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Who are the Messengers?

• Electromagnetic force : Photons, multi wavelength astronomy


• Weak Force : neutrinos


• Strong force : cosmic rays (e.g. high energy protons), nuclear physics


• Gravity : gravitational waves

Classify by association with the 4 fundamental forces.



Photons
• Historically the first and “easiest” (our own eyes and optical telescopes).


• Recent advances : multi wavelengths observatories from Radio, X-Rays, 
gamma rays.


• Into the time-domain : Zwicky Transient Facility (ZTF), Vera Rubin 
Observatory (VRO)

Radio (Jansky VLA) Optical Transients (Rubin Obs) X-rays (Einstein Probe)



Neutrinos
• Weak couplings => produced in thermal abundance in high lepton/baryon 

number environments. Can also be produced in non-thermal processes (e.g. 
high energy scatterings).


• Many production mechanisms: p-p scattering, leptogenesis, beta decay etc.

IceCube

• Detected diffused neutrino background 
E2
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• Weak couplings => Need huge detectors!



Cosmic Rays
• High energy (charged) protons/nuclei — collisions with atmosphere generate 

air showers.


• GZK cut-off energy  for intergalactic protons.5⇥ 1019 eV
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Gravitational Waves
• Interferometers to look for characteristic deformation of spacetime caused 

by a passing GW.

LIGO LISA Einstein Telescope

• Spacetime is very rigid : need very energetic events to generate 
detectable signals.



Gravitational Waves
• First detected in 2015 (GW150914) binary black hole merger. Latest 

count : 90 events including 2 confirmed NS-BH mergers.


• No detection of stochastic (i.e. unresolved) background signal yet.

Coherent source event

4

waves on the CMB is under hot pursuit. Given the current bounds on such a background,
from the upper limit on CMB B-mode polarization [41], we extrapolate the predictions of
slow roll inflation to the mHz band. As shown in the figure, this spectrum is hopelessly
far below the sensitivity of LISA. However, intriguing inflationary scenarios, based on new
ideas about symmetry breaking, predict blue-tilted spectra [42–45]. The maximum blue-
tilted spectrum, illustrated in Fig. 2, will be within range of LISA [39, 40]. Detection of
such a signal would be a profound discovery, revealing the origin of the large-scale structure
of the Universe and the particle physics that gave rise to the primordial fireball.

A broken spectrum of GWs, peaked near mHz frequencies, is the signature of an
electroweak-scale phase transition. In such a scenario, the physical vacuum once had a
significantly higher free energy that is liberated in a phase transition to a final, true vacuum
and eventually converted into thermal energy of radiation and hot plasma [49–51]. Such a
phase transition could play a key role in determining the prevalence of matter over antimat-
ter in the Universe. The potential for a space-based GW observatory to detect the SGWB
produced by a strongly first-order cosmological phase transition is a subject of intense study
[46]. The stochastic background depends on a broad range of physics, including the col-

Figure 2: Gravitational Wave Cosmology: The sensitivity of LISA to a stochastic background is
shown, relative to other observatories and methods. The dashed red and blue curves show the
prediction of a standard inflationary model and the maximum blue-tilted spectrum. The long-
dashed green curve is an example of the spectrum from a strongly first-order electroweak phase
transition (case 1 from Ref. [46]). Black and gray curves show current and future sensitivity. The
LIGO and Virgo curves show the sensitivity level at the time of the first detections of GWs; aLIGO
shows the projected sensitivity of the advanced LIGO design; PTA shows the Pulsar Timing Array
sensitivity; SKA shows the projected sensitivity by the Square Kilometer Array [47]; CMB shows
the bound r < 0.1 (95% C.L.) via B mode polarization, whereas the lower, gray curve shows
a projected sensitivity r < 0.001 for future CMB experiments; Indirect is based on Big Bang
Nucleosynthesis and CMB sensitivity to additional light degrees of freedom. Figure adapted from
Ref. [48].

Stochastic (unresolved) background limits

Astro2020 White Paper (Caldwell et al)



Why Multi-messenger?

• Multi-wavelength Electromagnetic spectra 


• GW from eventual inspiral merger


• Possible high energy neutrinos (Stein et al. 2020)

Sources often emit multiple signatures in multiple energies/wavelengths : 
the more you see, the more you learn.

Tidal Disruption Event



The Messengers are synergistic
• EM radiation are easy to detect but often absorbed by intervening media.



The Messengers are synergistic
• EM radiation are easy to detect but often absorbed by intervening media.

• Charged cosmic rays easy to detect, but are deflected by galactic 
magnetic field, loses directional info.



The Messengers are synergistic
• EM radiation are easy to detect but often absorbed by intervening media.

• Charged cosmic rays easy to detect, but are deflected by galactic 
magnetic field, loses directional info.

• Neutrinos are hard to detect: need big expensive detectors. But 
they propagate freely with little interactions.



The Messengers are synergistic
• EM radiation are easy to detect but often absorbed by intervening media.

• Charged cosmic rays easy to detect, but are deflected by galactic 
magnetic field, loses directional info.

• Neutrinos are hard to detect: need big expensive detectors. But 
they propagate freely with little interactions.

• GW also hard to detect, but is universally coupled so everything makes them.



Earliest paper on MM*…
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University of Wisconsin - Madison MADPH-03-1320

January 2003

MULTI-MESSENGER ASTRONOMY: COSMIC RAYS,

GAMMA-RAYS AND NEUTRINOS

FRANCIS HALZEN

Department of Physics, University of Wisconsin, Madison, WI 53706, USA

Although cosmic rays were discovered a century ago, we do not know where or
how they are accelerated. There is a realistic hope that the oldest problem in
astronomy will be solved soon by ambitious experimentation: air shower arrays of
10,000 kilometer-square area, arrays of air Cerenkov telescopes and kilometer-scale
neutrino observatories. Their predecessors are producing science. We will review
the highlights:

• Cosmic rays: the highest energy particles and the GZK cutoff, the search
for cosmic accelerators and the the Cygnus region, top-down mechanisms:
photons versus protons?

