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MARCEL GROSSMANN AWARDS

FIFTEENTH MARCEL GROSSMANN MEETING

Institutional Award

Planck Scientific Collaboration (ESA) (ESA)

“for obtaining important constraints on the models of inflationary stage of the
Universe and level of primordial non-Gaussianity; measuring with unprecedented
sensitivity gravitational lensing of Cosmic Microwave Background fluctuations by

large-scale structure of the Universe and corresponding Bpolarization of CMB, the
imprint on the CMB of hot gas in galazy clusters; getting unique information
about the time of reionization of our Universe and distribution and properties of
the dust and magnetic fields in our Galaxy.”
— presented to its Director General Johann-Dietrich Woerner

Institutional Award

Hansen Experimental Physics Laboratory (HEPL) at Stanford University

“for having developed interdepartmental activities at Stanford University at the
frontier of fundamental physics, astrophysics and technology.”

Individual Awards

Lyman Page
“for his collaboration with David Wilkinson in realizing the NASA FExplorer
WMAP mission and who now leads the Atacama Cosmology Telescope as its
project scientist.”

Rashid Alievich Sunyaev
“for the development of theoretical tools in the scrutinising, through the CMB, of
the first observable electromagnetic appearance of our Universe.”

Shing-Tung Yau
“for the proof of the positivity of total mass in the theory of general relativity and
perfecting as well the concept of quasi-local mass, for his proof of the Calabi
conjecture, for his continuous inspiring role in the study of black holes physics .”

Each recipient is presented with a silver casting of the TEST sculpture by the
artist A. Pierelli. The original casting was presented to His Holiness Pope John
Paul IT on the first occasion of the Marcel Grossmann Awards.
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FOURTEENTH MARCEL GROSSMANN MEETING
Institutional Award
European Space Agency (ESA)
Individual Awards

Frank Chen Ny Yang, Tsung Dao Lee, Ken’ichi Nomoto, Martin Rees,
Yakov G. Sinai, Sachiko Tsuruta

THIRTEENTH MARCEL GROSSMANN MEETING
Institutional Award
ALBANOVA UNIVERSITY CENTER, STOCKHOLM
Individual Awards

David Arnett, Vladimir Belinski and Isaak M. Khalatnikov, Filippo Frontera

TWELFTH MARCEL GROSSMANN MEETING
Institutional Award
Institut des Hautes Etudes Scientifique (IHES)
Individual Awards

Jaan Finasto, Christine Jones, Michael Kramer

ELEVENTH MARCEL GROSSMANN MEETING
Institutional Award
Freie Universitat Berlin
Individual Awards

Roy Kerr, George Coyne, Joachim Triumper

TENTH MARCEL GROSSMANN MEETING
Institutional Award
CBPF (Brazilian Center for Research in Physics)
Individual Awards

Yvonne Choquet-Bruhat, James W. York, Jr., Yval Ne’eman

NINTH MARCEL GROSSMANN MEETING
Institutional Award
The Solvay Institutes
Individual Awards

Riccardo Giacconi, Roger Penrose, Cecile and Bryce DeWitt
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EIGHTH MARCEL GROSSMANN MEETING
Institutional Award
The Hebrew University of Jerusalem
Individual Awards

Tullio Regge, Francis Everitt

SEVENTH MARCEL GROSSMANN MEETING
Institutional Award
The Hubble Space Telescope Institute
Individual Awards

SUBRAHMANYAN CHANDRASEKHAR, JIM WILSON

SIXTH MARCEL GROSSMANN MEETING
Institutional Award

Research Institute for Theoretical Physics (Hiroshima)
Individual Awards

Minora Oda, Stephen Hawking

FIFTH MARCEL GROSSMANN MEETING
Institutional Award
The University of Western Australia
Individual Awards

Satio Hayakawa, John Archibald Wheeler

FOURTH MARCEL GROSSMANN MEETING
Institutional Award
The Vatican Observatory
Individual Awards

William Fairbank, Abdus Salam

Fig. 1. TEST: sculpture by Attilio Pierelli
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PLANCK SCIENTIFIC COLLABORATION (ESA)
presented to Jean-Loup Puget, the Principal Investigator of the High Frequency Instrument (HFI).

“for obtaining important constraints on the models of inflationary stage of the Universe and level of
primordial non-Gaussianity; measuring with unprecedented sensitivity gravitational lensing of Cosmic
Microwave Background fluctuations by large-scale structure of the Universe and corresponding B-
polarization of CMB, the imprint on the CMB of hot gas in galaxy clusters; getting unique information about
the time of reionization of our Universe and distribution and properties of the dust and magnetic fields in
our Galaxy”

Planck ESA's mission,

was designed to image

the temperature and

polarization

anisotropies  of the

CMB over the whole

sky, with unrivalled

angular resolution and

sensitivity, pushing the

technology to

unprecedent limits. In

the framework of the

highly precision

experimental

cosmology the legacy

Planck  results on

testing theories of the

Photo of the Planck satellite early universe and the Planck focal plane (Courtesy of ESA)
(Courtesy of ESA). origin  of  cosmic

structure, has provided a major source of information crucial to many
cosmological and astrophysical issues. Planck carried out two instruments:
- the High Frequency Instrument (HFI), Principal Investigator: Jean Loup Puget;
- the Low Frequency Instrument (LFI), Principal Investigator: Nazzareno Mandolesi.
The instruments were complementary and using different technology to cross check independently final
results and systematic errors. They worked together to produce the overall mission results. The Planck space
mission (ESA) has been a wonderful example of Team effort in a large international collaboration, involving
scientific, technical and managerial aspects. The unprecedented accuracy of the Planck measurements have
established new standards in the determination of fundamental cosmological parameters, as well as new
insight in Galactic and extragalactic astrophysics. The Planck full-sky maps in temperature and polarization
will remain a lasting legacy for at least dozen years to come. More than 100 papers signed by Planck
collaboration have already 30 000
citations in scientific literature. The
success of Planck HFI and LFI would
not have been possible without the
contribution of a large number of
talented and dedicated scientists and
engineers from many countries of
Europe, USA and Canada. HFI was
designed to produce high-sensitivity,
multi-frequency measurements of the
diffuse radiation permeating the sky in
all directions in the frequency range of
84 GHz to 1 THz cooled at 100 mK.
The instrument consisted of an array
of 52 bolometric detectors placed in the focal plane of the telescope. LFI, a microwave instrument, was
designed to produce high-sensitivity, multi-frequency measurements of the microwave sky in the frequency
range of 27 to 77 GHz. The instrument consisted of an array of 22 tuned radio receivers located in the focal
plane of the telescope, cooled at 20 K.

Jean Loup Puget - PI of the HFI. Nazzareno Mandolesi - P1 of the LFI.
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HANSEN EXPERIMENTAL PHYSICS LABORATORY AT STANFORD UNIVERSITY

presented to Leo Hollberg, HEPL Assistant Director

“to HEPL for having developed interdepartmental activities at Stanford University at the frontier of

fundamental physics, astrophysics and technology”

Brief History of Stanford’s HEPL and Ginzton
Laboratories

In 1947, working in the Stanford Physics
Department’s Microwave Lab, Physics
Professor, William W. Hansen and his
research team, along with Assistant
Professor of Physics and microwave
expert, Edward L. Ginzton, completed
development on the world’s first traveling
wave electron linear accelerator. Dubbed the Mark | (see
photo) it generated a 1.5 million electron volt (MeV) beam.
Hansen’s entire report to the U.S. Office of Naval Research
(ONR) that funded the project was just one sentence: “We
have accelerated electrons.”

This successful first step in linear electron acceleration
spawned the birth of Stanford’s High Energy Physics Lab
(HEPL) and Ginzton labs. In 1990, HEPL was renamed the
WW Hansen Experimental Physics Lab (also HEPL).
HEPL and Ginzton were setup as Stanford’s first
independent labs. They were organized to facilitate cross-
disciplinary research, enabling scientists, engineers, staff
and students to work towards common research goals using
cutting edge lab equipment and technologies on medium-
scale projects. For the past 70 years, the HEPL and Ginzton
Labs have spearheaded Stanford’s leadership in cross-
disciplinary physics and become nurturing homes to a
variety of physics-based, research projects: including the
following examples:

Robert Hofstadter’s Nobel Prize & Later Work

In 1961, Stanford Professor Robert Hofstadter was awarded
the Nobel Prize for his HEPL Mark Ill Linear Accelerator
work on nuclear form factors (nucleons). In the 1980s,
Hofstadter became interested in astrophysics and helped
design the EGRET telescope in the NASA Compton
Gamma Ray Observatory (CGRO).

Gravity Probe B (GP-B)
In 1959, Physics Department Chair,
Leonard Schiff, became interested in
using gyroscopes in a satellite to measure
the Earth’s geodetic effect and the
miniscule frame-dragging effect
predicted by Albert Einstein’s general
theory of relativity. Schiff discussed this
project  with  Stanford  cryogenic
physicist, William Fairbank, and gyroscope expert, Robert
Cannon (Aero-Astro department).
In 1962, Fairbank invited post-doc, Francis Everitt, to join
the research effort. The team sent a proposal to NASA’s
Office of Space Sciences requesting funding to develop
gyroscopes and a satellite to carry out this unprecedented
test. It took 40 years of R&D at Stanford and other places to
create and ready the cryogenic satellite and all of its
cutting-edge technologies for launch. In 1975, Leonard
Schiff moved the GP-B program to HEPL, breathing new
life into the lab. In 1981, Francis Everitt became Principal
Investigator, a position he still holds. In 1984, Brad

Parkinson became Project Manager and a Co-Pl, along with
Co-PI’s John Turneaure and Daniel DeBra.

On 20 April 2004, GP-B launched from Vandenberg AFB
into a polar orbit. Data collection began on 28 August 2004
and lasted 50 weeks. Data analysis took five years in order
to remove confounding factors in the data. The final results,
published in PRL on 31 May 2011, yielded highly accurate
geodetic and frame dragging measurements, with 0.28%
and 19% margins of error, respectively.

GPS Spinoffs from GP-B

In the 1990s, Brad Parkinson’s research on GPS solutions
for positioning the GP-B satellite led to two revolutionary
spin-off projects: 1) Wide Area Augmentation System
(WAAS) provides highly precise positioning accuracy and
itegrity for navigation and the automatic landing of
airplanes and 2) Precision Farming adding GPS technology
to tractors has enabled the automation of many aspects of
farming and has spawned a $1 billion/year industry.

Fermi Gamma Ray Space Telescope (GLAST)
Stanford ~ Physics  Professor,  Peter
Michelson, is a former HEPL Director and
the Principal Investigator for the Large
Area Telescope (LAT) on board NASA’s
Fermi_Gamma Ray Space Telescope, the
successor to CGRO/EGRET. Launched on
11 June 2008, Fermi has been highly
successful mapping the gamma-ray sky. Under Michelson’s
guidance, HEPL’s collaborations with Italy are
noteworthy. The development of cryogenic bar detectors of
gravitational waves, in collaboration with Edoardo Amaldi
and his colleagues, established new stringent upper limits to
the gravitational waves incident on the Earth. Likewise, the
Fermi LAT was developed by a collaboration between
Italian INFN and ASI, NASA, and international partners in
France, Japan, and Sweden, and used tracking detectors
developed, integrated, tested, and qualified for the mission
by Italy. GP-B provided the first evidence of frame-
dragging on a spinning, superconducting gyroscope. The
Fermi detector offers the potential of seeing, through the
GeV emission in the Binary Driven Hypernova subclass of
long GRBs, the emission from a newly born Black Hole,
originating in the induced gravitational collapse of a
supernova hypercritically accreting on a binary neutron star
companion.

Robert Byer’s LIGO and ACHIP Projects
Robert Byer, former Stanford Dean of
Research and former HEPL Director, nurtured
the GP-B, GPS and Fermi programs to
success during his tenure. He is currently an
Applied Physics Professor specializing in
lasers and optics. His LIGO Group provided
seismic isolation, coatings and materials for the LIGO
observatories. His ACHIP project is developing a particle
accelerator on a microchip—bringing the HEPL/Ginzton
Labs full circle to Hansen’s 1947 research.




Professor LYMAN PAGE

Xv

“for his collaboration with David Wilkinson in realizing the NASA Explorer WMAP mission and as founding

director of the Atacama Cosmology Telescope™

Lyman Page

David Wilkinson

This award is given in recognition of Lyman Page’s pivotal role in transforming cosmic microwave
background observations into a high-precision experimental science over the past two decades. In particular
Page provided major contributions to the success of the Wilkinson Microwave Anisotropy Probe (WMAP)
space mission, which delivered outstanding measurements of the CMB anisotropy and polarization pattern.
He is now continuing his effort by promoting a new generation of experiments like the Atacama Cosmology

Telescope to study CMB polarization to greater precision.

Photo of the Atacama Cosmology Telescope

The CMB, the faint afterglow of the Big
Bang, is the most powerful probe of the
early universe. From its study, we have
learned the age of the universe, its major
constituents, and have characterized the
fundamental fluctuations in gravity that
gave rise to cosmic structure. The desire
to measure the CMB ever more precisely
has driven the development of
extraordinary detectors and techniques
which will be reviewed in the Lectio
Magistralis by Lyman Page. He will
describe what we might hope to learn
from the CMB in the next decade,
including detecting gravitational waves
from the birth of the universe if they exist
at sufficient amplitude.
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Professor RASHID ALIEVICH SUNYAEV
“for the development of theoretical tools in the scrutinising, through the CMB, of the first observable
electromagnetic appearance of our Universe”

Rashid Sunyaev and
Yakov Borisovich Zeldovich

Rashid Sunyaev
Rashid Sunyaev gave extraordinary contributions to the understanding of physical processes in the universe
which identified new and uniquely informative targets for observational cosmology. In particular, the
Sunyaev-Zeldovich effect, now observed in thousands of clusters of galaxies over the entire sky, has become
a cornerstone of cosmology and extragalactic astrophysics, so much so that it is now considered a research
field in its own right. Furthermore, Sunyaev’s studies of processes in the early universe responsible for
angular anisotropy and frequency distortions of the cosmic microwave background have left a profound and
lasting legacy for cosmology. In particular, Sunyaev and Zeldovich predicted the presence of acoustic peaks
in the CMB angular fluctuation power spectrum and the existence of baryonic acoustic oscillations.
He is currently the project scientist leading the scientific team of the international high-energy astrophysics
observatory Spektr-RG being built under the direction of the Russian Space Research Institute.

Yakov Zeldovich and Remo Ruffini at the audience with Pope John Paul I1
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Professor SHING-TUNG YAU

“for the proof of the positivity of total mass in the theory of general relativity and perfecting as well the
concept of quasi-local mass, for his proof of the Calabi conjecture, for his continuous inspiring role in the
study of black holes physics”

Shing-Tung Yau

Shing-Tung Yau has made fundamental contributions to differential geometry which have influenced a wide
range of scientific disciplines, including astronomy and theoretical physics. With Richard Schoen, Yau
solved a longstanding question in general relativity by proving that the combined total energy of matter and
gravitational field in an asymptotically flat universe is positive. In 1982 Yau was awarded the Fields Medal,
the highest award in mathematics, and in 1994 he shared with Simon Donaldson the Crafoord Prize of the
Royal Swedish Society in recognition of his development of nonlinear techniques in differential geometry
leading to the solution of several outstanding problems.

Another outstanding achievement of Yau is his proof of the Calabi conjecture which allowed physicists to
show that string theory is a viable candidate for a unified theory of nature. Furthermore in 2008 Yau (with
M.T. Wang) introduced the concept of "quasi-local mass" in general relativity which can be of help to get
around the old conundrum — the non-locality of the energy density in relativistic gravity.

During his scientific carrier Yau had more than 50 successful PhD students. At present he is a professor of
mathematics at Harvard University where along with research he continues many pedagogical activities. For
example, he has created the "Black Hole Initiative"”, an interdisciplinary center at Harvard University
involving a collaboration between principal investigators from the fields of astronomy (Sheperd Doeleman,
Avi Loeb and Ramesh Narayan), physics (Andrew Strominger), mathematics (Shing-Tung Yau) and
philosophy (Peter Galison). This "Black Hole Initiative" is the first center worldwide to focus on the study of
the many facets of black holes.

MG16 in 2021 will mark the 50" anniversary of the mass-energy formula for black holes based on the Kerr
metric. This timing is an omen that Yau and his school will soon further enlarge our knowledge of this
formula with their powerful mathematical analysis.
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PREFACE

The Marcel Grossmann Meetings on Recent Developments in Theoretical and Ex-
perimental General Relativity, Astrophysics and Relativistic Field Theories have
always had the goal of bringing together scientists from all over the world enabling
them to share recent developments in general relativity and cosmology, paying at-
tention to the interplay between physical predictions and mathematical foundations.

More than 800 scientists met at the University of Rome “la Sapienza” for the
Fifteenth Marcel Grossmann Meeting (MG15) during the week of July 1-7, 2018
to discuss theoretical topics and the status of the experimental testing and ob-
servations of Einstein’s theory of gravitation together with the broad spectrum of
gravitational physics related phenomena. The topics discussed ranged from clas-
sical and quantum aspects of gravity, relativistic astrophysics, branes and strings,
inflation theory, the thermal history of the Universe, to more concrete astrophysics
experiments, observations, and modeling, reviewing the current state of the art in
theory, observations, and experiments related to relativistic gravitation.

The meeting featured 39 plenary talks during the six mornings of the meeting,
plus 6 public lectures given by experts in gravitation and cosmology. 73 parallel
sessions, some of which were split over multiple days, kept participants busy with
the crucial support of 33 students from Sapienza who managed the coordination of
each parallel session and offered technical help.

Three scientists and two collaborations were presented with Marcel Grossmann
awards. These were: Lyman Page, Rashid Alievich Sunyaev, Shing-Tung Yau, the
Planck Scientific Collaboration (ESA) represented by Jean-Loup Puget, and the
Hansen Experimental Physics Laboratory (HEPL) at Stanford University, repre-
sented by Leo Hollberg,

The detailed program of plenary and public talks is as follows:

Shing-Tung Yau (Harvard University): Quasi-local mass at null infinity
Malcolm J. Perry (University of Cambridge): Black hole entropy and soft hair
Thomas Hertog (KU Leuven): A smooth exit form eternal inflation

Jean-Luc Lehners (Max Planck Institute for Gravitational Physics): No smooth
beginning for spacetime

Ivan Agullo (Louisiana State University): Loop quantum cosmology and the cos-
mic microwave background

Elena Pian (IASF Bologna):Kilonovae: the cosmic foundries of heavy elements
Nial Tanvir (University of Leicester): A new era of gravitational-wave / electro-
magnetic multi-messenger astronomy

Tsvi Piran (Hebrew University of Jerusalem): Mergers and GRBs: past present
and future

Stephan Rosswog (Stockholm University): Neutron star mergers as heavy ele-
ment production site
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David Shoemaker (MIT LIGO Laboratory): LIGO’s past and future observations
of black hole and neutron star binaries

Yu Wang (ICRANet): On the role of binary systems in GW170817/
GRB170817A/AT2017gfo

Hao Liu (University of Copenhagen): An independent investigation of gravita-
tional wave data

Stefano Vitale (University of Trento): Gravitation wave astronomy in ESA science
programme

Takaaki Kajita (University of Tokyo): Status of KAGRA and its scientific goals
Masaki Ando (University of Tokyo): DECIGO : Gravitational-Wave observations
from space

Jun Luo (Sun Yat-Sen University): TianQin: a space-borne gravitational wave
detector

Jo Van Den Brand (Dutch National Institute for Subatomic Physics Nikhef, and
VU University Amsterdam): Gravitational wave science and Virgo

Ernst Maria Rasel (Leibniz Universitdt Hannover): Science fiction turns into
reality: Interferometry with Bose-Einstein condensates on ground and in space
Manuel Rodrigues (Université Paris Saclay): The first results of the MICRO-
SCOPE test of the equivalence principle in space

Victoria Kaspi (McGill University): Fast radio bursts

Bing Zhang (University of Nevada): From gamma-ray bursts to fast radio bursts:
unveiling the mystery of cosmic bursting sources

Jean-Loup Puget (CNRS): The Planck mission

Jorge Armando Rueda Hernandez (ICRANet): Binary-driven hypernovae and
the understanding of gamma-ray bursts

Remo Ruffini (ICRANet): The essential role of the nature of the binary progeni-
tors for understanding gamma ray bursts

Heino Falcke (Radboud University Nijmegen): Imaging black holes now and in
the future

Luc Blanchet (Institut d’Astrophysique de Paris): Post-Newtonian theory and
gravitational waves

Jean-Loup Puget (Université Paris): Frome Planck to Atacama Cosmology Tele-
scope

Razmik Mirzoyan (Max Planck Institute for Physics): Gamma-ray and multi-
messenger highlights with MAGIC

Elisa Resconi (Technical University Munich): Neutrino astronomy in the multi-
messenger era

Francis Halzen (University of Wisconsin-Madison): IceCube: opening a new win-
dow on the universe from the South Pole

James Lattimer (Stony Brook University): The history of R-process

Ralph Engel (Karlsruhe Institute of Technology): What have we learned about
ultra-high-energy cosmic rays from the Pierre Auger Observatory?



XX

Paolo De Bernardis (Sapienza - University of Rome):

Fabio Gargano (INFN Bari): DAMPE and its latest results

Markus Arndt (University of Vienna): Experiments to probe quantum linearity
at the interface to gravity & complexity

Tobias Westphal (University of Vienna): Micro-mechanical measurements of
weak gravitational forces

Shu Zhang (Institute of High Energy Physics, Chinese Academy of Sciences):
Lorenzo Amati (INAF - OAS Bologna): Cosmology and multi-messenger astro-
physics with Gamma-Ray Bursts

Elisabetta Cavazzuti (ASI): Gev LAT observations from GRBs and active galac-
tic nuclei

Remo Ruffini (ICRANet): Concluding Remarks

Roy Kerr (University of Canterbury): Towards MG16

Public Lectures

Jeremiah Ostriker (Columbia University): Ultra-light scalars as cosmological
dark matter

Malcolm Longair (University of Cambridge): Ryle and Hewish: 50 and 100 year
anniversaries [Radio astrophysics and the rise of high energy astrophysics]

Lyman Page (Princeton University): Measuring the Cosmic Microwave Back-
ground

Marc Henneaux (Université Libre de Bruxelles): The cosmological singularity
Anne Archibald (Newcastle University): Does extreme gravity affect how objects
fall?
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Concluding remarks by Prof. Remo Ruffini

For over more than four decades the Marcel Grossmann Meetings have been
fostering the interaction between mathematics, relativistic field theories and
observations in physics and astrophysics and has witnessed the birth and
exponential growth of various new subfields within astrophysics. This has
also occurred in 2018 during the MG15 (see Fig. 1), which has seen the
participation of approximately one thousand participants from 71 different
countries (see Fig. 2). In MG15, as is clear from the above program, we
have seen considerable progress in theory on topics ranging from models of
quantum gravity to the mathematical structure of Einstein’s equations.

