccessible information about the connection between binary
formation and the relevant galaxy properties, as well as a tool for constructing the local distance ladder
through standard siren measurements. Standard siren measurements can be made with or without an
electromagnetic counterpart [250, 335], although results without a counterpart are in general much less
precise [119]. Stellar-mass BBHs fall in this latter category [139, 238] and thus, although observed at
larger redshift, are not expected to yield cosmological constraints comparable to BNSs, for which there
are prospects for multimessenger counterparts [10]. From the early inspiral, both the localization and
the merger time are known ahead of the merger. Days or even years of warning (depending upon the
properties of the binary and the orbital frequency observed) would enable electromagnetic observatories
such as LSST, WFIRST and SKA to be positioned to observe at the time of the merger, providing the
best possible coverage of the source. If each BNS can be assigned a redshift measurement from its host
galaxy, then in the most optimistic scenarios we can construct a Hubble diagram with more than ~ 10°
events out to z ~ 3 [131, 287]. With these measurements we can obtain subpercent constraints on the
Hubble constant, and probe the equation of state of dark energy at the 10% level or better [131]. In
addition to standard siren measurements, another cosmological application of the localization of binaries
is mapping the large scale structure of the Universe. We will thus be able to probe the anisotropic struc-
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Figure 3: Eccentricity distributions of binary black holes formed in globular clusters when observed at
different gravitational-wave frequencies. binary black hole mergers in globular clusters form 3 distinct
populations: binaries that are ejected from the cluster due to a strong encounter, binaries that leave
a strong encounter in a hardened state and merge before the next encounter, and binaries that merge
during the strong encounter itself [321, 327, 392]. The first 2 populations make up the broad peak at
lower eccentricity, and the third results in the distribution at e < 1072 seen for the gravitational-wave
frequencies of frof = 10.0 Hz and f,of = 1.0 Hz. At lower frequencies it is easier to distinguish between
the ejected and in-cluster merger populations [133, 326]; the dashed and dotted green lines differentiate
the ejected and in-cluster populations, respectively, at f.of = 0.1 Hz. The peak near e ~ 1 in the
fret = 10.0 Hz histogram is populated by systems that form in-band and merge on the timescale of
days—years.

ture of the Universe, independent of electromagnetic tracers, which enables us to map the cosmic matter
distribution. While multimessenger observations of BBHs are only possible if there is sufficient surround-
ing material, BNSs and NSBHs offer a rich source of emission. Capturing the early emission from the
kilonova is particularly valuable in understanding the nature of NS matter, and hence forewarning of
the merger is extremely valuable [50]. These observations can tell us about the material properties of
nuclear density matter [17, 127, 259, 280, 283], the production of heavy elements [12, 121, 345, 361, 374],
and provide a unique laboratory for testing gravity [11, 21, 74, 76].

A new insight made available from longer decihertz observations could be the measurement of a
binary’s centre-of-mass acceleration. The peculiar acceleration of the center of mass of a compact binary
leaves an imprint on the GW signal [94]. This can produce a detectable drift in the GW phase if the
acceleration is large enough [360, 381]. This drift is easier to find in longer signals (which ideally can be
observed for the whole duration of the mission), and hence is a more promising target for space-based
observatories than ground-based observatories, and for BNSs (and NSBHs) rather than BBHs in the
decihertz frequency band [288, 341]. Measuring the peculiar acceleration provides unique insight into
the astrophysical environment of the source: for example it could reveal the possible presence of a third
circumbinary object [317, 359, 381] or indicate if the binary was embedded in a globular cluster [208, 313].

3.3 Observing double white dwarf mergers

Having access to decihertz frequencies would also enable multimessenger observations of WD binary
mergers. WDs are not accessible to ground-based detectors, as they merge at too low a frequency [245].
A double WD binary with secondary mass mso ends its inspiral at ~ 0.06(mz/Mg) Hz. Thus while WD
binaries with low secondary masses (e.g., AM CVn-like progenitors) will either undergo stable or unstable
mass transfer in the LISA band [177, 235, 260], most double WD binaries, including Type Ia progenitor
candidates, reach the decihertz regime. By measuring this high-frequency population of double WDs, we
can directly test the efficacy of the currently uncertain double-degenerate Type Ia supernovae channel.
A DO will be able to resolve this uncertainty as well as constrain the formation and evolution of Type Ia



double WD progenitors. The best prospects for WD observations are achieved for DOs with detection
horizons of 2 20 Mpc, which enables detection of sources in the Virgo Cluster [257]. Based on observations
of the Galactic double WD population [58], ~ 150 double WD Type Ia progenitors would be visible in the
Virgo Cluster, while population models suggest rates of ~ 7-12 times lower [367]. In the case of double
WD binaries below the mass threshold to be Type Ia progenitors, the stability of mass transfer between
WDs is still not well understood. It has been suggested that all mass transferring double WDs undergo
novae which lead to a common-envelope like evolution leading to mergers for most double WDs [343].
Observations in the decihertz frequency range will help resolve this mystery. Finally, potentially small
numbers of WD binaries observed with high frequencies in the Milky Way will have enormous GW
signal-to-noise ratios. These highly characterized systems will allow measurement of deviations from
pure gravitational evolution, probing dissipative effects like tides [79, 167, 168, 267, 300]. Therefore,
DOs will provide the opportunity to collect new observational insights into the WD population.

4 Uncovering the formation and evolution of intermediate-mass
black holes

4.1 Intermediate-mass black holes in star clusters: Intermediate mass-ratio
inspirals

IMBHs constitute an elusive class of BHs with masses in the range 102-10° M, which are expected
to bridge stellar-mass and massive BHs. Proving the existence of IMBHs is one of the outstanding
problems of modern astrophysics. IMBH observations would provide us with insights about stellar
evolution and dynamics, while excluding their existence would prove that massive BHs must form from
heavier seeds and not grow from IMBHs. One of the proposed formation scenarios for IMBHs formation
is via repeated mergers of stars and compact stellar remnants in dense star clusters, taking place either on
short timescales (< 1 Gyr) [174, 302], or throughout the whole host cluster lifetime (> 1 Gyr) [174, 337].
The relatively high densities required to trigger IMBH seeding and growth makes globular clusters ideal
places to look for IMBH signatures. However, a conclusive detection has not yet been achieved [274],
owing to the small effect that an IMBH has on the surrounding stars. For instance, the foremost
kinematical measurements available are not yet sufficiently detailed to resolve the IMBH influence radius,
leading sometimes to controversial results [240]. Unfortunately, the robustness of the results does not
necessarily improve using other measurements techniques, like detection of stellar disruption events [244],
or millisecond pulsar timing [124]. GWs provide a new, conclusive means of IMBH detection.

