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The Big Picture: On the Origins of Life, Meaning, and the Universe Itself
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1- The phrase also alludes to a collection of short stories by the
British writer Martin Amis. The stories dwell on the threat of
nuclear war, and the allusion is to £ = mc?, the equation in
which Einstein pointed to the enormous power of the atom-
ic nucleus. See Martin Amis, Einstein’s Monsters (London:
Jonathan Cape, 1987).

el Slast 15V Juadll

1- R. MacCormmach, Weighing the World: The Reverend John
Michell of Thornhill (Berlin: Springer, 2012).

2- J. Michell, Philosophical Transactions of the Royal Society of
London 74 (1784): 35-57.

3- S. Schaffer, “John Michell and Black Holes,” Journal for the
History of Astronomy 10 (1979): 42-43.

4- The Michelson-Morley experiment was an attempt to detect
the aether, a diffuse medium pervading space that was hypoth-
esized to carry the force of gravity and mediate electromag-
netic waves. This famous “failed” physics experiment found
that light arrives at the same speed, regardless of the Earth’s 30
kilometer-per-second motion around the Sun. The null result
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When [ was a student studying physics in London, I visited
Cambridge to try and get a measure of Isaac Newton. [ wanted
to understand the man behind the equations. With help from a
colleague 1 got access to Newton’s rooms at Trinity College.
His study had narrow arched windows and was lined with dark
wood, so it was gloomy even at noon. I’d read that he solved
problems by “thinking upon them without ceasing,” and my
guide told me a story of one of the rare times Newton enter-
tained guests. Going to the back room to get a bottle of port,
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Out in the quadrangle, 1 walked on the gravel paths where,
300 years earlier, Newton drew scientific diagrams with a
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case they interfered with a work of genius. That afternoon I
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ography of Isaac Newton (Cambridge, UK: Cambridge Uni-
versity Press, 1983).
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Thought experiments are powerful tools for advancing sci-
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of posing a hypothetical question to Nature. Galileo provides
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trary to popular belief, he never actually did this experiment).
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used them to try and understand the implications of the quan-
tum theory of matter.
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Pais, Subtle is the Lord: The Science and Life of Albert Ein-
stein (Oxford: Oxford University Press, 1982).

11- The Sonnets of Robert Frost, edited by J. M. Heley (Manhat-
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tion rather than theory. Many years later I spent some time in
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nearly twenty years there, from 1936 until his death, work-
ing not at Princeton University but at the nearby Institute for
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apologizing to its current occupant, noted Canadian mathema-
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Institute, I passed Einstein’s white clapboard house on Mercer
Street. His house was later occupied by the physicist Frank
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he pruned math from the initial manuscript down to the single
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he followed up with a shorter, simplified version: S. Hawk-
ing, The Illusitrated Brief History of Time (New York: Bantam,
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the linear space of Newtonian gravity. To come up with gen-
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Society A 324 (1970): 539-48.
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System. The near side of the Earth experiences stronger grav-
ity from the Moon than the far side of the Earth, and when
the oceans respond to this difference it creates the tides. The
Sun also exerts a tidal force on the Earth, smaller because of
its larger distance. When the tidal force on a solid object like
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a moon or an asteroid exceeds the strength of the rock, the
object breaks up. This location is called the Roche limit. Tidal
forces on Jupiter’s small moon make it the most active volca-
nic world in the Solar System. Mathematically, the tidal accel-
eration across an object of size d a distance R from an object
of mass M is 2GMd/R>.
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lent to $400 today) to anyone who could deduce Kepler’s laws
of planetary motions from an inverse square law for gravity.
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gestible interview with Andy Strominger about this work is
in Seth Fletcher’s blog Dark Star Diaries, http://blogs.scien-
tificamerican.com/dark-star-diaries/stephen-hawking-s-new-
black-hole-paper-translated-an-interview-with-co-author-an-
drew-strominger/.

The pressure balance within a star getting its energy from
nuclear fusion is called hydrostatic equilibrium. The process
has negative feedback and acts like a thermostat. If for some
reason the Sun felt pressure from outside and was squeezed,
the temperature of the denser gas would go up, the nuclear
reaction rate would go up, and more pressure would be cre-
ated, expanding the Sun slightly. If for some reason the Sun
expanded slightly, the interior temperature would go down,
the nuclear reactions rate would also go down, and with less
pressure created the Sun would shrink slightly. Stars like the
Sun are long-term stable and nothing like bombs.

A star fusing hydrogen into helium is said to be on the main
sequence. In the early twentieth century, astronomers Ejnar
Hertzsprung and Henry Norris Russell showed that when the
luminosity of a star is plotted against its color or surface tem-
perature, it doesn’t occupy all parts of that diagram. Most stars
fall on a diagonal running from high luminosity and high tem-
peratur to low luminosity and low temperature. Stars fusing
other nuclear fuels or stars that have collapsed to their end
states lie in other parts of the diagram.