Fig. 1. MG15 official Awards Ceremony on Monday, July 2, 2018.

Fig. 2. Group photo of MG15 participants in the Aula Magna, Sapienza University of Rome.
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In particular, an MG15 individual award was given to Prof. Rashid
Sunyaev, as a member of the relativistic astrophysics school of Zel’dovich-
Sunyaev (see Fig. 3) and to Prof. Shing-Tung Yau, as a representative of

the Chinese-American school of differential geometry and general relativity
(see Fig. 4).

Fig. 3. Rashid Sunyaev receiving the MG15 individual award from Roy Kerr.

Fig. 4. Shing-Tung Yau receiving the MG15 individual award from Roy Kerr.

This has been accompanied by extensive developments in the
exploration of the cosmic microwave background with announcements of
the final results of the Planck satellite that followed earlier predecessors,
like WMAP. In this sense, particularly meaningful have been the MG15
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Awards presented to Prof. Jean-Loup Puget, who has successfully
accomplished the ESA Plank mission (see Fig. 5) and to Prof. Lyman Page,
one of the main participants of the glorious NASA WMAP mission,
successfully lead by David Wilkinson (see Fig. 6). | was very fortunate to
be in Princeton as an assistant professor at the time WMAP was initially
conceived.

Fig. 5. Jean-Loup Puget accepting the MG15 institutional award on behalf of the Planck Scientific
Collaboration (ESA) from Roy Kerr.

Fig. 6. Lyman Page accepting the MG15 individual award from Roy Kerr.

X-ray astrophysics gradually successfully evolved from the first rockets
of Riccardo Giacconi discovering Scorpius X-1 using well tested Geiger
counters, moving on to larger missions using X-ray mirrors in the Einstein
Observatory, in XMM and on to the NASA Chandra mission, each new
mission introducing new technologies based on previous successes. The
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Chandra data on GRB 170817A were amply discussed in the MG15
meeting. Analogously, starting from the earlier gamma ray detectors on the
Vela satellite, gamma ray astrophysics reached maturity with the Compton
Observatory with the BATSE instruments on board. These two fields joined
their separate expertise together in the hybrid Beppo SAX satellite. Equally
impressive was the transition from Beppo SAX to the Neil Gehrels Swift
Observatory and the Fermi Gamma-Ray Space Telescope that followed
EGRET and opened up the field of high energy gamma-ray astrophysics,
adding further successes to this ongoing story. One of the most significant
contributions to the success of the Fermi mission has been the LAT detector,
jointly led by the Hansen Experimental Physics Laboratory (HEPL) at
Stanford University, which received the MG15 institutional award,
presented to Prof. Leo Hollberg (see Fig. 7).

Fig. 7. Leo Hollberg accepting the MG15 institutional award from Roy Kerr on behalf of the Hansen
Experimental Physics Laboratory at Stanford University.
More recently we are witnessing the birth of TeV astrophysics springing
from the ground-based MAGIC, HESS and Whipple telescopes, as well as
neutrino astrophysics associated with underground (ICE Cube) and
underwater laboratories. New tantalizing results concerning the spectrum
and composition of cosmic rays have been reported by the Alpha Magnetic
Spectrometer experiment on the international space station. All of these
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together mark the gradual development of the largest observational effort in
history, well recorded in these MG meetings (see Fig. 8). Today relativistic
astrophysics is offering us the possibility of utilizing all of these multi-
wavelength observations simultaneously in the study of GRBs and active
galactic nuclei. Indeed the description of the distinct temporally discrete
episodes for the GRB 130427A, one of the most complex astrophysical
objects ever observed, requires the simultaneous knowledge of observations
from all of these various wavelengths. This exponential growth in all these
areas of astrophysics has been accompanied by attempts at data acquisition
of gravitational wave signals arriving on the Earth. After the failure of the
initial attempt by Misner and Weber in 1972, the new attempt by LIGO-
VIRGO was discussed extensively in this MG15 meeting.

Fig. 8. From the left to right: Leo Hollberg, Rashid Sunyaev, Shing-Tung Yau and Remo Ruffini during the
MG1S5 official awards ceremony.

Indeed in addition to the many topics discussed in the plenary lectures,
there was a special session dedicated to kilonova and gravitational waves
chaired by Enrico Costa on July 3 and a session on gravitational waves
chaired by Claus Lammerzahl on July 4. Many intense discussions took
place at the meeting, both in the plenary and parallel sessions, bringing
together different points of view, at times controversial, which stimulated a
large number of articles published in leading scientific journals in the
months following the meetings. The impossibility of finding these
discussions in these proceedings is simply explained: it is due to the
incomprehensible decision by Sapienza University not to renew the
collaboration agreement with ICRANet. What is incomprehensible is that
both the research and teaching activities of ICRA and ICRANet are
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recognized internationally at a worldwide level, in more than 70 nations.
Locks were put on the ICRA Offices (see Fig. 9).

Fig. 9. Remo Ruffini shows to Barry Barish the locked offices of ICRA at Sapienza University.

The preparation of the proceedings was halted. It was not possible to
follow up with post-conference interactions and the impossibility of access
to our offices and interact with our students. The invited lecturers, clearly
indicated in the conference program and some of the world leaders in their
fields who had just presented their extremely interesting lectures
stimulating widespread interest, mostly chose to publish their results in
international journals giving rise to some of the most highly cited articles in
recent times. Only a minority were published here. This was also the case
for some of the ICRA-ICRANEt lectures, which appeared in:

e J.F. Rodriguez, J.A. Rueda, R. Ruffini, On the final gravitational
wave burst from binary black hole mergers, Astron. Rep. 62, 940
(2018).

e JA. Rueda, R. Ruffini, Y. Wang, Y. Aimuratov, U. Barres de
Almeida, C.L. Bianco, Y.C. Chen, R.V. Lobato, C. Maia, D.
Primorac, R. Moradia, and J.F. Rodriguez, GRB 170817A-
GW170817-AT 2017gfo and the observations of NS-NS, NS-WD and
WD-WD mergers, JCAP 10, 006 (2018); and J.A. Rueda, R. Ruffini,
Y. Wang, C.L. Bianco, J.M. Blanco-Iglesias, M. Karlica, P. Lorén-
Aguilar, R. Moradi and N. Sahakyan, Electromagnetic emission of
white dwarf binary mergers, JCAP 03, 044 (2019).
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e R. Ruffini, R. Moradi, J. A. Rueda, L. Becerra, C. L. Bianco, C.
Cherubini, S. Filippi, Y. C. Chen, M. Karlica, N. Sahakyan, Y.
Wang, and S. S. Xue, On the GeV Emission of the Type | BAHN GRB
130427A, The Astrophysical Journal, 886, 82 (2019).

The dialogue we had started at MG15 undoubtedly had a very
stimulating effect on the community which have been followed up and
expanded upon in the subsequent MG16 meeting in 2021. Paradoxically,
the moments of greatest difficulty for ICRA members have coincided with
the flow of new ideas which promoted the steps forward towards the final
identification of some fundamental laws of black hole electrodynamics. The
very night ICRA offices were locked up and its electronic communications
cut, we had submitted a paper to The Astrophysical Journal for publication
containing the first fundamental steps for identifying the “inner engine” of
GRBs as discussed in talks in this conference. After one year and four
months a judge ordered Sapienza to return the ICRA offices.

I am looking forward to a renewed successful collaboration with
Sapienza University, enjoyed for more than three decades, to pursue a new
common “path” for the rapidly expanding knowledge of the largest distant
objects in our Universe. There is still room for improvement: now that the
differences have been identified in published articles, a joint effort on an
attentive scientific analysis on both sides can lead to the understanding of
the nature of these differences and to jointly converge to common solutions.
For this to occur, dialogue and not obstruction of office space is needed. As
soon as these clarifications will be achieved, we will be able to proceed in
a broad scientific effort of common topics of interest in Einstein’s theory,
in relativistic astrophysics, ranging from the astrophysics of black holes,
neutron stars, dark matter and primordial cosmology, observing the rules of
basic academic relations.

| am grateful to all members of the 10C and to Carlo Luciano Bianco,
Nathalie Deruelle, Rahim Moradi, Tsvi Piran, Jorge Rueda and Narek
Sahakyan for advice and discussion.

Remo Ruffini

Chair of the MG International Organizing Committee
Director of ICRANet

President of ICRA

January 10, 2022
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This essay celebrates the 100th anniversary of the birth of Martin Ryle and the 50th
anniversary of the discovery of pulsars by Jocelyn Bell and Antony Hewish. Ryle and
Hewish received the 1974 Nobel Prize in Physics, the first in the area of astrophysics.
Their interests strongly overlapped, one of the key papers on the practical implementa-
tion of the technique of aperture synthesis being co-authored by Ryle and Hewish. The
discovery of pulsars and the roles played by Hewish and Bell are described. These key
advances were at the heart of the dramatic rise of high energy astrophysics in the 1960s
and led to the realisation that general relativity is central to the understanding of high
energy astrophysical phenomena.
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1. Two Anniversaries

2018 is a cause for celebration in the high energy astrophysical community. The
two anniversaries are the centenary of the birth of Martin Ryle (1918-1984) and the
50th anniversary of the announcement of the discovery of pulsars in 1968, associated
with the names of Antony Hewish and Jocelyn Bell-Burnell. They were all members
of the Radio Astronomy Group in the Cavendish Laboratory. I was present as a
graduate student and research fellow through the exciting period from 1963 to 1970.

Martin Ryle and Antony Hewish were awarded the Nobel Prize in Physics in
1974, the first to be awarded in astrophysics. The citation reads:

‘for their pioneering research in radio astrophysics: Ryle for his observa-
tions and inventions, in particular of the aperture synthesis technique, and
Hewish for his decisive role in the discovery of pulsars.’

Their experimental work was central to the realisation that high energy particles
and strong magnetic fields play a major role in modern astrophysics and that general
relativity is essential in order to understand high energy astrophysical phenomena.

2. The Origins of Radio Astronomy and the Impact of the Second
World War

The story begins in 1933 with the discovery of radio waves from our Galaxy by Karl
Jansky who was working at the Bell Telephone Laboratories.! The discovery arose



from the need to understand sources of radio interference in radio communications.
Grote Reber followed up Jansky’s discovery with his own home-made radio tele-
scope. By 1940, he had succeeded in making the first map of the radio emission
from the Galaxy, the results being published in the Astrophysical Journal.? Little
attention was paid to this work by professional astronomers. The only paper was
a discussion which showed that the spectrum of the radiation found by comparing
Jansky’s and Reber’s intensity measurements could not be the thermal emission of
hot gas clouds.?

Immediately after the Second World War, astronomy was about to be changed
out of all recognition as compared with the pre-War era. The contributory causes
can be summarised as follows:

e The opening up of the whole of the electromagnetic spectrum for astronom-
ical observation was facilitated by huge advances in radio and electronic
techniques as well as by the availability of rockets from which observations
could be made from above the Earth’s atmosphere.

e Investment in pure science increased dramatically as the benefits of basic
research for defence purposes and for the benefit of society were appreciated.

e Scientific electronic computation began in earnest and would provide the
means for advancing all scientific disciplines dramatically.

e Astronomy became one of the ‘Big Sciences’.

These all contributed to many of the great and unexpected astronomical discoveries
of the succeeding years.*

After the Second World War, a number of University Groups began to investigate
the nature of the cosmic radio emission discovered by Jansky. The principal groups
involved were at Cambridge, Manchester and Sydney, all of them led by scientists
who came from a background in radar. The science of radio communication and
detection developed at a great pace during the War under the combined pressures
of defending the UK from incoming enemy aircraft and rockets and developing
air-borne radar and radio location techniques. The Cambridge efforts were led by
Martin Ryle who assembled a brilliant team of young physicists to attack these
problems. The Radio Astronomy Group was remarkably tight-knit and everyone
contributed to the various technical challenges.

Two of these were of particular importance. The first was the need to achieve
higher angular resolution and sensitivity of the antennae and receiver systems. The
second was the need to understand the origin and nature of the ‘twinkling’ or
‘scintillation’ of the radio sources. Ryle and Hewish worked on both problems, as
can be appreciated from a list of some of their joint papers.

aFor more details, see my book The Cosmic Century: A History of Astrophysics and Cosmology.
Cambridge: Cambridge University Press (2006). For the high energy astrophysical aspects of
the story, see also my book High Energy Astrophysics: third edition. Cambridge: Cambridge
University Press (2011).



Fig. 1. The Cambridge Radio Astronomy Group in the early 1950s. Those seated in the middle
row are (left to right) Francis Graham Smith, Martin Ryle and Antony Hewish. (Courtesy and
copyright the Cavendish Laboratory, University of Cambridge.

e Ryle, M. and Hewish, A. (1950), The Effects of the Terrestrial Ionosphere
on the Radio Waves from Discrete Sources in the Galaxy.*

e Ryle, M. and Hewish, A. (1955), The Cambridge Radio Telescope.®

e Ryle, M. and Hewish, A. (1960), The Synthesis of Large Radio Telescopes. %

e Scott, P.F., Ryle, M. and Hewish, A. (1961), The First Results of Radio
Star Observations using the Method of Aperture Synthesis.”

Immediately after the Second World War, there was very little money, but Ryle
and his colleagues were able to make very good use of surplus war equipment,
including high quality radio antennae, a large amount of coaxial cable and other
items brought back to the UK as German war booty. It was quickly understood that
the way to achieving the goals of higher angular resolution and greater sensitivity
was to use radio interferometry and, in particular, to implement the techniques of
aperture synthesis in which both the amplitude and phase of the interferometric
observations are preserved. Martin Ryle’s contribution of genius was the practical
implementation of Earth-rotation aperture synthesis which resulted in both high
angular resolution and high sensitivity images of the radio sky.

Optical telescopes reflect the light of a distant object from a parabolic mirror
which has the property that the signals from a distant object reflected from all parts
of the mirror surface travel the same distance to the focus. The radio astronomers
realised that the reflecting surfaces do not need to be part of the same surface. If



the path lengths to the focus from the source are the same, the interferometric data
provide the necessary amplitude and phase information to begin the reconstruction
of the image on the sky. To ensure that the waves travel the same distance, delay
lines needed to be introduced so that the signals from the two telescopes were
combined in phase. Increasing the number of antennae increases the number of
possible pairings of antennae, the short baselines providing the large-scale structure
and the long baselines the fine detail.

These techniques were exploited in a series of radio interferometers constructed,
first of all, at the Rifle Range site just behind the Cambridge University Rugby
Ground and then at the Lord’s Bridge Observatory which was opened in 1957 once
the full significance of radio astronomy for astrophysics and cosmology had become
apparent. Radio astronomy hit the headlines in 1955 with the first results of the
Second Cambridge (2C) Survey. The dramatic result was that there is a large
excess of extragalactic radio sources at large distances, implying that these objects
had evolved strongly with cosmic epoch. This was initially a controversial result
but it led to the need for deeper surveys and the continued development of radio
interferometric techniques. The first large interferometer on the Lord’s Bridge site
was the 4C radio telescope completed in about 1960. The surveys of the Northern
sky carried out by the telescope showed convincingly the evolutionary nature of the
radio source population. These radio surveys were carried out with fixed telescopes
which mapped the sky by allowing the Earth’s rotation to provide a scan of the sky
above the telescope.

To sample the two-dimensional structure of the sources, Ryle and his colleagues
pioneered the concept that it is simplest to build a one-dimensional interferometer
and then use the Earth’s rotation to carry one telescope about another as viewed
from a point on the sky. In this way information is obtained corresponding to the
annulus of a large telescope with diameter equal to the maximum separation of
the elements of the interferometer. By adding together a number of baselines with
different spacings, the equivalent of a single large telescope with diameter equal to
the longest baseline separation can be synthesised with much improved sensitivity.
Ryle and Ann Neville used the 4C telescope system in 1962 to create the first
fully two-dimensional map of a region about the North Celestial Pole using the
Earth-rotation synthesis technique.® Every available receiver in the Observatory
was needed to make the observations.

The implementation of fully-steerable aperture-synthesis radio telescopes was
realised with the construction of the Cambridge One-Mile Telescope (OMT). It
required a great deal of innovation in electronics, path compensation and com-
putation. The new generation of electronic computers, the Cambridge EDSAC-1
and 2 machines, was essential to carry out the Fourier transforms to convert the
interferometric data into two-dimensional maps. The Fast Fourier transform was
implemented to make these computations feasible in a reasonable time.



Fig. 2. The Cambridge One-Mile Telescope, the world’s first fully-steerable, general purpose,
Earth-rotation aperture synthesis radio telescope.

In 1965, the first radio images from the One-Mile Telescope, the world’s first
fully-steerable, general purpose, Earth-rotation aperture synthesis radio telescope
(Fig. 2), were made of the radio galaxy Cygnus A and the supernova remnant Cas-
siopaeia A.? I was there in the EDSAC control room when the first maps came
out of the computer printer. The next step was to extend these techniques to
higher frequencies with larger numbers of telescopes and this was achieved with
the 5-kilometre (Ryle) in the early 1970s. This resulted in much higher angular
resolution and sensitivity. The success of these telescopes led to the construction of
even more powerful instruments such as the Very Large Array in the USA.

It is remarkable that over the 25 year period from the end of the Second World
War, the sensitivity of radio astronomical observations increased by a factor of about
one million and the imaging capability of the telescope system improved from several
degrees to a few arcseconds, comparable to that of ground-based optical telescopes.
This was Martin Ryle’s legacy to radio astronomy. After 1972, his health declined
and his interest changed to wind power, sustainability and opposition to nuclear
power.

The major impact of radio astrophysics upon astrophysics and cosmology in
general cannot be overstated. The discovery of Galactic and extragalactic radio
sources revealed the importance of relativistic astrophysics for astronomy in general.
To summarise the change of perspective:



e Enormous energies in relativistic particles and magnetic fields were needed
to account for the synchrotron radio emission of the radio sources and
involved the conversion of 10° Mg c? of mass into these forms of energy, at
the same time ejecting them far beyond the confines of the host galaxy.

e The role of relativistic jets in powering the huge energies in relativistic
particles and magnetic fields became apparent.

e The discovery of the quasars and the BL-Lac objects opened up quite new
challenges for the astrophysics of these objects in all wavebands.

e The extreme variability of some of the quasars and BL-Lac objects led to
the realisation that supermassive black holes had to be involved in the most
extreme active galactic nuclei.

e Evidence for the cosmological evolution of extragalactic radio sources, both
radio galaxies and quasars, showed that major changes had taken place in
the properties of these objects over the last 75% of the age of the Universe.

These discoveries were first reviewed internationally at the first Texas Sympo-
sium on Relativistic Astrophysics held in Dallas, Texas in 1963. At the closing
dinner, Thomas Gold remarked:

‘Everyone is pleased: the relativists who feel they are being appreciated,
who are suddenly experts in a field which they hardly knew existed; the
astrophysicists for having enlarged their domain, their empire by the an-
nexation of another subject - general relativity.’

This was the beginning of high energy astrophysics in its modern guise.

3. The Discovery of Pulsars

The discovery of pulsars in 1967 is associated with the names of Antony Hewish
and Jocelyn Bell-Burnell, but the seeds of their achievement were sown long before
during the immediate post-War years. During that period, part of Hewish’s research
involved understanding the nature of the scintillations of the intensities of radio
sources caused by intervening moving plasma clouds. Just as stars twinkle even on
the clearest nights, so point sources of radio emission are observed to scintillate,
particularly at long radio wavelengths. Their cause is the deflections of radio rays
when they pass through irregularities in the ionospheric plasma.

The theory of the process of scintillation was worked out in detail by Hewish in
1951 in a paper entitled ‘The diffraction of radio waves in passing through a phase-
changing ionosphere’.!? The paper set out the theoretical background needed to
understand the short-term fluctuations in the intensities of radio sources due to
irregularities in an ionised plasma. The same concepts could be used to understand
the physics of fluctuations due to ionospheric, interplanetary and interstellar elec-
tron density fluctuations. This theoretical paper was followed in 1952 by another
entitled ‘The Diffraction of Galactic Radio Waves as a Method of Investigating the



Irregular Structure of the Ionosphere’.!! Applying these concepts to observations
of the fluctuating radio signals, Hewish showed that the scale of the irregularities
ranged from 2 to 10 km, that the variation of the electron content was about 5 x 109
electrons cm ™2 and that the irregularities are at a height of about 400 km. These
irregularities moved with a steady wind-like motion at a velocity of the order 100
to 300 m s~ 1.

The same technique could be used to study the solar corona, the region of hot
plasma surrounding the Sun. The radio source Taurus A (the Crab Nebula) was
observed at varying angular distances from the Sun and the variability of the signal
could be accounted for by scattering because of the presence of fluctuations of the
electron density in the solar corona. In his paper of 1955 ‘The Irregular Structure
of the Outer Regions of the Solar Corona’, Hewish derived the sizes and electron
densities of coronal irregularities in the distance range 5 to 15 solar radii. 2

In 1954, Hewish had remarked in his notebooks that, if the angular sizes of
the extragalactic radio sources were small enough, they would illuminate the solar
corona with a coherent radio signal and so give rise to rapid time variations in their
intensities. This idea was forgotten until about 1962 when Margaret Clarke showed
that two of the compact 3CR radio sources (6 < 2 arcsec) varied very rapidly in
intensity. Hewish realised that his old idea was the answer.

By 1964, a number of radio quasars were known and some of these radio sources
had small angular sizes. With Paul Scott and Derek Wills, Hewish showed that the
radio scintillations were due to scattering of the radio waves by inhomogeneities in
the ionised plasma flowing out from the Sun, the Solar Wind. This wind had been
predicted by Eugene Parker in 1958 and observed by the Soviet Luna satellites in
1959 and by the US Mariner-2 satellite in 1962. The paper by Hewish, Scott and
Wills showed how radio source scintillations could be used to map the outflowing
Solar Wind. 13

Hewish realised that a large, low-frequency array dedicated to the measurement
of the scintillations of compact radio sources would provide a new approach to the
study of three important astronomical areas:

e it would enable many more quasars to be discovered,
e their angular sizes could be estimated,
e the structure and velocity of the Solar Wind could be determined.

In 1965, he designed a large array to undertake these studies and was awarded a
grant of £17,286 by the UK Department of Scientific and Industrial Research to
construct it, as well as outstations for measuring the velocity of the Solar Wind.
To obtain adequate sensitivity at the low observing frequency of 81.5 MHz (3.7 m
wavelength), the array had to be large, 4.5 acres (1.8 hectares) in area, in order to
record the rapidly fluctuating intensities of bright radio sources on time-scales as
short as one tenth of a second.
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Jocelyn Bell joined the 4.5 acre array project as a graduate student in October
1965. She was involved in the construction of the telescope, including knocking
the posts into the ground, and then became responsible for the network of cables
connecting the dipoles. The telescope was commissioned during July 1967 with the
objective of mapping the whole sky once a week so that the variation of the scintil-
lation of the sources with solar elongation could be studied. The array consisted of
2,048 full-wave dipoles arranged in 16 rows of 128 elements. Each row was 470 m
long and the north-south extent of the array was 45 m.