As the heaviest objects in a star cluster, IMBHs have a high probability to form a binary with a
compact stellar remnant, like a WD, NS, or stellar-mass BH [231, 252, 337]. Observing the coalescence
of an IMBH and a compact remnant would provide us with a wealth of information. First, such an
observation would provide an ironclad proof of the existence of IMBHs. Second, the nature of the IMBH
companion would allow us to discover their nursing environments. A WD companion would most likely
imply the absence of stellar-mass BHs in the cluster [337]; a stellar-mass BH companion would imply that
stellar-mass BHs can co-exist with an IMBH, and a NS companion would allow us to place constraints
on NS natal kicks. Mergers involving a WD or a NS can lead to bright electromagnetic counterparts
associated to the stellar tidal disruption [116, 156]; these multimessenger observations provide insights
into WD or NS structure.

GW astronomy will offer a unique opportunity to uncover the details of the IMBH population. The
typical mass ratio between a stellar companion and an IMBH lies in the range ¢ = mgy/m; ~ 1072~
10~*, thus IMBH-stellar remnant binaries are referred to as IMRIs [35, 100, 319]. More extreme mass
ratios, typical of binaries containing a massive BH and a stellar companion, are called extreme-mass
ratio inspirals (EMRIs) [31, 37, 86]. While the physical processes behind EMRI formation is relatively
well known, being mostly due to two-body relaxation [28, 31] and to the massive BH spin [36, 56|, the
picture is less constrained in the case of IMRIs. The loss-cone theory, which is at the basis of EMRI
evolution [191, 351], is not yet fully understood for IMBHs; this problem is more complicated because
the IMBH is not fixed in the centre of the host cluster. Numerical models suggest that IMRIs forming
deep inside star clusters are characterized by large eccentricities at formation (from e = 0.999) and small
semi-major axis (below a ~ 1075 pc) [189, 199, 231, 242, 252]. As GW emitters, IMRIs can be jointly
detected with ground-based observatories and space-based observatories [33].

While IMBH formation scenarios will remain uncertain until we obtain observations, it is possible to
place constraints on IMRI merger rates by making minimal assumptions on the star cluster formation



rate psrr, the fraction of clusters hosting an IMBH ppygn, and the fraction of IMBHs developing an
IMRI prvgr- For simplicity, we assume that pspr is nearly constant across the redshift range 2-8 [221].
Assuming that the IMRI lighter component is a 10Mg stellar BH, and assuming the current LISA
sensitivity, we estimate an IMRI event rate of

PSFR P1MBH PIMRI -1
Tprsa ~ 0.12n5 ( ) ( ) : 1
Lsa Ftrep (0.005M@ yr—lMpc—3) 0.2 05 )" (1)

where n,., the number of times an IMBH forms an IMRI in the same cluster. A DO characterized
by a larger detection horizon would boost these rates: ALIA enhances the prospect of detection up to
T'apra ~ 730I' 154, while DO-Optimal leads to I'gpy ~ 870I'754. To infer the rate for IMRIs containing
a WD or a NS, we must take into account that the horizon redshift will change compared to IMRIs
containing a stellar BH. Table 2 summarizes IMRI merger rates for different detectors, and the number
of events per year involving a WD, NS, or stellar BH [337]. As a consequence of the frequency range of
IMRI signals, a DO would enhance the prospects of detection to tens of events per year, and
allow us to observe IMRI populations up to high redshift (up to z ~ 20 with ALIA, which is
sufficient to capture essential all IMBH-BH IMRIs in the Universe).

Table 2: Prospective intermediate mass-ratio inspiral detection rates with different gravitational-wave
observatories. Event rates are shown for insprials of white dwarfs I'wp, neutron stars I'yg and stellar-
mass black holes I'gy. These rates are calculated assuming that the probability of an intermediate-mass
black hole forming in a cluster is pyypy = 0.2, that the probability of an intermediate-mass black hole
forming an intermediate mass-ratio inspiral is ppyrr = 0.5, and that each of these intermediate-mass
black hole forms an intermediate mass-ratio inspiral n.e, = 1 times in the same cluster [337].

Detection rate

Detector FWD/yr_l FNs/yI“_l FBH/yI‘_l
LISA 6x107%  7x107° 8x 1073
DO-Conservative 4 4 %1072 4
DO-Optimal 24 3 x 107! 5
ALIA 8 9 x 1072 5
DECIGO 32 4 %1071 5

As with stellar-mass binaries, combining ground-based and space-borne observations can provide
better constraints on the properties of the source. Space-based detectors can observe the inspiral and
hence provide us with measurements of parameters such as the chirp mass [132, 211], while ground-
based detectors will detect the merger and ringdown, and therefore measure other parameters such
as the final mass and spin [188]. Therefore, the joint detection of IMRI GWs can allow us to break
parameter degeneracies and place more stringent constraints on IMRI mergers. However, high-mass or
high-redshift IMRIs will merge at frequencies which are too low for ground-based detectors, and DOs
will become especially valuable as they will be able to measure the merger and ringdown.