The radiation law that governs stars is called the Stefan-Boltz-
mann law. It describes a blackbody, an object that is in equi-
librium and has a constant temperature. The law says the total
power radiated by a star is proportional to the product of the
surface area and the temperature to the fourth power. So radia-
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Yvy



sl s

html .Women have fared only slightly better with other Nobel
Prize subjects. Astronomy has gradually improved its gender
balance, but men still outnumber women in the highest aca-
demic ranks and they win the lion’s share of the major awards.
I know Jocelyn Bell fairly well; we overlapped for a while at
the Royal Observatory in Edinburgh and she and my mother
went to the same Quaker meeting house for years. She vivid-
ly remembers the moment of discovery, seeing metronomic
squiggles on a strip chart that had no obvious explanation. She
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cation of Cygnus X-1 with HDE 226868,” Nature 235 (1971):
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the X-ray source was L. L. E. Braes and G. K. Miley, “De-
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16- From Bruce Rolston, “The First Black Hole,” news release,
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ca/bin/bulletin/nov10_97/art4.htm.

17- The Canadian progressive rock band Rush heard about the
first black hole soon after its discovery and wrote a song cy-
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bums, in 1977 and 1978. In this allegorical work, the explorer
ventures into the black hole, crying out with a cry of “Sound
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album Wish You Were Here, featuring the nine-part composi-
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other hand alluding to white dwarfs as quasi-crystalline car-
bon. “There’s a look in your eyes like black holes in the sky,”
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star orbit is so subtle that it just wobbles. For example, Jupiter,
the most massive planet in the Solar System, causes the Sun to
wobble around its edge with a period equal to the 12 years of
Jupiter’s orbital period.

19- Orbits are generally elliptical rather than circular, but that
complication doesn’t affect the main argument. The velocity
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changes through the orbit, but the average velocity is the same
as for a circular orbit of the same size.

20- The full solution to a binary orbit gives the equation PK*/2nG
= M sin’i/ (1+q)?, where P is the period, K is half the full
amplitude of the radial velocity variation, M is the black hole
mass, and ¢ is the ratio of the companion mass to the black
hole mass.

21- D. Sobel, The Glass Universe: How the Ladies of the Har-
vard Observatory Took the Measure of the Stars (New York:
Viking, 2016).

22- C. Brocksopp, A. E. Tarasov, V. M. Lyuty, and P. Roche, “An
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the Components of the HDE 226868/Cygnus X-1 Binary Sys-
tem,” Monthly Notices of the Royal Astronomical Society 358
(2005): 851-59.

24- J. A. Orosz et al., “The Mass of the Black Hole in Cygnus
X-1,” Astrophysical Journal 724 (2011): 84-95.

25- This brief discussion elides dozens of papers and thousands
of hours of observations that elevated Cygnus X-1 to the sta-
tus of a gold-plated black hole candidate. It took years for
the observational errors to be reduced and other models to be
ruled out. For example, as a way of avoiding the black hole in-
ference, early models invoked a triple star system, with a blue
supergiant and close binary consisting of a main sequence star
and a neutron star. These models were eventually found to be
highly unlikely. See H. L. Shipman, “The Implausible History
of Triple Star Models for Cygnus X-1: Evidence for a Black
Hole,” Astrophysical Letters 16 (1975): 9-12.

26- J. Ziolkowski, “Black Hole Candidates,” in Vulcano Work-
shop 2002, Frontier Objects in Astrophysics and Particle

YV¢



oSl

Physics, edited by F. Giovanelli and G. Mannocchi (Bologna:
Italian Physical Society, 2003), 49-56, and J. E. McLintock
and R. A. Remillard, “Black Hole Binaries,” in Compact Stel-
lar X-Ray Sources, edited by W. H. G. Lewin and M. van der
Klis (Cambridge, UK: Cambridge University Press, 2006),
157-214.

27- There’s another way to detect isolated black holes, based on
the fact that they can pull in tenuous gas from the interstellar
medium. If this gas heats up as it falls onto the black hole, it
will emit a distinctive spectrum of visible radiation. One study
sifted through nearly 4 million stellar sources from the Sloan
Digital Sky Survey and ended up with forty that had the ap-
propriate optical colors and weak X-ray emission. None has
been confirmed as a black hole so the jury is still out on this
method.

28- Dark matter is one of the great unsolved problems in cosmol-
ogy. Star motions in galaxies of all types show that they must
be held together by some form of matter that doesn’t emit light
but adds up to 6 times the sum of all stars. Microlensing sur-
veys were used to show that, at least in the Milky Way, dark
matter can’t be composed of stellar remnants or sub-stellar
objects. Infrared observations additionally rule out rocky ob-
jects, all the way from planets to dust grains. The best remain-
ing explanation is a new form of massive, weakly interacting
subatomic particle.

29- L. Wyrzykowski, Z. Kostrzewa-Rutkowska, and K. Rybic-
ki, “Microlensing by Single Black Holes in the Galaxy,” Pro-
ceedings of the XXXVII Polish Astronomical Society, 2016.
Despite the difficulty, microlensing is an important comple-
ment to black hole statistics from binary systems. Black holes
in binaries are not found smaller than 6 solar masses, and neu-
tron star masses almost all lie between 1 and 2 solar masses.
There seems to be a “gap” in the mass distribution of stellar
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remnants from 2 to 6 solar masses, potentially challenging
current theories of remnant formation. Reassuringly, micro-
lensing shows no such gap.

30- E. A. Poe, “A Descent into the Maelstrom” (1841), in The
Collected Works of Edgar Allan Poe, edited by T. O. Mabbott
(Cambridge, MA: Harvard University Press, 1978).

