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E T  A N D  C E  E F F O R T S
Einstein Telescope is a project studied in Europe 

first efforts began in 2007 

ET conceptual design study completed in 2011 

currently huge effort to enter the ESFRI Roadmap–mandatory path to acquire 
funding 

Cosmic Explorer is envisaged to be a new facility in the US  

NSF funded three-year horizon study (to be completed in 2021) 

trade study (see talk by Ssohrab Borhanian) to assess capability of different networks 

site selection, costing and sub-system design
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E I N S T E I N  T E L E S C O P E  –  A  1 0  K M  T R I A N G L E
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C O S M I C  E X P L O R E R
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E X T R E M E  M AT T E R  I N  
E X T R E M E  E N V I R O N S
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Densities ~ 4 x1017 kg/m3

E Q U A T I O N  O F  S T A T E  O F  D E N S E S T  M A T T E R



D E E P E R ,  W I D E R ,  
S H A R P E R
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E I N S T E I N  T E L E S C O P E  A N D  C O S M I C  E X P L O R E R
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Credit: Evan Hall

1.2 Gravity, Spacetime and Gravitational Waves 3
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Figure 1.1: Gravitational-wave strain noise for current and future detectors (left) and astrophysical reach for
equal-mass, nonspinning binaries distributed isotropically in sky and inclination (right).

1.2 Gravity, Spacetime and Gravitational Waves

The nature of space and time has fascinated the human intellect for millennia. In the 17th century Newton laid
out the first concrete notions in his Principia Mathematica by asserting that space and time are immutable
and not amenable to change due to external influence:

• Absolute, true, and mathematical time, of itself, and from its own nature, flows equally without relation
to anything external.

• Absolute space, in its own nature, without relation to anything external, remains always similar and
immovable.

A corner stone of Newtonian physics is the principle of relativity according to which the laws of physics
are the same for all observers in relative motion. Specifically, spatial separations and time intervals between
physical events are identical for all observers. This meant that the speed of light was different for observers
depending on their relative motion. These notions were the guiding principles of physics for over two
centuries and formed the basis for building the theory of gravitation.

At the beginning of the 20th century Einstein formulated the special theory of relativity in which the
speed of light was the same for all observers as required by the decisive precision experiment of Michelson
and Morley a few years before. The idea of absolute space and time was incompatible with special relativity
in which spatial separations and time intervals depended on an observer’s motion. Furthermore, he soon
realized that matter must alter the geometry of space and the flow of time. This eventually led him to a new
theory of gravity, the general theory of relativity, according to which matter and energy warp spacetime and
accelerated masses can create ripples in that distortion, called gravitational waves, that travel outward from
their sources at the speed of light.

Large amplitude gravitational waves emanate from regions of strong gravity with masses moving at
relativistic speeds, making them ideal for studying dynamical spacetimes. They interact weakly with matter
and are hardly dispersed as they propagate from their sources to Earth; so the waves carry uncorrupted
signature of their sources. A passing gravitational wave causes the rate at which clocks tick and physical
distance between test masses to vary—the basic principle behind gravitational wave detectors. Gravitational
waves were deemed responsible for the measured decrease in the orbital period of a pair of neutron stars
discovered by Hulse and Taylor in 1976. Since 2015, gravitational wave detectors have ushered in a new era
in astronomy.
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M U L T I M E S S E N G E R  S C I E N C E
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O R I G I N  A N D  E V O L U T I O N  O F  S E E D  
B L A C K  H O L E S

 11Credit: Alberto Mangiagli

3G + LISA, will characterize 
every binary black hole merger 

in the universe, and  explore 
demographics of seed black 

holes and their growth

R Valiante+ in preparation



E X T R E M E  G R AV I T Y  A N D  
T H E  N AT U R E  O F  S PA C E T I M E
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3G network will test 
general relativity in 
regions of greatest 