A key aspect of the array was that it had to measure the fractional scintillations
of the radio sources in real time. Before the days of high speed digital computers,
this was achieved by electronic processing of the incoming signals. On a strip chart,
the top trace showed the intensity of the source as it passed through the beam
of the telescope. This signal was then passed through a high-pass filter so that only
the fluctuating component was registered in the middle trace, from which the noise
power in the fluctuating component could be displayed in the bottom trace.

While the array was being constructed, Leslie Little and Hewish carried out a
theoretical investigation of the strength of the scintillations as a function of he-
liocentric coordinates. They demonstrated how the angular sizes of the sources
could be estimated from measurements of the amplitudes of the scintillations when
sources were observed at different solar elongations.'* A key point was that the
scintillations decrease to very small amplitudes when observed at large angles from
the Sun.

The commissioning of the 4.5 acre array proceeded through the summer of 1967.
Hewish suggested that Bell create sky charts for each strip of the sky each day,
noting all the scintillating sources. If the scintillating sources were present on suc-
cessive weeks at the same astronomical coordinates, they were likely to be real
sources, whereas if they were simply interference, for example caused by a nearby
unsuppressed tractor or motorcycle, they would not recur at the same astronomical
coordinates. This was a very demanding task requiring great persistence, patience
and attention to detail on Bell’s part since she had to keep up with the very high
rate at which the charts were being produced by the telescope, over 200 metres per
week.

The discovery of the pulsar CP 1919 was made by Bell on 6 August 1967, the
story of the discovery being contained in Appendix 1 of her PhD dissertation. The
remarkable feature of CP1919 was that the source scintillated at roughly the 100%
level in the anti-solar direction, quite contrary to the expectations of the scintilla-
tion models of Little and Hewish. Furthermore, the source was highly variable and
not always present. It was not observed again until 28 November 1968, this time
with a much short time-constant in the receiver system — the pulses were detected
separately for the first time. To everyone’s astonishment, the signal consisted en-
tirely of a sequence of pulses with repetition period 1.33 sec, the period being stable
to better than one part in 10°.

The following two months were what Hewish described as the most exciting of
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Fig. 3. The discovery record of CP 1919 taken on 6 August 1967. (Courtesy and copyright the
Cavendish Laboratory, University of Cambridge and Churchill College Archives.)

his scientific career. Nothing like this had been observed in astronomy before and
Hewish and his colleagues had to be absolutely certain of the correctness of the
observations. It was essential to carry out follow-up observations and experiments:

e All sources of terrestrial inference had to be excluded.

e If the source was associated with extraterrestrial emissions, including the
notorious ‘Little Green Men (LGM)’, the motion of a planet about the
parent star would be easily detectable. The motion of the Earth about
the Sun was observed, but no orbital motion of the source.

e The low frequency signals displayed dispersion, the high frequency signals
arriving earlier than the low frequencies. This enabled a rough distance of
65 parsec (about 200 light years) to be estimated for the source.

e Three other similar sources were discovered by Bell including one with a
period of only 0.25 seconds.

The discovery was kept under tight wraps until Hewish and his colleagues were
absolutely convinced that they had discovered a new type of astronomical phe-
nomenon. I was in the next door office to Hewish at the time and I knew nothing
about what was going on until he gave a lecture about the discovery in the week
before the Nature paper was published. The paper ‘Observation of a Rapidly Pul-
sating Radio Source’ was submitted for publication in Nature on 9th February 1968
and published on 24th February 1968.15
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Within a few months, Thomas Gold convincingly associated the pulsars with
magnetised, rotating neutron stars. !® The radio pulses are caused by beams of very
high energy particles emitting coherent radiation of extraordinarily high brightness
temperature escaping from the poles of a magnetised rotating neutron star. When
the beam passes across the line of sight to the observer, an intense burst of radio
emission is observed.

Very soon after the discovery, large numbers of pulsars were discovered. By now,
well over 2000 radio pulsars are known and they are of the greatest astrophysical
importance as the last stable stars before collapse to a black hole ensues. The neu-
tron stars represent matter in bulk at nuclear densities and offer many challenges
for physicists and astrophysicists. Perhaps most significant was the fact that rela-
tivistic stars really exist in nature — general relativity is essential in working out
their stability.

In 1972 neutron stars were discovered as the compact X-ray emitting sources
in X-ray binary systems by Riccardo Giacconi and his colleagues from observations
with the UHURU X-ray observatory.!'” In these sources, the energy source is the
accretion of matter from the normal primary star onto the poles of the neutron star.

In 1975, Russell Hulse and Joseph Taylor discovered that the pulsar PSR
1913416 is a member of a binary neutron star system.'® This was a fabulous gift
to relativists since it can be considered to be a perfect clock in a rotating frame of
reference. The binary neutron star system loses energy by the radiation of gravita-
tional waves and one of the great discoveries was the measurement of the speeding
up of the binary due to this process. The remarkable agreement between theory and
experiment shows that general relativity is the best theory of relativistic gravity we
possess.

The discovery of the pulsars resulted in the award of the Nobel prize to Hewish in
1974. Hewish continued his research on the use of the scintillation technique to chart
‘interplanetary weather’, work which is of the considerable importance because of
its impact upon the GPS system. Bell went on to become a distinguished member
of the UK scientific community and has received many awards recognising her role
in the discovery of pulsars, most recently the $3M Special Breakthrough Prize in
Fundamental Physics in 2018 — she has generously donated this remarkable prize
to the Institute of Physics to support research studentships. In June 2007, she was
created Dame Jocelyn Bell-Burnell in the UK honours list. She has been President
of the UK Institute of Physics and of the Royal Society of Edinburgh. She has
recently been appointed Chancellor of the University of Dundee.
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from when Remo Ruffini was starting his academic career and watching the field’s de-
velopment to the present.
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1. Ruffini and Wilkinson at Princeton

Remo Ruffini and Dave Wilkinson and were faculty colleagues at Princeton in the
early 1970s. Remo was working in the group established by John Wheeler on
theoretical aspects of general relativity: gravitational radiation, black holes, neutron
stars, and the coupling of electromagnetic and gravitational radiation process to
name a few topics. Dave on the other hand was working with colleagues in Bob
Dicke’s “gravity research group” on experimental aspects of gravity: tests of the
equivalence principle, lunar laser ranging, pulsar timing, measurements of the CMB,
and the search for primeval galaxies. Just this simple listing gives a sense for what
the intellectual atmosphere must have been like. So many possibilities were just
about within reach but yet beyond the limits of the empirical tests of the times.
Peebles describes the environment at Princeton in these days, and what led Dicke
and Wheeler, quite independently, to pursue general relativity'. The topics with
which Remo and Dave were engaged are, of course, at the forefront of modern
physics and as exciting as ever. In the following I’ll focus on just one element of the
activity in the 1970s, the cosmic microwave background (CMB), and give a brief
update on the status of observations.

2. The CMB anisotropy in the 1970s

Figure 1 shows the state of measurements of the anisotropy as of 1979. It is taken
from “Finding the Big Bang” 2. It was known that the anisotropy should be present
at some level because there are galaxies and clusters of galaxies. They formed via
gravitational instability and the same instability affects the CMB. But the level
was uncertain and it was not known whether foregrounds or, for example, an early
epoch of reionization would mask the anisotropy. The number of groups who were
measuring the anisotropy was small. Those who had published results between
1965 and 1979 are shown in the figure. The year 1967, not long after the initial
discovery, was particularly active, with limits coming from the “Isotropometer,”
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the first instrument designed explicitly to measure the anisotropy®#, “Stanford” >6,
“Crawford Hill” 7, and “Aerospace” 8.

“White Mountain” ? was also run by the Stanford group. Conklin was searching
for evidence of the CMB dipole. It was not appreciated until many years later
that his was probably the first experiment to detect anomalous microwave emis-
sion !0, With “RATAN” 1113 the Soviets were limiting the anisotropy with a highly
asymmetric beam while Steve Boughn published his senior thesis at Princeton,
“KaDip” 4, on a search for the quadrupole. “XBal”'® was the first CMB balloon
experiment for measuring the anisotropy. Additional limits came from “NRAO-
P16, “Goldstone” 17, and “Parkes” 8. The “U2” ! experiment made a big splash
because of its novel platform, a modified U2 spy plane, and a clear detection of
the CMB dipole, although at least one other measurement of the dipole had al-
ready been presented at a conference?’. In addition, the U2 was a testing ground
for the DMR experiment aboard COBE that discovered the anisotropy?!. “Testa-
Griga” 22

ground to search for the anisotropy. Today, all active CMB anisotropy experi-

is of special note. It was the first experiment to use bolometers on the

ments use bolometers. Towards the end of the decade came “GBank-R”?? and then
“MIT” 2425 a balloon-borne bolometric radiometer.

These were small experiments (or small observing programs on existing tele-
scopes) by today’s standards. The total number of separate authors in all the
sixteen different measurements spanning this fifteen-year period is about thirty. By
comparison, the Planck mission began around 1996 and the number of authors on
the most recent parameters paper2° is just over 175.

3. Wilkinson in the 1990s

Before the MAP collaboration formed, Dave had been thinking about a satellite
to follow on from COBE. Not much more than a decade had passed since the
results in Figure 1 but the field was advancing rapidly. Figure 2 shows what Dave
had on his mind. One day when I was walking by his office he called out and
asked if I was interested in working on a satellite project. I said “sure!” Dave
formed a small group of Ed Wollack, one of his graduate students (affectionally
called “Waveguide Wollack” by Ken Ganga, Michael Joyce, and José Gonzalez),
Norm Jarosik, a research scientist in the group, and me. When we weren’t working
on other experiments, we’d iterate on the design shown in the figure. Telling of
the times, Dave called the satellite PIE, the Princeton Isotropy Experiment. The
anisotropy had yet to be discovered. His vision, though, was far from “PIE in
the sky.” After pursuing a few different paths?, we ended up collaborating with
the group at NASA Goddard Space Flight Center with Chuck Bennett as the PI.
The Goddard group had independently been thinking about a space mission. The
proposal, submitted in 1995, was a partnership between Princeton and Goddard.
Although Dave passed away in 2002, he saw the first maps from the mission he
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Fig. 1. Status of anisotropy measurements as of 1979. The quantity on the y-axis is 6Ty =
(£(£ + 1)Cy/27)1/2 where Cy is the angular power spectrum of the CMB. At the time of the
measurements, different conventions were used. The original data were converted to the modern
standard format as discussed in “Finding the Big Bang” 2. The triangles show 1o upper limits;
the horizontal lines show the range of ¢ corresponding to the limit. The smooth curve near the
bottom of the plot shows the LCDM model in the same units.

had dreamed about just a decade earlier. The satellite was renamed the Wilkinson
Microwave Anisotropy Probe (WMAP) in his honor.

4. The state of the art

Figure 3 shows the state of the art in anisotropy measurements from groups that
have published in the past few years. Since the discovery of the anisotropy by
COBE in 1992 a whole field has been born and matured. We have learned more
than we ever thought, or even knew, possible in the early 1990s. Although I don’t
think Dave would have been surprised by the advance in instrumentation, I think
he might have been surprised at how kind Nature has been in revealing her secrets
through the CMB.

There is a lot captured in Figure 3. For the temperature anisotropy (TT),
Planck has the smallest error bars up to about ¢ = 2000. The higher resolution
ground-based ACT and SPT data fill in from ¢ = 500 up to about ¢ = 8000. For
those in the field, there are important differences between the measurements, but if
one takes a step back the agreement is a major success for the field. It is important
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Fig. 2. Dave Wilkinson in front of the blackboard and his 1991 vision for a dedicated CMB
satellite.

to note that the agreement is not just in the power spectrum but is in the maps.
Different competing teams with different methods of analysis measure the same
thing when compared. Both ACT and SPT calibrate off of the Planck maps in a
range of ¢s near ¢ ~ 1000.

The two lines through the TT spectrum are the WMAP and Planck basic six-
parameter LCDM models. The first thing to note is their similarity. Two completely
different satellites, based on different technologies, and analyzed with different meth-
ods give the same results.

Sometimes the LCDM model is characterized as just the six parameter fit to
cosmological data but it is, of course, more than that. To the limits of measurement,
the anisotropy is Gaussian and the fluctuations are adiabatic. In addition, the
fluctuations are super horizon. As the universe expands, we sample ever more of a
pre-existing sea of primordial fluctuations outside our current Hubble volume.

The Planck/WMAP agreement is especially notable because the data sets are
considerably different. Although Planck was the union of two different technologies
so that it could cover, importantly, from 30-800 GHz, the following will just address
the HFI. On the one hand, Planck is much more sensitive than WMAP. For example
the Planck 143 GHz channels, their most sensitive, have a combined instantaneous
sensitivity® of 14 uKs'/? relative to the CMB whereas for WMAP, the instantaneous

2All quoted sensitivities are relative to the CMB and for the temperature anisotropy, as opposed
to the polarization.
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Fig. 3. Recent CMB anisotropy measurements. The y-axis in this plot is the square of the quan-
tity in Figure 1. The TE spectrum is not shown. The data come from Planck, ACTPol, SPTPol,
BICEP2/Keck, and Polarbear/Simons Array. Maps from ACT, SPT (and of course WMAP) are
publicly available through NASA’s LAMBDA site (https://lambda.gsfc.nasa.gov) and Planck’s are
available through https://wiki.cosmos.esa.int/planck-legacy-archive/index.php/CMB_maps. The
rms fluctuations for the full range of ¢s are TT: 113 pK, EE 6.4 pK, BB lensing: 0.43 pK, and BB
primordial: 0.12 pK for the full range for » = 0.1 but 0.09 pK for 30 < £ < 160.

sensitivity in any band is a factor of 30 or more higher??. On the other hand, the
WMAP data are much cleaner. There are no A/D non-linearities, no long detector
time constants, and barely any cosmic rays or glitches to excise. The distribution
of WMAP’s raw data is Gaussian®® so that the noise in the sky pixels can be
characterized simply by the number of observations.

The HFT sensitivity is notable. Planck still holds the record for the single most
sensitive detector that has observed the CMB??, 50 uKs!/2. These bolometers came
through the efforts of Andrew Lange and Paul Richards, and their power was dra-
matically demonstrated with the Boomerang experiment3°, led by Lange and La
Sapienza’s Paolo deBernardis. WMAP was based on the much different broad-band
coherent amplifiers developed by NRAQO’s Marian Pospieszalski.

The next line down on the plot shows the EE spectrum. To minimize “clutter,”
the TE spectrum is not plotted. The largest discrepancy between WMAP and
Planck is on the optical depth, 7. This is a difficult parameter to pin down because
it is manifest at large scales, where the foreground emission is large and instrumental
systematic errors can have an outsized effect. In Figure 3 the discrepancy is seen as
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the difference between the two thin solid curves at ¢ < 20 for the EE polarization.
Planck simply does not see as much low-¢ power as WMAP did. The Planck value
is 7 = 0.054 £ 0.00762%. Weiland et al.,3' taking into account WMAP and a range
of systematic errors recommends 7 = 0.07 & 0.02. Reionization is process that is
begging to be measured better. Among other things our understanding of it impacts
how well one can determine the sum of neutrino masses from the CMB32.

The LCDM model has a number of built-in cross checks. The same model that
fits TT predicts the TE spectrum, the EE spectrum, and the lensing BB spectrum.
The physics of these spectra are different. For example, the polarization is produced
in a relatively short time right around decoupling as opposed to the longer time over
which the temperature anisotropies are produced. As can be seen in the plot, the
EE pattern is in excellent agreement with the model that fits TT. The adjustable
parameters between them are the polarization efficiency and detector angles.

In Figure 3 one can also see that the Planck TT spectrum runs out of statistical
power near ¢ ~ 2300 and the EE spectrum does so at ¢ ~ 1500. Both ACT and
SPT are more sensitive in this range. In particular, this means that with increased
sensitivity the cosmological parameters can be redone using only CMB polarization.
This program is in the works.

The bottom curve shows the lensing BB spectrum. The signal is produced by
gravitational lensing of the CMB E-modes?>? as the CMB propagates to us from the
decoupling surface through the matter fluctuations in the volume of the universe.
The fluctuations in matter density arise from the same primordial power spectrum
that gives rise to the TT/TE/EE CMB spectra. Thus the lensing ties together
two manifestations of the primordial power spectrum. Lensing also affects TT and
TE and, to within a few o, the lensing effects agree with the those of the primary
anisotropy.

The much-discussed primordial B-modes are shown on the bottom left. If they
exist at measurable levels, they will give us new insights into the physics of the
birth of the universe and to how gravitational waves couple to fundamental fields.
The plotted data are from the BICEP2/Keck experiment 3.

5. Challenges

Between the COBE discovery in 1992 and 1995, there were half dozen groups pub-
lishing measurements of the anisotropy. Most of the results were in the form of
power spectra and only a few could be confirmed through cross correlation with an-
other experiment or through a repeated independent measurement in, say, a subse-
quent year. This prompted Dave Wilkinson, who often admonished the community
to “show our warts,” to write “A warning label for cosmic microwave background

735 The abstract is still relevant:

anisotropy experiments.
It is demonstrated that there may be undetected systematic errors or foreground
sources lurking in measurements of anisotropy in the cosmic microwave background

radiation (CMBR). The elaborate statistical analysis techniques used to identify tiny
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signals in hours of noisy data are discussed. The important errors in the results are
probably not generated by Gaussian noise, but by spurious signals and unknown
foreground sources that are hiding in that noise, along with whatever CMBR signal
is being detected. It is likely that among the many reports of statistically significant
sky signals there are some real detections of CMBR anisotropy. However, given the
number of ways that results can be contaminated, and the modest level of candor
and quantitative assessment of possible systematic effects in the experimental papers,
theorists should treat most current “detections” with skepticism.

The field has advanced enormously since then. We routinely produce maps of
the temperature anisotropy and maps of the polarization that can be compared
between experiments. In contrast to reporting power spectra, maps allow one to
check both the amplitude and phase of any purported signal. This gives faith in
the results, but also assumes that the maps are public. There are still claims of
different, beyond LCDM, phenomena at the 2-30 level and time will tell if these
turn into something real. The statistical methods are now much more sophisticated
but at the same time Dave’s “tiny signals” have been redefined. In 1995, a typical
error bar was 10 — 20 pK for §¢ ~ 50; today it is an order of magnitude or more
smaller. The warning label still obtains: one must be skeptical of new unconfirmed
claims based on coadding months and months of data.

The overall challenge of the measurement can be appreciated from a few num-
bers. On the ground, the best sites are at the South Pole and Chile. At 150 GHz,
the physical temperature of the surroundings is 250 K and the atmosphere is 10 K.
The rms of the E-mode polarization is 6 uK. To measure this to an accuracy of 1%
requires control/understanding of the environment to better than a part in 10°. The
advances over the years have not only been in detector sensitivity but in technique.
In the mid-1990s we did not know how best to extract such small signals.

The field is entering a new era. For example, when one measures B-mode polar-
ization at large angular scales, one is measuring foregrounds. Thus understanding,
measuring, and modeling polarized foregrounds has become an active area of re-
search. So far, the only measured polarized foregrounds are from synchrotron and
dust emission. In temperature these components show spatial variations in their
spectra indices and they are non-Gaussian. The polarized emission comes from dif-
ferent regions of the interstellar medium and a definitive departure from power law
behavior has not been published. Though we might get lucky in modeling them,
the field is prepared for the challenge of dealing with a complicated sky. To measure
primordial B-modes with say » = 0.001 with a S/N of a few entails measuring a 10
nK level signal with a few nK precision. The lensing produces a corresponding rms
of roughly 65 nK. In a clean part of the sky, the rms level of dust emission of the
sweet spot for ground observing at 30 < ¢ < 160 is roughly 220 nK.

At smaller angular scales, gains can still be made with only modest cleaning.
Figure 4 shows the dust foregrounds at 150 GHz, one of the prime observing frequen-
cies. The top grey line is for TT. The bottom two swaths are for the polarization
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Fig. 4. Foreground emission from dust at 150 GHz for different regions of sky. The top grey line
is for TT and the bottom two swaths are for polarized emission in a typical off-plane (top) and a
relatively clean (bottom) region. Cleaner parts of the sky exist.

in different regions. The BB foreground levels are typically a factor of two smaller
than the EE levels as indicated by the width of the various bands.

6. The future

The CMB is the gift that keeps on giving. We are far from learning all we can from
it. Largely driven by the different demands of measuring large and small angular
scales, there are two broad classes of instruments: “small telescopes” for large
angular scales, particularly primordial B-modes, and “large telescopes” for smaller
angular scales corresponding to ¢ > 300. The Polarbear/Simons Array instrument®
straddles these two broad classes.

6.1. Large angular scales

On the ground, the leading large-angular scale experiment is BICEP2/Keck which
operates from the South Pole. It’s advantages are the relatively stable atmospheric
conditions at the South Pole, a large array of detectors, and the nearby SPT to help

bThe Polarbear/Simons Array project is distinct from the Simons Observatory project.
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delens the signal. The limitation is access to large clean, perhaps even the cleanest,
areas of sky. The current results are from 400deg?. As can be seen in Figure 3,
delensing will be needed before too long.

The CLASS experiment is operating in Chile with the most sensitive array yet at
40 GHz: 32 uKs'/2. (The previous record holder was the QUIET experiment 3¢ at
69 Ks'/2.) Higher frequencies are fielded and observing. Their strategy is to cover
a large area of sky, currently 75%, to search for primordial B-modes and measure
the optical depth3”.

The QUBIC?® team is building a novel bolometric interferometer to search for B-
modes. It will be situated in northern Argentina, not too far from the ACT/SO/PB-
SA/CLASS site. This is the most novel of the current generation of experiments.
It is the sort of thing I think Dave would have liked to try. Other examples of him
taking a direction different from the rest of the field are his dual-horn correlation
receiver experiment done with Peter Timbie3” and his development of a mm-wave
detector based on Rydberg atoms which was never published. The first of these
presaged the successful compact interferometric arrays of CBI and DASI.

The Simons Observatory collaboration is in the process of building three “Small
Aperture Telescopes” (SATs)40 that will be situated in Chile. As of this writing,
the first is scheduled to be fielded in 2020. In contrast to BICEP2/Keck, they
will observe roughly 4000 deg?. For this area, delensing is not needed to reach a
sensitivity of o = 0.002. (See Table 1 ). The CMB-S4 collaboration envisions a
collection of 14 half-meter aperture receivers.

There are a number of balloon-borne experiments in various stages of develop-
ment. Currently the most advanced is SPIDER*!. It has completed one balloon
flight mapping 4000 deg? of the sky at 90 and 150 GHz. The preliminary in-flight
net sensitivity is 7.1 uKs'/2 at 90 GHz and 5.3 uKs'/2 at 150 GHz. The LSPE*2,
EBEX-IDS% (next generation EBEX ), and PIPER*® experiments (with first
flight in Oct. 2017) are in various stages of testing. There are also some recent
proposals for measuring the optical depth from balloons. During the conference, La
Sapienza’s OLIMPO experiment was launched. While its science goal is the char-
acterization of SZ clusters, it has advanced detector technology relevant to B-mode
measurements. In particular, it gave the first demonstration of KID detectors in a
space environment .

