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We deeply appreciate the helpfulness of Drs. Penzias and Wilson of the Bell Telephone
Laboratories, Crawford Hill, Holmdel, New Jersey, in discussing with us the result of
their measurements and in showing us their receiving system. We are also grateful for
several helpful suggestions of Professor J. A. Wheeler.
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A MEASUREMENT OF EXCESS ANTENNA TEMPERATURE
AT 4080 Mc/s

Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and

free from seasonal variations (July, 1964-April, 1965). A possible explanation for the
observed excess noise temperature is the one given by Dicke, Peebles, Roll, and Wilkinson
(1965) in a companion letter in this issue,
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Measurements of the effective zenith noise temperature of the 20-foot horn-reflector
antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
excess temperature is, within the limits of our observations, isotropic, unpolarized, and

free from seasonal variations (July, 1964-April, 1965). A possible explanation for the
observed excess noise temperature is the one given by Dicke, Peebles, Roll, and Wilkinson
(1965) in a companion letter in this issue,
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antenna (Crawford, Hogg, and Hunt 1961) at the Crawford Hill Laboratory, Holmdel,
- New Jersey, at 4080 Mc/s have yielded a value about 3.5° K higher than expected. This
4:" excess temperature is, within the limits of our observations, isotropic, unpolarized, and

’ free from seasonal variations (July, 1964-April, 1965). A possible explanation for the
observed excess noise temperature is the one given by Dicke, Peebles, Roll, and Wilkinson
(1965) in a companion letter in this issue,
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COSMIC BLACK-BODY RADIATION*

Could the universe have been filled with black-body radiation from this possible high-
temperature state? If so, it is important to notice that as the universe expands the
cosmological redshift would serve to adiabatically cool the radiation, while preserving the
thermal character. The radiation temperature would vary inversely as the expansion
parameter (radius) of the universe.

D. T. WILKINSON




COSMIC BLACK-BODY RADIATION*

Could the universe have been filled with black-body radiation from this possible high-
temperature state? If so, it is important to notice that as the universe expands the
cosmological redshift would serve to adiabatically cool the radiation, while preserving the
thermal character. The radiation temperature would vary inversely as the expansion
parameter (radius) of the universe.

While all the data are not yet in hand we propose to present here the possible conclu-
sions to be drawn if we tentatively assume that the measurements of Penzias and Wilson
(1965) do indicate black-body radiation at 3.5° K. We also assume that the universe can
be considered to be isotropic and uniform, - ‘

D. T. WILKINSON
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THE BLACK-BODY RADIATION CONTENT OF THE UNIVERSE
AND THE FORMATION OF GALAXIES*

P. J. E. PEEBLES
Palmer Physical Laboratory, Princeton University, Princeton, N J.
Received March 8, 1965, revised June 1, 1965

ABSTRACT

A critical factor in the formation of galaxies may be the ﬁresence of a black-body radiation content
of the Universe. An important property of this radiation is that it would serve to prevent the formation
of gravitationally bound systems, whether galaxies or stars, until the Universe has expanded to a critical
epoch. There is good reason to expect the presence of black-body radiation in an evolutionary cosmology,
and it may be possible to observe such radiation directly.

Assuming that the Universe is expanding and evolving, very likely most scientists
would agree on the over-all picture for the evolution of the Universe. At a remote time
in the past the Universe contained only dense gaseous material, with neither stars nor
galaxies. As the Universe expanded from this state the material became organized into
galaxies and clusters of galaxies, and the material within galaxies passed through the
generations of stars. Now a central question is what were the physical processes, and
what were the physical parameters and conditions that determined how galaxies formed,
with the observed distributions of mass and size, and the observed tendency for galaxies
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ABSTRACT

A critical factor in the formation of galaxies may be the Eresence of a black-body radiation content
of the Universe. An important property of this radiation is that it would serve to prevent the formation
of gravitationally bound systems, whether galaxies or stars, until the Universe has expanded to a critical
epoch. There is good reason to expect the presence of black-body radiation in an evolutionary cosmology,
and it may be possible to observe such radiation directly.

Assuming that the Universe is expanding and evolving, very likely most scientists
would agree on the over-all picture for the evolution of the Universe. At a remote time
in the past the Universe contained only dense gaseous material, with neither stars nor
galaxies. As the Universe expanded from this s@afe the material became organized Into ] rganize

galaxies and clusters of galaxies, and the material within galaxies passed through the
generations of stars. Now a central question is what were the physical processes, and
what were the physical parameters and conditions that determined how galaxies formed,

with the observed distributions of mass and size, and the observed tendency for galaxies
to be distributed in clusters.
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The Universe today 1s not simple — its quite complex
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IsoTrROPY OF THE Cosmic

MicrRowAVE BACKGROUND How did small scale

inhomogeneities
- arise from a
homogenous start

MAP920004

Where did the richness structure of the
cosmic web come from?
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The Grin Cosmologies*

E.R.Harrison

‘Well! I've often seen a cat without a grin,‘ thought Alice; ‘but a grin
without a cat! It’s the most curious thing I ever saw in all my life!’