Having access to IMRIs via DO observatories will provide a unique test-bed for assessing the accuracy
of general relativistic waveforms. The orbiting companion object spends many orbits in the strong field
regime close to the IMBH, enabling us to probe the structure of the spacetime. Computing the GWs in
the mass ratio regime of IMRIs presents a challenge for current approaches to modelling the relativistic
two-body problem. Although numerical relativity [151] can formally model these binaries, the mass
ratio leads to extremely high spatial and temporal resolution requirements. Coupled with the need to
model thousands of potentially highly eccentric orbits [32] this, currently, renders numerical-relativity
simulations of these binaries impractical (though future algorithmic and technological developments may
close this gap). One promising approach for modeling IMRIs is BH perturbation theory, which expands
the Einstein equations in powers of the (inverse) mass ratio around the analytically known metric of the
primary. Once this approach is take to second order in the mass ratio the error in the waveform phase
will be sufficiently small (depending on the coeflicient of the unknown third-order term [194]) to model
IMRIs. With progress on second-order calculations well underway [183, 277, 304, 305, 375] we expect
that this technique will cover a large proportion of the IMRI parameter space. These approaches can also
be coupled to post-Newtonian theory when the binary is widely separated [90], and to effective-one-body
theory [284, 362]. The best IMRI waveform models will be created by combining the strengths of each



of these approaches. Accessing the decihertz observational window will give us a unique chance to place
strict constraints on the theory of IMRI GW emission and on the accuracy of our modelling techniques.

In addition to the wealth of information that can be provided by GW observations alone, there is
potential for IMRI systems to be multimessenger sources. A WD inspiralling around an IMBH with mass
< 10° M, will be tidally disrupted before it is swallowed by the IMBH. The slow WD inspiral will emit
an IMRI GW signal accompanied by bright electromagnetic emission during the tidal disruption and
accretion of the WD. The flare associated to the tidal disruption can significantly exceed the Eddington
luminosity of ~ 10%3(M/10° M) ergs™! [340, 390]. The BH mass range needed to trigger this mechanism
is typical of IMBHs sitting in globular clusters or in the centre of dwarf galaxies. Due to the poorly
known demographics, event rates for WD-IMBH mergers are currently highly speculative and model-
dependent. Calculations based on numerical models suggest event rates as high as ~ 100 yr—! Gpc™ in
dwarf galaxies and ~ 1 yr~' Gpc™ in globular clusters, assuming that all dwarfs and globular clusters
host an IMBH [251, 252], but they can be much lower depending on the unknown occupation fraction.
For typical IMBH (103My) and WD (0.8M) masses, a DO detector can observe these systems at
redshift 2 < 1.8; heavier IMBHs (~ 10* M) can be detected at even higher redshift (z ~ 3.5), thus joint
electromagnetic and GW observations can potentially lead to the discovery of thousands
of tidal disruptions.

Through observations of IMRIs, we probe the low-mass end of massive BH demographics. This has
a dual impact on our knowledge of BHs. First, we will have access to the mass range which contains the
secrets of massive BH seeds [373]. Understanding how massive BHs form and grow is key to understanding
how structure forms in the early Universe and how galaxies evolve. Second, we will have the unique
possibility to observe stellar dynamics of dense star clusters in action. Furthermore, the observation of
electromagnetic counterparts to tidal disruptions will provide us with: (i) crucial details on accretion
physics (and likely super-Eddington flows) [134], and its dependence on the mass and spin of the accretor
(determined by the GW observations); (ii) another powerful class of standard sirens for cosmography,
and (iii) precise localization of the event, making possible a definitive association of IMBHs with globular
clusters or dwarf galaxies.

4.2 Intermediate- and stellar-mass black holes in galactic nuclei

Galactic nuclei and nuclear star clusters are expected to contain a dense population of stellar-mass
BHs orbiting around a (super)massive BH [279, 282]. These stellar-mass BHs can either be formed
in-situ [41, 171], or via deposit from orbit segregated star clusters [41, 48]. The enrichment in BHs
typical of this class of stellar systems is due to a variety of factors. The large escape velocities increase
the probability to retain BHs, whereas mass segregation naturally causes a drift of the BHs towards
the innermost galactic regions [29, 34, 59, 85, 165, 201, 296]. The high densities regulate both BBHs
formation [178, 241, 314], hardening [276] and ionization [199, 200, 243, 292] via dynamical encounters.
The presence of a massive central body, either a massive BH or an IMBH, sitting at the heart of the
galactic centre can have a crucial impact on the evolution of the star cluster and its population of BBHs.

4.2.1 Gas-rich galactic nuclei

A dense AGN gas disc around the central massive BH dynamically cools the orbits, setting up a preferen-
tial orbital plane [357]. Hence, a fraction of the nuclear BH population must end up on circularized orbits
within the AGN disc [263]. The gas disc torques embedded objects, and differential migration within
the disc allows new BBHs to form at low relative velocities [264, 336]. Disc gas and tertiary encounters
can harden BBHs to merger, yielding a population of overmassive BBH mergers in AGN discs detectable
as GW merger events with ground-based GW detectors [69, 264, 269, 356]. At large separations these
embedded BBHs will be detectable in the LISA GW band, where the effects of AGN gas drag on the
binary should be imprinted on the GW waveform [143, 269]. Depending on AGN disc structure, gas
torques can cause embedded migrating objects to converge at traps, where high-mass IMBHs can be
built up [77, 266, 336, 387]. As the IMBH builds up at the trap via mergers with in-migrating BH,
the resulting IMRIs will appear as GW emitters in the 0.01-1 Hz frequency band. An electromagnetic
counterpart simultaneous with the IMRI will be detectable in the ultraviolet/optical due to Hill-sphere
contraction at merger [265]. IMBHs with masses ~ 10>~10% My, can also be brought into the innermost
galactic regions by disrupting star clusters formed close to the galactic centre [47, 48, 153, 262, 303].
These delivered IMBHs can further segregate toward the (super)massive BH via dynamical friction and
get trapped into the AGN disc, thus potentially pairing with BHs, forming IMRIs, and potentially allow-
ing the IMBH mass buildup. A DO observatory has the potential to uncover the population of IMRIs
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and BBHs forming in AGN discs, detecting them years-weeks prior to the merger. The associated GW
signal encodes information about the AGN environments, providing a unique link between
the small scale of the IMRI or BBH merger, and the large scale characterizing the AGN
and the host galactic nucleus.