31- America’s venerable Hoover Dam, opened in 1936, gener-
ates 25 times less electricity, and doesn’t crack the top fifty
in the world in terms of power production. The highest peak
power production is from the controversial Three Gorges Dam
in China, but averaged over a year the Itaipu Dam slightly
edges it out.

32- The angular momentum of a particle is mvr, the mass of the
particle times its velocity times its distance from the black
hole. Kepler’s second law shows how angular momentum is
conserved in an orbit. When a planet or a comet moves closer
to the Sun, it moves faster, so » goes down but v goes up to
compensate, and the product is constant.

33- The actual calculation requires general relativity and some
numerical approximations. The only more efficient energy
production process is matter- antimatter annihilation, which
releases mass-energy with 100% efficiency. However, that is
a very rare situation in the universe, whereas accretion power
1s seen coming from all black holes in binary systems. For the
full story, see a textbook like J. Frank, A. King, and D. Raine,
Accretion Power in Astrophysics, 3rd edition, (Cambridge,
UK: Cambridge University Press, 2002).

34- The thorny problem was figuring out how angular momen-
tum could be lost to allow matter to fall in. The answer in-
volved turbulence and the role of magnetic fields that thread
the accretion disk. The first “standard” accretion disk model,
which partially solved the problem, was N. I. Shakura and R.
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Appearance,” 4stronomy and Astrophysics 24 (1973): 337-55.
The breakthrough was the realization that magnetic fields can
greatly boost angular momentum transport; see S. A. Balbus
and J. F. Hawley, “A Powerful Local Shear Instability in Weak-
ly Magnetized Disks: 1. Linear Analysis,” Astrophysical Jour-
nal 376 (1991): 214-33. It took the power of modern comput-
ers to fully model the situation. 3D magneto-hydrodynamics
calculations are among the most challenging in astrophysics.

35- D. Raghavan et al., “A Survey of Stellar Families: Multiplic-
ity of Solar-Type Stars,” Astrophysical Journal Supplement
190 (2010): 1-42.

36- The imaginary surface defining the region where material is
bound to a star in a binary system is called a Roche lobe, after
a French astronomer and mathematician of the mid-nineteenth
century. Roche lobes are stretched from spheres for isolated
stars to teardrop shapes for close binaries. In a detached bi-
nary, each star has its own Roche lobe. In a semi-detached bi-
nary, the teardrops touch and mass can flow through the point
where they meet, the Lagrangian point, named after an Italian
astronomer and mathematician of the mid-eighteenth century.
In a contact binary, the stars have a common envelope and
much of the mass is shared. When the stars have wider sepa-
rations mass can pass between them if one star is massive and
has a wind; a fraction of the gas flowing out in all directions
will fall onto the companion.

37- D. Prialnik, “Novae,” in Encyclopedia of Astronomy and As-
trophysics, edited by P. Murdin (London: Institute of Physics.
2001), 1846-56. About 10 novae are discovered in the Milky
Way each year, and they mostly flare up on timescales ranging
from 1,000 to 100,000 years. A few spectacular novae flare
up within a human lifetime and brighten enough to be visible
without a telescope. T Coronae Borealis, or the “Flare Star,”
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flared to become one of the brighter stars in the sky in 1866
and 1946, and RS Ophiuchi has flared enough to be visible
with the naked eye five times in the past century, most recently
in 2006.

38- This scenario might seem minor and esoteric, but it is central
to modern astronomy. Some supermovae (called Type 2) hap-
pen when a single massive star dies, but they have luminosi-
ties that vary widely. However, when a supernova goes off in
a binary system (called Type 1a), it’s the result of matter being
“spooned onto” a white dwarf in a regulated way, so the lumi-
nosity only varies from one system to another by 15%. These
supernovae are “standard bombs,” so they are also “standard
light bulbs” that can be used to measure distance. Since a su-
pernova can be as bright as an entire galaxy, they are visible
out to distances of billions of light years. Type 1a supemovae
were used to discover the accelerating universe and dark ener-
gy in the mid-1990s, work that resulted in a Nobel Prize. See
S. Perlmutter, “Supernovae, Dark Energy, and the Accelerat-
ing Universe,” Physics Today, April 2003, 53-60.

39- K. A. Postnov and L. R. Yungelson, “The Evolution of Com-
pact Binary Systems,” Living Reviews in Relativity 9 (2006):
6-107.
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1- The telescope cost him $2,000, equivalent to about $33,000
today. Reber was a one-man shop, laying cement, doing his
own metalwork and woodwork, wiring and building the re-
ceiver, making the observations, and reducing the data and
interpreting it astronomically.

2- As the Earth orbits the Sun, every star rises and sets four min-
utes earlier each day. That adds up to twenty-four hours over a
year, and the whole sky cycles through our night. Star time, or
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sidereal time, is therefore slightly different from Sun time, or
solar time. Jansky used this to show that his radio signal had
an extraterrestrial origin, just as Jocelyn Bell did decades later
with pulsars.