curvature and surface 
gravity of any 
experiment
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Figure 4. The gravitational-wave measurement of H0 (dark blue) from the detections in the first two observing runs of Advanced LIGO and
Virgo. The GW170817 estimate (orange) comes from the identification of its host galaxy NGC4993 (Abbott et al. 2017b). The additional
contribution comes from binary black holes in association with appropriate galaxy catalogs; for GW170814 and GW170818 we use the DES-
Y1 and GWENS galaxy catalogs respectively, while for GW150914, GW151226, and GW170608, we use the GLADE catalog. We do not
use the other binary black holes for this result. The 68% maximum a-posteriori intervals are indicated with the vertical dashed lines. All
results assume a prior on H0 uniform in the interval [20, 140] km s�1 Mpc�1(dotted blue). We also show the estimates of H0 from CMB (Planck:
Aghanim et al. 2018) and supernova observations (SH0ES: Riess et al. 2016).

nate ways of weighting the galaxies, we repeat our analysis
with no luminosity weighting. These results are shown in
Fig. 6.

With uniform luminosity weights, we obtain a result on
a joint binary black hole estimate which is essentially flat
(thin orange line in Fig. 6). This can be understood as fol-
lows: 1) The out-of-catalog terms in Eq. (6) take into account
the lack of galaxies beyond the apparent magnitude thresh-
old mth of the catalog in a uniform way. 2) The photometric
redshift uncertainties calculation described in Section 3.4.1
performs the marginalization over the redshift uncertainty of
each galaxy by e↵ectively introducing more galaxies to wash
out any artificial structure introduced by the photometric red-
shifts. These two e↵ects make the galaxy catalog appear

quite uniform, and with the lack of luminosity weights any
remaining structure in the catalog is e↵ectively washed out.
With luminosity weights we give more probability to galax-
ies which are more luminous, retaining the structure of the
catalog even after the addition of out-of-catalog terms and
marginalization over photometric redshift uncertainties. This
is also in agreement with our expectations from Fishbach
et al. (2019) and Gray et al. (2019), where weighting by lu-
minosities enhance the features in the posterior distribution
coming from the galaxy catalog.

5.3. Photometric measurement of redshift

Systematic e↵ects due to the photometric measurement of
redshift are smaller than current statistical uncertainties. Us-
ing alternate Schechter function parameters, and choosing lu-

C O S M O G R A P H Y – M E A S U R I N G  T H E  U N I V E R S E
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Abbott+, arXiv:1908.06060

Dark Energy

Normal Matter

Dark Matter

advanced detectors and their upgrades could resolve the tension after ~50-100 binary 
neutron star observations with EM counterparts; 3G detectors will provide decisive sky 

localization required for EM follow-up



G W I C - 3 G  S C T  A N D  C O N S O R T I U M

science case team 
Bailes, Bizourd, Buonanno, Burrows, 
Colpi, Evans, Fairhurst, Hild, Kalogera, 
Kasliwal, Lehner, Mandel, Mandic, 
Nissanke, Papa, Reddy, Rosswog, 
Sathyaprakash, Van Den Broeck  

science case consortium 
220 scientists around the world and 
growing 

broad scientific community 
general relativity, numerical relativity, 
quantum gravity 

transient astronomy, high-energy 
astrophysics 

cosmology, dark energy and dark 
matter 

nuclear physics and higher energy 
particle physics
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O P P O R T U N I T Y  F O R  N E W  D I S C O V E R I E S  

gravitational window is a completely different observational tool 
compared to em window 

experience tells us that each observational window had led to 
discoveries never imagined before 

x-ray, radio, infra-red, gamma-ray, cosmic rays, … 

gravitational wave detectors, especially at good sensitivities, 
should be expected to make new discoveries 

could lead to new physics that help us understand missing links in 
fundamental physics and astrophysics
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3G network would 
improve this limit by  

three orders of 
magnitude

S P E E D  O F  G R A V I T A T I O N A L  W A V E S  F R O M  
G W 1 7 0 8 1 7  A N D  G R B 1 7 0 8 1 7 A   
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�3⇥ 10�15  vGW � vEM

vEM
 7⇥ 10�16
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Abbott+ ApJ Letters, 848, L12 (2017)



T E S T S  O F  W A V E  P R O P A G A T I O N

modified theories of gravity predict dispersion 

dispersion modifies the phase and frequency  

best constraints in the gravity sector for superluminal 
gravitational waves 

GW170104  bound on graviton mass:  mg < 7.7 x 10-23 eV
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E2 = p2c2 +Ap↵c↵, ↵ � 0