Lewis Carroll, Alice in Wonderland




Q. JI R. astr. Soc. (1970) 11, 214-217.

The Grin Cosmologies*

E.R.Harrison

‘Well! I've often seen a cat without a grin,‘ thought Alice; ‘but a grin
without a cat! It’s the most curious thing I ever saw in all my life!’

Lewis Carroll, Alice in Wonderland

Everything in the Universe is smeared out
into a rudimentary continuous fluid. It is like the grin on the face of
the Cheshire Cat. The grin gets larger as we progressively discard the
detail and structure of the Universe—and eventually the grin enguifs
the whole cat. All that remains is a featureless Universe whose study

is the concern of what may be called the ‘grin cosmologies’.

v .




Q. JI R. astr. Soc. (1970) 11, 214-217.

The Grin Cosmologies*

E.R.Harrison

‘Well! I've often seen a cat without a grin,‘ thought Alice; ‘but a grin
without a cat! It’s the most curious thing I ever saw in all my life!’

Lewis Carroll, Alice in Wonderland

The discovery of the 3 °K background radiation has made the early |
Universe into an inferno. And consequently the problem of putting |

structure back into cosmologv has become an even more difficult
enterprise.

It is too soon to say whether the new ideas will succeed and thus
make more realistic our models of the Universe. If they fail, then I
am afraid our cosmologies will begin to have an ironical grin.




SOVIET ASTRONOMY-AJ MAY-JUNE, 1965

DELAYED EXPLOSION OF A PART OF THE
FRIDMAN UNIVERSE, AND QUASARS

I. D. Novikov

Translated from Astronomicheskii Zhurnal, Vol. 41, No. 6
pp. 1075-1083, November-December, 1964
Original article submitted May 4, 1964

A hypothesis interpreting quasistellar radio sources as parts of the Fridman universe
delayed in expansion is considered. The matter comprising these delay cores expands
beyond its Schwarzschild sphere at different times for different cores. Collision with
matter falling in from outside is held responsible for the quasar phenomenon. The exact
solution of the grativational equations describing a cosmological model with delayed
cores is derived. The expansion of each core prior to its interaction with the external
matter repeats the expansion of the entire Fridman model. The possibility of a situation
in which the epoch of expansion of the universe and of the delayed cores is preceded by
the epoch of their contraction is also considered.

'S
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DELAYED EXPLOSION OF A PART OF THE
FRIDMAN UNIVERSE, AND QUASARS

I. D. Novikov

paper. We consider here a homogeneous isotropic
» Fridman cosmological model. We assume that at
| the initial time (the instant of infinite density), not .
all the matter included in the model began to under- e’f:;‘ié’;i‘é‘s“iii’iii
go explosion. Certain regions, which will be as- es. Collision with
sumed spherically summetrical for simplicity in

our treatment, were delayed and failed to expand
for some period with respect to the time in the
co-moving system (for this possibility and the
underlying reasons, see below).

Fig. 1. Vacuole model with de-
layed cores My, M, Mg. A) ex-
panding matter of metagalaxy.



Mon. Not. R. astr. Soc. (1972) 160, Short Communication.

A HYPOTHESIS, UNIFYING THE STRUCTURE AND
THE ENTROPY OF THE UNIVERSE

Ya. B. Zeldovich

(Received 1972 September 4)

SUMMARY

A hypothesis about the averaged initial state and its perturbations is put
forward, describing the entropy of the hot Universe (due to damping of short
waves) and its structure (clusters of galaxies due to long wave perturbations).
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A HYPOTHESIS, UNIFYING THE STRUCTURE AND
THE ENTROPY OF THE UNIVERSE

Ya. B. Zeldovich

(Received 1972 September 4)

SUMMARY

A hypothesis about the averaged initial state and its perturbations is put
forward, describing the entropy of the hot Universe (due to damping of short
waves) and its structure (clusters of galaxies due to long wave perturbations).

A hypothesis is put forward, assuming that initially, near the cosmological
singularity, the Universe was filled with cold baryons. The averaged evolution was
described by the uniform isotropic expansion, according to Friedmann solution
and the equation of state of cold baryons.