3- K. Jansky, “Electrical Disturbances Apparently of Extrater-
restrial Origin,” Proceedings Institute of Radio Engineers 21
(1933): 1837. There’s a remarkable parallel with the acciden-
tal discovery of microwave radiation left over from the big
bang three decades later. In 1964, Amo Penzias and Robert
Wilson, at Bell Labs, were looking into the feasibility of sat-
ellite communications using microwaves. When they tracked
down noise sources in their radio receiver they found a weak
residual “hiss” that had the same intensity in all directions in
the sky. It was radiation from the early universe, cooled and
diluted by cosmic expansion. This time, Bell Labs took notice.
Penzias and Wilson won the Nobel Prize in Physics in 1978
for their discovery.

4- In honor of his pioneering contribution, the unit of radio ra-
diation strength was named the jansky, so he joined a handful
of other electrical pioneers with units named after them: Watt.
Volt, Ohm, Hertz, Ampere, and Coulomb. Jansky died in 1950
at the age of forty-four, from Bright’s disease that led to kid-
ney failure. He never got to see the rapid growth of the subject
he started.

5- Quoted in W. T. Sullivan, ed., Classics of Radio Astronomy
(Cambridge, UK: Cambridge University Press, 1982).

6- This story is told by John Kraus in Big Ear (Delaware, OH:
Cygnus-Quasar Books, 1994), and in J. D. Kraus, “Grote Re-
ber, Founder of Radio Astronomy,” Journal of the Royal As-
tronomical Society of Canada 82 (1988): 107-13.

7- G. Reber, “Cosmic Static,” Astrophysical Journal 100 (1944):
279. See also the commentary written for the centennial issue
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of the journal, K. 1. Keller- man, “Grote Reber’s Observations
of Cosmic Static,” Astrophysical Journal 525 (1988): 371-72.

8- Kraus, “Grote Reber, Founder of Radio Astronomy.”

9- In spectroscopy, the wavelengths of the spectral lines match
to elements and give chemical composition, but the nature
of the lines indicates the physical situation of the gas. When
cooler gas is outside a hotter source of energy, like the outer
envelope of a star, absorption lines are seen. That’s what von
Fraunhofer first saw in the Sun in the early 1800s. When gas
is energized so that the electrons are tripped off all the atoms,
it leads to a set of emission lines, indicating a very hot source.
And when in addition the spectral lines are broad, the large
velocity range indicates a violent source of energy to cause the
motion of the gas.

10- S. J. Dick, Discovery and Classification in Astronomy. Con-
troversy and Consensus (Cambridge, UK: Cambridge Univer-
sity Press, 2013).

11- I was lucky to use the 100-inch telescope on Mount Wil-
son the year before the Caregie Institution mothballed it. The
growing lights of Los Angeles had made it uncompetitive years
before, but it was exciting to use a telescope that had been the
world’s largest for thirty years, the telescope Edwin Hubble
used to show that galaxies were remote from the Milky Way
and that the universe was vast and expanding. I remember the
row of wooden lockers behind the north pier, one of which
had Hubble’s name neatly etched on a brass plaque. Perhaps
Hubble left his last night lunch inside? Walking on the dome
floor, I saw beads of mercury underfoot. The telescope bear-
ings floated on mercury and it leaked; over the years several
staff members died from too much contact with it. In Hubble’s
time, the observers worked for a few hours, stopped for dinner
followed by port and cigars, and then resumed their labors.
Dinner at Mount Wilson was old-school and formal. The se-
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nior astronomer on the mountaintop sat at the head of the ta-
ble, with other staff astronomers nearby, and the students and
postdocs like me at the far end of the table. Dinner was served
by a brilliant but tempestuous French chef who had started a
number of restaurants around Los Angeles, but each one had
failed as he fell out with his patrons and backers. Mount Wil-
son Observatory was a perfect haven for someone who was
creative but had sociopathic tendencies. The food was sump-
tuous, but so rich that I found myself hallucinating as the night
wore on. To clear my head I walked out onto the catwalk that
circled the dome three stories up. Stars twinkled above while
the city lights spread out below in a glowing, quilted grid.

12- C. K. Seyfert, “Nuclear Emission in Spiral Galaxies,” 4stro-
physical Journal 97 (1943): 28-40.

13- Ryle and Lovell were physicists who clearly saw the power
of radio techniques to open up a new window on the universe.
They easily moved past the gulf that had separated the engi-
neering and science “cultures” and they each started a major
university research group, turning radio astronomy into just
another branch of astronomy. The wartime radar expert Robert
Dicke started a research group at MIT, but radio astronomy
was surprisingly slow to take off in the United States, given
that it was the home of Jansky and Reber.

14- Ruby Payne-Scott’s contributions have been described in M.
Goss, Making Waves: The Story of Ruby Payne-Scott, Austra-
lian Pioneer Radio Astronomer (Berlin: Springer, 2013). The
early story of radio astronomy is excellently told in W. T. Sul-
livan III, Cosmic Noise: A History of Early Radio Astronomy
(Cambridge, UK: Cambridge University Press, 2009).

15- The confusion deepened when Ryle and others showed that
the radiation from Cygnus A was in fact steady. The varia-
tions that had been observed were due to bending of radio
waves by clouds of ionized gas in the Earth’s upper atmo-
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sphere. Ironically, this didn’t kill the “radio star” hypothesis
because, in optical light, stars twinkle and planets don’t. This
is because stars are point-like and planets are disk-like, so a
planet’s twinkling is washed out for an observer on the Earth.
By the same logic, if Cygnus A twinkles it must be point-like
or at least have a small angular size.