4.2.2 Gas-poor galactic nuclei

A galactic nucleus harboring a quiescent (super)massive BH can be a site of intense GW source forma-
tion. Close to the (super)massive BH, IMBHs can either form via multiple stellar collisions [43], or be
transported by inspiralling star clusters [48], opening the possibility of the formation of (super)massive
BH-IMBHSs multiplets [47, 262, 303]. Alternatively, the nuclear BH can tidally capture BBHs onto tightly
bound orbits [24, 115] and affect the BBH evolution via the Kozai-Lidov effect [42, 47, 48, 95, 164, 184,
197, 246, 299, 307, 353, 371]. In this case, a BBH orbiting a nuclear BH undergoes a periodic increase
of its eccentricity, which can reach values close to unity and, consequently, shorten the binary lifetime.
Binaries forming this way have low probability to retain a residual eccentricity in the ground-based ob-
servational band, but would be easier to observe in with a DO [114, 198, 275, 339]. The corresponding
signal is long-lasting, likely ~ 3-5 yr, comparable to the lifetime of the detector. Such a long period
of observation will allow us to discern the subtle distortion of the GWs caused by the orbital motion
of the BBHs around the (super)massive BHs or IMBHs [47, 113, 208, 272, 317, 381], the tidal force of
the (super)massive BHs or IMBHs [161, 198, 272, 313], or the hydrodynamical effects in any accretion
discs [117].

DOs enable multi-band observations of those BBHs merging in the vicinity of IMBHs, potentially
within < 10% Schwarzschild radii [120). BBH-IMBH systems are a unique target for DO—
ground-based multiband observation because they emits not only 1-102 Hz GWs from the
coalescing binary, but also simultaneously 0.01-1 Hz GWs due to the orbital motion of the
binary around the IMBH. Moreover, because the remnant of the coalescing binary recoils due to
anisotropic GW radiation [110], the orbit of the post-merger BH around the IMBH changes slightly,
which leaves an imprint in the low-frequency waveform. By observing such a feature in the 0.01-1 Hz
band we can conduct a series of precise experiments, such as measuring the mass and linear momentum
loss via GWs, as well as constraining the graviton mass. The corresponding precision would be an
order of magnitude better than the current limits [185]. Thanks to the large detection horizon and,
consequently, the high detection rate of BBHs, a detector working in the 0.01-1 Hz band can potentially
detect multiple such events each year, even though such events are expected to be rare relative to BBH
mergers formed from other channels.

5 New frontiers of fundamental physics

5.1 Tests of general relativity

GW astronomy provides a powerful new toolbox which enables testing the laws of gravity at new scales
and in new regimes. Compact binary coalescences allow in particular to probe the strong-field regime close
to the merger where the spacetime is dynamical [169, 377, 384], as well as the cosmological propagation
of GWs [160].

Although GR has withstood all stress-tests to-date [5, 87, 376, 389], it is not a viable candidate
for quantum gravity. Furthermore, the theory does not provide a natural scale to explain the value
of the cosmological constant [122]. Solving these puzzles remains an important problem in theoretical
physics, with a plethora of alternative theories providing corrections to GR in the weak-field, low-density
regime of cosmology. Testing these models is a key driver of upcoming cosmology and astrophysics
experiments [39, 209].

A generic property of extensions to GR is the inclusion of new propagating degrees of freedom.
Sometimes these are introduced purposefully as a feature of the gravity model (e.g., Jordan—Brans—
Dicke theory introduces a scalar field that couples conformally to the Einstein—Hilbert action [62]), and
in other models they are induced as a consequence of modifications to the dynamics of the metric (e.g.,
f(R)-gravity and non-local gravity [75, 84, 349]). These may lead to novel solutions such as hairy BHs in
quadratic gravity [81, 219, 261, 350] or in the presence of time varying scalar fields on cosmological scales.
Modified gravity models involving vector fields, like Einstein-aether theory [212], and additional tensor
fields, like bigravity [334], are also possible. A binary composed of such hairy BHs will emit additional
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(scalar) dipole radiation that causes a phase shift in the GW signal [342, 385], and measuring these
enables placing the most stringent observational bounds on quadratic gravity to-date [294, 380, 383].

Observing GWs in the decihertz range enables tests of GR in a new regime. For example,
in an alternative theory of gravity possessing a scalar field with a nonzero mass, the scalar field around
the compact object will be confined inside its Compton wavelength, dropping exponentially outside
this characteristic distance [309, 352, 388]. Therefore, the dipolar radiation during the inspiral will
be suppressed until the orbital separation between the two inspiraling compact objects drops below the
characteristic Compton wavelength. This implies that the binary dynamics will change in different stages
of the signal [30, 323], making necessary the observation of a large range of frequencies to detect these
effects. Alternatively, in some theories of gravity, BHs develop nontrivial hair only for a certain range
of parameters, while in the rest of the parameter space the solutions coincide with GR. This happens
for theories that admit scalarization similar to the Gauss—Bonnet case, where the development of a
nontrivial scalar field is triggered by the spacetime curvature [147, 347], but can also be extended to other
classes of alternative theories [40]. Moreover, for such theories an effect called dynamical scalarization
(or descalarization) can be observed: BH scalar hair can develop (or vanish) as the orbital separation
between the two compact objects changes [65, 222, 338, 344]. Thus, only by observing different classes of
BBHs across different mass ranges can we check for the appearance of disappearance of nontrivial hair.
Increasing the range of the frequencies observed increases the probability to observe the
transition region or enables us to verify the applicability of GR in a previously unexplored
space only accessible with a DO.

Further GW tests of GR can be boosted with joint space- and ground-based detections [339]. The
improved source characterization of multiband events [372] leads to precision tests of parametrized devi-
ations of GR [109, 175]. Consistency checks can be performed measuring parameters like the masses and
spins independently from space-based and ground-based detectors [173, 206, 368]. Moreover, tracking
the phase and amplitude of the GW in such extended frequency band (possibly four orders of magni-
tude) enables to severely bound modified dispersion relations and frequency dependent modulations of
the strain. For instance, constraints on GW oscillations could be highly improved with respect to LISA
capabilities [76]. With a DO working in concert with next-generation ground-based detectors, there is
the potential to perform many multiband tests of the nature of gravity.