• TeV-energy gamma rays: blazars, how molecular clouds may have re-
vealed proton beams, first hints of the diffuse infrared background?

• Neutrinos: first results and proof of concept for technologies to construct
kilometer-scale observatories.

1. The High Energy Universe

Very ambitious projects have been launched to extend conventional astron-
omy beyond wavelengths of 10−14 cm, or GeV photon energy; see Fig. 1.
Besides gamma rays, protons (nuclei), neutrinos and gravitational waves
are explored as astronomical messengers probing the high energy universe.
The challenges are considerable:

• Protons are relatively abundant, but their arrival directions have
been scrambled by magnetic fields.

• γ-rays do point back to their sources, but are absorbed on extra-
galactic backgrounds at TeV- energy and above.

• neutrinos propagate unabsorbed and without deflection throughout
the universe but are difficult to detect.

Therefore, multi-messenger astronomy may not just be an advantage, it
may be a necessity for solving some of the outstanding problems of astron-

1

7 citations only….!!?!

* as far as I could search



Earliest paper on MM*…
* as far as I could search

It stood the test of time : 
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MULTI-MESSENGER ASTRONOMY: COSMIC RAYS,

GAMMA-RAYS AND NEUTRINOS

FRANCIS HALZEN

Department of Physics, University of Wisconsin, Madison, WI 53706, USA

Although cosmic rays were discovered a century ago, we do not know where or
how they are accelerated. There is a realistic hope that the oldest problem in
astronomy will be solved soon by ambitious experimentation: air shower arrays of
10,000 kilometer-square area, arrays of air Cerenkov telescopes and kilometer-scale
neutrino observatories. Their predecessors are producing science. We will review
the highlights:

• Cosmic rays: the highest energy particles and the GZK cutoff, the search
for cosmic accelerators and the the Cygnus region, top-down mechanisms:
photons versus protons?

• TeV-energy gamma rays: blazars, how molecular clouds may have re-
vealed proton beams, first hints of the diffuse infrared background?

• Neutrinos: first results and proof of concept for technologies to construct
kilometer-scale observatories.

1. The High Energy Universe

Very ambitious projects have been launched to extend conventional astron-
omy beyond wavelengths of 10−14 cm, or GeV photon energy; see Fig. 1.
Besides gamma rays, protons (nuclei), neutrinos and gravitational waves
are explored as astronomical messengers probing the high energy universe.
The challenges are considerable:

• Protons are relatively abundant, but their arrival directions have
been scrambled by magnetic fields.

• γ-rays do point back to their sources, but are absorbed on extra-
galactic backgrounds at TeV- energy and above.

• neutrinos propagate unabsorbed and without deflection throughout
the universe but are difficult to detect.

Therefore, multi-messenger astronomy may not just be an advantage, it
may be a necessity for solving some of the outstanding problems of astron-
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(Cut and paste from Halzen 2003)



Early MM Events
• Solar neutrinos + photons : neutrino oscillations



Early MM Events
• Solar neutrinos + photons : neutrino oscillations

• Supernova 1987A : optical (our eyes!) and neutrino detection by Super-
Kamiokande/Baksan/IMS detectors

Chandra X-ray time-lapse of SN1987A



MM Poster Child : GW170817
• GW from the inspiral Merger of 2 Neutron Stars, triggers LIGO/VIRGO 

detector alert. Independently detected by Fermi gamma-ray observatory 1.7s 
later.

Image Credit : LIGO

In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

• Worldwide effort to make follow up observations from radio to gamma rays, 
and neutrinos.



MM Poster Child : GW170817

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

• Multi-wavelength EM detection from 
Radio to gamma-ray frequencies. 


• Merger mass                                at a 
distance of  


• No neutrinos (off-axis, unlucky?) or 
cosmic rays (not expected) detected.

40 Mpc
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M = 0.86� 2.66M�
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Blazar TXS0506-056 event
• Less well known Sept 22 2017:             coincident detection of high energy 

neutrinos, radio, optical and gamma rays. First detection of cosmic 
neutrino source! 

• IceCube detection of 290 TeV high energy neutrino, from direction 
consistent with (known) flaring blazer TXS0506-056 at redshift z=0.3365.

3� 4�
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Box 1 | Multi- messengers and their interrelations

A multi- messenger source might emit two, three or even all four different 
types of messengers. From a binary neutron star merger (panel a of the 
figure), such as the GW/GRB 170817 event, two types of multi- messengers, 
gravitational waves (GW) and photons (γ), were observed54,57,59, the latter 
indicating that the source was a short gamma- ray burst (GRB). Such sources 
may also emit high- energy neutrinos (HENs) and cosmic rays (CRs)84,85,168, 
although for the GW/GRB 170817 event, theories predict such fluxes to be 
too low for current detectors. If this is true, it will take closer binary neutron 
star merger events or next- generation HEN facilities to observe HENs from 
these sources. The so- called long GRBs (panel b of the figure) also may emit 
HENs and CRs, which so far have not been detected, while their GW 
emission is expected to be very low.

Another example is a tidal disruption event (TDE) of a star by a massive 
black hole (panel c of the figure). In this case, shocks in the disrupted gas 
can accelerate particles and lead to CRs and HENs169–172. TDEs involving 
white dwarf stars and ~104 M⊙ (where M⊙ is solar mass) black holes lead to 
strong low- frequency (~1 mHz) GW emission that could be observed by the 
forthcoming evolved Laser Interferometer Space Antenna (eLISA) mission. 
A solitary supermassive black hole with a jet may emit γ- rays, HEN and CRs 
(panel d of the figure), as it is suspected in the case of the 2017 flaring 
episode of the BL Lac- type blazar TXS 0506+056 (REFS65–68,71,72).

In general, in compact mergers, TDEs and related sources, the co- 
production of CRs, HEN and high- energy γ- rays is anticipated, as the 
physics of these three messengers are closely connected: shocks and 
the high-	energy	particle	acceleration	lead	to	the	interaction	of	highly	
relativistic protons (or nuclei) with ambient gas or intense radiation fields, 
resulting in neutrinos, γ- rays and electrons/positrons.

