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Abstract: Multi-frequency electromagnetic and gravitational wave signals are two independent avenues
to explore the Universe over a vast range of redshifts and length scales. The synergy between these two
probes opens a new multi-messenger frontier, capable of studying several aspects of fundamental physics
and cosmology. With the aid of multi-frequency observations from these probes, we will be able to ob-
tain an independent measurement of the expansion history of the Universe, which will provide a robust
measurement of Hubble constant and the dark energy (DE) equation of state (EoS). The multi-wavelength
nature of electromagnetic and gravitational wave signals also makes it possible to make decisive tests of
the theory of General Relativity on cosmological scales through gravitational wave propagation and lensing.
Multi-messenger probes will also open a new window to probe fundamental particles in the Universe and
can unveil the nature of dark matter. The exploration of multi-messenger cosmology requires coordina-
tion between missions operating in different frequency bands of the electromagnetic and gravitational wave
spectrum.



Motivation: Cosmological probes using electromagnetic (EM) observations of the cosmic microwave back-
ground (CMB), large-scale structure (LSS), and supernovae (SNe) have played a key role in constructing
the standard model of cosmology. Since the seminal direct detection of Gravitational Waves! (GWs), we
have been exploiting new avenues to explore the cosmos and the fundamental laws of physics which govern
it. GW signals span a wide range of frequencies and are detectable above a few tens Hz by the Hanford-
Livingston-Virgo-KAGRA-LIGO-India (HLVKI) detectors®™. Future measurements from the Pulsar Tim-
ing Array (PTA)%’, Laser Interferometer Space Antenna (LISA)®, TianQin®, Cosmic Explorer (CE)'?, and
the Einstein Telescope (ET)'! will detect GWs at lower frequencies. Proposed experiments that are capable
of observing other GW frequency ranges offer opportunities to further open this window on the Cosmic
Frontier '%!3, By combining this new avenue with the traditional EM probes, a new paradigm of observa-
tional cosmology using multi-messenger probes is possible. We briefly describe a few key topics related to
cosmology and fundamental physics, which will be explored using GWs and EM probes.

Hubble constant measurement: Recently, two main probes of the Hubble constant Hy have come into
significant tension: the latest measurement from the Cepheids and SNe Ia distance ladder and from the
Planck observations of the CMB are discrepant at the 4.40 level. An independent, new probe of Hy such
as GW standard sirens'*~'° (StSs) could help clarify this tension. StSs are ideal for this purpose as they
are “self-calibrating” distance indicators, i.e., unlike SNe, they do not require a distance ladder. While the
GW signal can provide a luminosity distance measurement, the mass-redshift degeneracy requires exter-
nal information to derive a redshift, and thus to probe Hy and other cosmological parameters through the
distance-redshift relation. Here we focus on multi-messenger StSs that require EM observations (i.e. the
EM counterpart and/or host galaxies) alongside the GW data. The constraining power of StSs on Hj is most
prominent for low redshift (z < 0.1) sources with an identified unique host galaxy !”. This specific case can
be exploited with sustained follow-up campaigns of GW events '®. On the other hand, LISA should be able
to measure the luminosity distance to massive black hole (BH) binary inspirals up to redshift z ~ 10, well
prior to the onset of DE domination and well beyond what SNe can probe. Successful coordination with EM
observatories will enable a high redshift probe of the evolution of H(z)!?. Where EM counterparts cannot
be identified (e.g. as expected for most scenarios of stellar origin binary BH mergers) StSs can still provide
competitive constraints on H through cross-correlation with galaxy catalogs '420-2%,

Dark Energy and cosmological parameters: Multiple analyses from observations of CMB, LSS (e.g.
with baryon acoustic oscillation) and SNe have indicated the presence of DE, which is the dominant part of
the energy density of the Universe. However, the true nature of DE remains to be validated from observa-
tions. GWs at higher redshifts (z 2 0.1) bring an independent avenue to test the presence of DE and explore
its EoS. It is possible to measure the DE EoS w(z) by measuring simultaneously the luminosity distances
and the counterpart redshifts of GW sources since the relationship between these two numbers depends on
w(z). With the aid of cross-correlation of gravitational wave sources with the galaxy distribution identified
from photometric or spectroscopic redshift surveys>*, or by identifying host galaxies from concomitant EM
signals, we can measure the nature of DE up to high redshift using GW probes. This will shed light on vari-
ous models of DE and its coupling with matter® in an independent way than the traditional EM probes. The
high redshifts reached by the gravitational wave sources possible from LISA (z < 10), ET and CE (z < 2
for binary neutron stars and z < 10 for binary BHs) will reveal the expansion history up to high redshift. In
addition, nearby (z < 0.3) GW sources with counterparts can probe the peculiar velocity field of the LSS

and enable precision measurements of cosmological parameters governing the growth of structure”’.