To illustrate one test where observations across the decihertz band would answer a key question
about gravitation, let us study the strong equivalence principle, one of the central pillars of Einstein’s
GR. A typical consequence of violating the strong equivalence principle is the emission of dipole radiation
from asymmetric binaries [66, 377]. Fields non-minimally coupled to the Einstein—Hilbert term or to
the matter Lagrangian may have non-trivial profiles around massive bodies. This does not usually affect
BHs, due to no-hair theorems [136], hence we generally consider binaries with at least one non-BH
component; however, for certain classes of gravity theories, dipole radiation is also possible for a BBH
system, evading the no-hair theorems [64, 386]. The non-trivial field profile results in a violation of the
strong equivalence principle, because the gravitational properties of a body now depend on its internal
scalar profile. As a result, the matter stress-energy tensor is generally not conserved, allowing for the
emission of dipole radiation.

An unusual feature of dipole radiation is that its relevance (relative to quadrupole radiation) decreases
as the binary separation shrinks. Hence, it is crucial to observe the evolutionary phase of the binary at
which it is close enough to have significant GW emission, but still far from rapid inspiral and merger.
DOs sensitive at 0.01-1 Hz would enable a significant number of binaries to be followed through this key
phase. The dipole flux correction to the total GW flux Egw can be quantified using a parameter defined
through [66]

, (2)

: : GM\ !

where M is the total binary mass, r its orbital separation, and Egr is the flux predicted in GR. A
combined space- and ground-based detector network could constrain B < 107'°. These generalised
constraints can then be mapped onto specific classes of theories within the modified gravity landscape,
validating them or ruling them out.

This discussion of dipole radiation does not consider the issue of screening. For gravity theories that
modify the large-scale cosmological regime, a mechanism is needed to ensure consistency with other
weak-field regimes, such as the Solar System. Screening refers to a handful of mechanisms that are
known to operate in some (but not all) modified gravity theories, that act to suppress their effects in
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Table 3: Relation between the black hole population, particle masses that we can search for (or constrain)
and the relevant future gravitational-wave detector landscape.

Black hole mass mpu/Mg — Particle mass mpc?/eV Detectors
10° 102 Pulsar timing array
10° 10717 LISA
103 10714 Decihertz
50 1012 Ground-based

regions of high density [214]. In screened theories, one generally expects that the entire interior or a
galaxy is screened, and hence governed by the laws of GR. Currently known screening mechanisms are
proven to work only in static gravitational regimes. One of the most common screening mechanisms, the
Vainshtein mechanism [57, 370], is known not to operate fully in dynamical gravitational situations [78].
This makes GW tests of gravity not only possible, but also potentially the only way to
probe modified gravity effects inside galaxies.

Multimessenger observations have already had a substantial impact on the landscape of modified
gravity through constraints on the GW propagation speed obtained from the GW170817 event [11, 21]
and its electromagnetic counterpart. Many popular gravity models prior to GW170817 predicted an
anomalous GW speed cr(z) at low redshifts. GW170817 alone implies the bound |cp(z ~ 0)/c — 1| <
10715 [60, 128, 159, 324]. This ruled out gravity models such as the quartic and quintic Galileons [286],
and placed restrictive constraints on others such as Horndeski theory [138, 202], TeVeS [348], and Gener-
alized Proca theory [192], if these models are invoked to explain cosmological observations. A sample of
roughly a hundred or so such multimessenger detections can provide strong constraints on any difference
between the effective luminosity distance of GW sources and their electromagnetic counterparts [76].
This slip in luminosity distances is another generic smoking gun of modified gravity that in the future
could be used to test entire families of theories. The early warning and localization provided by a
decihertz detector would be ideal for performing these multimessenger tests.

5.2 Testing the Standard Model of particle physics through dark matter
candidates

One of the big mysteries in particle cosmology is that of dark matter: while overwhelming observational
evidence ranging from flat rotation curves of galaxies to gravitational lensing indicates its existence, we
are still in the dark when it comes to the constituents and properties of this elusive type of matter. BHs
may come to our rescue, and serve as novel probes for axion-like particles that have become popular dark
matter candidates [54, 207]. This is possible because of the superradiant or BH bomb instability [99, 145,
306]. Low frequency bosonic fields scattering off rotating BHs are superradiantly amplified and grow
exponentially to form bosonic condensates if their Compton wavelength is comparable to the BH size.

The latter implies that we can probe for a wide range of beyond-standard model particles from
popular dark matter candidates to the quantum-chromodynamics axion using pure gravity, that more
conventional particle detectors cannot access, as illustrated in Table 5.2. These yield important observ-
able signatures such as gaps in the Regge (BH spin—mass) plane [53, 98, 163, 297], and monochromatic
GWs with frequencies (determined by the BHs’ mass) across the spectrum [187, 210, 293, 379]. Simi-
larly, compact binaries yield novel observational signatures due to resonances [70, 382]. Hence, BHs and
binaries thereof, and their GW emission can be used as innovative search engines for axion-like particles
and, in fact, beyond-standard model particles in general.

5.3 Testing the physics of the early Universe and high-energy theories

GWs can carry unique information about the state of the Universe at epochs and energy
scales far beyond the reach of current electromagnetic cosmological observables. Information
about the early Universe is encoded within the SGWB. The SGWB'’s has contributions from a variety of
sources, including phenomena outside of the reach of electromagnetic probes. The SGWB’s characteristic
frequency today can be related to the Hubble factor at the generation time H, [105], assuming that
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generation occurred during the radiation-dominated era:

-8 ck G« (T*) 1/6 kBT*

fnaaos () (02) (L) 4, "
Here, T, is the are the Universe’s temperature at the time the GW is source, g.(7T%) is the correspond-
ing number of relativistic degrees of freedom, and dk is the wavenumber, such that the first term in
parenthesis is the physical wavenumber at the time of GW production, normalised to the Hubble rate
at that time (this factor depends on the details of the GW sourcing process, but for causality reasons
must satisfy ck/H, > 1). The relationship between the temperature when the SGWB is generated
and its characteristic frequency today illustrates how observing in different frequency bands probes GW
emission from different epochs and energy scales in the early Universe. There are mainly two classes of
SGWB source operating in the early Universe: those related to inflation and subsequent processes (such
as reheating), and those related to primordial phase transitions.