For single objects, even those of extreme mass and undergoing 
substantial accretion, relatively weak GW emission is expected as the 
time- varying quadrupole moment (which requires the breaking of 
azimuthal symmetry) is thought to be small in these cases. The sole 
exception would be an engine- driven supernova, or a plain supernova, 
located in our galaxy (panels e and f of the figure), which would be 
sufficiently close such that the detection of coherent or incoherent 
GWs by	current	and	future	ground-	based	detectors	is	anticipated.	
IceCube is	well	equipped	for	detecting	thermal	(~10	MeV)	neutrinos	
from such	galactic	supernovae.	A	challenge	for	theory	is	to	predict	the	
amplitude and spectrum of the GW and neutrinos from different types 
of supernovae.

Strong GW emissions have been observed from the mergers of compact 
binary systems, either from two merging stellar mass black holes (panel g 
of the figure)27, two merging neutron stars (panel a)54 or black hole–neutron 
star mergers, because the final inspiral to coalescence yields a strong GW 
signal in the ‘sweet spot’ frequency range for ground- based GW detectors. 
In the case of 30 M⊙ + 30 M⊙ black hole binary systems, such coalescence 
events can already be observed out to ~500 Mpc distances141. However, in 
the case of black hole–black hole mergers little electromagnetic (EM) flux 
is expected, because the ambient matter density (protons, electrons) in the 
vicinity of the binary, at the time of the merger, is typically very low. A key 
exception are accreting supermassive black holes at the centres of massive 
galaxies, which are expected to merge in the wake of the coalescence of 
their component galaxies. These supermassive black holes mergers are 
key targets	for	the	eLISA	mission,	and	may	well	exhibit	accompanying	EM,	
CR and HEN emission173.
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Blazar TXS0506-056 event

• Fermi-LAT gamma 
ray photon count 
map.

IceCube et al 2018
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Figure 2: Fermi-LAT and MAGIC observations of IceCube-170922A’s location. Sky position of IceCube-170922A in
J2000 equatorial coordinates overlaying the �-ray counts from Fermi-LAT above 1 GeV (A) and the signal significance as
observed by MAGIC (B) in this region. The tan square indicates the position reported in the initial alert and the green square
indicates the final best-fitting position from follow-up reconstructions (18). Gray and red curves show the 50% and 90%
neutrino containment regions, respectively, including statistical and systematic errors. Fermi-LAT data are shown as a photon
counts map in 9.5 years of data in units of counts per pixel, using detected photons with energy of 1 to 300 GeV in a 2� by
2� region around TXS0506+056. The map has a pixel size of 0.02� and was smoothed with a 0.02 degree-wide Gaussian
kernel. MAGIC data are shown as signal significance for �-rays above 90 GeV. Also shown are the locations of a �-ray source
observed by Fermi-LAT as given in the Fermi-LAT Third Source Catalog (3FGL) (23) and the Third Catalog of Hard Fermi-
LAT Sources (3FHL) (24) source catalogs, including the identified positionally coincident 3FGL object TXS 0506+056. For
Fermi-LAT catalog objects, marker sizes indicate the 95% C.L. positional uncertainty of the source.
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Blazar TXS0506-056 event
(Source : IceCube et al 2018)

Figure 3: Time-dependent multi-wavelength observations of TXS 0506+056 before and after IceCube-170922A. Sig-
nificant variability of the electromagnetic emission can be observed in all displayed energy bands, with the source being in
a high emission state around the time of the neutrino alert. From top to bottom: (A) VHE �-ray observations by MAGIC,
H.E.S.S. and VERITAS; (B) high-energy �-ray observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and Kanata/HONIR; and (F) radio observations by OVRO
and VLA. The red dashed line marks the detection time of the neutrino IceCube-170922A. The left set of panels shows mea-
surements between MJD 54700 (22 August, 2008) and MJD 58002 (6 September, 2017). The set of panels on the right shows
an expanded scale for time range MJD 58002 � MJD 58050 (24 October, 2017). The Fermi-LAT light curve is binned in
28 day bins on the left panel, while finer 7 day bins are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September, 2017) of 2.1 ⇥ 10

�10 cm�2 s�1 is off the scale of the plot and not shown.
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• Increase in activity of emissions across all EM observed 
frequencies during event.



All good, what about 

Multi-messenger Cosmology?



Cosmologists’ view of MM Cosmology 

EuCAPT White Paper (endorsed by 400+)

“…entering an age of “multi-messenger cosmology”, with multiple 
cosmological probes (CMB, Large Scale Structure, GWs)…”
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Cosmologists’ view of MM Cosmology 

EuCAPT White Paper (endorsed by 400+)

“…entering an age of “multi-messenger cosmology”, with multiple 
cosmological probes (CMB, Large Scale Structure, GWs)…”

“Multi-frequency EM and GW signals are two independent avenues to 
explore the universe…”

Snowmass2021 Letter of Interest (MM Probes of Cosmology and 
Fundamental Physics using GW, endorsed by 200+)

Mostly excited about GW + EM combo.
Not much love for neutrinos and cosmic rays.



Applications of MM Cosmology

• Actual observed multi-messenger signals 


• Single messenger so far : Cosmological Backgrounds from Inflation


• No messenger yet : Multi-messenger search for Axion Dark Matter

In order of speculativeness…..



Actual Observed Multi-
messenger signals



Big Bang Nucleosynthesis
• The first multi-messenger cosmology 

observation!!!


• At temperature                     , 
nucleosynthesis of H into light elements 
He, D, and Li. These primordial 
abundances are our (strong force) 
messengers!


• Abundances depends strongly on 
baryon/photon ratio : measured 
precisely by CMB observations.

T ⇠ 1 MeV
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(credit : Ned Wright)



Standard Sirens
• Inspiral GWs encode luminosity distance D, orientation and some 

combination of mass/spin information. D is strongly correlated with chirp 
mass M. Schematically:

strain / M5/3

D
f2/3 cos�(t) , M =

(1 + z)(m1m2)3/5

(m1 +m2)1/5
<latexit sha1_base64="RM0Fgh8AmvIsCH5O2Saz9CIBx1U="></latexit>

Schulz 86, Holz+Hughes 2005, Nissanke et al 2010 + many
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• But it has zero information on redshift z : a local system with masses 
(1+z)m will look the same as a system at z with masses m. (GR is scale 
free!)