16- B. Lovell, “John Grant Davies (1924-1988),” Quarterly
Journal of the Royal Astronomical Society 30 (1989): 365-69.

17- The actual formula is Q = 1.22 (A/D), where Q is the angular
resolution or width of the beam in radians, A4 is the wavelength
of observation and D is the telescope diameter (measured in
the same units).

18- The method is a radio analog of Michelson’s interferometer
or Young’s double slit experiment. Imagine a source directly
overhead for two radio dishes. The path length taken by the
waves to each dish is the same, so when those waves are com-
bined they add to give a higher amplitude. As the source moves,
the path difference changes; when it’s half a wavelength the
two signals combine and cancel out. So as the source moves, a
fringe pattern of high and low signals is created. The width of
the interference fringes is set by the separation of the two dish-
es, which is why the position can be determined so accurately.
The radio astronomy group in Australia devised an ingenious
version of this idea. They placed an antenna on a sea cliff,
facing east. As a radio source rose, the radio radiation would
reach the antenna directly at a shallow angle but also traveling
a slightly longer path by reflection off the sea’s surface. The
antenna and its “mirror image” were the two elements of the
interferometer.

19- Quoted in the editor’s introduction to Quasi-Stellar Sources
and Gravitational Collapse: Proceedings of the First Texas
Symposium on Relativistic Astrophysics, edited by 1. Robin-
son, A. Schild, and E.L. Schucking (Chicago: University of
Chicago Press, 1965).
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20- Quoted in J. Pfeiffer, The Changing Universe (London: Vic-
tor Gollancz, 1956).

21- A. Alfven and N. Herlofson, “Cosmic Radiation and Radio
Stars,” Physical Review 78 (1950): 616. Other early papers
were G. R. Burbidge, “On Synchrotron Radiation from Mess-
ier 87,” Astrophysical Journal 124 (1956): 416-29, and V. L.
Ginzburg and 1. S. Syrovaskii, “Synchrotron Radiation,” An-
nual Reviews of Astronomy and Astrophysics 3 (1965): 297-
350.

22- Substantial technical problems had to be overcome to match
strong radio sources to optical counterparts. Different radio
surveys didn’t always agree on the strength or even the exis-
tence of a particular source. Radio sources have angular sizes
that range from tens of arc minutes down to a few arc seconds,
and what’s seen with an interferometer depends on the num-
ber of elements in the array and their spacing, as well as the
frequency of observation. Also, the number of radio sources in
any particular area of sky increases quite rapidly with decreas-
ing radio flux. That means there can be multiple sources near
the limit of detection that conspire to look like a single, stron-
ger source. This is called the “confusion limit” of a survey.

23- C. Hazard, M. B. Mackey, and A. J. Shimmins, “Investigation
of the Radio Source 3C 273 by the Method of Lunar Occul-
tations,” Nature 197 (1963): 1037-39; M. Schmidt, “3C 273:
A Star-like Object with Large Redshift,” Nature 197 (1963):
1040; J. B. Oke, “Absolute Energy Distribution in the Optical
Spectrum of 3C 273,” Nature 1987 (1963): 1040-41; and J.
L. Green- stein and T. A. Matthews, “Redshift of the Unusu-
al Radio Source: 3C 48,” Nature 197 (1963): 1041-42. For a
modern summary of the chronology, see C. Hazard, D. Jaunc-
ey, W. M. Goss, and D. Herald, “The Sequence of Events that
led to the 1963 Publications in Nature of 3C 273, the first Qua-
sar and the first Extragalactic Radio Jet,” in Proceedings of
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IAU Symposium 313, edited by F. Massaro et al. (Dordrecht:
Kluwer, 2014).

24- Interview with Maarten Schmidt on the fiftieth anniversary
of his discovery, http://www.space.com/20244-quasar-mys-
tery-discoverer-interview.html.

25- In fact, Australian radio astronomer John Bolton and Amer-
ican astronomer Allan Sandage each had a spectrum of 3C
48 in 1960, and both narrowly missed making the first quasar
discovery three years before Schmidt.

26- Cosmological redshift is physically distinct from a Doppler
shift. Doppler shift occurs when a wave travels in a medium
and the source of the wave is moving with respect to the ob-
server. The common example is a siren that rises in pitch when
a police car is approaching and falls in pitch when the car is
receding. Cosmological redshift does not require a medium,
because the change in wavelength is caused by the expansion
of space-time everywhere in the universe.

27- Cosmology broadens the Copernican principle, the idea that
we don’t occupy a privileged location in the Solar System, to
the whole universe. It’s a fundamental assumption of modern
cosmology that hasn’t been violated by any observation so far.
The galaxies near the Milky Way don’t appear to be any dif-
ferent, or distributed differently, from galaxies in remote parts
of the universe.

28- Hubble’s law is v = H, D, where v is the recession velocity, D
is the distance, and the constant of proportionality is the Hub-
ble constant, or the current expansion rate of the universe. The
low redshift approximation in terms of the recession velocity
and the speed of light is z = v/c. The correct relativ- istic for-
mula is z = V(i + v/c)/(1 - v/c).