In all the below, we assume the absence of a SGWB of astrophysical origin which would mask the
cosmological signal. The detection of an astrophysical SGWB, from stellar-mass binaries, is expected
to be found and characterised by ground-based observatories [16]. In the context of a DO, it would be
necessary to accurately subtract out the astrophysical SGWB foregrounds; otherwise, the science of a
cosmological SGWB would not be lost, but its effectiveness in constraining models for SGWB generation
would be reduced. The improved knowledge of the rate of binary mergers provided by the large number
of detections will make subtraction of the astrophysical SGWB easier.

A SGWRB is generically expected in the standard slow-roll inflationary scenario, extending in frequency
with a slightly red-tilted spectrum from the horizon scale today to the one corresponding to the energy
scale of inflation: 107! Hz < f < 10! Hz [105]. Even though this signal intersects the frequency
range of all GW detectors, measuring it is extremely challenging because of its low amplitude. At low
frequencies f < 10716 Hz, the SGWB is the target of cosmic microwave background (CMB) experiments,
through the measurement of the B-mode polarisation [152]. The present upper bound by the Planck
satellite on the tensor-to-scalar ratio is r < 0.07 [25], translating into a dimensionless energy density of
h2Qcw < 3 x 10716 (assuming no spectral tilt). This is expected to improve in the near future: on the
ground, the Simons Array [26] could bound r < 2x 10~3 by 2021-2025 and CMB Stage-1V [3] could reach
r < 1073 by 2027-2031, and in space LiteBird [190] could reach r < 6 x 10~4 by 2027-2032, and proposed
satellites such as Pico [186] or CORE [140] could reach r < 10~%, which is the lowest bound CMB
experiments can technically reach. In the case of no positive detection by CMB by 2035-2050, future
direct GW detection would require sensitivity of h2Qgqw ~ 2 x 1071?, corresponding to r» = 10™*, which
is far below the sensitivity of any GW mission under study. However, there are scenarios, going beyond
standard slow-roll inflation, in which the predicted SGWB spectral tilt becomes blue at high frequency,
thereby opening up the possibility of a direct GW detection of the inflationary SGWB [68, 126]. This
would constitute a major discovery, as it amounts to probing the inflationary potential near the end
of inflation, which is observationally unconstrained. Consequently, it would bring extremely relevant
information about inflation and the high-energy physics model underlying it. Therefore, SGWBs from
inflationary scenarios are an interesting, but speculative possibility; there are other sources of SGWBs
which are more compelling for DOs.

The situation is different for sources in connection with primordial phase transitions. In particular,
a first-order phase transition in the early Universe can generate a SGWB through the collisions of true-
vacuum bubbles and the subsequent bulk motion of the plasma [106, 176, 195, 196, 218, 233]. In this
case, the SGWB is expected to show a peak at a frequency scale set by the size of the bubbles when
they collide, R, ~ vy /8 [107], where vy, is the bubble-wall speed and 1/8 denotes the duration of the
phase transition. Compared to LISA, a DO would therefore be sensitive to first-order phase transitions
occurring at higher temperature (cf. Eq. (3)) or with a shorter duration.

The energy scale of the electroweak symmetry breaking (EWSB) corresponds to T, ~ 100 GeV;
this phase transition offers a particularly interesting test-bed, since it certainly took place in the early
Universe. In the context of the Standard Model of particle physics, it is a cross-over rather than a first-
order transition [130, 215]; however, well-motivated scenarios beyond the Standard Model (BSM) predict
a first-order EWSB, often together with baryogenesis processes or dark matter candidates [83, 101, 111,
112, 141, 148, 216, 234]. Observing the SGWB signal from such a phase transition would therefore probe
BSM physics at the 100 GeV scale. This will still be a compelling scientific case in 2050: even if current
and future colliders will not find BSM physics, there will be still room for a strong electroweak phase
transition, being both the Future Circular Collider and the International Linear Collider not sensitive to
the whole parameter space of the setups leading to the first-order electroweak phase transition [2, 166].
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In such a situation, a unique feature of a decihertz detector is its capability to probe phase transitions
occurring at energy scales T, ~ 10-103 GeV and lasting for a rather short time (3/H, ~ 10-10°).
Indeed BSM descriptions of the EWSB typically predict weakly first-order (and consequently brief)
phase transitions, with 102 < 8/H, < 10* [107]. The corresponding SGWBs are outside the sensitivity
range of LISA, but could be detected by a higher frequency decihertz detector. Furthermore, weak phase
transitions lead to sub-relativistic bubbles [149, 157, 204, 230, 270], which increases the SGWB peak
frequency. Therefore, a decihertz observatory has the advantage of probing regions in the BSM EWSB
parameter space which are more densely populated.
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Figure 4: Ability to detect a stochastic gravitational-wave background, characterised by the power-
law sensitivity h?Qaw(f) [108, 363]. Sensitivities are calculated assuming a 4 yr mission with a 70%
efficiency, and a required signal-to-noise ratio threshold of 10.

While DOs measure an interesting frequency range, the amplitude of the SGWB decreases for weak
and brief phase transitions. Therefore, to offer a realistic prospect of detecting the SGWB, the detector
must have sufficient sensitivity. An instrument with sensitivity h2Qqw ~ 107'° power-law sensitiv-
ity [363] around 0.1 Hz, such as the DO-Optimal or DECIGO concepts (see Figure 4), will be able to
access interesting BSM scenarios predicting a first-order EWSB [107]. For example, it could detect the
SGWB from a phase transition featuring kg7, = 100 GeV, 8/H, = 500, vy, = 0.7¢, o = 0.07, where
« denotes the strength of the phase transition, given by the ratio between the vacuum energy density
and the radiation energy density in the universe at the transition time. These are typical parameters in
scenarios whereby the Standard Model is extended with an extra singlet [118, 158, 234] or embedded in
supersymmetry [89, 142, 170, 205]. Hence DOs have the sensitivity to discover SGWBs indicating BSM
physics.

The SGWB signal from a source at kT, ~ 1 TeV and beyond, is also within the reach of a DO.
New physical phenomena around the TeV scale, possibly related to the presence of extra dimensions
and leading to first-order phase transitions, have been widely studied in connection with the hierarchy
problem or the presence of dark matter [102, 228, 229, 271, 285, 311]. The 100 TeV scale emerges in
new solutions to the hierarchy problem such as the relaxion [51, 180]. Increasing T, far beyond the TeV
scale corresponds to entering energy ranges for which there is no underlying theoretical physics model.
This offers an amazing discovery potential.