Space is the ultimate environment for CMB measurements. For a measurement
as important B-modes, a new satellite mission is a natural and arguably neces-
sary next step. There have been a number of proposals that have reached various
stages of review. They include COrE, COrE+, PRISM, PIXIE, EPIC, EPIC-IM,
CMB-Bharat, PICO, and LiteBIRD. The number of proposals indicates the general
realization of the importance of such a mission. One clear advantage of space is
the ability to look at a wide range of frequencies to clean foreground emission as
assessed, for example, by Remazeilles et al.*”. The most developed of the satellite
missions is LiteBIRD, which has already passed a number of review milestones.
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Table 1. Comparison of some projections for future large experiments

Existing  Simons Observatory CMB-54 LiteBIRD PICO
Estimated first light  Current 2021 2027 2027 TBD
Angular scale £> 30 £> 30 £ < 200 £ < 4000
or 0.03 2x 1073 0.5x1073 1x1073 1x1074
ON,ss 0.2 0.05 0.03 0.06 (95% cl)
or 0.0076 0.002
Oxm, (meV) 100 30 26 15

Note: The current values of o are from BICEP2/Keck3* for the tensor to scalar ratio, r, and from
Planck 26 for the other parameters. The Simons Observatory values*® are the “goals” and include
foreground cleaning. The CMB-S4 projections®® for ox,,, were originally 15 meV but are here
modified according to Allison et al.32. The other projection are from the LiteBIRD%? and PICO5!
projects. See references for constraints on additional parameters.

6.2. Small angular scales

At angular scales where one can measure multiple SZ clusters as well as the high
¢ part of the CMB (200 < ¢ < 8000) the two major telescopes are ACT and SPT.
There are both in their third generation of receiver and continue to produce great
science. ACT, of which I am a part, has mapped half the sky with receivers that
have a combined sensitivity, for just two of three arrays, of about 8 uKs!/? at 90
GHz and 11 uKs'/? at 150 GHz®? in nominally good (pwv=1.3 mm) observing
conditions. In other words, they exceed the sensitivity of Planck even though they
are observing through the atmosphere.

The next generation of large telescopes are already in the works. The Simons
Foundation has made a significant award for a new effort, called the Simons Obser-
vatory ¢, to be built in Chile. Not only are there the three SATs mentioned above,
but there will be a new 6-m telescope based on the CCAT-prime design®3. The
telescope and the associated receiver are currently under construction. The cur-
rently scheduled delivery date for the telescope is late 2020. There are yet further
plans for additional large telescopes under the CMB-S4 umbrella. Table 1 shows
projections for what these new efforts aim to achieve.

The CMB field is alive and growing. There is steady progress on new techniques
and on improving the detector sensitivity. The more we learn, the more we know
what we can learn. Through the CMB, and the CMB combined with other observa-
tions, we are piecing together an interlocking picture of the universe that combines
high energy theory, particle physics, general relativity, and a host of exciting astro-
nomical phenomena. The potential for discovery is high and the future prospects
exciting.

¢See https://simonsobservatory.org for more details.
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We give a brief review of the definition of the Wang-Yau quasilocal mass and discuss the
evaluation of which on surfaces of unit size at null infinity of an axi-symmetric spacetime
in Bondi-van der Burg-Metzner coordinates.

1. Introduction

As is well known, it is not possible to find the mass density of gravity in general
relativity. The expression for the mass density would have to consist of first deriva-
tives of the metric tensor which are zero in suitable chosen coordinates at a point.
But we still desire to measure the total mass in a spacelike region bounded by a
closed surface. The mass due to gravity should be computable from the intrinsic
and the extrinsic geometry of the surface. It has been considered to be one of the
important questions to find the right definition. Penrose gave a talk2* at the Insti-
tute for Advanced Study in 1979 and listed it as the first one in his list of major
open problems. The quantity is called quasilocal mass.

Many people including Penrose,?® Hawking,'® Brown-York,> Hawking-
Horowitz,'” Bartnik? and others worked on this problem and various definitions
have been given. Several important contributions have also been made by Bart-
nik,* Shi-Tam,?® and Liu-Yau. 22! This article discusses the Wang-Yau quasilocal
mass definition discovered in 20093334,
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University in Taipei, Taiwan.



32

2. The definition of Wang-Yau quasilocal mass

Quasilocal mass is attached to a 2-dimensional spacetime surface which is a topo-
logical 2-sphere (the boundary of a spacelike region). But with different intrinsic
geometry and extrinsic geometry, we expect to read off the effect of gravitation
in the spacetime vicinity of the surface. Suppose the surface is spacelike, i.e., the
induced metric o is Riemannian. An essential part of the extrinsic geometry is
measured by the mean curvature vector field H, which is a normal vector field of
the surface such that the null expansion along any null normal direction £ is given
by the paring of H and /.

To evaluate the quasilocal mass of a 2-surface ¥ with the physical data (o, H),
one solves the optimal isometric embedding system (see (1) in the next paragraph),
which gives an embedding of ¥ into the Minkowski spacetime with the image surface
Yo that has the same induced metric ¢ as 3. We then compare the extrinsic
geometries of ¥ and Yy and evaluate the quasilocal mass from o, H, and Hy.

The physical surface ¥ with physical data (o, H) gives (o, |H|, az1), where |H|
is the norm of the mean curvature vector field and g is the connection one-form
determined by the mean curvature gauge. As long as the mean curvature vector
field H is spacelike, |H| is positive and agy is well-defined. Given an isometric
embedding X : ¥ — R3! of o, let Xy = X(X) be the image and (o, |Hg|, apz,) be
the corresponding data of ¥y. Let T be a future timelike unit Killing field of R3:!
and define 7 = —(X,T) as a function defined on the surface ¥ where (-,-) is the
Minkowski metric on R,

The optimal isometric embedding system and the quasilocal mass can be ex-
pressed in terms of a function p and a 1-form j, on ¥ given by

AT)? AT)2
o VHoP + 555 — \/IH1? + 1555
V14 |VT|?

) L AT
Ja = pVaT — va <Slnh 1(m

)) = (o + (o

where V,, is the covariant derivative with respect to the metric o, |V7|? = V7V, 7
and AT = V°V,7T.
The optimal isometric embedding system seeks for a solution (X, T") that satisfies

{(dX, dX) =o Q)

V%, =0.

We note that the first equation is the isometric embedding equation into the
Minkowski spacetime R?!. The quasilocal mass is then defined to be

PEXT) =g [0 2)

Several remarks are in order:
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(1) 3g is the “unique” surface in the Minkowski spacetime that best matches
the physical surface ¥. If ¥ happens to be a surface in the Minkowski spacetime,
the above procedure identifies ¥y = X up to a global isometry.

(2) A prototype form of the quasilocal mass which corresponds to the special
case 7 = 0 in (2) (due to Brown-York,® Liu-Yau,?" Booth-Mann,* Kijowski!?) is

o [ (Ho| -~ H).

The positivity is proved by Shi-Tam?? and Liu-Yau.?! However, for a surface in the
Minkowski spacetime, the above expression may not be zero.??

The optimal isometric embedding system gives the necessary correction, so that
the Wang-Yau definition is positive in general and zero for surfaces in the Minkowski
spacetime. 3334

The derivation of the Wang-Yau definition (2) relies on both physical theory and
mathematical theory. From the Hamilton-Jacobi analysis of the Einstein-Hilbert
action (Brown-York,® Horowitz-Hawking ") a surface Hamiltonian $(3) is obtained
and the quasilocal energy should be $(X) — () for a reference surface g in the
reference Minkowski spacetime. The precise definitions of the surface Hamiltonians
still depend on the choices of a normal gauge and a timelike vector field along the
surface ¥ as an observer.

On the other hand, the mathematical theory of isometric embeddings (Niren-
berg,?3 Pogorelov?®) is used to find the reference surface ¥y and a variational
approach leads to a canonical gauge that anchors the choices of the gauge of the
surface Hamiltonian.

In general, the optimal isometric embedding system is difficult to solve. Suppose
(X,T) is a solution and suppose the corresponding p is positive, then F(X, X, T) is
a local minimum?® and the nearby optimal isometric embedding system is solvable
by an inverse function theorem argument. In a perturbative configuration, when
a family of surfaces limit to a surface in the Minkowski spacetime, then the opti-
mal isometric embedding system is solvable, again subject to the positivity of the
limiting mass. This applies to the case of large sphere limits” and small sphere
limits. 12

3. Quasilocal mass at null infinity
3.1. Large sphere limit at null infinity

Consider an isolated system surrounding a source. In terms of the Bondi-Sachs
coordinate system (u,r, 2% = 0,23 = ¢),>27:31:32
spacetime metric takes the form:

near future null infinity J% the

~Vdu? = 2Ududr + oy (dz® + Wedu)(dz® + Wbdu),a,b = 2,3
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such that each V', U, W® admit expansions in terms of integral powers of r with

V=1- 727”(“739’ 9 4 062
U=1+0(r"?)
oapdz®dr’® = r?(d6? + sin® 0dp?) + 2r(cdb? — csin? 0dp? + 2csin BdOde) + O(1)
W =0(r—?)
The Bondi-Trautman mass is
1
MBT(U) - E 52 m(u,&, ¢)v (3)

where m(u,0,¢) is the mass aspect function defined at J*. As a result of the
vacuum Einstein equation, the mass loss formula states

d
—M =
du pr(u)

This important formula represents the first theoretical verification of gravitational
wave/radiation in the nonlinear setting.

In Ref. 7, we evaluate the large sphere limit of quasilocal mass which recovers
the Bondi-Trautman mass. At a retarded time u = wug, we consider the family
of large spheres ¥, parametrized by an affine parameter r. The positivity of the
Bondi-Trautman mass guarantees the unique solvability of the optimal isometric
embedding system (1) with a solution (X, 7). Suppose X, and T, admit expan-
sions:

i | (@) <o (@

T, =70 +> 7Rk
k=1

X, =rXW 4 X O 4 3" xRk,
k=1
then 7 is shown to be proportional to the Bondi-Sachs energy-momentum and
T©) being future timelike makes 7% and X(~*+1) solvable inductively for k =
1,2---.

3.2. Unit sphere limits at null infinity

Both the Bondi-Trautman mass and the mass loss formula are global statements
about JT, i.e. they require the knowledge of all directions of (6, ). The limit of
quasilocal mass introduced in the following provides a quasilocal quantity along a
single direction (6, ¢) at J+.

Consider a null geodesic v(d) that approaches J*. Around each point on ~(d),
consider a geodesic 2-sphere 3, of unit radius. The geometry of ¥; approaches the
geometry of a standard unit round sphere of R3.
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In the limit d — oo, we obtain two quantities. The first one is limg—,cc F(Xq)
which is of the order of J5 with E(X4) > 0. The second one is obtained by exploiting
the vanishing of the é term and appears as a loop integral on the limiting surface
that is of the order of é.

Several cases have been computed:

(1) Linear gravitational perturbation of the Schwarzschild black hole & la Chan-
drasekhar. The linearized vacuum Einstein equation is solved by separation of
variables and solutions of linearized waves are obtained. The optimal isometric em-

bedding system can be solved and the quasilocal mass can be evaluated by solving
A(A + 2)7 = physical data,

5
(A 4 2)N = physical data, ®)

where 7 and N are functions on the standard 2-sphere and A is the Laplace operator.
All distinctive features of the waves such as frequency and mode parameters are
recovered.

(2) The Vaidya spacetime ?

2m(u)

-(1- Ydu? — 2dudr + r%(d6? + sin® 0dp?)

The quasilocal mass of a unit sphere approaching null infinity is
1
8md?

The positivity of quasilocal mass corresponds to the mass loss formula in the Vaidya

E(Xq) = /S ] (8,m) sin(0) + Lo.t. > 0 (6)

case.

One may expect that the limit of quasilocal mass in the direction of (6, ¢o)
will recover the value of the mass aspect function m(u, 6y, ¢o). But notice that the
mass aspect function is not pointwise positive, only the integrated Bondi-Trautman
mass is positive by Schoen-Yau?® and Horowitz-Perry.'® In the Vaidya case,
the mass aspect is recovered from the loop integral.

4. Unit sphere limit in BVM coordinate near null infinity

The Vaidya spacetime is a model for the Einstein-null dust system. In particular, the
condition —d,m > 0 in (6) can be interpreted as local energy condition for matters.
In order to study the contribution of quasilocal mass at the purely gravitational
level, we study the null infinity of a vacuum spacetime. We discuss the case of an
axi-symmetric spacetime in the Bondi- van der Burg-Metzner coordinates near null
infinity. The leading terms of the spacetime metric are of the form:

2M
—(1 — =) du? — 2dudr — 2Ududf + (r* + 2rC)do? + (r? — 2rC) sin® Ad¢?,
T

where M, U, C are functions of u and 6.

2The mass aspect function used here differs to that of Ref. 13 by a factor of 2.
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The d% term of the quasilocal mass of a unit sphere approaching null infinity is

(up to a constant factor)
_ 1 I
/ [(8,C)? + det(hg b h(*l))] + 1 / [(trgk:(*l))2 — 7(71)A(A + 2)7'(*1)], (7)

B3 52
in which A=Y and k(-1 depend on the physical data and h(()_l) and 7=V depend
on the solution of the optimal isometric embedding system. A priori, the expression
may depend on all M, U, and C. However all occurrences of M and U are cancelled
and the final answer only involves the function C and is completely independent of
the mass aspect function M. The expression (7) is manifestly positive by Wang-
Yau’s theorem.

4.1. Final remark

Given a spacetime surface (X,0,H), we find the reference surface (3,0, Hp)
through the optimal isometric embedding equation and evaluate the quasilocal mass.
This is a nonlinear and coordinate independent theory. The procedure is canon-
ical and is accompanied by a uniqueness statement. In particular, the definition
does not involve any ad hoc referencing or normalization. The calculation of the
quasilocal mass does not assume any a priori knowledge of null infinity.

The positivity of the unit sphere limit should correspond to a “quasilocal” mass
loss formula, or “quasilocal gravitational radiation” at null infinity. The evaluation
in the full generality of Bondi-Sachs coordinates (without assuming axi-symmetry)
will appear in an upcoming paper.
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We start by looking at why we believe that black holes have entropy. According to
Boltzmann, the entropy is a measure of the number of microstates of a system. We
suggest here that the entropy arises from a holographic conformal field theory on the
black hole horizon. Finally, we discuss some of the implications for the information
paradox.
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1. Introduction

Black holes were first thought about by John Michell back in 1784.1 He reasoned
that if the escape velocity from an object like a star exceeded the speed of light,
then it would give rise to an object that cannot be seen optically but whose grav-
itational field would betray its existence. These ideas were given substance by
Einstein’s general theory of relativity and the subsequent discovery of solutions of
the field equations that represented stationary black holes.? ¢ One puzzling feature
of stationary black holes is that they are completely characterised by just a few
parameters; their mass M, angular momentum J and electric charge Q.7 ! It is
this observation that is the basis for the information paradox.!?

The thermodynamics of black holes in general relativity has a history starting
in 1972. The first relevant discovery, the area theorem, was made by Hawking. 3
He found that the area of a black hole horizon could never decrease provided the
null convergence condition R,,k®k® > 0 holds for every null vector k. Shortly
after this, Jacob Bekenstein suggested' that the entropy of a black hole must be
proportional to the area of its event horizon. His reasoning was based on three
observations. The first was that if a Kerr-Newman black hole increased its mass by
an amount dM, then

dM:“;j—A+<1>dQ+n-dJ (1)
Y

where £ is the black hole surface gravity, A the area of the event horizon, ® the
electrostatic potential of the black hole and € its angular velocity. k, A, ® and
Q are all determined in terms of M, J and ). The second piece of evidence was
that he reasoned that a black hole must have some kind of internal structure that
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resulted from it method of formation. That would give rise to an entropy

S = *anlnpn (2)

arising from the probability of the occupation of the n'’-state being p,. Finally,
he showed that it was necessary for this black hole entropy to be added to the
thermodynamic entropy of the rest of the universe in order to have a consistent
theory of thermodynamics. This came about because otherwise dropping a box of
radiation into a black hole would cause the entropy of the universe to decrease, in
contradiction to the second law of thermodynamics.

His ideas were met with a certain amount of scepticism because black holes
were thought to have vanishing temperature. Despite that, Bardeen, Carter and
Hawking !> pointed out the similarities between the first law of thermodynamics
and (1) and also the second law of thermodynamics and the area theorem.

In 1974, Hawking 1617 showed that black holes had a temperature Ty of fir/(27).
Unlike previous work, his calculation was quantum mechanical in nature. Black
holes would emit particles with a thermal spectrum at a temperature given by 1.
By identifying (1) with the first law of thermodynamics, one can immediately infer
that the entropy must be given by A/(4h). The area theorem is thereby identified
with the second law of thermodynamics. A somewhat different view of entropy was
taken in Ref. 18. The idea here was to use the path integral for gravity to derive
black hole entropy. Although gravity is unrenormalizable, there is no obstacle to
using the path integral to lowest order as the uncontrollable divergences only occur
at one loop or beyond. The action for pure gravity is, including the Gibbons-

Hawking-York boundary terms 819

Mol = g5= | RVTaTdtas - [ KyTHIEaccl @)

where now M is the spacetime manifold with metric g and Ricci scalar R(g). The
boundary of M is M with metric h and second fundamental form K. Cfh] is
any functional of h and is designed to make the action of flat spacetime vanish.
Suppose one wants to find the partition function for a black hole spacetime. Then
one wants to compute Z = tr(e”#M) where 3 is the inverse temperature and # the
Hamiltonian. This can be done by realising that e?** is the time evolution operator
and so if ¢ is identified with ¢ 4+ i3 then Z is given by

Z:/DMEM““, (4)

where now the integral is over all metrics g of positive definite signature and that
approach flat space at infinity and are periodic in imaginary time ¢ with period
B=T5;"

The Schwarzschild metric is

2M 20
ds? = —(1— =—=)dt* + (1= ==)"ldr® + r?dQ?, (5)
r T
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where M is the mass of the static black hole with horizon at r = 2M and dQ? is
the metric on the unit 2-sphere. Taking ¢ = 47 so that the geometry is as described
above gives the Euclidean metric

ds* = (1- g)df2 +(1- %)ﬂdrz +r2dQ? (6)
Now, r = 2M is a conical singularity that is resolved provided that 7 is identified
with period 87 M .2° This periodicity is precisely the same periodicity expected from
the Hawking calculation of the black hole temperature. Interpreting the exponential
of the action as the partition function, reproduces the black hole entropy. In this
calculation, the region r < 2M has been removed from consideration. Implicitly this
means that the internal degrees of freedom have been traced over. One is thereby
led to believe that the black hole does have some kind of internal structure that
cannot be probed by external observers who just look at the classical geometry.
The same kind of reasoning can be applied to the Kerr-Newman metric too.

Black holes evaporate. The black hole uniqueness theorems suggest that the
only properties that a stationary black hole has are just the mass, charge and spin.
As a consequence, there is a tension with the ideas of quantum mechanics. If a
black hole completely disappears, then the final state should be unitarily equivalent
to the initial state. Obviously, there are enormous number of ways in which the
black hole could form. The black hole, once it has settled down to a more or
less equilibrium state, is described by just those three parameters. The Hawking
radiation is thermal and characterised by the Hawking temperature. Such a final
state consisting of Hawking radiation will not be unitarily related to the initial
state that gave rise to the black hole. This is the information paradox. It might
be that quantum mechanical information really is lost in gravitational collapse.
But then, the whole edifice of quantum mechanics would need to be rethought. The
incredible success of quantum mechanics would seem to discourage such a viewpoint.
Alternatively, there might be something wrong with the uniqueness theorems. It is
this latter possibility that we will investigate here.

In what follows, we will use covariant phase space methods?' 27 to understand
the nature of charges in general relativity and the consequences for the physics of
black holes. The reason for using the covariant phase space method is to preserve as
much as possible of the covariance of theory. Had we picked the more conventional
canonical methods, we would be forced to pick a particular time coordinate which
would obscure matters. Furthermore, it would it impossible to understand what
happens on null surfaces such as the event horizon. Our aim now is to try to
understand something about the microscopic origin of black hole entropy. The
hope is that this will aid a resolution of the information paradox.

In pure general relativity, one can start with the Einstein-Hilbert action I given
by

=5 [ R@VTaTd g
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This action omits the boundary terms, but these are not germane to the discussion
that follows. One finds the Einstein equation by performing a variation of the action
induced by a variation of the metric gqp — gap + hap. This results in the variation
01 given by

1
ol = / (Rap — ERgab) R /|| g ||d*x —|—/ 0 (8)
M oM

The three-form on the boundary 6(g,h) is known as the presymplectic potential
and has components

() = 75— (Voht, ~ Vah) (9)

where h = hapg®. In canonical general relativity, the boundary term would be
thought of

/ > pidg’ (10)
oM 5
where ¢ are the generalised coordinates, p; are the generalised momenta and %
represent the tensor indices of these fields.

The presymplectic density w(g;h,h') is defined by a second variation g., —
Gab + Py,

w(g: h, h') = 06(g, ') — &"0(g, ) (11)

Finally, the symplectic form for general relativity is

QE:LW (12)

where ¥ is any partial Cauchy surface in the spacetime. In the language of the
canonical theory, Qs would be

/2 Z 6pi AN Oq'. (13)

One property that w has is that if the background metric g,; obeys the Einstein
equation and both hg, and h, obey the linearised Einstein equations, then w is
closed. Thus Qy is constant under variations of ¥ as long as the boundaries of ¥
are fixed.