Schulz 86, Holz+Hughes 2005, Nissanke et al 2010 + many



Standard Sirens
• Inspiral GWs encode luminosity distance D, orientation and some 

combination of mass/spin information. D is strongly correlated with chirp 
mass M. Schematically:

Schulz 86, Holz+Hughes 2005, Nissanke et al 2010 + many

strain / M5/3

D
f2/3 cos�(t) , M =

(1 + z)(m1m2)3/5

(m1 +m2)1/5
<latexit sha1_base64="RM0Fgh8AmvIsCH5O2Saz9CIBx1U="></latexit>

• But it has zero information on redshift z : a local system with masses 
(1+z)m will look the same as a system at z with masses m. (GR is scale 
free!)

• To probe Hubble parameter, need both D and z : independent 
measurement of redshift is required. 



Standard Sirens
• We can get z if we can identify the host galaxy of the progenitor : find 

optical counterpart! 


• GW170817 NS merger our only known case!LETTERRESEARCH
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by a viewing angle defined as min(ι, 180° − ι), with ι in the range 
[0°, 180°]. By contrast, gravitational-wave measurements can identify 
the sense of the rotation, and so ι ranges from 0° (anticlockwise) to 
180° (clockwise). Previous gravitational-wave detections by the Laser 
Interferometer Gravitational-wave Observatory (LIGO) had large 
uncertainties in luminosity distance and inclination23 because the two 
LIGO detectors that were involved are nearly co-aligned, preventing 
a precise polarization measurement. In the present case, owing to 
the addition of the Virgo detector, the cosine of the inclination can 
be constrained at 68.3% (1σ) confidence to the range [−1.00, −0.81], 
corresponding to inclination angles in the range [144°, 180°]. This incli-
nation range implies that the plane of the binary orbit is almost, but not 
quite, perpendicular to our line of sight to the source (ι ≈ 180°), which 
is consistent with the observation of a coincident γ-ray burst4–6. We 
report inferences on cosι because our prior for it is flat, so the posterior 
is proportional to the marginal likelihood for it from the gravitation-
al-wave observations.

Electromagnetic follow-up observations of the gravitational-wave 
sky-localization region7 discovered an optical transient8–13 in close 
proximity to the galaxy NGC 4993. The location of the transient was 
previously observed by the Distance Less Than 40 Mpc (DLT40) survey 
on 27.99 July 2017 universal time (ut) and no sources were found10. 
We estimate the probability of a random chance association between 
the optical counterpart and NGC 4993 to be 0.004% (Methods). In 
what follows we assume that the optical counterpart is associated with 
GW170817, and that this source resides in NGC 4993.

To compute H0 we need to estimate the background Hubble flow 
velocity at the position of NGC 4993. In the traditional electro-
magnetic calibration of the cosmic ‘distance ladder’19, this step is 
commonly carried out using secondary distance indicator informa-
tion, such as the Tully–Fisher relation25, which enables the back-
ground Hubble flow velocity in the local Universe to be inferred by 
scaling back from more distant secondary indicators calibrated in 
quiet Hubble flow. We do not adopt this approach here, however, 
to preserve more fully the independence of our results from the  
electromagnetic distance ladder. Instead we estimate the Hubble flow 
velocity at the position of NGC 4993 by correcting for local peculiar 
motions.

NGC 4993 is part of a collection of galaxies, ESO 508, which has a 
center-of-mass recession velocity relative to the frame of the cosmic 
microwave background (CMB)26 of27 3,327 ± 72 km s−1. We correct 

the group velocity by 310 km s−1 owing to the coherent bulk flow28,29 
towards the Great Attractor (Methods). The standard error on our 
estimate of the peculiar velocity is 69 km s−1, but recognizing that 
this value may be sensitive to details of the bulk flow motion that 
have been imperfectly modelled, in our subsequent analysis we adopt 
a more conservative estimate29 of 150 km s−1 for the uncertainty on 
the peculiar velocity at the location of NGC 4993 and fold this into 
our estimate of the uncertainty on vH. From this, we obtain a Hubble 
velocity vH = 3,017 ± 166 km s−1.

Once the distance and Hubble-velocity distributions have been 
determined from the gravitational-wave and electromagnetic data, 
respectively, we can constrain the value of the Hubble constant. The 
measurement of the distance is strongly correlated with the measure-
ment of the inclination of the orbital plane of the binary. The analy-
sis of the gravitational-wave data also depends on other parameters 
describing the source, such as the masses of the components23. Here 
we treat the uncertainty in these other variables by marginalizing over 
the posterior distribution on system parameters3, with the exception of 
the position of the system on the sky, which is taken to be fixed at the 
location of the optical counterpart.

We carry out a Bayesian analysis to infer a posterior distribution on 
H0 and inclination, marginalized over uncertainties in the recessional 
and peculiar velocities (Methods). In Fig. 1 we show the marginal pos-
terior for H0. The maximum a posteriori value with the minimal 68.3% 
credible interval is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. Our estimate agrees 

well with state-of-the-art determinations of this quantity, including 
CMB measurements from Planck20 (67.74 ± 0.46 km s−1 Mpc−1; 
‘TT, TE, EE + lowP + lensing + ext’) and type Ia supernova measure-
ments from SHoES21 (73.24 ± 1.74 km s−1 Mpc−1), and with baryon 
acoustic oscillations measurements from SDSS30, strong lensing  
measurements from H0LiCOW31, high-angular-multipole CMB  
measurements from SPT32 and Cepheid measurements from the 
Hubble Space Telescope key project19. Our measurement is an inde-
pendent determination of H0. The close agreement indicates that, 
although each method may be affected by different systematic uncer-
tainties, we see no evidence at present for a systematic difference 
between gravitational-wave-based estimates and established electro-
magnetic-based estimates. As has been much remarked on, the Planck 
and SHoES results are inconsistent at a level greater than about 3σ.  
Our measurement does not resolve this inconsistency, being broadly 
consistent with both.
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Figure 1 | GW170817 measurement of H0. The marginalized posterior 
density for H0, p(H0 | GW170817), is shown by the blue curve. Constraints 
at 1σ (darker shading) and 2σ (lighter shading) from Planck20 and 
SHoES21 are shown in green and orange, respectively. The maximum a 
posteriori value and minimal 68.3% credible interval from this posterior 
density function is = . − .