A primordial phase transition can also lead to the formation of topological defects. In BSM theo-
ries with extra symmetries (such as Grand Unified Theories), phase transitions are expected to occur,
changing the symmetry of the vacuum. Stable defects can thereby form, depending on the details of the
symmetry breaking scheme [223]. Among these, are local (arising from the breaking of a local symmetry)
cosmic strings which can be powerful SGWB sources [369]. Local cosmic strings arise naturally within
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well-motivated inflationary models (for instance, hybrid inflation [213]), but can also correspond to fun-
damental super-strings formed in brane inflation scenarios [330]. The phase transitions creating cosmic
strings can be first- or second-order, and they can be formed equally well during the thermal evolution
of the Universe or during inflation.

Cosmic strings are characterized by the linear energy density p, which in the Nambu-Goto picture
(describing infinitely thin string) is the tension. This quantity is related to the energy scale of the
phase transition,  ~ mpic®>\/Gu, where mp is the Planck mass, and Gy is dimensionless. A (super-
)string network permeating the Universe is formed both by infinite strings and string loops chopped-off
when strings intersect or self-intersect. The loops oscillate relativistically and decay, releasing energy
through GWs [369]. Bursts of GWs are also produced by cusps, kinks and kink—kink collisions of
cosmic strings [137]. Even in the Nambu-Goto scenario, the evaluation of the SGWB from a string
network is subject to several uncertainties. Adopting the results of the numerical simulations of [92],
the SGWB spectrum peaks at a frequency fpeak < (Gp)~! [91]. Therefore, increasing the detector
frequency opens up the possibility of constraining smaller values of Gpu, i.e. detecting the SGWB from
cosmic strings produced at lower energy scales. However, the SGWB amplitude diminishes with the
string tension (as /Gy in the radiation era plateau). Therefore, the detector sensitivity must also
correspondingly improve to make this detection. The SGWB power-law sensivity [108] of LISA goes
down to h2Qqw ~ 10713 and it will be able to probe string tensions down to G ~ 10717, corresponding
to energy scales n ~ 10 GeV. This already vastly improves present and future constrains from other
GW detectors: the isotropic search for a SGWB during the first two LIGO-Virgo observing run set
an upper bound at Gu < 1076 in the most conservative scenario [18, 19], while pulsar timing array
observations constrain Gu < 107! [93, 329]. A GW observatory capable of reaching h?Qqw ~ 107%°
at 0.1 Hz, such as the DO-Optimal or DECIGO concepts (see Figure 4), would be able to constrain the
string tension down to Gu ~ 7 x 1072%, corresponding to energy scales 77 ~ 10° GeV.

6 Advancing technology

6.1 Detector technologies

For the current generation of ground-based GW detectors—LIGO (USA and India), Virgo (Italy) and
KAGRA (Japan)—the lowest accessible frequency is ~ 10 Hz [15]. This cutoff is primarily dictated by
the seismic noise. To overcome this requires a new generation of ground-based GW detectors such as
Cosmic Explorer (a 40 km L-shaped interferometer) [8, 316] or the Einstein Telescope (an underground
10 km triangular detector) to access the frequencies down to 5 Hz or 1 Hz respectively [308, 332].
This low-frequency sensitivity is vital for observing high-mass systems at cosmological distances: a
100Mg + 100Mg binary at redshift z = 10 is not observable above 10 Hz [217]. The next-generation
GW detectors are expected to commence operations in the 2030s, but will not push below ~ 1 Hz.

To break the 1 Hz barrier requires a space-based GW detector. The first generation of such obser-
vatories will be the European Space Agency’s LISA mission [38]. LISA consists of three satellites in a
triangular constellation with an arm-length of 2.5 x 10° m, trailing the Earth in a heliocentric orbit. It
is primarily designed for peak sensitivity in the millihertz regime, but could in-principle detect GWs of
frequency as high as ~ 0.1 Hz. The high-frequency sensitivity of LISA is limited by the laser shot noise.
There is hence a gap between space-based and ground-based detectors waiting to be filled.

To probe GWs within the frequency spectrum of ~ 0.1-1 Hz will require a space-based detector
beyond LISA [61]. Several proposals have been put forward by the global GW community for such a
DO. One post-LISA heliocentric mission concept is ALTA [61, 80], which would have higher sensitivity
than LISA in 0.1-1 Hz range. Chinese scientists have pursued a geocentric mission concept TianQin [249]
that would focus on continuous sources of GWs in the decihertz range. A more ambitious concept design
from Japan is DECIGO [333]. This mission would have three individual 1000 km interferometers, with
arms consisting of Fabry—Perot cavities, in heliocentric orbit. The precursor to this mission, B-DECIGO,
would be a 100 km triangular interferometer in the geocentric orbit. Both of these detectors would
ensure a sensitivity many orders of magnitude better in the 0.1-1 Hz range than LISA. Scientists in
the USA have proposed the Big Bang Observer (BBO), a concept which would essentially consist of
three LISA detectors in heliocentric orbits with combined peak sensitivity in the 0.1-1 Hz range [129].
More modest designs are for geocentric constellations: the Geostationary Antenna for Disturbance-
Free Laser Interferometry (GADFLI) [268] and geosynchronous Laser Interferometer Space Anetenna
(gLISA) [365, 366] concepts provide an order of magnitude improvement over LISA in the decihertz range.
More recently, there has been a proposal for a more cost-effective design, the SagnAc interferometer for
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Gravitational wavE (SAGE) [239, 364], which consists of three identical CubeSats in geosynchronous
orbit. Such CubeSat-based designs are promising in the decihertz regime, and their sensitivity can be
improved by more powerful laser and better wavelength stabilization. These proposed designs are mostly
variations on the classic LISA design of a laser interferometer formed from a constellation of satellites.