Dark Matter: The particle nature of dark matter (DM) is one of the biggest mysteries of modern physics.
Although we know little about DM, GWs may offer a new window into this dark side of our Universe. In
particular, the equivalence principle states that all forms of matter must gravitate, dark or not. This offers the
intriguing possibility that dynamical friction, caused by an accreted DM density spike, could affect the phase



evolution of intermediate mass ratio systems?%—". If this spike is formed from axion DM and the binary
partner is a neutron star, it is possible that a radio counterpart could also be observed?!. Ultra-light particle
candidates can potentially solve several outstanding issues in astrophysics>” and particle theory>***. If these
particles exist, BHs that are spinning sufficiently quickly may induce superradiant instabilities that lead to
the growth of a boson cloud surrounding the central BH — the growth of boson clouds is also sensitive to the
agreement between the Compton wavelength of the particle and the size of the BH. These clouds produce
continuous GW emission when in isolation*>~*" but can also perturb the evolution of a binary system®*":*.
Measuring GW emission from BHs with masses across ten orders of magnitude, using both space-based and
ground-based detectors, allows us to probe a similarly wide range of particle masses. In addition, multiband
observations can potentially be used in tandem to further constrain these light particles**.

Modified Gravity: The propagation of EM waves and GWs through space-time is identical according to
Einstein’s Theory of General Relativity. However, alternative theories of gravity, invoked to explain the
present-day cosmic acceleration, predict deviations in the propagation of GWs*Y and modifications in
the gravitational interaction between matter and GWs through gravitational lensing>'~*. These theories can
lead to measurable effects on (i) the mass of graviton (as probed by the GW dispersion relation>?), (ii) the
difference in speed of propagation between GWs and photons®°!, (iii) the evolution of the cosmological
perturbations (particularly as a function of scale)®?=%, (iv) the relation between matter density and gravita-
tional potential®>=%°, (v) the running of the effective Planck mass®~%%, and (vi) the presence of additional
GW polarizations®. Multi-messenger observations bring a unique opportunity to test the theory of gravity
by testing the equivalence between the gravitational wave propagation and EM wave propagation 2339870,
We can test this equivalence by bounding deviations from the ACDM predictions for the luminosity distance
and phase of a GW signal’!, analyzing the data for additional polarization modes, and measuring the delay
between photon and GW arrival times. Furthermore, GW observables often have a different sensitivity to
parameters of modified gravity theories than EM probes such as the matter power spectrum or CMB. Along-
side their different sources of systematic error, this empowers the combination of GW and EM probes to
break degeneracies in key parameters. By using multi-band GW analyses, one can test the idea that devi-
ations of GR are a function of scale, frequency or energy, for example, reducing to GR at tens of Hz but
deviating from GR in the mHz regime’?. Measuring time-delays between photons and gravitons at mHz
frequencies with LISA has the advantages that the EM versus GW chirp signals arise from the same orbital
motion and can be phased in a robust way without modeling the astrophysical source ’*74; it also provides a
higher sensitivity due to the longer distances reached by LISA. The frequency-dependence of the time delay
would further probe Lorentz-violating theories’>~"".

Future outlook: Vast science goals advancing the Cosmic Frontier are achievable from multi-messenger
probes. Successful realization of these goals requires coordination between the ongoing/upcoming gravi-
tational wave facilities and the observatories covering a wide frequency range of the EM spectrum. The
tactical designs of these future missions concerning cadence, frequency bands, depth and sky coverage will
be crucial to gain maximum results. In particular, we recommend that upcoming/proposed future imaging
and spectroscopic’® dark energy experiments (e.g. Rubin Observatory’’, DESI-II®, MSE®!, LS4%?) al-
locate a significant amount of time and resources to GW follow—up in order to enable the aforementioned
probes. Wide—field optical searches are paramount for counterpart discovery over the GW localization re-
gions, and further deep multi-wavelength observations from ground and space would enable characterization
of the candidate sources. We stress the importance for space missions (e.g. Athena® in X-ray, Roman Space
Telescope® in infrared) to follow-up GW counterparts, in particular quick UV and deep IR measurements
to observe the kilonova emission where it is hardly observable from the ground. Precision photometry of
the EM light curve could in fact significantly improve cosmological constraints from StSs®. Along with
the synergy between the EM and GW sector, neutrino measurements are also going to bring a new direction
to the multi-messenger exploration capable of unveiling the sources of high-energy neutrinos.
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