Abbott+ PRL, 118, 221101 (2017)

3G network will observe sources @ z~20 and  improve limit on graviton 
mass by  an order of magnitude 



Q U A S I - N O R M A L  M O D E S  A N D  N O - H A I R  T E S T S

Dreyer+ 2004, Berti+ 2006, Berti+ 2007, Kamaretsos+ 
2012, Gossan+2012, Bhagwat+ 2017, Brito+ 2018

Deformed black holes emit quasi-normal 
modes 

complex frequencies depend only 
on the mass and spin 

Measuring two or more modes would provide 
a smoking gun evidence of Kerr black holes 

If modes depend on other 
parameters, consistency between 
different mode frequencies would 
fail
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W H Y  T E S T  G E N E R A L  R E L A T I V I T Y

so far GR has passed all experimental and observational tests  

solar system tests, binary pulsars, black hole orbital dynamics, … 

but theoretical and observational problems exist 

generic prediction of singularity, black hole information loss, accelerated 
expansion of the Universe, non-detection of dark matter, … 

GR is violated in quantum gravity theories 

birefringence of gravitational waves in Chern-Simons theory 

violation of Lorentz invariance in Loop quantum gravity 

Planck-scale structure of black hole horizons
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I N  S U M M A R Y  …
explore the state of ultra dense nucleons and the origin of heavy 
elements 

reveal phase transition from nucleons to free quarks and insight into the 
QCD phase diagram 

determine H0 and the nature of dark energy equation of state and its 
variation with redshift 

study the nature of black holes, test the no-hair theorem and gravity in 
ultra strong fields 

detect gravitational waves from supernova and determine the physics 
of core-collapse supernova 

provide a new tool for measuring distances to cosmological sources
 22
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Credit: Vuk Mandic
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S U P E R N O V A E  I S  
T H I S  T H E  

F I N A L  W O R D ?

signature of physics of 
supernova 

progenitor mass  

proto-NS core oscillation 
modes 

core rotation rate 

mass accretion rate from 
shock 

geometry of collapse 

NS equation of state 
spectrum of GW signal 

following the phase evolution 

fate of collapse 
neutron star vs black hole 
formation 

3G sensitive to CCSN in the 
Milky Way, rates 1-2 per 
century

 25

4

ZAMS Mass
Optimal distance (kpc) Normalized �

2

(10Hz-450Hz)
Normalized �

2

(450Hz-2000Hz)
3D 2D 2D truncated 3D 2D 3D 2D

9M� 2.43 15.51 15.46 0.342 0.232 0.658 0.767
11M� 5.87 31.96 26.68 0.154 0.058 0.845 0.941

11M� (w/o MB) 5.99 28.78 26.04 0.131 0.099 0.869 0.9
19M� (w/o MB) 7.75 40.61 37.18 0.120 0.074 0.880 0.925

25M� 13.35 48.26 40.09 0.12 0.069 0.88 0.931
60M� 9.63 48.79 36.30 0.211 0.065 0.790 0.935

TABLE II. The optimal distances for aLIGO and �
2 for a flat PSD in the frequency bandwidths 10Hz - 450Hz and 450Hz -

2000Hz for waveforms.

waveforms have emission at higher frequencies but they
are much lower in amplitude. Therefore, for the purposes
of optimization, we limit ourselves to an upper limit of
2kHz in the phenomenological waveform.