In addition to technologies based on laser interferometry, new atom interferometer and atomic-clock-
based approaches to GW detection are in development. The matter-wave form of interferometry has
been in development since the 1990s [220] and has now reached a mature level. The basic unit is a
light-pulse atom interferometer, which uses ensembles of freely falling cold atoms to measure the phase
of a laser [179, 181]. The Mid-band Atomic Gravitational Wave Interferometric Sensor (MAGIS) is one
concept which uses atom interferometry; this DO consists of two satellites in a geocentric orbit [182].
Alternative schemes using optical lattice atomic clocks, in which the atoms are strongly confined in
an optical lattice referenced to a drag-free test mass, have also been proposed [226]. In an optical
interferometric detector, the relative phasing of the lasers in the two arms is used to measure the time of
flight of the photons along the arms of the detector while cancelling laser frequency noise. In the proposed
atom-based approaches, the phase or frequency of a laser is differentially compared to atoms at both ends
of a baseline, cancelling laser frequency noise, and the relative phase or frequency difference measures
either the time of flight of the photons or their Doppler shift [291]. Another appealing aspect of atom-
based DOs is that they enable tuning of the detector transfer function by changing the laser sequences
applied to the atoms, without requiring a corresponding change in spacecraft geometry [181, 226]. The
range of technologies available mean that there are multiple possibilities for obtaining the necessary
sensitivity in the decihertz range.

In Figure 1, the curve labeled Atomic Clock shows the projected strain sensitivity for one such
optical-atomic-clock-based DO. This design consists of two spacecrafts connected over a single optical
baseline with a length of 1.5 x 10° m, a 689 nm, 1 W laser, telescope diameters of 1 m, and with each
spacecraft containing optical lattice clocks making use of 10% (in a 103 x 103 x 103 lattice) strontium
atoms in 40 dB spin-squeezed states (an atomic analogue to the squeezed light states used in optical
interferometers [378]) with 5 s Ramsey spectroscopy interrogation times [248, 310]. The frequency window
of this DO could be tuned to target or track the evolution of a specific source by changing the coherent
interrogation time, or by applying more complex local laser pulse sequences [226]. While this level of
differential clock stability has not yet been demonstrated terrestrially, the recent demonstration of a
Fermi-degenerate three-dimensional optical lattice clock [103] means that clocks with > 109 atoms are
a near-term reality, and the consistent and rapid rate of improvement in both clock performance [248]
and atomic spin-squeezing [96, 203] promise this level of performance within the coming two decades.
Making optical clocks and matter-wave interferometers robust, portable, and space-hardy represents a
significant technical hurdle to the realization of such a DO. However, the recent success of NASA’s
Cold Atom Laboratory [155], the successful creation of an atomic Bose-Einstein condensate in sounding-
rockets [71], and on-going efforts to realize portable optical clocks [227, 295] indicate that space-based
versions are imminent. Concrete efforts to build terrestrial large-scale exploratory detectors (which will
need to be further scaled up for GW science) are currently underway [104, 123].

6.2 Illustrative designs

Here we introduce two DO concept designs, one moderately ambitious DO-Conservative and one more
ambitious concept DO-Optimal, and briefly discuss their potential feasibility on 2035-2050 timescales.
Given how well studied the LISA design is, we assume a triangular constellation in a heliocentric orbit
for our illustrative concepts.

LISA-like mission concepts use some form of test masses that are ideally in perfect free fall and an
interferometric readout to measure changes in the distance between these widely separated pairs of test
masses. The limiting noise sources for LISA-like missions are typically separated into acceleration noise,
or deviations from perfect free fall, and sensing noise in the interferometric readout system [38, 318].
The former limits the performance at low frequencies, the later at high frequencies. The sensitivities of
the designs are shown in Figure 1.

For both the concepts we choose 108 m as a baseline; a factor 25 shorter than for LISA and a factor
of 5 shorter than ALIA [80]. DO-Conservative assumes a factor of 10 improvement in acceleration noise
beyond LISA Pathfinder performance [52], and the DO-Optimal concept assumes a factor of 100. The
main limiting noise sources for decihertz frequencies are force noise between the spacecraft and the test
mass, and residual gas pressure.

The force noise increases at high frequencies due to larger residual spacecraft motions; faster response
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times in the micronewton-thrusters would allow to reduce this residual motion. Better gravitational
balancing, potentially in the form of actively controlled masses, would reduce the gravitational forces
between spacecraft and test mass, and would also reduce the actuation noise. Residual gas pressure
noise, from the Brownian motion of background gas, can be reduced by decreasing the pressure. LISA
requires that the gas pressure around the test mass is below 107® Pa, and a similar standard should
suffice to meet our DO concept designs. Alone, these measures to reduce the force noise and gas pressure
noise would allow for an order of magnitude improvement of the acceleration noise.

The sensing noise is fundamentally limited by the laser shot noise. It depends on the received
power, which is a function of the laser power, telescope diameter and laser wavelength. In terms of
strain sensitivity, it is actually independent of the arm length; for longer arms, the received power drops
quadratically due to diffraction which increases the phase noise and displacement sensitivity linearly.
For DO-Conservative, we changed the wavelength to 532 nm (from 1064 nm used in LISA), increased
the laser power by a factor of 5 to 10 W, and increased the diameter of the telescope from 0.3 m to 1 m.
For DO-Optimal, we used 532 nm, 30 W, and 2 m. Aside from shot noise, other subdominant sensing
noise sources include thermal expansion and contraction of the telescopes, residual spacecraft motion
which couples to misalignments, laser frequency and intensity noise and timing noise. None of these
are fundamental, and significant improvements will be possible. For example, one advantage of shorter
arms in a heliocentric orbit are the reduced Doppler shifts between spacecraft. This would reduce the
laser beat signals by a factor of 25 compared to LISA, and reduce the timing requirements by a similar
factor. The advancements in detector technology are therefore challenging, but potentially feasible on
the timescale of a 2035-2050 mission given a concerted research-and-design effort.

6.3 Conclusions

Observing GWs in the decihertz range presents huge opportunities for advancing our understanding of
both astrophysics and fundamental physics. The only prospect for decihertz observations is a space-
based DO observatory. Realising the rewards of these observations will require development of new
detectors beyond LISA. There are many challenges in meeting the requirements of the DO
concepts outline above; however, there are also many promising technologies which could
be developed to meet these goals. A DO mission ready for launch in 2035-2050 is achievable, and
the science payoff will be worth the experimental effort.
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