In general relativity, the symmetry group is the group of diffeomorphisms. An
infinitesimal coordinate transformation is specified by a vector field (*. This induces
a variation in any tensor field given by the Lie derivative of that field. Thus, for
example, the variation of the metric is given by

(Sgab = ACCgab = Gab t+ vagb + vbga- (14)

The bulk term in the variation of the action d7 is invariant under such a transforma-
tion but the boundary term is not. The infinitesimal co-ordinate transformations
obey an algebra whose composition law is

Lely —LyLe = E[C,n] (15)
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where ¢ and 7 are two (smooth) vector fields and

[Cn = Len = =L,C (16)

Suppose now that in 2 one makes h/, a gauge transformation given by the vector
field (. Then Q can be written as a boundary integral. Explicitly,

1

= F,p, dS® 17
167T ox b ( )

Q¢
with
Fop = =2(a Vi h + 2¢aVhy)e — 2C°V ghp)e — BV (oG] + 2o VG- (18)

Let 0X is a closed 2-surface .S, for example the celestial sphere or a black hole event
horizon. One would like to interpret ()¢ as the variation in the Noether charge
conjugate to ¢ that is enclosed in the interior of S as one moves between the metric
Jap and gaqp + hep. There is a complication with this idea because in such a change,
there might be a flux of charge crossing S. To take account of this possibility,
one needs to examine ()¢ and identify such terms and subtract them out. In more
mathematical language, one we want ()¢ to be a function of state. As such it must
be a 1-form on the infinite-dimensional phase space of the theory. This 1-form needs
to be exact so that if one goes along a path I' between gqp and gap + hap, then Q¢
is independent of the path I', and therefore dependent only the end-points of that
path. The definition on Q¢ thus needs to be modified by the ddition of a suitable
counterterm Q¢ — Q¢ + ta. Finding ta needs to be done on a case by case basis
as has been elegantly explained in detail by Wald and Zoupas. 2%

In the case that ¢ were a time translation, then @ would be the quasi-local
mass enclosed in S.2® If it were a spatial translation then the momentum. If ¢
were a Killing vector, then Q¢ would be the same as the Komar integral.?? If ¢
were a supertranslation or super-rotation at null infinity, then (¢ would be the
corresponding supertranslation or super-rotation charge. Equally, one can define
charges on the black hole horizon and these are the soft charges or soft black hole
hair. 30

Diffeomorphism invariance of general relativity means that the charges Q¢ lie in
some representation of group of coordinate transformations. Thus

6¢Qy — Q¢ = Q[Cﬂr] (19)

Were this relation not to hold, general coordinate invariance would be violated, in
gross contradiction to our expectations of what should be true in physics. However,
what we find is that this relationship does not hold for charges on black hole event
horizons. Instead, we find

6¢Qn — 0nQc = Q¢ + K(C,m) (20)

where K (,n) is a central extension of this algebra.3! We will now explore a par-
ticular example and move on to its interpretation.
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We start from the Kerr metric in Boyer-Lindquist coordinates.

dr? 2M
ds* = p2(% + db*) + (r? + a?) sin? 0d¢?® — dt* + !

(asin? 0de — dt)*  (21)
where

A =72 —2Mr + a? (22)
and

p* =1?+a%cos? . (23)

M is the mass of the black hole and J = Ma is its angular momentum. A = 0
at r1 with 74 being the location of the outer horizon, r_ the location of the inner
horizon and

= M4 (24)

Now we will define “conformal” coordinates®? and assume that the black hole is

not extreme so that m2? > a?.
wh =,/ I 2nTré (25)
r—r_
wo = r—ry 627"TL¢*t/2M (26)
Vor—r_

y = ry —T- o (TL+Tr)$—t/AM (27)
r—r_
where
T, =" and Ty (28)
dra 4dma
The future outer horizon is w~ = 0 and the past outer horizon is w* = 0. The

azimuthal coordinate ¢ is identified with period 27 and this induces an identification
on w,w™ and y as

wh = e TRyt T o Ty oy s 2 (Tt TRy (29)
The line element close to the horizon bifurcation surface wt = w~ = 0 is33
4p? _ 16M?a?sin* 6 _
ds® = y—;derdw + Waly2 + p2d0* + O(wt,w™) (30)
+

where ,02+ = ri +a? cos? 6. If one looks at the wt, w™, y— plane by setting 6 to be a
constant, then this line element is that of AdSs/T" with I" being some discrete group.
So close to the horizon bifurcation surface, the geometry of spacetime is some kind
of warped product of the line segment 0 € [0, 7] and a deformed portion of three-
dimensional anti-de Sitter space. The classic work of Brown and Henneaux?' shows
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that in spacetimes that are asymptotic to anti-de Sitter spacetime, the diffeomor-
phism algebra has anomalies. One might therefore suspect that something similar
happens in the case of the Kerr black hole.

Consider the diffeomorphism given by the vector field ¢,

1
Cn = 6n<w+)a+ + §€/(w+)yay (31)
with

i

en(wh) = 27TTR(’LU+)(1+2"Z}R) (32)

and n being any integer. It should be noted that under the identifications of either
wt — wret™ Tr or y — ye2™ (Te+Tr) that ¢, is invariant. This vector field is
well-defined on the future horizon. These vector fields obey the Witt (or centerless
Virasoro) algebra with the commutator

[Crs Gm] = i(m — n)Gngm (33)
Similarly, one can find a second vector field ¢, given by
G = En(w ™) + L&' (w™)yd, (34)
and € being given
n(w™) = 20T (w™) T2 (35)

again with n being any integer. This vector field is well-defined on the past horizon.
Again, it is invariant under the identifications w— — w=e?™ Tt or y — ye2™ (T+TR),
It too obeys the Virasoro algebra

[6717 5m] = Z(m - n)&ner- (36)

Both of these vector fields are well-defined on the bifurcation surface and commute
with each other there

[Cna 5771] =0. (37)

These vector fields can be used to generate charges on the bifurcation surface.
To do this we need to introduce an appropriate counterterm. This is given by

S / dS® V. (Chd)Neg (38)
8

where N, are the components of the volume form on the normal bundle to the
horizon. There is a precisely similar expression for the fields ¢(,. One then finds
that the charges on the bifurcation surface obey the algebra

[Qn, Q] = i(n — m)Qpm + in*J 6y (39)
for the right-handed algebra and

[Qna Qm] = Z(n - m)@n—i—m + in3J6n,—m (40)
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for the left-handed algebra. Finally, the left and right algebras commute with each
other

[Qna Qm] =0. (41)

In both cases, the central terms shown here correspond to the conventionally nor-
malised Virasoro algebra with central charges given by ¢, = cg = 12J. Thus the
diffeomorphism algebra has an anomaly.

We postulate that this anomaly is cancelled by holographic degrees of freedom on
the horizon expressed in terms of a two-dimensional conformal field theory. Consider
for a moment the expressions for the absorption probabilities for particles incident
on a Kerr black hole. Suppose we look at a particle with energy 0F and angular
momentum parallel to the black hole spin §.J. Then we observe that the absorption
probability obtains a suggestive factor of

iwL 2 in 2
I'(1 I'l+—— 42
PO+ )P [P0+ o) (42)
where
2M3 2M3
Wy, = 7 oF WR = 7 OF —0J. (43)

This is precisely what is to be expected for a conformal field theory where the
left-handed degrees of freedom are at a temperature of 77, and the right-handed
degrees of freedom are at a temperature of Tr and one is asking for the absorption
probability for particles of energy wy in the left-handed sector and energy wg in
the right-handed sector. We take it that there are no coincidences in nature and
therefore we really can attribute our observations to the existence of holographic
degrees of freedom on the horizon described by a two-dimensional conformal field
theory.

A general property of conformal field theories, provided the central charge is
sufficiently large, was first described by Cardy.?* The entropy for a system with
central charges ¢y, and cp for the two sectors at temperatures T, and Tg is given
by

2

S = 7-‘-?(CLTL + CRTR). (44)

Plugging in our expressions for ¢y, cr,T; and T gives
1
S=-A. 45
. (45)

It is hard to believe that this is a coincidence. It appears therefore we have identified
the degrees of freedom responsible for black hole entropy. 33

Subsequent to the conference, it has been shown that the same methods repro-
duce the entropy for the Kerr-Newman family of black holes?® and for uncharged

black holes in anti-de Sitter spacetime.3%
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A key question is to ask how this affects our view of the information paradox.
We have shown how to account for black hole entropy in terms of a holographic two-
dimensional conformal field theory living on the black hole horizon. It is however far
from clear that the states of such a theory can record all of the quantum mechanical
information that is pertinent to black hole formation from ordinary matter. We are
therefore left with a collection of problems that need exploration and solution before
there can be any claim of solving the information paradox. We conclude this essay
with a summary of outstanding issues. Does the horizon conformal field theory
contain a complete description of the black hole formation process? How does the
Hawking radiation encode this information so as to preserve unitary time evolution?
Why is it that the black hole entropy is independent of the spectrum of elementary
particles when the number of ways a black hole can be formed is highly dependent
on that spectrum. For example, if there were a million different species of electron,
the number of ways a black hole could form would be vastly higher than if there a
single type of electron. Nevertheless, the Hawking entropy would be same.

Suppose a particle falls into a black hole. Classically, a co-moviong observer sees
it pass through the horizon without anything obvious happening. In the case of a
Schwarzschild black hole, it will reach the singularity in a finite amount of proper
time. The singularity is a boundary of spacetime and so we believe the particle
to have disappeared. In the case of rotating black holes, it seems plausible that it
will also inevitably reach a singularity as the inner horizon of a Kerr black hole is
unstable and is presumed to become singular once any energy-momentum arrives
there. However, if the particle is to leave an imprint on the state of the horizon
conformal field theory, it appears to have violated the quantum no-cloning theorem.
Roughly speaking, the no-cloning theorem says that you cannot duplicate the state
of a particle by unitary time evolution. A number of technical assumptions go into
this amongst which is a notion of locality, a dubious assumption in the case of
gravitation.

Then there are some more challenging issues. What happens to the singularity?
It is a classical concept and shows that classical general relativity is an incomplete
theory. What happens quantum mechanically? There is no satisfactory answer
at present. What are the final stages of black hole evaporation? The picture
presented seems to suggest that all symmetries in nature are gauge symmetries and
not global symmetries. For example in the standard model, baryon number is a
global symmetry, but it is hard to see how this could be encoded in the picture
presented here. There is one ambitious theory that predicts that all symmetries are
gauge symmetries and that is string theory. Although string theory is successful in
resolving the divergence problems of quantum gravity, and potentially geometrizing
the spectrum of elementary particles, it is far from being a theory of spacetime.
Hopefully, the picture here will provide a guide to the true nature of quantum
gravity, but there are immense and exciting challenges to the construction of such
a theory. Eventually, we hope that the construction of such a theory will lead to
deep insights into the nature of our Universe.
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In these proceedings, I will review an obstruction for theories of the beginning of the
universe which can be formulated as semiclassical path integrals. Hartle and Hawking’s
no boundary proposal and Vilenkin’s tunneling proposal are examples of such theories.
Each may be formulated as the quantum amplitude for obtaining a final 3-geometry by
integrating over 4-geometries. The result is obtained using a new mathematical tool —
Picard-Lefschetz theory — for defining the semiclassical path integral for gravity. The
Lorentzian path integral for quantum cosmology with a positive cosmological constant is
mathematically meaningful in this approach, but the Euclidean version is not. Framed
in this way, the resulting framework and predictions are unique. Unfortunately, the
outcome is that primordial gravitational wave fluctuations are unsuppressed.

Keywords: Quantum cosmology; Big bang; MG15 Proceedings.

1. Introduction

There is an old and attractive idea that the universe could have been created out of
“nothing” via a quantum creation event. More specifically, since in a closed universe
all total charges are zero, there is the intuition that no conservation law can prevent
such an event from happening — and since everything that is not forbidden will
eventually occur, so goes the logic, such a process must be possible. One could
object to this line of reasoning by saying that in the absence of time, it is not
at all clear that such a process must “eventually” occur. A more pertinent line
of enquiry however is to first see if such an idea can be made concrete. This has
indeed been attempted, in particular with the “no-boundary” proposal of Hartle and
Hawking! 3 and the tunneling wavefunction of Vilenkin®®. These proposals have
been heuristically formulated within the path integral approach to quantisation,
but now with gravity included. The idea then is that the big bang is replaced by
a closed and regular geometry corresponding to the Euclidean version of de Sitter
space (for an illustration see Fig. 7). Such a geometry can arise as a saddle point of
the path integral for gravity with a cosmological constant A, as we shall see in more
detail below. What was left unspecified in these proposals is how to properly and
precisely define the original path integral itself. Here Hartle and Hawking implicitly
had in mind a Euclidean version of the path integral, since they hoped that this
would lead to better convergence properties. Meanwhile Vilenkin stated that his
proposal was to be viewed in the framework of a Lorentzian path integral. However,
neither approach was made very precise, and thus the true consequences of these
proposals remained somewhat heuristic.

The object of our work was to make both proposals mathematically precise. The
outcome of this clarification was however rather negative: we discovered that both
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proposals lead to unstable fluctuations, and that consequently the replacement of
the big bang by a smooth geometry remains an untenable proposition at present.

The present review is based on Refs.” 1!

2. Path Integral

In this overview we consider a universe with a positive cosmological constant A,
described by the action

S = 1/ dizy/—g (R72A)+/ d3y/gB K | (1)
M oM

2
where we have set 87G = 1. The second term, involving the 3-metric gf?) and
the trace of the second fundamental form K of the boundary dM, renders the
variational principle well posed. We start by truncating the theory to the simplest
cosmologies, with line element

ds? = —=N(t)*dt* + a(t)?dQ3, (2)

with d©Q3 the metric of a homogeneous, isotropic 3-sphere. Later on, we will add
gravitational wave perturbations.
The Feynman path integral for the reduced theory is

Glas; ag) = / DNDrDaDpDCDP e Jo [NmtartCP-NH]dt (3)

where, in addition to a, N and the fermionic ghost C', we have introduced the
conjugate momenta p,m and P, and the corresponding Liouville measure. Without
loss of generality, we can choose the range of the time coordinate to be 0 < ¢t <
1. The Hamiltonian constraint Hla,p; N,7;C,P] = Hggla,p] + Hy[N,;C, P]
consists of the Einstein-Hilbert Hamiltonian Hgp, in our case a minisuperspace
Hamiltonian, and a Batalin, Fradkin and Vilkovisky (BFV) ghost Hamiltonian H.
The ghost term breaks time reparametrization symmetry and fixes the proper-time
gauge N = 0.'2 For minisuperspace models, most of the path integrals can be
performed analytically, yielding

Glaq; ao) :/ dN/ DaeiS(N’a)/h, (4)
o+ a=ag

iS(N,a)/h represents

which has a very simple interpretation. The path integral f Dae
the quantum mechanical amplitude for the universe to evolve from ag to a; in
a proper time N. The integral over the lapse function indicates that we should
consider paths of every proper duration 0 < N < oco. Teitelboim'3 showed that
this choice of integration domain leads to the causal ordering of the ag and a,
i.e. ag precedes a;. This allows us to describe both an expanding a1 > ag and a
contracting a1 < ag universe, since the direction of the arrow of time is determined

by the Feynman propagator and not by the choice of boundary conditions.
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The action in (4) reduces to

1
S = 271'2/0 dtN< 3aN2 + 3a — a3A) (5)

We are faced with a functional integral over a(t), and an ordinary integral over the
proper time N. In fact, we can simplify the calculation by noticing that redefining
the lapse function N(t) — N(t)/a(t) renders the action (5) quadratic in ¢(t) =
a(t)?, allowing the path integral over q(t) to be performed exactly 4. In these new
variables, the action (5) becomes

1
3
S=2r" [ dt|—-=¢@*+NB-Ag) ] . 6
w [t (~ i+ NG 20) ©
The equation of motion and the constraint following from this action are
2A 3
j="—"N? —¢° =Aq.
== el 3= (7)

With boundary conditions ¢(0) = ¢ and ¢(1) = ¢1, the general solution to the first
equation (before imposing the constraint) is

A A
q= §N2t2+ (—§N2+q1 —qo) t+qo- (8)
Writing the full solution as
q(t) = q(t) +Q(t), 9)
the path integral becomes
0 . Q[1]=0 .
Gla1; qo] :/ dNe’™ 150/,3/ DQe*™ 152/ (10)
0 Q[0]=0
with
S, —/1dt _3 5 +3N — NAg Sy =2 dtQ2 (11)
0= . 4Nq qal, 2= TUN .
The path integral over @) is Gaussian and can be evaluated exactly:
@I=0 2 3mi
DQeQﬂ' iSa/h _ ) (12)
/Q[O]—O 2NR

The propagator thus reduces to an ordinary integral

w2i
Glq1; qo] =4/ 2h/ Niz¢ 2 iso/h, (13)

A2 A L/ 3
So=N°22 +N <§(qo +q1) +3> + ¥ <Z(Q1 - %)2) - (14)

Equation (13) is an oscillatory integral, implying that it is only conditionally con-

with

vergent. Below, we will use Picard-Lefschetz theory to show that it is indeed con-
vergent, and to evaluate it. However, it is instructive to see that an elementary
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proof of convergence may be provided, without the use of analytic continuation.
We will sketch it here.

For many oscillatory integrals, convergence can be demonstrated with the Leib-
niz convergence test for alternating series. A real alternating series is defined as

a==+» (-1)a;, (15)
=0

with a; positive real numbers. The Leibniz convergence test states that the se-
ries is convergent when the arguments decrease monotonically, i.e. a;11 < a4
for sufficiently large i, and the argument goes to zero in the limit of large i, i.e.
lim; o a; = 0. To see the relation to oscillatory integrals, consider the integral

I :/ dz /@) (16)
0

for a real valued polynomial f (for the Fresnel integrals f(z) = 2?). The real and
imaginary parts of I are given by

Rell] = /000 dz cos(f(x)), Im[l]= /000 dz sin(f(x)). (17)

For simplicity we concentrate on the real part. Let us assume that the leading term
of f goes like 2™ in the limit x — oo for n € N. A change of coordinates u = z"
gives the integral

< d
Relt] = [ T cos(F(). (18)
o nul=i/n
and ensures that f({/u) ~ u for large u. Now let the zero crossings of the argument

be given by z; for i € N. The real part of the integral can be written as an alternating
series

Re[l] =

) ) Zit1 du
/0 +§/ ]W cos(f(u''")), (19)
Sy

=0

=c+ Y (-1)a;, (21)
=0

[ st (20)

nul-1/n

without changing the order of summation, with ¢ the integral over the interval
(0, z0), either the positive or the negative sign for + depending on the details of f,
and the positive real numbers

a; =

/ o (22)

nul-1/n
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The argument of the alternating series can be dominated with a simple approxima-
tion

a; =
o nul—1/n

Bt gy
/ B sy (23)
L du
< /Z m = Ziy1 — {‘/Z_Z =b;. (24)

In the limit of large u the function f({/u) asymptotes to a function proportional to
u. For this reason, in the limit of large 4, the zero crossings z; in u will asymptote to
a regular spacing, leading to the conclusion that for n > 1 and for sufficiently large
1, the coeflicients b; satisfy the conditions of the Leibniz convergence test. Since
a; < b; for all i we conclude that Re[I] converges when n > 1. A similar argument
can be given for the imaginary part of I, making I conditionally convergent. This
discussion applies to a more general class of integrals. When the integral function
f(x) diverges as =" in the limit x — 0 with n € N, the change of coordinates
u =z~ " leads to convergence for n > 1. More generally, when f is not a polynomial
but dominates some polynomial ™ with n > 1, the oscillatory integral can be
shown to converge due to cancellations from oscillations at large . Our integral
above, when expressed in terms of the canonically normalised integration variable
M = N'/2 involves the asymptotic behaviour ~ [ AM iAW M°=ai/M?*)/h and hence
is manifestly convergent. In order to evaluate its value, however, Picard-Lefschetz
theory is a preferable tool to which we turn our attention now.

2.1. Picard-Lefschetz theory

Picard-Lefschetz theory deals with oscillatory integrals like

I:/ dg eSl=/h, (25)
D

where 7 is a real parameter, the action S[x] is a real-valued function and the integral
is taken over a real domain D, usually defined by the singularities of the integrand
or, in higher dimensional or path integral cases, its partial integrals (see e.g.!® for a
more complete overview). One is typically interested in the behavior of the integral
for small values of the parameter A: in quantum mechanical applications, taking &
to zero is a nice way to study the classical limit.

When faced with an integral in the form of (25), the idea of Picard-Lefshetz
theory is to interpret S[z]| as a holomorphic function of x € C, the complex plane.
Cauchy’s theorem allows us to deform the integration contour from the real domain
D on the real z-axis into a contour we now call C in the complex z-plane, while
keeping its endpoints fixed. In particular, we seek to deform C into a “steepest
descent” contour passing through one or more critical points of S[x], i.e. points
where 9,5 = 0. By the Cauchy-Riemann equations, the real part of the exponent,
Re[iS[z]], which controls the magnitude of the integrand, has a saddle point in
the real two-dimensional (Re[x],Im[z])-plane there. The steepest descent contour
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through the saddle point is defined as the path along which Re[iS[x]] decreases as
rapidly as possible.

A simple example is provided by S[x] = 2%, with a critical point at z = 0.
Writing # =Re[z] 4+ ¢ Im[x], we have Re[iS[x]] = —2 Re[z]Im[z]. The magnitude of
the integrand decreases most rapidly along the contour Im[z]=+Re[z] which is the
steepest descent contour. Conversely, it increases most rapidly along the contour
Im[z] = —Re[xz], which is the steepest ascent contour. As we shall discuss, steepest
descent contours generically lead to convergent integrals, and in this case they are
known as Lefschetz thimbles 7.

In more detail, we write the exponent Z = iS/h and its argument z in terms of
their real and imaginary parts, Z = h +iH and = = u' + iu®. Downward flow is
then defined by

du’ .. Oh

g 2
0 955 (26)

with A a parameter along the flow and g;; a Riemannian metric introduced on the
complex plane. The real part of the exponent h (known as the Morse function)

R . o dh oh du' _
decreases 0121 such a flow away from its critical points, because gy = Do BuT dn =
- (g:,) < 0, with the fastest rate of decrease occuring in the direction of

“steepest descent”, which maximises the magnitude of the gradient. Defining the
latter requires that we introduce a metric.

For the simple examples we discuss here, the obvious metric ds? = |dx|? is suffi-
cient. Defining complex coordinates, (u, %) = ((Re([z] + iIm[z]), (Re[z] — iIm[z])),
the metric is guu = gaz = 0, gua = Jau = 1/2. Then h = (Z + I)/2 and (26)
becomes

du oI du oz

= ==, 27

dA ou’  dA ou 27)
The imaginary part of the exponent H = Im[iS/#] is conserved along these flows,
since

dH _ 1d(Z-1) 1<azdu 8Idﬂ)0. (28)

dx 2 dx 2 \dudx  dudr

iS[=]/h _ which was a purely oscillatory factor in the original

Thus the integrand e
integral — does not oscillate at all when evaluated along a downward flow (see Fig. 1).
Instead, it decreases monotonically so that the integral converges absolutely and
“as rapidly as possible.” For a downward flow originating at a saddle, A runs from
—oo at the saddle point to positive values as h decreases. The Lefschetz thimble
associated with a given saddle is defined as the set of downward flows leaving the
saddle in this way.

Analogously, upward flows are defined via

=g o (29)
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Fig. 1. Left panel: From a saddle point o emanate upward (Ko ) and downward (75 ) flows, which
are located in the wedges Js (in green) and K, (in red) respectively, defined as the regions where
the Morse function h is lower (higher) than its value at the saddle, respectively. The arrows along
the flows indicate the direction of descent, and the downward flow J, is known as a Lefschetz
thimble. The wedges are separated by blue lines along which h is constant and equal to the value
at the saddle point h(ps.) Right panel: Along a Lefschetz thimble the real part h of the exponent
decreases as fast as possible, ensuring an absolutely convergent integral.

with H likewise being conserved along these flows. Every critical point has an
upward flow which, in analogy to the downward flow, is labelled /C,.