To build the phenomenological waveform, we divide
the frequency domain into four bins ranging from – 10 Hz
to 250 Hz, 250 Hz to 500 Hz, 500 Hz to 1 kHz and 1 kHz
to 2 kHz. For each of the chosen central frequencies f i

o
,

the quality factor Qi and the amplitude hi

o
are chosen so

as to minimize the error in the normalized power in the
four di↵erent bins of frequencies above. The error in the
normalized power in each bin is then added in quadrature
for di↵erent waveforms and is given by

�e =

vuut 1

N � 1

NX

i

(Model
fhigh

flow
�NR

fhigh

flow
)2 (3)

This approach gives us a simple but robust
gravitational waveform, free from the parameter
degeneracies but capturing the features of gravitational
wave radiation from CCSN. We will use this to perform
optimization and maximize the range for this waveform
and thus for CCSN. The errors in the di↵erent frequency
bins ranging from 10Hz to 250Hz, 250Hz to 500Hz, 500Hz
to 1kHz and 1kHz to 2kHz is 3%, 9%, 2% and 19%
respectively. The higher error in the last frequency bin is
by the construction of the phenomenological waveform
and is added to incorporate the features persistent
in the 2D waveforms which show higher emissions in
this frequency range discussed in section §II. Fig. 2
shows the phenomenological waveform constructed. We
incorporate this waveform as a reference supernovae
signal within GWINC [48]. The ranges, horizon, and
reach for the phenomenological waveform can then be
calculated by solving for distance D which would rescale
the waveform in equation 2 as 1/D.

In each of the subsequent sections, we go back to each
of the numerical waveforms and recompute the ranges
achieved with all the di↵erent detector designs considered
in our study.
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FIG. 2. The figure shows the phenomenological waveform
used as a representative for gravitational wave emission
from CCSN. The waveform is constructed by using five
sine-Gaussian bursts with di↵erent central frequencies fo =
95, 175, 525, 950 and 1500 Hz. The quality factor and
the amplitude at each central frequency are then derived by
minimizing the normalized power emitted in four di↵erent
bins of frequency from 10 Hz to 250 Hz, 250 Hz to 500 Hz,
500 Hz to 1000 Hz and 1000 Hz to 2000 Hz. The overall
amplitude of the phenomenological waveform is not calculated
by the fit and can be rescaled. We are interested in the
broad features in frequency in di↵erent waveforms which is
e↵ectively captured in the phenomenological waveform.

IV. OPTIMIZING SN DETECTABILITY FOR
3G DETECTORS

We use the phenomenological gravitational-wave
waveform for CCSN to explore detector configurations
that optimize the Cosmic Explorer detector’s sensitivity
to CCSN. To avoid overemphasis on any particular
frequency chosen in the phenomenological waveform,
we down weight narrow-band configurations during the
process of optimization. We also avoid narrow-band
designs so that the optimized detector’s sensitivity to
BNS is greater then 1 Gpc. We will explore the
narrow-band configurations with a di↵erent approach
discussed in section §IVC

A. Broadband configuration tuned for Supernovae

Quantum noise is the predominant source of noise
which limits the performance of the gravitational-wave

Srivastava+ arXiv:1906.00084
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Figure 2. Posterior distribution of chirp
mass Mc and total mass Mtotal obtained us-
ing LISA (blue); a third-generation ground-
based detector network consisting of ET [35]
and CE [1] (red); and the combined measure-
ment (dark green). The matched-filter SNR
of this system was 5.5 in LISA and 1010 in
the ground-based network.

Briefly, the results in Fig. 2 were

derived as follows. We first ran

a Fisher matrix calculation to pro-

duce posterior distributions represen-

tative of the LISA measurement. In

the Fisher matrix approximation, the

likelihood is a multivariate Gaussian.

We augmented LALInference [48],

the Bayesian stochastic sampler rou-

tinely used by the LIGO and Virgo

collaborations, to use the covariance

matrix produced in the first step as

a Bayesian prior for parameter esti-

mation with ground-based data. We

simulated the GW signals of IMBHs

using the IMRPhenomPv2 waveform

template [26; 43] and added them

to Gaussian noise. The final poste-

rior was calculated using a coherent

Bayesian analysis [48]. For this proof

of principle, we neglected spins in our waveform models. Unlike in Fig. 1, the masses

in Fig. 2 are ”observer-frame” masses, and so larger than the ”source-frame” values

by the factor (1 + z). (This choice avoids the propagation of distance errors into the

displayed result, which would unnecessarily complicate the interpretation.) In this

case, we see that the degeneracy-breaking shrinks the area of the 2-� error ellipse by

about six orders of magnitude!