; Superimposed on this averaged picture are initial fluctuations of baryon
. density and corresponding fluctuations of the metric.
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SUBJECT

"Aether Drift" and the Isotropy of the Universe: A Pro-
posgd Measurement Utilizing the Primordial Black-Body

black-body radiation as small as 0.2 x 1073 degrees Kelvin using a 33 GHz Dicke
radiameter with a front end temperature of 300°K, flown at an altitude of 45,000
feet on the stabilized platform of the NASA-Ames C-141 airborne telescope. The
acperinentwillbeasazsitive;:tbeofﬂmecoamlogicu?rimipleasmllasa
search for an overall spin to the universe. In addition we should be able to
detect motion of the earth with respect to the distant matter of the universe.
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SUBJECT

"Aether Drift" and the Isotropy of the Universe: A Pro- | ““‘R. Muller, G. Smoc
posed Measurement Utilizing the Primordial Black-Body oATET, Mast
Radiation 9-10-73

ABSTRACT':
vleintaﬂtoseardmforlaxge—angular-scalgudsotmpiesinﬂ\eyrinmdial
black-body radiation as small as 0.2 x 1073 degrees Kelvin using a 33 Gz Dicke
radiameter with a front end temperature of 300°K, flown at an altitude of 45,000
feet on the stabilized platform of the NASA-Ames C-141 airborne telescope. The
experiment will be a sensitive probe of the Cosmological Principle as well as a
search for an overall spin to the universe. In addition we should be able to
detect motion of the earth with respect to the distant matter of the universe.
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DETECTION OF ANISOTROPY IN THE COSMIC BLACKBODY RADIAIION*‘

G.F. Smoot, M.V. Gorenstein and R.A. Muller

University of California
Lawrence Berkeley Laboratory and Space Sciences Laboratory
Berkeley, California 94720
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T)= T, + T, woa (7, Cosna)

ABSTRACT

We have detected anisotropy in the cosmic blackbody radiation
with a 33 GHz (0.9 cm) twin-antenna Dicke radiometer flown
aboard a U-2 aircraft to an altitude of 20 km. In data span-
ning approximately two-thirds of the northern hemisphere, we
observe an anisotropy which is well-fit by a first-order
spherical harmonic with an amplitude of (3.2 %+ 0.6) x 1073°K,
and an _axis of symmetry in the direction-(10.8 # 0.5 hr R.A.,
5° + 10° dec). When expected backgrounds are subtracted, the
amplitude is (3.5 + 0.6) x 10~3°K. This observation is
readily interpreted as due to motion of the earth relative to
the radiation with a velocity of 390 + 60 km/sec.
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ABSTRACT

We have detected anisotropy in the cosmic blackbody radiation
with a 33 GHz (0.9 cm) twin-antenna Dicke radiometer flown
aboard a U-2 aircraft to an altitude of 20 km. In data span-
ning approximately two-thirds of the northern hemisphere, we
observe an anisotropy which is well-fit by a first-order
spherical harmonic with an amplitude of (3.&+ 0.6) x 1073°K,
and an_axis of symmetry in the direction-(10.8 % 0.5 hr R.A.,
5° 4+ 10° dec). When expected backgrounds are subtracted, the
amplitude is (3.5 + 0.6) x 10~3°K. This observation is
readily interpreted as due to motion of the earth relative to
the radiation with a velocity of 390 + 60 km/sec.
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Gt

we calculate that the rotation of the Universe is less than ’A seconds \PM“)

of arc per century.
"“\! SC(("A ofdcrg Ren(-\\ ha-rd\mue
Our limit og&?a also puts a constraint on the existence of large

m

wavelength gravitational radiation. Using the calculation of Burke]'?, we -

conclude that the mass-density of such radiation in the Universe is b S Per G

where p_ 1is the critical mass density necessary to close the universe.
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the radiation with a velocity of 390 + 60 km/sec.
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2 Both Conklin (ref) and Henry (ref) claimed to observe a first-order
harmonic. However in both experiments backgrounds were much larger
than the observed effect, and the resulting fits were very poor. In
both experiments the one-standard-deviation errors in the direction
of the earth's velocity cover a large part of the sky. (Conklin
quotes probable errors, not standard-deviations.)
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6 The reported errors in the preliminary results of Corey and Wilkinson
(ref 3) were statistical only. Newer results from their group (D.
Wilkinson, private communication) are in closer agreement with our
results.
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AT = 3.353 mK
the cosmic blackbody

radiation is isotropic to one part in 3000.