Lefschetz thimbles and upward flows only intersect at a single critical point (in
case of a degeneracy, a small perturbation may be added), the one where both are
defined. With a suitable choice of orientation, we can write for the intersection
number

(T, Kor) = O (30)

Our objective is to deform the original integral (25) into one evaluated over a sum
of Lefschetz thimbles. That is, we would like to write

C= Znoj07 (31)

in a homological sense, for some integers n, which may take the values 0 or £1
when accounting for the orientation of the contour over each thimble. It follows
from these equations that n, = Int(C,K,) = Int(D,K,), since the intersection
number is topological and will not change if we deform the contour C back to
the original, real domain D. Thus a necessary and sufficient condition for a given
thimble 7, to be relevant is that a steepest ascent contour from the critical point p,
intersects the original, real integration domain D. In this circumstance, intuitively,
there is no obstacle to smoothly “sliding” the intersection point from the real axis
along K, down to p,, and in the process deforming the original integration contour
onto the the thimble 7,. This is an argument that shows that if one starts from
a real Lorentzian theory, then as long as the action is analytic one never obtains
semiclassical enhancement factors such as are found in the Euclidean approach.
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Once we have deformed the contour from the real axis to run through a set of
thimbles associated with the contributing critical points, we have:

I:/ dxeis[x]/h:/dxeis[x]/h:an/ da eI/, (32)
D c . :

As (32) indicates, typically more than one Lefschetz thimble contributes to the
Lorentzian path integral, with given boundary conditions, even in mini-superspace
quantum cosmology.

The integral taken over a thimble is absolutely convergent if

‘/ dzetSlel/h S/ |dx| eism/h’ :/ |dz|e™®) < oo (33)
- VL To

Defining the length along the curve as [ = [|dz|, the integral will converge if
h(z(l)) < —1In(l) + A, for some constant A, as [ — oo, which is a rather weak
requirement.

We have then expressed the original integral as a sum of absolutely convergent
steepest descent integrals. In an expansion in A, we have

I:/ da #Sal/h _ naeimpa)/
: 2

where A, represents the result of the leading-order Gaussian integral about the
critical point p,. Sub-leading terms may be evaluated perturbatively in 7.

o

€hde ~ Zna eiS(PU)/h [Aa' + O(h)] s (34)

2.2. Relevant and irrelevant saddle points

The action Sy has four saddle points in the complex plane, which are solutions of

dS0/ON = A N2 + (=6A(qo 4+ ¢1) +36) N2+ 9(¢1 — q0)> =0, (35)

A 1/2 A 1/2
<§q0 — 1) + Co <§ql — 1) , (36)

with ¢1,¢o € {—1,1}. The action evaluated at these saddle points is given by

A 3/2 A 3/2
(gQO — 1) + co <§Q1 — 1) . (37)

Each of these four saddle points corresponds to a Lefschetz thimble {7, }, and a
steepest ascent contour {K,}. Each is also associated with wedges J,, K, in which
the real part of the exponent i.S/h is respectively lower and higher than the saddle
point value. Writing the original integration contour in terms of the Lefschetz
thimbles

given by

3
Ns = ClK

ddl
Sga e _ —c—

A

(07,00) =Y noJs, (38)
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we approximate the propagator using the saddle point approximation in the limit
h—0,

/37 zw%‘s /h
Q17QO Zna 2h / N1/2 ’
o lSsaddle I3 .
N Z /3me A / / AN e 5 So.nn (N—N.)? [1 +0 <h1/2)}
N
3 2w zSSﬂddlc/h 2
- Z [3mi e 1/2 10 / dne_T‘SO,NN|n2 |:1 1O (h1/2):|
\7(7'

31 0. 2 4Ssaddl5/h|: 1/2
~ S gy | s it 275 1+O(h/)}, 39
Za: 2N;|So,n | (39)

where we defined N — N, = ne’? with n real and # being the angle of the Lefschetz
thimble with respect to the positive real N axis.

Earlier approaches amount to choosing a particular contour in the complex N
plane “by hand,” on the basis of some preconceived notions. However, the virtue
of the Lorentzian path integral combined with Picard-Lefschetz theory is that the
proper combination of saddle points and relative phases between them is completely
fixed.

The “no-boundary” conditions were proposed by Hartle and Hawking as a the-
ory of initial conditions for the universe' 2. The idea is that in the path integral
one should sum only metrics whose only boundary is provided by the final spatial
hypersurface (corresponding to the current state of the universe). To implement
“no-boundary” conditions, we must take gy = 0 and find a 4-metric which is regular
there. This is possible for positive spatial curvature, as assumed here. The “no-
boundary” condition is supplemented with the constraint equation (7) evaluated at
q=0,

¢*=—4N?  (¢=0). (40)

We will take the final boundary to correspond to a late time configuration, where
the universe has become large, ¢; > % The saddle points of the action are given by

A 1/2 3 A 1/2
(=1 — 1 Neppro=—F |1 —q1 — 1 , (41
? (3Q1 ) s ,nb2 A ? (3Q1 ) ( )

with corresponding actions
A 3/2
—i+ <§q1 — 1) . (42)

6
—1272/(hA)

3
Nsn = T
bl +A

Sonp1 = X A

A 8/ 6
—i+ (g‘h - 1) ; Somb2 = +—+

Note that saddle points in the upper half plane lead to a 2™ S0 ~ ¢
while those in the lower half plane lead to 12750, e+12%/(hA),
Given the saddle points, we can determine the wedges and the curves of steepest

descent and ascent emanating from them. We use the fact that curves with Re(i.Sy)
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Fig. 2. For this numerical example we have chosen A = 3,qp = 0,¢q1 = 10. The saddle points
then lie at £3+4. Shown in the present figure are both the boundaries of wedges (lines of constant
real part of the integrand/imaginary part of the action — light blue lines) and the flow lines (lines
of constant real part of the action — red/green lines). More specifically, the plot shows both
Abs[Im(S(N) — S(Ns))] and Abs[Re(S(N) — S(Ns))], where lighter colours correspond to smaller
values. The four saddle points are located at the intersections of the flow lines. More details are
provided in Fig. 3.

specify the boundaries of the wedges, and that Im(iSp) is constant along the flow
lines to determine them numerically — see also 6. For the case of interest to us, the
wedge boundaries and flow lines are shown in Fig. 2, while the directions of the
flows are sketched in Fig. 3.

Note that the downward flow lines (Lefschetz thimbles) of the upper saddle
points can indeed be deformed to the real N line, while the downward flow lines
of the lower saddle points cannot. Moreover, only saddle point 1 can be linked
to the original integration contour (the positive real half line) via an upward flow,
and hence the appropriate integration contour, along which the integral will be
manifestly convergent, is given by the Lefschetz thimble J; also indicated by the
dashed orange line in Fig. 3. Saddle point 1 lies at

3. A
N =+ [+ Ga =12 (13)
and the action evaluated on the saddle point is

6 . A
Sonp1 = A {—Z + (gfh - 1)3/2} . (44)
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Fig. 3. A sketch of the wedges and flow lines emanating from the saddle points in the complex N
plane, for “no-boundary” conditions go = 0, q1 > % The loci of the steepest ascent/descent flows
(in black) and of the boundaries between wedges (in blue) were determined numerically in Fig. 2.
Here the arrows indicate the direction of steepest descent. We have coloured the wedges such that
regions J, with a lower value of the magnitude of the integrand than the corresponding saddle
point are green, and regions K, with a higher value are red, with the exception of the yellow
regions which have a value intermediate between the two saddle point values. Comparing with the
adjacent colours then avoids any ambiguity. The original integration contour along the positive
real axis is shown in orange, and the deformed contour which Picard-Lefschetz theory picks out
as the preferred integration cycle is marked in dashed orange. Again neither the flow lines, nor
the original or final integration contours, include the point at N = 0. Only saddle point 1 in the
upper right quadrant can be linked to the original integration contour via an upward flow, and this
implies that the (orange-dashed) downward flow from this saddle point is the correct Lefschetz
thimble along which the path integral should be performed.

For saddle points of the form (36), we have

2c
So,NN = FQ (Ago —3) (Aqu —3)'/% (45)
implying that Arg(Ns) = —a + Arg [(Aqo — 3)1/2 (Aq1 — 3)1/2} . For the “no-

boundary” conditions we thus find Arg(Ns) + a = F, and this implies 6 —
%Arg(Ns) = 0. In the saddle point approximation, we thus obtain the wavefunction

31/4
2(Agy — 3)1/4

w3

Gblq1;0] ~ €' 127/ (RN —idn® /T (@ = )2/ (46)

Note that the real part of the classical action for the dominant saddle point is
negative, as expected from the general arguments presented earlier. This concludes
the explicit derivation of our result that the relevant saddle point contributes a
weighting e—127%/ (hA) the inverse of the Hartle-Hawking result.
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3. Unstable Perturbations

We now turn our attention to the perturbations, treated in general relativistic linear
perturbation theory. The second order action for a linearized (tensor) perturbation
¢; with principal quantum number [ is given in terms of the background squared
scale factor ¢(t) as

1

1 12
S@1q,¢; N] = 5/0 [tf% — NI(1 + 2)¢7

12 g 1+2)\ 1 [q 5]
- - Ao N dt — — |2 4
2/0 {N+ <q e )Xl] 2N LZXZL’ 47)

where we have re-expressed the dimensionless tensor metric perturbation ¢; in terms
of the canonically normalized field x; = ¢ ¢;. Note that we have orthonormalized
the modes on the unit sphere (thus no prefactor of 272 appears in the action). Also,

dt

to avoid needless complexity in the equations we only consider a single mode. It is
straightforward to amend all the formulae we derive by replacing [(I+1)(I+2)¢? with
St LA+ 1)(1+2)¢?  where the ¢1 1y, are the expansion coefficients expressing
in the final tensor perturbation in terms of orthonormal tensor spherical harmonics
on the three sphere. For ease of notation, where there is no danger of confusion, we
will also usually drop the subscript . Note that the perturbation of the lapse N is
non-dynamical in the absence of matter and may be set to zero.

If we neglect the backreaction of the linear perturbations on the background,
such as is certainly reasonable for small final amplitude ¢, then we can evaluate the
path integral first for ¢ and then for ¢, using the classical solution for the background
g in the action (47) for ¢. To integrate out the perturbations, we again just find the
classical solution and use this to evaluate the classical action. The total semiclassical
exponent is then given by S [q;; N]+S®[g1, $1; N] and we then perform the final
ordinary integral over N using saddle point methods. We shall not calculate any
functional determinants here, although this is perfectly possible. These should not
alter any conclusions about the Picard-Lefschetz flow, nor the final semiclassical
exponent, in any regime where the semiclassical expansion is valid.

The no boundary path integral on a contour C is then given, in this leading
semiclassical approximation, by

15V 1auiNl/h+iS® (a1, ¢15N] /B (48)

dN
Gelar, ¢1;0] o /c \/ﬁ

where S [q1, ¢1; NJ is the classical action for the perturbation, in the background
q, satisfying ¢(1) = ¢1 as well as a second condition we shall define shortly. The
quantity D(N, g1, h) is the functional determinant which is in principle calculable
in terms of the classical modes and as a series expansion in h.

In the leading semiclassical approximation, we can perform the path integral by
the saddle point method, i.e., by solving the equations of motion and computing the
classical action. The boundary condition on the perturbations at ¢ = 0 is delicate
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because the background geometry is sufficiently singular for a range of real values
of the lapse, that the perturbations obey a singular equation of motion. We shall
find that, nevertheless, for generic complex N, the criterion of finite classical action
selects a unique perturbation mode.

At fixed N, the classical equation for x following from (47) is

RSN )

q 7

Near t = 0, this becomes
N2(14+2) x _~*—-1x

(gn — AN2/3)2 12 4 27

(50)

from which we see y ~ t%(li'”, as t — 0. Notice that the equation of motion for y
is singular and this results in some unusual properties of the perturbations, as we
explain below.

For small real N, we take v to be real and positive. Provided N is real and
smaller in magnitude than a particular value N_, then both solutions for x are
monotonic in ¢ and both vanish at ¢ = 0. However, only one of them has finite action
so it is natural to select that one as the saddle point solution. For real N larger in
magnitude than N_ but smaller than another, larger value, N, v is imaginary and
the solutions oscillate an infinite number of times as they approach ¢t = 0. In fact,
both solutions have a finite regularized action, so the finite action criterion becomes
ambiguous for N in this range. Increasing the magnitude of N beyond N, while
keeping N real, we see that v becomes real once again. However, as we explain
shortly, in this latter regime, there are no finite action classical solutions.

The two critical values are given by

N = %\/21(1 +2) + arA/3 = 201+ 2)(10+2) + @1A/3) (51)

N, = %\/21(1 +2) + qiA/3+ 210+ 2)(10+2) + a1A/3), (52)

with geometric mean N, = /Ny N_ = V/3q1/A. Tt follows that we can take

V(N2 = N2)(N2 - N2)
(NZ —N?) ’
defined to be real and positive for small N and defining v at complex N by analytic

V= (53)

continuation. The branch cuts needed to define the square roots are conveniently
placed along the real intervals — N, < N < —N_ and N_ < N < Ni. On the
upper side of the cuts, ~ is negative imaginary and on the lower sides it is positive
imaginary. Away from the cuts, as is evident from (47), the action integral converges
at t = 0 only for the mode behaving as t2(147) as t — 0. The complete solution of
(49) with this small ¢ behavior is

t
(3(]1 +(t—1)N2A

=

\(t) = (1) ) (Bq — AN?)(1+7) + 2AN%) ., (54)
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and the corresponding, correctly normalized classical solution is

xX(t) a1
¢(t) = o1 .
q(t) x(1)
This solution allows us to calculate the classical action from (47). With an integra-
tion by parts and using the equations of motion, we find

s oﬂl 420

S q1, ¢1; N] lq IN ANBI(1+2)+ q1A)

(55)

(=3¢1 — N?A +~(N? — N?)),
’ (56)

which is real where + is real, but gains a negative or positive imaginary part (mean-
ing that the semiclassical exponent ¢S/h gains a positive or negative real part) as
N approaches the real axis from above or below the branch cuts. This behavior is
illustrated in Figure 4.

Fig. 4. The Morse function h = Re(iS/h) around a branch cut, in units where h = 1 and for the
parameters A = 3,q; = 101,1 = 10, ¢1 = 1. At the cut, the Morse function reaches its maximum
at N, = 10 coming from the upper half plane, and its minimum also at N,, though approaching
the cut from below.

There is one additional important consideration: for real N, the background
solution for the scale factor is real and quadratic in t. For N > N, (or N < —N,)
the background solution starts at ¢ = 0, then turns negative before crossing ¢ = 0 a
second time, at t; = 1 — %, to eventually reach g; at ¢ = 1. Thus there is a second
singularity in these real but off-shell-in- IV background geometries. It is obvious from
(54) that if x behaves as t2(1¥7) near ¢ = 0, then it behaves as (t, — t)z(1¥7) near
t = ts. Thus, for real v and N > N, then if the action integral converges at ¢t = 0,
it diverges at ¢t = t5, and vice versa. We conclude that for N > N. or N < —Ny4
no solution of the perturbation equations of motion has finite action. Hence, in

performing the integration over N in the last step (48) of our calculation, however
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we deform the contour C, we cannot allow it to cross the real N-axis for real N
beyond the outer ends of the two branch cuts.

Finally, notice that at large |N| in the complex N-plane, the background action
S50 ~ N3 — dominates over the perturbation action S) ~ N. The same holds
in the small |N| limit, where both the background and the perturbation diverge
like 1/N (the background and the perturbation action have opposite sign). As
a consequence the asymptotic regions of convergence are preserved when we add
linearized tensor perturbations.

The leading contribution of the perturbations, in the semi-classical approxima-
tion, comes from the relevant saddle point of the background. At this saddle points,
the parameter 7 is precisely equal to [+ 1, meaning that the tensor modes ¢; behave
as t'/2 near the singularity, which means they are regular there. The value of the
classical action at the relevant saddle point is then

51(2) (N:_) - %Ch l(l + 2) )
2 I+1+4iv/aA/3-1
There are two simplifying regimes. If the wavelength on the final three-geometry,
~ /qil~* is well within the Hubble radius /3/A, we obtain

SONS) ¢l Aq

i— ~ + o7 L 1> = (58)
a result which is independent of A. In the opposite limit, we obtain the result for
the “frozen” modes in the expanding de Sitter spacetime, which have passed out of
the de Sitter Hubble radius and ceased to evolve. In this case, we obtain

5(2)(N+) 3 3q1 Aq
o s ) 2 1 2 g 2 - )
i— o+ 1)+ 26 z,/4 1(142)¢2, 4/ > (59)

As we can see, the relevant saddle point leads to an inverse Gaussian distribution,
meaning that the tensor modes are out of control.

(57)

4. Comments

In view of the unsettling nature of our result, one may ask whether our approxima-
tions have broken down, or whether we have somehow incorrectly implemented the
idea of the no-boundary proposal. In this section we will address these issues and
show that our result, to the best of our knowledge, really is robust.

4.1. Backreaction

First one may wonder whether the instability which we have demonstrated only
occurs for very small perturbations, and whether it will be cured for larger pertur-
bations. The [ = 2 modes are particularly interesting in this regard, as a possible
non-linear completion of the metric exists in the form of the Bianchi IX line element

2
dsiy = —N2(t)dt2 + (@) o2, (60)
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where N, is the physical lapse function and o, = sinydf — cosvysinfdy, oy =
cos df +sin ¢ sin fdyp, and o3 = —(di) + cos Odyp) are differential forms on the three
sphere such that 0 < ¢ <47, 0 <0 < m, and 0 < ¢ < 27. For ease of notation we
will denote a derivative w.r.t. physical time ¢, by an overdot in this section (and
only in this section). Employing the original definition of Misner, we can re-write
the three scale factors as

halty) = alty)exp | (5 (0) + £V35-)) | (s1)
la(ty) = alty) exp [ =84 ()] (62)

which makes it clear that a is the average scale factor while the (s quantify
anisotropic perturbations. In these coordinates the action becomes

1
S:27r2/dtNa[N2( 362 + a (6++62))—U(ﬁ+,6_)], (63)
where the full non-linear potential is given by

U(By,B-) = =2 (62ﬂ+ e PVEe- e*5++\/§ﬂf)

+ (6745+ 4 e2P+2V36- | e2ﬂ++2\/557) (64)
The equations of motion for a, 8, 5_ are given by
i 1a?
E+§a2 <5++ﬂ2> U(5+aﬂ )=0, (65)
. ) 2N}
6i+356i+§a_2U,Bi =0. (66)

Expanding the last equation to linear order we obtain

. a - N?
ﬁi+3aﬂi+8a—§6i =0. (67)

A comparison with Eq. (49) confirms that the s are non-linear versions of the
I = 2 modes — more specifically, they are non-linear versions of two | = 2 modes
which are such that they preserve the Bianchi IX symmetry. To match with our
earlier normalization conventions, one has to re-scale

1
Bt = EQ& ; (68)

where ¢ denote two separate | = 2 modes. The structure of the potential U
shows that when going beyond linear order, the equations of motion lead to direct
couplings between these two [ = 2 modes.

In the present section we work in a gauge where N, = 1 and where one then has
to determine the value of the time coordinate of the final hypersurface on which the
boundary conditions go = 0,q1 = a, ¢+ = ¢1+ are satisfied. This is done using the

17

shooting method discussed in'’. In this method, the (generally complex valued)

second time derivatives of ¢4 at the no boundary point a = 0 are adjusted using an
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Fig. 5. These graphs show the weighting at the saddle points (left panel) and the imaginary part
of the saddle point locations (right panel) as a function of the | = 2 anisotropy mode amplitude
¢1—, for A = 3. In the plot of the action (left) the line starting at +1272/A = +472 for ¢1— =
0 corresponds to the saddle points in the lower half N plane, while the line starting at —4m2
corresponds to the saddle points in the upper half plane. In black (mostly hidden behind the red
line) are the linear results without backreaction, in red the results including backreaction but still
in linear perturbation theory, and in blue the results stemming from solving the fully backreacted
Einstein equations. For values of ¢1— below 1 the linear and non-linear results agree to high
precision, while one can see that at larger values of the anisotropy the non-linear corrections
enhance the instability of the fluctuations, and move the saddle points further towards the real
N-axis. Note that the weighting of the upper saddle points surpasses that of the lower ones
when backreaction is still entirely negligible. Moreover, the non-linear effects of the full Einstein
equations imply that the (unstable) upper saddle points come to dominate already for smaller
amplitudes of the fluctuations.

optimization algorithm such that at a final time ¢; the desired real values qi, @1+
are simultaneously reached. The total time interval [ N,dt, = t; can then also be
related to the lapse function /N using the change of coordinates N,dt, = Ng /24,

N = /O " Nat = /O Y atty)dty (69)

Our results are shown in Fig. 5. For ease of comparison with linear perturbation
theory, we only show results for the case where a single [ = 2 mode (here chosen
to be ¢1_) takes on a non-trivial value on the final hypersurface. The left panel
shows how the weighting of the saddle point solution (for saddles in the upper half
plane) increases as the perturbation amplitude is increased. The opposite behavior
is seen for the saddle points in the lower half plane. As is evident from the figure,
backreaction at second order in perturbation theory is utterly negligible. Even
more importantly, the effects of the instability are even stronger when non-linear
terms are included, and the dominance of the upper saddle point over the lower
ones occurs already for smaller values of ¢;_ than in the linear theory. Also, as
shown in the right panel, the saddle point moves faster towards the real N-axis in
the non-linear theory. These results consolidate our analytic results, and indicate
that the inclusion of non-linear terms only reinforces the instability that we have
identified.
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a

Fig. 6. We may consider a path integral over purely regular geometries, having as their only
boundary a large late time universe with scale factor ai. The integral can be pictured as a sum
over complexified 4-spheres, bearing in mind that a complexified 4-sphere contains a Lorentzian
de Sitter section. One may argue that such a restricted sum is closest in spirit to the original idea
of the no-boundary proposal 1+2.

4.2. Sums over regular metrics

The idea of the no-boundary proposal is to sum over compact and regular metrics.
However, as we have seen, in the minisuperspace example discussed so far there were
many singular metrics off-shell, although the saddle point geometries were regular.
One may wonder if one should restrict the sum in the path integral even furthst,
so as to allow only regular metrics off- and on-shell. Could this lead to a different
result? Following'® we can consider the simplest and most symmetric possibility,
namely a sum over 4-spheres with given boundaries ap = 0 and a; > 0 and arbitrary
radius,

r

a(t) = +rsin (NEt) (70)

with a1 = £rsin (%) and a; = =Ng cos (%) Accordingly, one should think of
Np as being fixed by the boundary conditions and the sum to be over r. Given that
Npg will in general be a complex number, we should also expect r to be complex, and
that the integral will be over a contour in the complex 7 plane. As discussed in'!,
in fact the relevant saddle point geometry remains the same, and the associated
perturbations remain unstable. Moreover, one can also explicitly check that in this

calculation backreaction effects are small, so that the instability is confirmed.