+ . − −H 70 0 km s Mpc0 8 0
12 0 1 1. The 68.3% (1σ) and 95.4% 

(2σ) minimal credible intervals are indicated by dashed and dotted lines, 
respectively.
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Figure 2 | Inference on H0 and inclination. The posterior density of H0 
and cosι from the joint gravitational-wave–electromagnetic analysis are 
shown as blue contours. Shading levels are drawn at every 5% credible 
level, with the 68.3% (1σ; solid) and 95.4% (2σ; dashed) contours in black. 
Values of H0 and 1σ and 2σ error bands are also displayed from Planck20 
and SHoES21. Inclination angles near 180° (cosι = −1) indicate that the 
orbital angular momentum is antiparallel to the direction from the source 
to the detector.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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H0 = 70.0+12.0
�8.0 km s�1 Mpc�1
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Big error bars, consistent with 
both SHoEs and Planck results.

LV discovery paper (2018)

Need ~50 measurements for 2% 
accuracy (Chen et al 2018)

Schulz 86



Standard Sirens
• For no counterpart BBH/BNS mergers, guess its host using existing galaxy 

catalogs.

Figure 2: Projected fractional error for the standard siren H0 measurement for binary

neutron stars and binary black holes for future gravitational-wave detector networks. The

green shaded band (identical to the band in Figure 1) corresponds to the BNS rate uncertainty; the

same rate uncertainty applies to the ‘BNS without counterpart’ curve. For the ‘without counterpart’

curves, we adopt a statistical standard siren approach using only events localized to within 10,000

Mpc3 (90% credible region); events with larger volumes do not contribute noticeably (see the text

for more details).

5

Chen, Fishbach, Holz (2018)
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Figure 2: Projected fractional error for the standard siren H0 measurement for binary

neutron stars and binary black holes for future gravitational-wave detector networks. The

green shaded band (identical to the band in Figure 1) corresponds to the BNS rate uncertainty; the

same rate uncertainty applies to the ‘BNS without counterpart’ curve. For the ‘without counterpart’

curves, we adopt a statistical standard siren approach using only events localized to within 10,000

Mpc3 (90% credible region); events with larger volumes do not contribute noticeably (see the text

for more details).
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Chen, Fishbach, Holz (2018)

• Or statistically cross-correlate clustering of BBH sources with clustering of 
galaxies up to z=0.5 : ~2.5% accuracy. (Mukherjee, Wandelt 2018 

Mukherjee, Wandelt, Nissanke, Silvestri 2020)



The speed of gravity and Modified Gravity
• In GW170817, the GW signal and EM counterpart was detected around 

1.7s from each other : impose a speed limit on gravity.

c2g � 1 < 10�15
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The speed of gravity and Modified Gravity
• In GW170817, the GW signal and EM counterpart was detected around 

1.7s from each other : impose a speed limit on gravity.

• Many modified gravity theories add additional d.o.f. — spin-0 (scalar) and 
spin-1(vector) modes. These couple at higher order to spin-2 modes, acting 
as “medium” for the spin-2 GW mode -> slow down GW!
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The speed of gravity and Modified Gravity
• In GW170817, the GW signal and EM counterpart was detected around 

1.7s from each other : impose a speed limit on gravity.

• Many modified gravity theories add additional d.o.f. — spin-0 (scalar) and 
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• Kills most Hordenski-type theories, placed strong constraints on vector-
tensor (e.g. Einstein-Aether and Horava-type) theories, and biometric 
theories. (Baker, Nollini, Ferreira, Lagos, Noller 2017)



Multi-messenger Cosmic 
Backgrounds



Cosmic Backgrounds from Inflation
• Inflation is a very predictive theory (for given model). In single scalar 

models, it predicts the primordial spectra of anisotropies
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Scalar 

• Spectra manifest themselves as cosmic backgrounds, with different 
messengers.

CMB Temp Anisotropies
Large Scale Structure
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Scalar Tensor (GW)

• Spectra manifest themselves as cosmic backgrounds, with different 
messengers.

CMB Temp Anisotropies
Large Scale Structure Stochastic GW background

CMB B-mode polarizations

4

waves on the CMB is under hot pursuit. Given the current bounds on such a background,
from the upper limit on CMB B-mode polarization [41], we extrapolate the predictions of
slow roll inflation to the mHz band. As shown in the figure, this spectrum is hopelessly
far below the sensitivity of LISA. However, intriguing inflationary scenarios, based on new
ideas about symmetry breaking, predict blue-tilted spectra [42–45]. The maximum blue-
tilted spectrum, illustrated in Fig. 2, will be within range of LISA [39, 40]. Detection of
such a signal would be a profound discovery, revealing the origin of the large-scale structure
of the Universe and the particle physics that gave rise to the primordial fireball.