29- M. Schmidt, “Large Redshifts of Five Quasi-Stellar Sourc-
es,” Astro-physical Journal 141 (1965): 1295-1300.
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30-F. Zwicky and M. A. Zwicky, Catalogue of Selected Compact
Galaxies and of Post-Eruptive Galaxies (Guemligen, Swit-
zerland: Zwicky, 1971). The paper that raised his ire was A.
Sandage, “The Existence of a Major New Constituent of the
Universe: The Quasi-Stellar Galaxies,” 4strophysical Journal
141 (1965): 156068. The episode is recounted in K.I. Keller-
man, “The Discovery of Quasars and its Aftermath” Journal
of Astronomical History and Heritage 17 (2014): 267-82.

31- The next phase of giant telescope building is as fiercely com-
petitive as the last phase. Each of the 20-meter or larger tele-
scopes planned will cost a billion dollars or more. The Giant
Magellan Telescope is on the inside track, with five of the
seven mirrors already cast at the University of Arizona, and
a mountaintop scraped off and construction started in Chile.
The Caltech project to build a 30-meter telescope was stalled
due to opposition on Mauna Kea from native Hawaiian activ-
ists, but is now back on track. The 39-meter telescope of the
European Southern Observatory will also go to Chile, and it
is well funded by international agreements among the mostly
European partners. The dark horse in the race is China, which
may leapfrog over the 8-10-meter class to build another giant
telescope on the Tibetan plateau.

32- The Seyfert calculation was presented in L. Woltjer, “Emis-
sion Nuclei in Galaxies,” Astrophysical Journal 130 (1959):
38-44. The energy calculation for radio galaxies was present-
ed in G. Burbidge, “Estimates of the Total Energy and Mag-
netic Field in the Non-Thermal Radio Sources,” Astrophys-
ical Journal 129 (1959): 849-52.

33- V. Ambartsumian, “On the Evolution of Galaxies,” in The

Structure and Evolution of the Universe, edited by R. Stoops
(Brussels: Coudenberg, 1958), 241-74.

34- E. Salpeter, “Accretion of Interstellar Matter by Massive Ob-
jects,” Astro- physical Journal 140 (1964): 796-800; Ya. B.
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Zel-dovich, “On the Power Source for Quasars,” Soviet Phys-
ics Doklady 9 (1964): 195-205.

35- The main proponents of noncosmological redshifts in the
1960s and through the 1970s were Halton Arp and Bill Tifft on
the observational side and Fred Hoyle and Geoff Burbidge on
the theoretical side. The quasar redshift “controversy” was the
subject of heated debate at conferences, with little agreement
between the two sides. The debate was largely settled in favor
of the cosmological interpretation by the 1980s, but even now
there are some researchers who claim quasars are not at the
distances indicated by their redshifts. The observational argu-
ments can be seen in H. C. Arp, “Quasar Redshifts,” Science
152 (1966): 1583, and the theoretical argument can be seen in
G. Burbidge and F. Hoyle, “The Problem of the Quasi-Stellar
Objects,” Scientific American 215 (1966): 40-52.

36- All the radio emission is from electrons emitting synchro-
tron radiation in a hot but diffuse plasma. The energy trans-
port must be very efficient to reach so far beyond the galaxy.
The lobes present the places where relativistic particles “hit”
the diffuse intergalactic medium, often creating hot spots of
enhanced emission. The hot plasma is threaded by magnetic
fields which means the radio emission has linear polarization.

37- D. S. De Young, The Physics of Extragalactic Radio Sources
(Chicago: University of Chicago Press, 2002).

38- The discovery papers were A. R. Whitney et al., “Quasars
Revisited: Rapid Time Variations Observed Via Very Long
Baseline Interferometry,” Science 173 (1971): 225-30, and M.
H. Cohen et al., “The Small Scale Structure of Radio Galaxies
and Quasi-Stellar Sources at 3.8 Centimeters,” Astrophysical
Journal 170 (1971): 207-17. Apparent superluminal motion
had been predicted, based on theoretical arguments, five years
earlier, in M. J. Rees, “Appearance of Rel- ativistically Ex-
panding Radio Sources,” Nature 211 (1966): 468-70.
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39- A.-K. Baczko et al., “A Highly Magnetized Twin-Jet Base
Pinpoints a Super- massive Black Hole,” Astronomy and As-
trophysics 593 (2016): A47-58.

40- The ionized regions around stars also show strong emission
lines, but the lines in Seyfert spectra require a lot of ultraviolet
radiation to be excited, more than can be generated by young
stars. Spectroscopy was used to classify Seyferts as either
Type 1, with very broad emission lines indicating gas motions
up to 5% of the speed of light, or Type 2, with narrower emis-
sion lines. Seyferts 1s are generally more luminous than the
Seyfert 2s, and there’s even an intermediate class of Seyfert
1.5 galaxies, where the emission lines have weak broad wings
superimposed on strong narrow cores. Astronomers also found
a category of galaxies with low excitation nuclear emission
lines, or LINERs, which are more active than a normal galaxy
but less active than a Seyfert galaxy. Yes, the taxonomy of
active galaxies i1s complex and confusing.