We note, however, that the benefits from multi-band data illustrated in Fig. 2 do

decrease as the total mass decreases. For stellar-mass sources like GW150914, the

SNR in the ground-based detectors is so high [53] that little is gained by folding-in

LISA’s measurements, at least where the binary’s parameters are concerned. However,

even for stellar mass binaries, combining the low- and high-frequency signals can

significantly strengthen some tests of general relativity, as discussed below.

4) Multiband observations are expected to yield stringent tests of general

relativity. This is for basically the same reason that multiband observations can

lead to large improvements in parameter estimation: tracking the GW phase over

several decades in frequency provides a long ”lever-arm” for comparing measurement

to theory. The improvements in bounds on various theories of gravity coming from

multiband observations have been quantified [5; 12; 8]; to summarize, IMBH binaries

with total mass Mtotal ⇠ 103M� should provide especially strong constraints, since

in that mass regime the SNR can be large in both frequency bands. The optical

configurations of some ground-based instruments could also be optimized, specifically

M U L T I B A N D  -  L I S A  A N D  3 G
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4

chirps with frequency increasing in time and, therefore, time increases left-to-right

along these tracks.

Both signal tracks begin four years prior to merger. We first see their inspiral

in LISA, and roughly four years later we see their merger and ringdown in ground

detectors. Fig. 1b shows the redshift z and luminosity distance DL out to which BH

binaries can be detected for these three observatories, as a function of their total

mass. Here the binaries are taken to be equal-mass and non-spinning, the masses

refer to the ”source-frame,” the detection threshold is taken as a signal-to-noise ratio

(SNR) > 8 for a source with optimal sky location and orientation, we use a canonical

⇤CDM model to determine DL(z), and the gravitational waveforms are generated

using the IMRPhenomPv2 model [26; 43].
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Figure 1. (a): Frequency tracks of binary BH signals, compared to the noise curves for
LISA, ET and CE. The (30 + 30)M� binary will radiate at ⇠ 10 mHz four years prior to
merger, while the (1000 + 1000)M� IMBH binary will sweep through most of the LISA
band in that time. (b): Redshift out to which BH binaries are detectable, for current
and proposed ground-based GW experiments. We consider equal-mass, non-spinning BHs.
Masses refer to the source frame, and our criterion for detectability is that the SNR should
be > 8 for a binary with optimal sky location and oriention.

Fig. 1b shows that for ET or CE, a GW150914-like signal will be detectable up to

z & 10. The ”sweet spot” for joint space and ground detection of IMBHs will be

M ⇠ 700M�; such binaries will be jointly detectable out to z ⇠ 3. For stellar-mass

binaries, LISA will be much less sensitive than ET or CE, independently detecting

only a small fraction of the stellar-mass binaries observed on the ground. However

one can exploit the ground-based binary parameter measurements to greatly focus the

search through archived LISA data, and hence reduce the SNR threshold needed to

confidently identify the binary signals in the low-frequency data set. Wong et al. [54]

showed that this data analysis strategy should increase the number of multiband

detections by a factor ⇠ 4–7. This increased number of detections will amplify the

power of statistical comparisons between di↵erent astrophysical binary population

and evolution models [13; 22; 45; 46; 25].

Cutler+ arXiv:1903.04069

Multi-band observations with LISA will help 3G 
detectors to improve characterization of sources 
and tests of GR by several orders of magnitude



3 G  N E T W O R K  W I L L  E X P L O R E  F U N D A M E N T A L  
P R O P E R T I E S  O F  S P A C E T I M E  A N D  M A T T E R

equation of state of dense nuclear matter  

mass-radius relationship, phase transitions to quark-gluon plasma 

multimessenger astronomy  

GRBs, heavy elements, Hubble parameter, dark energy EoS 

strong field tests in general relativity and modified theories of gravity  

beyond the quadrupole formula, spin precession, higher modes, Lorentz Invariance 
violation, massive gravity, scalar modes, additional polarization modes, black hole 
no-hair theorem 

new fields and novel compact objects 

primordial stochastic backgrounds
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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.
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3G network will explore laws of physics at energy scales inaccessible to particle 
accelerators and potentially discover remnants of phase transitions and new physics

Credit: Paul Shellard