5. Outlook

Despite the fact that intuitively, the idea of a smooth beginning for spacetime is very
attractive, and of clear aesthetic appeal, our results have shown that upon closer
inspection it does not work, as it leads to unsuppressed fluctuations (see Fig. 7).
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One lesson to be drawn from this result is that it is worthwhile analysing the
mathematical setup of a physical theory in some detail, as heuristic arguments can
be misleading in unexpected ways. Moreover, quantum gravity appears to be much
more restrictive than naively thought. This is in fact an extremely encouraging
thought, as it may allow us to make progress regarding the unification of quantum
theory and general relativity.

Fig. 7. The beginning of the universe is depicted at the bottom, while our current state of the
universe should be thought of as the boundary at the top. Left panel: The originally hoped for
situation of a smooth beginning. Right panel: A detailed investigation of the path integral shows
that fluctuations are unstable, and the probability for large perturbations is unsuppressed. Thus
the no-boundary and tunneling proposals are untenable in their current forms.

The most important result of our investigations is probably that the Lorentzian
path integral is well defined: it gives sensible results for other types of boundary
conditions, in particular for classical boundary conditions?, and it is in fact simply
the no-boundary condition that fails. Moreover, our analysis clearly shows that the
Euclidean path integral does not exist (see Fig. 3 where one can see that integral
along imaginary lapse direction necessarily diverges, either near N = 0 or towards
imaginary infinity). Other, intrinsically complex integration contours for the lapse
were proposed in reaction to our work %2, but these ultimately lead to inconsistent
910 Thus one may take the Lorenztian path integral as a solid basis for
further investigations into quantum cosmology, allowing us to explore questions
such as: what are the conditions for quantum field theory in curved spacetime
to be a good approximation? Are the complex big-crunch-avoiding solutions that
were found heuristically in?' of physical relevance or not? How severe is the trans-
Planckian problem of inflation? Which assumptions must be modified in order to
obtain a consistent theory of initial conditions? The search remains wide open!

results
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In this work, we extend our previous blind GW signal estimation method! to the
case of multiple detectors and show that, with a full use of redundancy, it gives promis-
ing results, e.g. a faster decay of fluctuations than that expected from the central limit
theorem. This method, whose design explicitly accounts for redundancy in multiple mea-
surements, considerably improves the efficiency of signal extraction in a multi-detector
network.

1. Introduction

Given that detector noise is several orders of magnitude larger than expected gravi-
tational wave (GW) signals from black hole mergers, the analysis of LIGO’s data is
challenging. This is one reason why LIGO consists of two independent detectors sep-
arated by 3000 km. It is reasonable to divide the task into three relatively distinct
parts. These include event detection, waveform extraction, and the identification
of its physical origin. Here, we will be concerned with the two final steps in this
process, focusing on black hole mergers like GW150914. Since thermal and seismic
effects lead to substantial low frequency noise and since quantum noise is dominant
at high frequencies, it is possible to reduce the effects of noise by band-pass filtering
(or equivalent operations) to a restricted frequency range e.g., 30 — 300 Hz. LIGO
extracts waveforms by comparing the data from the Livingston and Hanford de-
tectors with (suitably time-shifted) elements of a bank of templates describing the
merger of two black holes with various masses, spins and initial conditions. A sat-
isfactory level of agreement would then lead to the acceptable conclusion that the
data is not inconsistent with a black hole merger. An equally satisfactory conclu-
sion would be that, if the event is due to a black hole merger, it has the parameters
corresponding to the best-fit template. However, in our view, the far stronger con-
clusion that such agreement proves that the event actually is due to a black hole
merger with the corresponding parameters is unwarranted.
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Moreover, there are disturbing features in the noise associated with LIGO’s
events. Although this noise is complex, its two essential characteristics are clear
and unambiguous. First, LIGO noise is neither stationary nor Gaussian.? In fact,
both stationarity and Gaussianity are implicitly assumed in the Bayesian likelihood
analysis as a diagonal approximation for the noise covariance matrices for both
the Hanford and Livingston detectors.® Second, the LIGO “residuals” (defined as
the cleaned data minus the best-fit template) for the two detectors should not be
correlated. In fact, the residuals associated with GW150914 are strongly correlated
when shifted by the same time lag as the template itself and considerably larger than
the expected level of “accidental” correlations for LIGO data.*® Since the Hanford
(H) and Livingston (L) detectors are assumed to be completely independent except
for a possible GW signal, this correlation in the residuals tells us that a template-
based analysis does not provide a reliable description of the common signal seen by
the H and L detectors.

Template-based analyses have a strong tendency to be self-fulfilling, this alone
should be sufficient to emphasize the importance of maintaining a clean separation
between the extraction of a signal and attempts to divine its physical origin.

In order to make optimal use of the independence of the H and L detectors
and to quantify the uncertainties in previously extracted waveforms, we have con-
structed a template-free method that includes minimization of residual correlations
in order to determine a “best common signal” for GW150914.' Since the residual
for an individual detector is a complicated function of time (or frequency), there
are many ways to realize the desired absence of correlations. This means that our
algorithm yields a family of best common signals that enable us to estimate the
probability, p, that the best common signal is a black hole merger template. For
GW150914, we find p = 0.008. It is unclear whether this small probability is indica-
tive of inadequacies in the gravitational wave templates, imperfect knowledge of the
acceptance of the instruments, or of a completely different physical explanation —
either astrophysical or terrestrial — of this event. As the amplitude of the signal
becomes smaller with respect to the noise level, the relative width of the envelope
of best common solutions obtained by this method grows and eventually covers the
line of zero signal. The signal to noise ratio (SNR) for other possible black hole
merger events is smaller than that found for GW150914, and we find that all of
these subsequent events are consistent with a best common signal of precisely zero.

The fact that LIGO does not make use of the only relevant information available
about noise properties (i.e., the fact that L and H residuals must be uncorrelated)
also suggests that their analysis does not optimally exploit the benefits of redun-
dancy that should accrue from two independent measurements of the same signal.
Since the power of redundancy becomes clearer as the degree of redundancy is in-
creased, our primary concern in this paper is to extend the results of Ref. 1 to the
case of an arbitrary number of GW detectors. We emphasize that this approach
is not merely a pedagogic exercise. There is considerable current discussion about
adding additional detectors to the GW network. Since the effects an additional
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detector can have on the accuracy of signal attraction depends sensitively on the
degree to which redundancy is exploited, we believe that the present work can be of
practical relevance in deciding the extent to which such an investment is justified.

We begin in section 2 by presenting simple schematic models that illustrate the
dramatic differences found when analyzing multi-detector events with or without
consideration of the effects of redundancy. These models will provide a gauge of
the extent to which redundancy is realized in practice. The extension of our earlier
model for the blind estimation of the common signal to the case of many detectors
will be described in section 3 along with the results of realistic simulations. Finally,
section 4 contains a discussion based on these results.

2. The value of redundancy and its price

We all have an intuitive understanding of the important role that redundancy can
play in the accurate determination of a signal transmitted in the presence of noise.
When told an important telephone number in a noisy environment, our immediate
reaction is to ask for it to be repeated. Hearing the same number twice greatly
increases our confidence that it has been transmitted correctly. Clearly, redun-
dancy is equally important in a scientific context, and it was surely one of the
primary reasons that LIGO wished to have multiple GW detectors. In the analysis
of GW170814, LIGO makes use of the Virgo detector as a consistency check for
the results from Hanford and Livingston.® The additional information from Virgo
improves the false-alarm rate compared to the two detector case. In general, the
SNR of the LIGO/Virgo network is defined as a sum in quadrature of the individual
detector SNRs, i.e.”

M
p121etwork = Zp? (1)
=1

The precondition for this definition is ideal detector noise uncorrelated between
detectors, with off-diagonal terms of the noise covariance matrix neglected. Fur-
thermore, the addition of detector SNRs in this way fails to properly exploit redun-
dancy, because the network SNR can be dominated by the SNR of a single detector.
A high network SNR. does not necessarily imply agreement between detectors.

Our aim in this section is to provide a better understanding of both the power
of redundancy and the price that must be paid to obtain it.

We first consider a schematic but instructive example of redundancy in which
there are two independent measurements of a common signal consisting of N pieces
of data. In the absence of noise, the two measured signals will be identical to one
another and to the true signal. Now, simulate noise by assuming that there is a
probability, p, that any given piece of genuine data, d;, has been replaced by noise
n; (with n; # d;). The probability that both of the measured signals are free of
)2V

errors and therefore correct is evidently (1 — p)*, which vanishes exponentially

as the signal becomes more complex (i.e., N — o0). It is necessary, however, to
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consider the possibility of false positives, for which the signals are not correct in
spite of being identical. To investigate this question, assume that the probability
that two randomly drawn pieces of noise are identical is ¢. (E.g., If the n; are
randomly drawn digits between 0 and 9, ¢ = 1/9.) The probability that the two
signals will be identical (either genuinely or accidentally) is

al NI N
Z (1 *P)Q(me)pmqmm =[(1=p)?+p%] . (2)
m=0 e

Thus, the probability that identical results of the two measurements will actually

be correct is
{ (1-p)° ]N
(1-p)2+p%q

The extension of this problem to the case where there are M detectors is straight-
forward. In this case, all M detectors see the same event. The probability that
all of the measured signals are free of errors (and therefore measured correctly)
is evidently (1 — p)M¥  which clearly decreases exponentially with increasing M.
The generalization of Eq. 2 describing the probability that these M signals will be
identical (but not necessarily correct) then becomes

P=[a _p)M _i_quMA]N 7 (3)

and thus the probability that identical results for all M measurements will actually
be the correct signal is

(1-p™ o

pP= (1 —p)M ¢+ pMgh—1 : (4)

To illustrate this result, consider the transmission of an 8-digit telephone number
in a noisy environment. For this case, assume N = 8 p = 1/4, and ¢ = 1/9 and
consider the cases of M = 2, 3, and 4 detectors. The probability that identical (but
not necessarily correct) results will be obtained for all M measurements is approx-
imately 0.01, 0.001, and 0.0001, respectively. The probabilities that these identical
results will be false are 0.0935, 0.00365, and 0.000135, respectively. The exponential
decrease of this error is evident and emphasizes the dramatic improvement in accu-
racy that results from M identical measurements of the same signal. Unfortunately,
it also reminds us that the probability of actually obtaining M identical signals also
decreases exponentially with M.

The preceding example might seem to indicate that redundant measurement
of a given signal will lead to signal detection and extraction with a confidence
that grows to 1 exponentially with the redundancy M. We now wish to consider
a second example to illustrate that this is not necessarily the case. To this end,
consider M independent measurements each of which for simplicity consists of a
common signal, s, and an independent realization of N pieces of random noise.
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The data obtained at detector k is thus d®) = s+ n(®) 2 We wish to extract s
from this data without making unwarranted assumptions about the noise such as
stationarity and/or Gaussianity. Given this strong constraint, the only assumption
that can be made is that the measurements in the various detectors are genuinely
independent and that there are therefore no correlations in their noise realizations
To be concrete, we will imagine that cross-correlations are given as the Pearson
cross-correlation to be adopted below.”

In these circumstances, it might seem natural to approximate the best common
signal as the average record

| M | M
— = (k) — — (k)
S—M’;d —s+M;r . (5)

Given this guess, we can re-express the individual data strings as d*) = S + p(*)
where the residuals are given as

1 )
(k) — — —_ 1)k _ (7)
p\ = (M —1)r éﬁk r I (6)
J

For sufficiently large IV, it is reasonable to make the approximation that the cross-
correlators C(s,7*)) = 0 for all k and C(r(),r(*)) = 0 for all j # k. This leads to
the result that

1 1 ; 1
= — _— (j) (k) = — .
C(s,S) gy 1 5 and C(pV/, p\*™)) — (7)

It is true that S converges to the exact result s and that the correlations between
the residuals, p(¥), vanish as expected in the limit of large M. Unfortunately, these
convergence rates, which are an elementary consequence of the central limit theorem,
are far too slow to be useful. The fact that all of the M (M —1)/2 correlators between
the residuals have the same value of —1/(M — 1) is also unphysical. Thus, the
assumption that the signal can be approximated by Eq. 5 is unjustified. For the case
M = 2, the cross-correlator C(s,S) has the unsatisfactorily small value of m,
and there is a perfect anti-correlation between the residuals with C(pq, p2) = —1.
As noted in our earlier work?8, similarly large and unphysical correlations in the
residuals determined by LIGO for GW150914° suggest the existence of problems
with the corresponding GW signal.©

aNote that this is the model used for Bayesian analysis of the LIGO events. 3

bFor two vector records of length N, we first shift the records so that each has average value zero
and rescale them so that the scalar product of each vector with itself is 1. The Pearson cross-
correlation is then the scalar product of these shifted and rescaled vectors and will have a value
between —1 and +1.

°The presence of correlations in the Hanford and Livingston residuals determined in original
template-based analysis of GW150914 raises questions about this analysis. It is important for
others to confirm the existence of these correlations. This can be done using the publicly available
data, as described on our webpage:
http://www.nbi.ku.dk/gravitational-waves/residual_correlations_notebook.html
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The two examples presented in this section can serve as a measure of the extent
to which the benefits of redundancy have been realized by a given method of signal
extraction. When redundancy is not exploited, we find that the extracted signal
converges to the true signal with an error that vanishes slowly (i.e., like 1/v/M)
as the degree of redundancy increases. In contrast, a maximal implementation of
redundancy leads to an exponentially decreasing error rate as a function of M.
This test will be applied in practice in the following sections of this paper. It
should be noted, however, that this increased confidence level has a relatively high
price. As we have seen, the probability that an event will pass the redundancy test
also vanishes exponentially with M. Thus, if event rates are too low, it may be
impossible to realize fully the benefits of redundancy. We stress that the examples
here are highly schematic and are intended to illustrate the general fact that the
benefit of multiple independent measurements depends sensitively on the way these
measurements are analyzed. They do not tell us to how the benefits of redundancy
can be maximally realized in the case of GW data. We consider one such approach
in the following section.

3. Application of the blind estimation method to multiple GW
detectors

3.1. Bastis of the blind estimation method: cross-correlation and
Fisher transformation

We briefly review our previous work on blind estimation.! The strain signal detected
by LIGO in the i-th detector is assumed to be

where X;(t) is the total strain data, N;(t) is the noise, and a; - h(t, A7, AB;) is
the gravitational wave signal with given amplitude a;, time lag A7; and phase shift
AG;, which contain both contributions from projection and detector acceptance. As
mentioned in Ref. 1, we pre-match detector data to roughly remove the contribu-
tions of Ar; and A#; (this can be done precisely with, e.g., an EM-counterpart),
and then the equation becomes

For a blind estimation, we also need to further derive the residual noise, for which
we consider two data sets X; and X, of length N (e.g. cleaned strain data from
two independent detectors) which contain a common signal A. The amplitude of A
could potentially be different in each detector, either due to projection or detector
acceptances. For convenience, we assume that Xy, X5, and A have been shifted to
have zero average values and normalized to have variance unity. Then the Pearson
cross-correlation coeflicient of two such vectors, Cx, x,, is simply the inner product
Sx, x, given by
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N
1
Sxi % = 37 ;Xl(k) - Xo (k). (10)
The residuals are defined as
AA

As mentioned above, the amplitude of the term A (i.e. Sax/Saa) can be different
for two decectors. By construction, the correlations of both Ry and Ry with A are
Z€ro.

The criterion for determining the blind estimate of A is to maximize the Cax,
while simultaneously minimizing the cross-correlation between the residuals Cr, g, -
Note that the residuals R; and Ry are not automatically normalized.

For familiarity and simplicity, we obtain approximate Gaussianity of the result-

ing correlations by using the Fisher transformation: °
1 1+ Cxy
Zxy = =1 — . 12
Xy QOg(l—CXy (12)

3.2. Extension of the likelthood approach

In our previous work,! a blind GW-template estimation was done by considering
the likelihood that a given initial guess, A, is the common signal observed by two
detectors (X7 and Xs) as

log(L) = foxl + ZE;XQ - kzlz%lRQv (13)

where Zax, and Zax, represent the similarity between A and the detector data as
measured by the Pearson cross correlation, Zg, r, represents the similarity between
the residuals from the two detectors, and k is a constant factor determining the
relative weight of the two contributions. The likelihood function is designed to be
maximized at higher Z3 ., and Z3 y, and lower Z% . The initial guess A is then
improved by a random walk approach until the likelihood reaches an oscillatory
region (see Fig. 2 of Ref. 1). The oscillatory region is used to estimate the range of
fluctuation for each pixel as shown in Figs. 4 and 5 of Ref. 1.

The above method was initially designed for the GW150914 event for which
there were only two detectors in the network. A natural extension of the method is
to apply it to multiple detectors, so the likelihood function becomes:

M M-1 M
1og(L) = Z(ZAXi)Z —k Z Z ZRiRja (14)
i=1 i=1 j=i+1

where M is the number of detectors, X; is the data from the i-th detector, A is
the blind estimate of the signal, and R; is the residual after removing this estimate
from the i-th detector. With this modified likelihood function, the blind estimation
method presented in Ref. 1 can be extended to the case of multiple detectors.
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Also note that this kind of likelihood approach is different from a likelihood
approach that assumes either a known covariance matrix or a known theoretical
model, or even both. Here, neither the covariance matrix nor the theoretical model
is assumed, and one starts only from basic ideas about “correlated signals and un-
correlated noise”. Thus the likelihood approach here is totally blind, i.e. it makes
minimal assumptions. This is unlike template-free methods currently in use by
LIGO, such as BayesWave and oLIB, which begin with the assumption of a sta-
tionary Gaussian noise model.'*'2 Finally, we note that if there is any reliable
additional information, such as a known correlation between two of the detectors,
or an especially low SNR in one of the detectors, then such information can also be
added to Eq. 14 by changing the weights of the corresponding terms.

3.3. Test and results

To test the performance of the blind estimation method for the case of multiple de-
tectors, we run a simulation as follows: We select the GW150914 waveform template
as the input “real signal”, and inject it into genuine strain data taken 2,3,..., M +1
seconds after the GW150914 event to simulate the data from multiple detectors.
Here, we are mainly interested in the trend of how the error of estimation decreases
with increasing number of detectors. Thus, for convenience, we assume identical
projections and similar noise levels for all detectors (see also Sec 3.1 of Ref. 1).
In practice, when multiple detectors have different projections and signal-to-noise
ratios, the overall performance will become worse. For simplicity, we will neglect
these concerns here.

For comparison, we adopt a reference estimator of the common signal that is
simply the average of the data from the individual detectors and further assume
that the detector noise is Gaussian. The estimated error will then scale like 1/v/M.
We shall compare the performance of our method with this reference.

As mentioned above, the range of fluctuations is an immediate result from the
oscillations of the likelihood function caused by chance correlations. In the sim-
ulation here, we select the 10th and 90th percentiles of the fluctuation range and
use their difference as a measure of the range of fluctuation for each pixel. This
quantity is averaged over the entire time range of the event as the final estimator
of the uncertainty of blind estimation:

En = (Soo(t) — S10(t)) 5 - (15)

The result of the simulation described above is given in Fig. 1 where it is apparent
that the blind estimation (black) performs better than the 1/v/M reference (red).
This result is not surprising because the 1/ V'M reference is obtained by simple
averaging without consideration of the residual correlations. In other words, an
estimation method that considers both the correlations between signal and data
(first term in Eq. 14) and the correlations between residuals (second term in Eq. 14)
will certainly give better results than simple averaging.
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Fig. 1. The range of fluctuation defined by Eq. 15. The horizontal axis shows the number of
detectors, and the vertical axis shows the estimator of uncertainty, Fjs, calculated using the
convention that strain data is shifted to have zero mean and normalized to have variance unity.
The black line is the performance of the multi-detector blind estimation method, and the red line
is the expectation of the central limit theorem that scales as 1/ V/M given by simple averaging,
which has been normalized to the black line at M = 3.

We also show the input signal and the range of error obtained from blind es-
timations for the extreme example of 32 detectors in Fig. 2. We include, for test
purporses, a slight variation of the above method in which the first term in Eq. 14,
o« Z% x,» is dropped. One can see that even without this seemingly essential term,
one still gets unbiased estimations of the “real signal”. Only the error of estimation
is larger.

The error of the estimated common signal can also be evaluated by comparison
to the real signal h(t). Three cases are considered: the simple average of multiple
detectors, Bi(t); the average of the blind estimations, Bs(t); and the average of
blind estimations calculated only using the residual correlation terms in Eq. 14,
Bs(t). For each of the three cases, we determine the deviation from the real signal
h(t) as

5 = By(t) — h(t) (16)
02 = Bs(t)
5 = Ba(t) — h(t),

I
>
—~
o~
~—

and calculate the standard deviations as o1, 02 and o3 respectively. For a given
number of detectors, we calculate two ratios

T2 = 01/02 (17)
r13 = 01/03,
which are defined such that larger values correspond to better performance than
simply averaging. Our blind estimation method is expected to give smaller uncer-

tainties than simple averaging, thus we should see r15 > 1. Larger values of rqo
indicate better results given by the blind estimation. On the other hand, we expect
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Fig. 2. The real input template (black) and the 10%-90% range of uncertainty (see Eq. 15) given
by the blind estimation for the case of 32 detectors. Upper: using the whole likelihood, as in
Eq. 14. Lower: same as the upper panels but only the residual terms are used. Left: the full time
range. Right: only the second half.

that a blind estimation only using the correlations of the residuals is worse than
simple averaging, but it should still be a reasonable estimation, thus 713 should be
less than 1 but not much lower.

In Fig. 3, we show ris and ri3 as functions of the number of detectors. The
ratio ri lies around 1.2-1.4, indicating that simple averaging gives a 20%—40%
larger error than blind estimation. Also, r13 is about 0.8-0.9, indicating that, even
from only regarding the residual-residual terms of the likelihood, one can still get a
reasonably good estimation of the real input signal. Therefore, Figs. 2 and 3 suggest
that to only compare template to data and ignore residuals is an inefficient use of
experimental resources. We also see from Fig. 3 that, if the number of detectors is
less than 10, then the blind estimation method is significantly better than simple
averaging. With increasing M, however, the improvement of the method slows. This
is possibly due to the finite record length. Since in the near future, the number of
GW detectors will not exceed 10, a blind estimation method such as this one is
especially important.
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Fig. 3. The ratios r12 (black) and 713 (red) as functions of the number of detectors. r12 > 1
means our blind estimation gives lower estimation error than a simple averaging, while r13 close to
1 means even without using the template-data term, one can still get a reasonably good estimation
of the potential common signal using the same blind estimation method.