41- This type of observation of quasar “host galaxies™ in the
1990s helped lay to rest the claim that quasar redshifts were
noncosmological. There was a continuum of active nuclei
ranging from mild ones nearby to very remote and luminous
ones, where the data was consistent with them living in a gal-
axy at the distance indicated by the redshift in an expanding
universe. Meanwhile, some of the evidence for noncosmolog-
ical redshifts evaporated. There was no excess of redshifts at
particular values, the distribution was smooth, and apparent
associations of high redshift quasar with low redshift galaxies
were shown to be coincidences and not indicative of a physi-
cal connection.

42- R. D. Blandford and M. J. Rees, “Some Comments on the
Radiation Mechanism in Lacertids,” in Pittsburgh Conference
on BL Lac Objects, edited by A.M. Wolfe (Pittsburgh: Univer-
sity of Pittsburgh, 1978).
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43- C. S. Bowyer et al., “Detection of X-Ray Emission from 3C
273 and NGC 5128,” Astrophysical Journal 161 (1970): L1-
L7.

44- The first sensitive study of quasar X-ray emission was H.
Tananbaum et al., “X-Ray Studies of Quasars with the Ein-
stein Observatory,” A strophysical Journal 234 (1979): L9-13.
Greg Shields was the first to suggest that quasar UV emission
was due to an accretion disk, in G. A. Shields, “Thermal Emis-
sion from Accretion Disks in Quasars,” Nature 272 (1978):
706-08. Matt Malkan was the first to derive detailed accre-
tion disk models, in M. A. Mal- kan, “The Ultraviolet Excess
of Luminous Quasars: II. Evidence for Massive Accretion
Disks,” Astrophysical Journal 268 (1983): 582-90.

45-D. B. Sanders et al., “Continuum Energy Distribution of Qua-
sars - Shapes and Origins,” 4 strophysical Journal 347 (1979):
29-51.

46- IceCube Collaboration, “Neutrino emission from the Direc-
tion ofthe Blazar TXS 0506+056 Priorto the IceCube-170922A
Alert,” Science 361 (2018), 147-51.

47- 1 did my PhD on blazars, and I was drawn to them because
they offered the clearest view of the maelstrom. At each ob-
serving run, | had a “hot list” of several dozen targets where
monitoring with small telescopes had shown signs of unusual
activity. Sometimes the target was a bust, the light trace as flat
as a millpond. Other times, the central black hole was gorg-
ing on gas and stars and cranking out high-energy radiation
and electrons traveling at 99.999% of the speed of light. Like
Poe’s fictional narrator, I was drawn by the terrible beauty of
a deep and unforgiving gravitation pit.

48- M. A. Orr and 1. W. A. Browne, “Relativistic Beaming and
Quasar Statistics,” Monthly Notices of the Royal Astronom-
ical Society 200 (1982): 1067-80. A relativistic jet oriented
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close to the line of sight can easily have its flux boosted by a
factor of 1,000. The counter-jet is moving rapidly away from
the observer so is de-amplified; the result for the observer is a
one-sided jet. Extended radio emission is not part of a relativ-
istic flow so its flux is unaffected.

49- The progress of this idea can be followed in two review arti-
cles separated by more than twenty years: R. R. J. Antonucci,
“Unified Models for Active Galactic Nuclei and Quasars,” An-
nual Reviews of Astronomy and Astrophysics 31 (1993): 473-
521; and H. Netzer, “Revisiting the Unified Model of Active
Galactic Nuclei,” Annual Reviews of Astronomy and Astro-
physics (2015): 365-408.
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1- The most famous representation of this myth is Tintoretto’s
The Origin of the Milky Way (1575), in the National Gallery
in London. Most people in Western countries live in cities and
suburbs and their view of the Milky Way is obscured by light
pollution. When I survey millennials in large classes I teach at
the University of Arizona, typically only 10% have ever seen
the Milky Way.

2- Z. M. Malkin, “Analysis of Determinations of the Distance

between the Sun and the Galactic Center,” 4 stronomy Reports
57 (2013): 128-33.

3- W. M. Goss, R. L. Brown, and K. Y. Lo, “The Discovery of
Sgr A%’ in “Proceedings of the Galactic Center Workshop -
The Central 300 Parsecs of the Milky Way,” Astronomische
Nachrichen, supplementary issue 1 (2003): 497-504.

4- M. J. Rees, “Black Holes,” Observatory 94 (1974): 168-79.

5- Infrared detectors were often developed for military applica-
tions like nighttime battlefield imaging and heat-tracking of
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missiles, which slowed their adoption in the civilian and re-
search sectors. Also, infrared imaging must deal with thermal
background radiation that is millions of times higher than the
optical radiation from a dark night sky. For the overall histo-
ry of the subject, see G. H. Rieke, “History of Infrared Tele-
scopes and Astronomy,” Experimental Astronomy 125 (2009):
125-41. For a history of detector development, see A. Rogal-
ski, “History of Infrared Detectors,” Opto-Electronics Review
20 (2012): 279-308. Optical astronomy took its big leap for-
ward in the late 1970s when charged coupled devices (CCDs)
migrated from research labs to astronomical use.