A broken spectrum of GWs, peaked near mHz frequencies, is the signature of an
electroweak-scale phase transition. In such a scenario, the physical vacuum once had a
significantly higher free energy that is liberated in a phase transition to a final, true vacuum
and eventually converted into thermal energy of radiation and hot plasma [49–51]. Such a
phase transition could play a key role in determining the prevalence of matter over antimat-
ter in the Universe. The potential for a space-based GW observatory to detect the SGWB
produced by a strongly first-order cosmological phase transition is a subject of intense study
[46]. The stochastic background depends on a broad range of physics, including the col-

Figure 2: Gravitational Wave Cosmology: The sensitivity of LISA to a stochastic background is
shown, relative to other observatories and methods. The dashed red and blue curves show the
prediction of a standard inflationary model and the maximum blue-tilted spectrum. The long-
dashed green curve is an example of the spectrum from a strongly first-order electroweak phase
transition (case 1 from Ref. [46]). Black and gray curves show current and future sensitivity. The
LIGO and Virgo curves show the sensitivity level at the time of the first detections of GWs; aLIGO
shows the projected sensitivity of the advanced LIGO design; PTA shows the Pulsar Timing Array
sensitivity; SKA shows the projected sensitivity by the Square Kilometer Array [47]; CMB shows
the bound r < 0.1 (95% C.L.) via B mode polarization, whereas the lower, gray curve shows
a projected sensitivity r < 0.001 for future CMB experiments; Indirect is based on Big Bang
Nucleosynthesis and CMB sensitivity to additional light degrees of freedom. Figure adapted from
Ref. [48].
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waves on the CMB is under hot pursuit. Given the current bounds on such a background,
from the upper limit on CMB B-mode polarization [41], we extrapolate the predictions of
slow roll inflation to the mHz band. As shown in the figure, this spectrum is hopelessly
far below the sensitivity of LISA. However, intriguing inflationary scenarios, based on new
ideas about symmetry breaking, predict blue-tilted spectra [42–45]. The maximum blue-
tilted spectrum, illustrated in Fig. 2, will be within range of LISA [39, 40]. Detection of
such a signal would be a profound discovery, revealing the origin of the large-scale structure
of the Universe and the particle physics that gave rise to the primordial fireball.

A broken spectrum of GWs, peaked near mHz frequencies, is the signature of an
electroweak-scale phase transition. In such a scenario, the physical vacuum once had a
significantly higher free energy that is liberated in a phase transition to a final, true vacuum
and eventually converted into thermal energy of radiation and hot plasma [49–51]. Such a
phase transition could play a key role in determining the prevalence of matter over antimat-
ter in the Universe. The potential for a space-based GW observatory to detect the SGWB
produced by a strongly first-order cosmological phase transition is a subject of intense study
[46]. The stochastic background depends on a broad range of physics, including the col-

Figure 2: Gravitational Wave Cosmology: The sensitivity of LISA to a stochastic background is
shown, relative to other observatories and methods. The dashed red and blue curves show the
prediction of a standard inflationary model and the maximum blue-tilted spectrum. The long-
dashed green curve is an example of the spectrum from a strongly first-order electroweak phase
transition (case 1 from Ref. [46]). Black and gray curves show current and future sensitivity. The
LIGO and Virgo curves show the sensitivity level at the time of the first detections of GWs; aLIGO
shows the projected sensitivity of the advanced LIGO design; PTA shows the Pulsar Timing Array
sensitivity; SKA shows the projected sensitivity by the Square Kilometer Array [47]; CMB shows
the bound r < 0.1 (95% C.L.) via B mode polarization, whereas the lower, gray curve shows
a projected sensitivity r < 0.001 for future CMB experiments; Indirect is based on Big Bang
Nucleosynthesis and CMB sensitivity to additional light degrees of freedom. Figure adapted from
Ref. [48].

• Still ways off for direct GW 
detection, but not impossible.

Astro2020 White Paper (Caldwell et al)



Cross-correlation of CMB and GW backgrounds

• Gravity is non-linear, so tensor and scalar modes must couple (“non-
gaussianities).

Adshead, Afshordi, Dimastrogiovanni, Fasiello, Lim, Tasitano (2020)

• Probe this by correlating CMB temperature with GW anisotropies:
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Cross-correlation of CMB and GW backgrounds

• Two possible sources of non-zero            : 

Adshead, Afshordi, Dimastrogiovanni, Fasiello, Lim, Tasitano (2020)

• Induced : Post-inflationary evolution generates a tiny amount                   
— long wavelength scalar modes modulate GW power anisotropy (Sach-
Wolfe).

FNL
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• Induced : Post-inflationary evolution generates a tiny amount                   
— long wavelength scalar modes modulate GW power anisotropy (Sach-
Wolfe).

FNL
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• Observability : BBO/DECIGO type space-based detector can possibly 
detect                                         , difficult, but not completely crazy.                                               FNL ⇠ 103 , nT = 0.25
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Axion Dark Matter
• Axions and “Axion-Like Particles” are ultra light bosons 
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Figure 1: Summary of constraints and probes of axion cosmology.
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• Generic weak axion-photon coupling                                     => axion-
photon conversion.

Axion Dark Matter

B

��
g��

Figure 28: Axion-photon interaction via the Primako↵ process. In the presence of an
external magnetic field, B, axions can convert into photons, and vice versa. This basic
process, arising from the electromagnetic anomaly and expressed in the e↵ective interaction
with co-e�cient g�� in Eq. (23), underpins many constraints on axions and e↵orts to detect
them.

the QCD axion, come from considering stellar processes (e.g. Ref. [10]). Many bounds on
axions from their interactions exploit the two-photon coupling in the presence of magnetic
fields (the Primako↵ [335] process, see Fig. 28), though we will also discuss the fermion
and GG̃ couplings. A recent review of constraints on the axion-photon coupling is given
in Ref. [16], and shown in Fig. 29. We do not discuss collider signatures of axions in any
detail. A recent discussion of existing constraints and future prospects is given in Ref. [35].

9.1 Stellar Astrophysics

Axion emission is an energy-loss channel for stars and supernovae. The observed properties
of stars can be used to limit the existence of such a channel, and the emitted stellar axions
can be searched for. The stellar astrophysics limits apply regardless of whether the axion is
DM, because we are producing axions directly, and not relying on a cosmic population.

The solar luminosity in axions is

La = 1.85 ⇥ 10�3

⇣ g��

1010 GeV

⌘2

L� , (173)

where L� is the photon luminosity. The maximum luminosity is at 3 keV, and the average
is 4.2 keV [10]. Axion production occurs as long as ma is less than the cental temperature of
the sun, T� ⇡ 1 keV and leads the sun to consume nuclear fuel faster. A very crude bound
can be found by demanding that the axion luminosity is less than the photon luminosity.
Equating g�� ⇠ (↵EM/2⇡fa) for the QCD axion gives fQCD & 5 ⇥ 105 GeV.