4. Discussions

The aim of the present paper is two-fold. On the one hand, an exploration of the
role of redundancy in the analysis of LIGO data can help better to understand the
reliability of events already observed. On the other, it can offer some guidance
regarding the most fruitful way to analyze data in the coming multi-detector era of
gravitational wave science. It is our firm conviction that template-based analysis
alone is in principle circular and thus fundamentally flawed. Clearly, a bank that
only contains templates for black hole mergers can never detect anything other than
black hole mergers. The best that one can hope for is to claim that an event is not
inconsistent with black hole merger and then make the best case possible that other
possible origins — terrestrial as well as astrophysical — can be excluded. Rather, we
are convinced that data analysis should begin with the template-free extraction of a
best common signal that can later be compared with specific physical models. This
conviction led to the development of the blind signal estimation initially presented
in Ref. 1 and extended here. This method enabled us to determine the probability
that the best common signal could be described by a gravitational wave template.
Unfortunately, this probability is remarkably low. The probability that the common
signal is LIGO’s original published template was found to be 4x 107, The best GW
template was found to have substantially higher masses (38 and 48 solar masses) and
high spins (0.96 and —0.85, respectively). While better than the published template,
the probability that it was the best common signal still had the unacceptably small
value of 0.008. It should be noted that GW150914 is by far the strongest event seen.
A similar template-free analysis of all other putative gravitational wave events is
consistent with a common signal of zero.

Gravitational wave signals are characteristically much smaller than measured
data indicating that the noise is much stronger than the signal. Thus, a reliable
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blind analysis of GW data requires detailed knowledge of the origin and nature
of detector noise. Unfortunately, it is generally acknowledged that this noise is
neither Gaussian nor stationary. In order to make a reliable detection of a GW
signal, it is essential that there be no correlation between the residuals observed at
individual detectors. This obvious requirement lies at the heart of the justification
for incurring the expense of performing redundant measurements of a given signal
with two or more independent detectors. We have thus provided simple schematic
examples to show that the accuracy of detection can be improved exponentially with
an increasing degree of redundancy. This stands in sharp contrast to the far slower
convergence expected from a simple average of the measured signals. These results
are supported by simulations based on a realistic gravitational wave form and real
LIGO noise data. These results indicate the important role played by the residual
correlations in the data analysis. Indeed, it is possible to obtain a reasonably good
estimation of the injected signal by using only these terms. In summary, these
results provide a strong reminder of the importance of exploiting redundancy in
the analysis of both present and future gravitational wave data and suggest that
this can be accomplished by including the suppresion of residual correlations in the
construction of a satisfactory likelihood function.
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Kamioka, Gifu, Japan. One of the key features of KAGRA is the cryogenic mirrors for the
3km arm cavities. KAGRA plans to begin the operation before the end of 2019. KAGRA
plans to join the network observation of global gravitational wave interferometers.
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1. Introduction

The gravitational wave astronomy has begun with the detection of gravitational
waves (GWs) in the past three years. LIGO Scientific Collaboration and Virgo
Collaboration have reported mergers of binary black holes*? and a merger of binary
neutron stars®. These observations have already proved that the gravitational waves
are very important for the understanding of the Universe.

2. Overview of KAGRA

KAGRA*? is a laser interferometer with 3 km arms, constructed in Kamioka, Gifu,
Japan, and was in its final installation phase as of August 2018. After the con-
ference, in April 2019, the construction has been completed. KAGRA is located
underground for smaller seismic noise. KAGRA will use 4 cryogenic mirrors for the
3 km arm cavities to reduce thermal noise around the detector’s most sensitive band
at around 100 Hz. The KAGRA collaboration is an international collaboration with
more than 200 collaborators.

The optical configuration of KAGRA is similar to LIGO and Virgo, with 3 km
arm length and various optical cavities in the arms and recycling systems. Each
mirror is suspended by vibration isolation system. Depending on the requirement
on the vibration isolation of the mirrors, there are essentially 4 types of vibration
isolation systems. For example, the arm cavity mirrors are suspended by a 13.5-
meter-long vibration isolation system. Figures 1 and 2 show the interferometer
configuration and 4 types of vibration isolation systems.
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Fig. 1. Schematic of the KAGRA interferometer. All the mirrors shown are suspended inside the
vacuum tanks with four types of vibration isolation systems.

Fig. 2. Vibration isolation system for mirrors. The location of these systems are shown in Fig. 1.
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Four cryogenic mirrors are suspended by Type-A system (see Fig. 2). The top
part is a room temperature system and the bottom part is cryogenic. Figure 3
shows the details of the cryogenic payload.

Fig. 3. Left: The drawing of the cryogenic payload under Type-A. Right: The schematic of the
cryogenic suspension system of sapphire test masses. Upper part of the suspension system outside
of the thermal shield are at room temperature.

3. Status of KAGRA

The KAGRA project was approved by the Japanese government in 2010. The
excavation of the underground facility including the 3km x 3km arm tunnels was
finished in March 2014. The installation of vacuum tubes for the 3km x 3km
arms was completed in February 2015. KAGRA had the initial 3 km interferometer
operation in the spring of 2016 with the simplest configuration. Then in the spring
of 2018, interferometer operation with one cryogenic mirror was carried out. As
of summer, 2018, the construction of the KAGRA interferometer was in the final
stage. The construction was finished in April 2019. KAGRA is in the middle of the
interferometer commissioning as of May 2019.

4. Plan of KAGRA

LIGO and Virgo began the third observation run (O3) in April 2019. O3 is expected
to continue until the end of March 2020. Therefore, KAGRA plans to join O3
before the end of 2019. After joining O3, KAGRA would like to fully join the later
observation runs (04, O5 and later).
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Figure 4 shows the sensitivity of KAGRA as a function of time®. It is estimated
that the sensitivity of KAGRA during O3 will be limited (8-25Mpc) because of the
short time for the commissioning and noise hunting before joining O3.

Fig. 4. The expected sensitivity of KAGRA as a function of time®.

5. Scientific merits

It T well known that the scientific merit should be maximized if the operations of
the interferometers are coordinated. Therefore, KAGRA plans to join the global
network of gravitational wave interferometers, starting in O3.

Let us assume that we need at least 3 interferometers in operation to get scientific
results, such as the determination of the source direction. Assuming that each in-
terferometer has the duty cycle of 80%, the probability of the 3-detector coincidence
in operation is 51% for 3 interferometer configurations. If there are 4 interferome-
ters including KAGRA, the 3-detector coincidence in operation should be improved
to 81%. Clearly adding the 4" interferometer (namely, adding KAGRA) has a
significant impact on the effective observation time of the interferometers.

Initially there were only 2 LIGO interferometers. During that period the accu-
racy of the source localization was limited. Adding Virgo had a significant impact
on the source localization. Since KAGRA is located far from both LIGO and Virgo,
KAGRA’s operation is expected to make the source localization and waveform re-
construction more precise.
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Finally, it should be mentioned that KAGRA is located in the same mountain
as Super-Kamiokande. Therefore, if a supernova explodes in our Galaxy, KAGRA
and Super-Kamiokande should observe gravitational wave and neutrinos signals,

respectively. These data can be analyzed without worrying the relative timing,
which is a merit of KAGRA.

6. Summary

KAGRA is a unique GW interferometer with the underground site and the cryogenic
technology. KAGRA has finished the installation in April 2019, and plans join O3
in late 2019. We would like to contribute to the global network of gravitational
wave interferometers and contribute to the science of gravitational wave astronomy.
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In this talk, I give a brief introduction to the TianQin project, which aims to start
space-based gravitational wave detection in the 2030s. My main focus will be on the
background, the preliminary concept, the scientific objectives, the development of key
technologies, the current progress and the international collaboration of the project.

Keywords: TianQin; Gravitational waves; Space-based gravitational wave detection.

1. Introduction

Discussions leading to the TianQin project started in 2013 when a team of scientists
from the Sternberg Astronomical Institute, Moscow State University, joined our
team at the Huazhong University of Science and Technology (HUST) to discuss
ideas for future gravitational experiments in space. The focus of the discussion
gradually shifted to a feasible gravitational wave mission in space from China. The
name “TianQin” was proposed during a meeting in March 2014, followed by the
first international workshop on the TianQin science mission in December 2014.
A systematic development of the TianQin project was initiated in Sun Yat-sen
University (SYSU) in early 2015. The paper summarizing the preliminary mission
concept of TianQin was submitted to Class. Quant. Grav. on September 1, 20151,
13 days before LIGO detected its first gravitational wave signal.

The name of the planned detector (which will be consisted of three satellites),
TianQin, is the phonetic spelling of two Chinese characters that, when put together,
mean a harp in space. By choosing this name, the detector is metaphorically seen
as a musical instrument in space to be played by nature with gravitational waves.

In this talk, I shall give a brief introduction to the TianQin project, including the
background (section 2), the preliminary concept (section 3), the scientific objectives
(section 4), the development of key technologies (section 5), the current progress
(section 6) and the international collaboration (section 7) of the project.

2. Background

For more than 100 years, General Relativity has passed numerous non-trivial ex-
perimental tests, including?:

e orbital precession of mercury,
e deflection of light by sun,
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e gravitational redshift,
e Shapiro delay,

e frame dragging,

e gravitational lensing,

and so on. The first detection of gravitational waves by LIGO in 20153 opened
a new era when General Relativity can be tested under extreme conditions where
even black holes can be radically deformed.

Gravitational waves are extremely weak. In the first event detected by LIGO,
GW150914, two black holes with masses 29Mg and 36Mg merged at about 1.3
billion light years away 3, producing gravitational waves with strength at the order
1072 when reaching Earth. The effect of such gravitational wave is comparable to
deforming the distance between the Sun and the Earth by the size of an atom! For
this reason, it has taken people a whole century to detect gravitational waves after
its prediction by Einstein in 1916.

Gravitational waves provide a new method to study the universe, providing
crucial information on the origin and growth of stars, galaxies and the Universe
itself, and on the nature of gravity and black holes. New discoveries have already
been made with the few gravitational wave events detected since 2015, including:

e Showing that massive stellar mass black holes are more abundant than
expected?;

e Demonstrating the feasibility of multi-messenger astronomy >°;

e Showing that binary neutron star mergers are cosmic factories of heavy
elements and are central engines of short gamma ray bursts”.

Close to the frequency band of about 10Hz~ 10*Hz that has already been opened
up with ground based detectors, the millihertz (mHz) frequency band (which typ-
ically corresponds to the frequency range 10~*Hz~ 1Hz) also has many types of
important astronomical and cosmological sources:

e Galactic compact binaries can produce gravitational waves with periods in
the order of a few minutes;

e Systems involving massive black holes can produce gravitational waves with
periods from minutes to years;

e The birth and the initial expansion of the Universe may leave detectable
gravitational waves at all frequencies.

To detect gravitational waves in the mHz frequency band, we need a laser interfer-
ometer with arm lengths at the order 10°km or greater and to stay away from the
seismic noise that has become a limiting factor below about 10Hz for ground based
detectors. So the only feasible way is to put the detector in space.

The idea of using a laser interferometer in space to detect gravitational waves
can be traced back to the 1970s, and the first such mission concept LAGOS was
proposed in the 1980s”. By far the most studied mission concept for space-based
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gravitational wave detection is LISA, which envisages three spacecraft forming a
regular triangle with each side measuring about 2.5 million kilometers '°. LISA has
been selected as the L3 mission in the Cosmic Vision 2015-2025 programme of ESA
and is expected to launch in 2034 .

When TianQin was first proposed in 2014, it was more intended to be an ex-
periment rather than an observatory, with the main goal to verify the prediction of
gravitational waves by General Relativity !. After the first detection of gravitational
waves by LIGO, this primitive goal of TianQin has to be updated. Thanks to the
fact that all laser interferometer-based gravitational wave detectors are wide band
detectors, TianQin has the natural capability of being a space-based gravitational
wave observatory. However, the initial goal of TianQin has allowed it to take some
special features that are not shared by any other mission concept proposed. One of
our task is to investigate the consequence of such special features when TianQin is
to be treated as a gravitational wave observatory.

3. The preliminary concept of TianQin

A description of the mission concept of TianQin has been presented in'. Here I
only summarize some of the key features:

e TianQin will be consisted of three satellites, forming a regular triangle
constellation;

e The TianQin satellites will be on nearly identical geocentric orbits with
radii at the order 10° kilometers;

e The plane of the TianQin constellation is nearly perpendicular to the eclip-
tic (the original reason was to let the plane face the ultra-compact binary
system RX J0806.3+1527, so as to maximize the response of TianQin to
this particular source).

The adoption of geocentric orbits brings some advantages for TianQin: the
transfer time for the TianQin satellites to enter the scientific operation orbits is at
the order of dozens of days and TianQin foresees little difficulty with communicating
with Earth.

However, the same geocentric orbits also bring some extra challenges.

Firstly, TianQin is facing a complicated celestial dynamical environment for
being close to Earth and Moon, which directly leads to the question that if TianQin
can even find such orbits that are suitable for gravitational wave detection. For
TianQin, a candidate orbit need to satisfy the following constraints in order not to
interfere with gravitational wave detection:

e The distance between any two satellites need to be very stable, e.g. varying
less than 1% throughout the mission lifetime;

e The relative velocity between any two satellites need to be small, e.g. being
less than 10m/s during scientific observation time;
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e The angle between any pair of arms of the constellation need to be stable,
e.g. varying no more than 0.1 degree in the short term (several months)
and no more than 0.2 degree in the long term (years).

It has been shown that an orbit satisfying all the above requirement does exist .

Recent study has produced more candidate orbits with different orientations, for
which all the above constraints are satisfied 2. Knowledge of the orbit is important
for data analysis purpose. An analytical approximation has also been obtained for
the orbits of the TianQin satellites, based on which the response of TianQin to
gravitational waves have been calculated '. The response allows us to expedite the
procedure of simulating the stain data output of the detector with decent accuracy
and conduct subsequent investigations on the data analysis techniques for various
sources.

Secondly, all the orbits known for geocentric gravitational wave mission have
their orientation nearly fixed in space. This can be seen in the many examples
studied in'4
periodically point toward the Sun. Varying solar radiation on the telescopes can
lead to temperature fluctuation and temperature gradient in the satellites, causing
problem for the detection of gravitational waves.

With TianQin, a solution to this problem is made possible by a particular feature
of the mission: the “standing” orbital plane. The plane of the TianQin constellation
is facing JO806, and the location of the latter is about 4.7° below the ecliptic. As a
result, the plane of the TianQin constellation is nearly perpendicular to the ecliptic
and it will sweep through Sun only twice a year.

When the plane of the TianQin constellation comes too close to the Sun, there
will be times that the telescopes point too close to the direction of the Sun, caus-
ing problems for the observation. TianQin adopts a “3-month on + 3-month off”
detection scheme (to be further optimized) to cope with the problem. The orbit of
the Earth can be partitioned into four sections, each has about 3 months:

. As a result, the telescopes used for inter-satellite laser ranging will

e From early June to early September and from early December to early
March, sunlight is at large angles with respect to the plane of the TianQin
constellation. During such times, the telescopes will be well protected from
the Sunlight.

e From early March to early June and from early September to early Decem-
ber, sunlight is at small angles with respect to the plane of the TianQin
constellation. During such times, there can be direct sunshine on the tele-
scopes and TianQin will suspend observation.

As such, TianQin solves the problem but pays the price of having shortened obser-
vation time.
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4. The scientific objectives of TianQin

The main gravitational wave sources for TianQin include Galactic compact binaries,
massive black hole binary coalescence, extreme mass ratio inspirals, stellar mass
black hole inspirals, possible first order phase transition in the early Universe, and
possibly some unforeseen sources®:

e With Galactic compact binaries, TianQin seeks to study the formation and
evolution of compact Galactic binaries, to combine GW+EM observation
to obtain comprehensive understanding of the Galactic binary systems.

e With massive black hole binary coalescence, TianQin seeks to discover seed
black holes in the early universe, to depict massive black hole growth pro-
cess, to study the surrounding environment of massive black hole merger,
to test the Kerr-ness of the post-merger object, and to test deviation from
General Relativity.

e With extreme mass ratio inspirals, TianQin seeks to study the dynamic
environment around black holes in the nearby universe, to explore the fun-
damental nature of gravity and black holes, including: the multipolar struc-
ture and Kerr-ness of the central massive object, the beyond-general rela-
tivity emission channels, the propagation properties of gravitational waves,
and the presence of massive fields around massive black holes.

e With stellar mass black hole inspirals, TianQin seeks to facilitate multi-
band and multi-messenger observation, and to enhance parameter estima-
tion accuracy, to provide better understanding of the system as well as the
nature of gravity.

e With the waveform of a binary system, TianQin seeks to constrain the
parameters that characterize the deviation of modified theories of gravity
from general relativity.

e TianQin seeks to detect stochastic gravitational waves background origi-
nated from stellar mass black hole mergers or even binary neutron star
mergers, and to measure or set limit on cosmic origin stochastic background
(e.g., first order phase transitions).

We also expect enhanced science output if there is enough overlap in the oper-
ation times of TianQin and LISA !5:16,

5. The development of key technologies and research teams

TianQin will rely on high precision intersatellite laser interferometry to detect grav-
itational waves. Two test masses will be placed inside each of the three TianQin
satellites. These test masses will be used as the end points for laser interferometry
between the satellites. The ideal situation is that the test masses exactly follow the
geodesics determined by the ambient gravitational field. In reality, however, there is
environmental effect on the test masses due to electromagnetic force, particle colli-
sion and so on. So the variation of distance between the test masses and the satellite
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is closely monitored and the information is used to control the satellite to follow the
motion of the test masses. For this process to work, one will need high precision
inertial sensors, micro-Newton thrusters and a dragfree control mechanism.

For the inertial sensor, a preliminary conceptual design for TianQin has been
presented in'. TianQin requires that the resolution of the inertial sensor is at the
order 10~%m/s?/Hz'/? in the mHz frequency band.

Our team has started working on inertial sensors since 2000. A space electro-
static accelerometer with a resolution of 4 x 10~%m/s?/Hz'/? and a dynamic range
of 1072 m/s? is being tested and functions well in flight from Nov. 2013 up to
now'®. A second space electrostatic accelerometer with a resolution of 3 x 10719
m/s?/Hz'/? and a dynamic range of 10~°m/s? has been put to use in space from
April to Sep. 201717,

For intersatellite laser interferometry, TianQin requires that the displacement
measurement noise is at the order 10~'?m/Hz'/? in the mHz frequency band. In
order to achieve this level of accuracy, we need technologies with laser interferometer
(including ultra-stable optical bench, laser, telescopes, and clocks and so on), and
ultra-stable temperature control of the satellite platform. A preliminary conceptual
design for the space laser interferometry for TianQin has been given in!.

Our team has started working on intersatellite laser interferometry since 2002.
We have built a 10-m prototype of intersatellite laser ranging system in 2010 and
a resolution of 3.2 nm has been achieved?’. An ultra-precise phasemeter has been
developed in 2012 and a noise level of 1.2urad/Hz'/? at 1Hz has been achieved?'.
Recently, a novel scheme of intersatellite laser beam acquisition has been developed.
The averaged acquisition time is 10 s for a scanning radius of 1 mrad with a success
rate of 99%22.

Apart from that for the key payloads, satellite technology is needed to provide
ultra-stable and clean environment for the scientific payload and to form and main-
tain a highly coordinated constellation throughout the scientific observation period.
A team responsible for the satellite/system technology has been assembled in SYSU
to study the problems in this direction.

A team responsible for theoretical and data analysis has also been assembled in
SYSU.

Apart from the teams at HUST and SYSU, there are many other groups in
China that have technology background related to space-based gravitational wave
detection. There is an effort to engage all these teams in the work of TianQin.

6. Recent progress

In order to support the development of key technologies, we are constructing a few
dedicated research facilities and have started flight experiments on TianQin key
technologies.
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6.1. Dedicated research facilities

As of present we are constructing three dedicated TianQin research facilities:

e The Payload Research Base, which is responsible for all key technology
research and development for the project.

e A laser ranging station, which will be used to develop laser ranging capa-
bility to TianQin satellites.

e The Ground Simulation Facility, which is responsible for integrated test
and research on the TianQin technologies and prototypes.

The Payload Research Base is consisted of the TianQin Research Building and
a cave lab. The TianQin Research Building has about 30 thousand square meters
in total area and the cave lab has about 10 thousand square meters in total area.
The construction of the Payload Research Base and the laser ranging station has
started on the SYSU Zhuhai campus in the end of 2017. The TianQin Research
Building will be delivered by the end of 2019. The tunnel of the cave lab will be
finished by the end of 2020.

The laser ranging station will be equipped with a 1.2 meter telescope, plus an
education and outreach facility. The laser ranging station will be ready in the early
part of 2019.

The Ground Simulation Facility is a big effort in the TianQin project. The idea
is to have a facility that can simulate as close as possible the various aspects of
a space-based gravitational wave mission. The facility will have the capability to
simulate space environment, inertial reference, inter-satellite laser interferometry,
the formation of TianQin constellation and the process of space-based gravitational
wave observation. The facility will also aid in signal abstraction and data analysis.
The facility will be located on the SYSU Shenzhen Campus.

6.2. Flight erperiments

There are two space experiment projets going on at the moment:

e Laser ranging to the Chang’E 4 (CE4) relay satellite;
e The TQ-1 experimental satellite.

Laser ranging technology will be used to help tracking the TianQin satellites. In
order to bring the needed technology to mature, the TianQin project has planned
a lunar laser ranging program, which involves (1) creating new generation corner
cube retro-reflectors to be deployed on the surface of Moon or to be carried by high
Earth orbit satellites, and (2) upgrading/constructing laser ranging stations on the
ground. The CE4 relay satellite (QueQiao) has been launched on May 21, 2018 and
has successfully entered a Lissajous orbit around the Earth-Moon L2 point. Our
team have created a single large aperture hollow corner cube retro-reflector (CCR)
and have installed it on the QueQiao satellite. Our next step is to do laser ranging
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experiment to the CCR onboard the QueQiao satellite. As part of the project, the
Yunnan Observatory (located in Kunmin, China) has successfully carried out the
first lunar laser rang experiment in China early 2018. A new laser ranging station
is also being constructed on the SYSU Zhuhai campus and is expected to become
available in the spring of 2019.

We are also preparing for the first experimental satellite, TQ-1, on TianQin
key technologies. The satellite will be equipped with an inertial sensor reaching
the resolution level 10~'2m/s?/Hz'/2? at 0.1Hz, a laser interferometer reaching the
resolution level 0.1nm/ Hz'/? at 0.1Hz. The mission has been approved by the China
National Space Administration and is scheduled for launch in late 2019.

7. International collaboration

International collaboration is an important aspect of the TianQin project. The effort
on the TianQin project is expected to span some 15 years. Due to the long duration
of the effort, a core team is necessary to make sure that the project evolves as
expected. Currently the core team of TianQin is consisted of two teams, located in
two universities in China, Huazhong University of Science and Technology (HUST)
and Sun Yat-sen University (SYSU). The team at HUST was formed in 1983 and has
grown to more than 300 researchers and students by now. SYSU has established in
2016 a new center dedicated to the TianQin project, the TianQin Research Center
for Gravitational Physics. The center has grown to more than 100 researchers and
students by now.

The TianQin collaboration has been formally established in the end of 2018
during the fifth international workshop on the TianQin science mission.
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