The crowding of images in a dense region of stars, or the
smooth distribution of light in a galaxy image, is the result
of images that are far bigger than the stars themselves. Star-
light is blurred by a particular amount when it passes through
the Earth’s atmosphere, regardless of the size of the source of
light. Stars in our part of the Milky Way are widely separat-
ed and almost never collide; the distances between them are
millions of times larger than their sizes. Even in the central
part of the Milky Way, the distances between stars are tens
of thousands of times larger than their sizes and they almost
never collide.

From the German group, A. Eckart and R Genzel, “Observa-
tions of Stellar Proper Motions Near the Galactic Centre,” Na-
ture 383 (1996): 415-17, and A. Eckart and R. Genzel, “Stellar
Proper Motions in the Central 0.1 pc of the Galaxy,” Monthly
Notices of the Royal Astronomical Society 28 (1997): 576-98;
and from the American group, A. M. Ghez, B. L. Klein, M.
Morris, and E. E. Becklin, “High Proper Motion Stars in the
Vicinity of Sagittarius A™: Evidence for a Supermassive Black
Hole at the Center of our Galaxy,” Astrophysical Journal 509
(1998): 678-86.

Quoted in http://www.pbs.org/wgbh/nova/space/andrea-ghez.
html.
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9- Reinhard Genzel explains why it’s so important to have a mas-
sive black hole on our doorstep, thousands of times closer than
any other active galaxy or quasar: “The center of our galaxy
is a unique laboratory where we can study the fundamental
processes of strong gravity, stellar dynamics, and star forma-
tion that are of great relevance to all other galactic nuclei, and
with a level of detail that will never be possible beyond our
Galaxy.” Quoted in http://www.universetoday.com/22104/be-
yond-any-reasonable-doubt-a-supermassive-black-hole-lives-
in-centre-of-our-galaxy/.

10- Andrea Ghez left behind the tentativeness of a young re-
searcher long ago. She’s a superstar and a role model for
young women in astronomy. Ghez was elected to the Nation-
al Academy of Sciences before she turned forty, and in 2008
was awarded a MacArthur Fellowship, colloquially known as
the “genius prize.” She’s unaffected by all the celebrity and
enjoys talking about having as much fun as when she solved
puzzles as a young child: “Research is a wonderful career, be-
cause once you’ve started to work on one question, what you
find is not only the answer to the first question but new puz-
zles. I think that’s what keeps me going, there are always open
questions, new puzzles.”

11- F. Roddier, Adaptive Optics in Astronomy (Cambridge, UK:
Cambridge University Press, 2004).

12- A. M. Ghez et al., “Measuring Distance and Properties of the
Milky Way’s Supermassive Black Hole with Stellar Orbits,”
Astrophysical Journal 689 (2008): 1044-62; and S. Gillesen
et al., “Monitoring Stellar Orbits Around the Massive Black
Hole in the Galactic Center,” Astrophysical Journal 692
(2009): 1075-1109.

13- S. Gillesen et al., “A Gas Cloud on its Way Towards the Su-
permassive Black Hole in the Galactic Centre,” Nature 481
(2012): 51-54.
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14- S. Doeleman et al., “Event-Horizon Scale Structure in the
Supermassive Black Hole Candidate at the Galactic Centre,”
Nature 455 (2008): 78-80.

15- A. Boehle et al., “An Improved Distance and Mass Estimate
for Sgr A* from Multistar Orbit Analysis,” Astrophysical Jour-
nal, 830 (2016): 17-40.

16- M. Schmidt, “The Local Space Density of Quasars and Ac-
tive Nuclei,” Phys- ica Scripta 17 (1978): 135-36.

17- D. Lynden-Bell, “Galactic Nuclei as Collapsed Old Qua-
sars,” Nature 223 (1969): 690-94.

18- The formula for the gravitational influence radius is R = GM/
v°, where M is the black hole mass in solar masses and v is the
dispersion or spread in velocities of stars within that radius,
caused by both the black hole and the stars themselves. Based
on the observed scaling relations between black hole mass and
stellar velocity dispersion, this becomes R~ 35 (M/10°)'” par-
secs.

19- Combining the formula for the gravitational radius R = GM/
v’ with the formula for the Schwarzschild radius R,, = GM/c?
leads to R /R,, = (c/v)?, which is about 10¢ for a massive gal-
axy, where v = 200-300 kilometers per second.

20- R. F. Zimmerman, The Universe in a Mirror: The Saga of
the Hubble Space Telescope and the Visionaries Who Built It
(Princeton: Princeton University Press, 2010).

21- I used Hubble back when it was first launched and many
times since. “Used” is a euphemism, since even experienced
astronomers don’t get to move the telescope around and watch
as faint galaxies swim into view. With a price tag of $8 billion,
it’s far too valuable to risk a malfunction caused by a careless
user. After getting allocated orbits in a fiercely competitive
review process, astronomers submit their target lists and an
Al scheduling algorithm interleaves them to minimize energy
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use, instrument changes, and time spent slewing the telescope.
A few weeks later the reduced data is available to download
from a secure website. Not very romantic, alas.

22- Inevitably, there are complications and subtleties. Galaxies
are threedimensional objects, so three-dimensional space mo-
tions project down to two dimensions on the plane of the sky,
and a spectrograph slit can only sample a one-dimensional map
of the dispersion in velocities. As a result, the data has to be
modeled and assumptions are made in the analysis. Different
slit orientations can be used to get close to a two-dimensional
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