The strongest bound on solar axions can be derived from direct searches for them. The
helioscope converts solar axions back to photons in a macroscopic B field on earth, and
observes the photons in the X-ray. The state-of-the-art helioscope is the CERN Axion Solar
Telescope (CAST) [336, 337, 338]. The 95% C.L. bounds are:

g�� < 8.8 ⇥ 10�11 GeV�1 (ma . 0.02 eV) , (174)

g�� < 3.3 ⇥ 10�10 GeV�1 (ma . 1.17 eV) , (175)

where the two bounds refer to two di↵erent experimental configurations (low mass, vac-
uum; high mass, 3He). The proposed International AXion Observatory (IAXO) [339] could
improve the bound on g�� by an order of magnitude (see Fig. 29).
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• Multi-messenger search : GW/gravity effects + photons. Usually requires 
presence of strong B fields.

L��� = g����F
µ⌫ F̃µ⌫

<latexit sha1_base64="u1ydIz02d994jTACV4YG2XL8D2g=">AAACM3icbZDLSgMxFIYzXmu9VV26CRbBVZmpgm6EolBEXFSwF+iMQyZN29AkMyQZoQzzTm58EReCuFDEre9gpq2gbQ8k/Hz/OSTnDyJGlbbtV2thcWl5ZTW3ll/f2NzaLuzsNlQYS0zqOGShbAVIEUYFqWuqGWlFkiAeMNIMBpeZ33wgUtFQ3OlhRDyOeoJ2KUbaIL9wfeMnbtSnbg9xjsZ3et6bAzMAq/eJy2NXxKmrKeuQpJr6v8QvFO2SPSo4K5yJKIJJ1fzCs9sJccyJ0JghpdqOHWkvQVJTzEiad2NFIoQHqEfaRgrEifKS0c4pPDSkA7uhNEdoOKJ/JxLElRrywHRypPtq2svgPK8d6+6Zl1ARxZoIPH6oGzOoQ5gFCDtUEqzZ0AiEJTV/hbiPJMLaxJw3ITjTK8+KRrnkHJfKtyfFysUkjhzYBwfgCDjgFFTAFaiBOsDgEbyAd/BhPVlv1qf1NW5dsCYze+BfWd8/b6ytPQ==</latexit>

e.g. Primakoff Process



Axion Dark Matter
• 2 possible behaviours as Dark Matter:

diffuse “ambient” non-relativistic halo



Axion Dark Matter
• 2 possible behaviours as Dark Matter:

Halo of highly compact
relativistic “axion stars”

diffuse “ambient” non-relativistic halo



Radio + GW from BH-NS-Axions
• Axions accrete around Intermediate Mass BH 

Edwards, Chianese, Kavanaugh, Nissanke, Weniger (2020)

BH

MBH = 103 ⇠ 104 M�
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• A Neutron star carrying B field orbits the BH.
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• A Neutron star carrying B field orbits the BH.

• Due to dynamical friction with ambient axion field, 
NS orbit slows => change in phase of inspiral GW!

• Measuring phase change => probe Axion DM density. 
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• A Neutron star carrying B field orbits the BH.

• Due to dynamical friction with ambient axion field, 
NS orbit slows => change in phase of inspiral GW!

• Measuring phase change => probe Axion DM density. 

• Interaction of axion with NS B field => Radio emissions
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• A Neutron star carrying B field orbits the BH.

• Due to dynamical friction with ambient axion field, 
NS orbit slows => change in phase of inspiral GW!

• Measuring phase change => probe Axion DM density. 

• Interaction of axion with NS B field => Radio emissions
` Correlate : MM! 
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figuration with the axis aligned to the rotation axis. Res-
onant axion-photon conversion then occurs at a specific
radial distance from the NS center, which is given by [49]

rc ' 58 km
��3 cos2 ✓ � 1

��1/3
⇣ rNS

10 km

⌘
⇥

"
B0

1012 G

10 s

P

✓
10�6 eV

ma

◆2
#1/3

, (8)

where ✓ is the polar angle with respect to the rotation
axis. Equation (8) is obtained by setting !p = ma/2⇡
and considering electrons/positions plasma (mc = me).

Following Ref. [49], the radiated power is given by

dP

d⌦
⇠ 2 ⇥ pa� ⇢DM(rc) vc r2c , (9)

where ⇢DM(rc) and vc are the DM density and velocity
at the conversion radius. The energy transfer function
pa� is obtained using the WKB and stationary phase ap-
proximations to give

pa� ⇠
⇡

12

g2a�� B2
0 rNS

ma

✓
rNS

rc

◆5 �
3 cos2 ✓ + 1

�
, (10)

where ga�� is the strength of the coupling that leads
to axion-photon conversion through the interaction L =
�ga�� aE · B/4.

We use Eddington’s formula to calculate the phase-
space distribution of the DM in the BH frame [111, 112],
assuming isotropy and spherical symmetry (see Supple-
mentary Material II for more details). This distribution
f(E) depends on the relative energy E =  (r) �

1
2v2

and the gravitational potential  (r) = �0 � �(r), rela-
tive to the potential at the mini-spike boundary, �0. For
r . 10�8 pc (the point at which the GW signal would be-
come observable) the enclosed mass is dominated by the
BH and we therefore neglect the contribution of the mini-
spike to the relative potential:  =  BH = GN MBH/r.
In this case, we find f(E) / E

↵�3/2 (for E > 0).

Nearby DM particles are accelerated under gravity as
they infall toward the NS. Particles with initial velocity
v reach velocity

p
v2 + 2 NS at the conversion radius,

where the NS potential is  NS = GNMNS/rc. Applying
Liouville’s theorem [113], we find the DM density at the
conversion radius as,

⇢DM(rc) =

r
2

⇡

⇢sprsp↵

(GNMBH)↵
↵(↵ � 1)�(↵ � 1)

�(↵ �
1
2 )

⇥

Z vmax

vmin


 BH + NS �

v2

2

�↵� 3

2

v2 dv,

(11)

where vmin =
p

2 NS and vmax =
p

2 ( BH + NS). We
assume that the amplitude of the radiated power is dom-
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FIG. 3. Projected reach in axion-photon coupling from
radio observations. SKA2 sensitivity (100 hours) to the
axion-photon coupling for di↵erent orbital separations r and
IMBH-DM-NS distances d, assuming ✓ = 90�. The QCD
axion parameter space is represented by the blue band, while
the vertical and horizontal gray bands show the ADMX [30,
31] and CAST [32] limits, respectively.

inated by the peak of the velocity distribution:4

v2c ⇠
2GNMBH

r


↵ �

1

2

��1

+
2GNMNS

rc
. (12)

Finally, the flux density of the radio signal is given by

S =
1

B d2
dP

d⌦
, (13)

where d is the distance to the system and B is the signal
bandwidth (calculated as the 90% containment region of
the DM velocity distribution far from the NS). Given the
central frequency f of the radio signal, we find B/f to
be 0.06 and 0.12 at an orbit of r = 6 ⇥ 10�9 pc and
r = 3 ⇥ 10�9 pc, respectively.

Figure 3 shows the projected reach of the future SKA2
telescope in the axion parameter space, obtained by con-
sidering the minimum detectable flux density S which
provides a signal-to-noise ratio (SNR) equal to one.5 In
particular, for a radio telescope,

SNR =
S

SEFD

p
npol B�tobs , (14)

where npol = 2 is the number of polarizations, SEFD =
0.098 is the SKA2 system-equivalent flux density as
estimated in Ref. [50] and we assume an observation

4 We do not consider the boost to the NS frame since the NS orbital
velocity is subdominant with respect to the DM peak velocity.

5 An SNR of one was chosen to directly compare with Ref. [49]. In-
creasing the required SNR for detection leads to a corresponding
increase in the couplings we can probe as ga�� /

p
SNR.

Radio + GW from BH-NS-Axions
Edwards, Chianese, Kavanaugh, Nissanke, Weniger (2020)



Axion Stars/ECOs
• Relativistic axions can dynamically form self-gravitating highly compact 

(~NS densities) “Axion Stars” or more generally Exotic Compact Objects 
(ECOs). 

� V (�)

• aka Boson stars, oscillatons, solitons etc (nobody agrees on 
nomenclature!)

Helfer, Marsh, Clough,  Fairbairn, Lim, Becceril (2016) 
Widdicoombe, Helfer, Marsh, Lim (2018)



GW from Axion Star mergers
• Highly compact => merger generate GW. Solve using numerical relativity.

• Since Axion stars are “squishy”, makes even more GW than equivalent 
BH-BH mergers!

Helfer, Lim, Amin, Garcia (2018)
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Head-on merger



GW from Axion Star mergers
• Stable axion star inspiral simulations is an unsolved problem (!), but recent 

big progress!

Helfer, Sperhake, Croft, Radia, Ge, Lim (2021 + WIP)



Radio emission from Axion Star
• The axion field oscillate at characteristic frequency ! ⇠ ma
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parametric pumping

Levkov,  Panin, Tkachev (2020)

Photon Flux F� / exp[µt]
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Radio emission from Axion Star
• The axion field oscillate at characteristic frequency ! ⇠ ma
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parametric pumping

Levkov,  Panin, Tkachev (2020)
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• So pumping occurs if photon stays in Star 
long enough to trigger a single � ! ��
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Radio bursts from Axion Star mergers

Figure 5: The upper panels show the energy density of the axion field, whereas the lower panels
show the energy density in the photons. Note that there is no photon production before merger.
After merger, there is explosive (resonant) photon production which is eventually arrested again
as the merged oscillon loses su�cient energy via photons to fall out of the resonance condition.
Approximately 20% of the merged oscillon energy is converted to gauge fields. Here, M/m = 104

and Mga� ⇡ 1.16. We have checked that the above figure (including energy fractions) does not
change qualitatively as we vary M/m by a few orders of magnitude. Although not visible in these
snapshots, there is significant scalar radiation during the early stages of the merger (⇠ 30% of the
initial total energy). Our simulation volume is more than double of what is shown in the snapshots
with Lx = 77m

�1
, Ly = Lz = 51m

�1.

backreaction e↵ect with the oscillon configuration evolving away from the resonant domain, we expect
this fraction to not change as we change M/m. We have checked explicitly, that this is indeed the
case. We found that changing M/m by two orders of magnitude (from M/m = 104 to M/m = 106)
did not lead to any more than an order unity change in the energy fraction lost to gauge fields. We
have also checked that the exponential growth rate of luminosity does not change significantly as we
varied M/m, as expected. Furthermore, we have also verified that the time scale for backreaction is
indeed logarithmic in the ratio M/m (see Section 3.4).

The simulated behavior of gauge fields (and the system as a whole) at late times might be
influenced by the finite size of our simulation volume which has periodic boundary conditions. As
a result, one might worry that our simulation results might di↵er from infinite volume simulations
where radiation truly leaves the system. In particular, in our simulation the luminosity does not
quite drop to negligible values after the t ⇠ 300m

�1 because of the radiation coming back into the
box which is unphysical. Ideally, we would like to significantly increased the simulation volume so
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• Mergers of two axion stars can also trigger resonance ‘bursts’
Amin + Zong (2020)

• Only computed for non-relativistic stars. GW needs relativistic stars 
=> stay tuned!



Other MM Possibilities?
• Cosmic Strings : GW and EM emissions?

• Stochastic GW + Relics from Electroweak phase transitions?

• SGW from primordial black hole mergers and microlensing of 
MACHOs?

• Cosmological Neutrino Background to go with CMB and CGWB?

• Many others — I am 100% sure I have missed a lot!



Final thoughts
• Presently focused on EM and GW messengers

Multimessenger Cosmology is very new and mostly undefined : we 
have a chance to decide what it is!

• Strong force messengers are under-developed (it can be useful : BBN!)

• Cosmological neutrinos may be on the cusp of being useful 
(TXS0506-056).



A message from Drake

Thank you!