AT = 3.393 mK
the cosmic blackbody

radiation is isotropic to one part in 3000.
If we subtréct_from our ﬁeasured velocity the component
due to the-rbtation of the Milky-Way galaxy9 N300-km[sec, we calculate
‘the net motion of the Milky-Way with respgct to the canqnical reference

frame of cosmology to be V600 kﬁl/sec in the direction (R.A. = 10.4

hr, dec. = -18°). .These various velocities are summarized




Nature Vol. 270 3 November 1977

news and views

DETECTION OF ANISOTROPY IN THE
COSMIC BLACKBODY RADIATION

G. F. Smoot, M. V. Gorenstein, and R. A. Muller

-

e DR
LIRSS

July 6, 1977 oot

. arl
- 3

Prepared for the U. S. Energy Research and
Development Administration under Contract W-7405-ENG-48

)

For Reference

Nat ta e ool e

~ this room

—

9

89%9-T1dT

Aether drift detected at last

from Michael Rowan-Robinson

\
&

O




The Universe may be much
more inhomogeneous than we have
realised till now. and we may have to
be careful about interpreting the ex-
pansion time-scale we measure locally
as the age of the Universe.
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ABSTRACT

We analyze here the dynamics of 400 elliptical galaxies of our all-sky survey.

The motions of the elliptical galaxies, over and above Hubble expansion in the Cosmic Microwave Back-
ground (CMB) frame, are best ﬁtted by a flow toward a great attractor centered on I =307, b =9 at a dis-

" tance of R,, = 4350 + 350 km s~ ! in the Hubble flow. The excess mass must be ~ 5.4 x 1o** pmparable

to the largest superclusters in order to generate the streaming motion at the Sun of 570 + 60 km s i
model, which is an enlarged version of that considered earlier by Shaya, Tammann, a ag
Yahil, and Jones, gives a much better fit to the motions of the elhptlcals than the bulk motlon cons1dered
earlier. The latter was itself a much better fit than pure Hubble flow in the CMB frame.
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ABSTRACT

We analyze here the dynamlcs of 400 elliptical galaxies of our all-sky survey.
- msjon in the Cosmic Microwave Back-

ground (CMB) frame, are best ﬁtted by a flow toward(a great attractor yentered on [ = 307, b =9 at a dis-

' tance of R,, = 4350 + 350 km s~ ! in the Hubble flow. Th ss mass-fust be ~5.4 x 1016 M, comparable
to the largest superclusters in order to generate the streaming motion at the Sun of 570 + 60 km s™". This
model, which is an enlarged version of that considered earlier by Shaya, Tammann, and Sandage, and Lilje,
Yahil, and Jones, gives a much better fit to the motions of the ellipticals than the bulk motion considered
earlier. The latter was itself a much better fit than pure Hubble flow in the CMB frame.
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Mon. Not. R. astr. Soc. (1988) 231, 149-167

Theoretical implications of deviations from Hubble
flow

Nick Kaiser mstitute of Astronomy, Madingley Road, Cambridge CB3 0HA

o ) The magnitude of the velocity ob-
served from the Sun, Vo ~ 600 £ 125 km sec™!, is in
conflict with the observed isotropy of the 2.7-K back-
ground radiation which requires Vo < 300 km sec™!.
This conflict remains unresolved.

While the implications

~ of significant departure from Hubble flow on such a large scale were recognized to be profound, §

the reality of the result was questioned by Fall & Jones (1976) who showed that spurious velocities

could quite easily arise with the Rubin et al. distance estimator as a consequence of the known
clumpiness of galaxies.




Prognoz -9, launched in 1983
N

Deep-space measurements of the microwave background
anisotropy: first results of the Relikt experiment

I. A. Strukov and D. P. Skulachev

Institute for Space Research, USSR Academy of Sciences, Moscow
(Submitted September 16, 1983)
Pis’ma Astron. Zh. 10, 3-13 (January 1984)

An 8-mm radiometer system with a degenerate parametric amplifier was launched on the high-apogee (7 X 10°
km) Prognoz 9 satellite in July 1983 to map the large-scale anisotropy of the cosmic background radiation.
Early results indicate that the amplitude of the dipole and any quadrupole component is measurable to 0.1-
mK rms accuracy, and by the end of the experiment the error should be lower. With 95% confidence the strip
of sky investigated thus far exhibits no quadrupole component above the 0.2-mK level.
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Deep-space measurements of the microwave back
anisotropy: first results of the Relikt experiment

I. A. Strukov and D. P. Skulachev

Institute for Space Research, USSR Academy of Sciences, Moscow
(Submitted September 16, 1983)
Pis’ma Astron. Zh. 10, 3-13 (January 1984)

An 8-mm radiometer system with a degenerate parametric amplifier was launched on the high-apogee (7 X 10°
km) Prognoz 9 satellite in July 1983 to map the large-scale anisotropy of the cosmic background radiation.
Early results indicate that the amplitude of the dipole and any quadrupole component is measurable to 0.1-
mK rms accuracy, and by the end of the experiment the error should be lower. With 95% confidence the strip
of sky investigated thus far exhibits no quadrupole component above the 0.2-mK level.

Accordingly, at a 95% confidence level the portion of
the sky investigated thus far shows no quadrupole com-
ponent of amplitude above 0.2 mK.
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An 8-mm radiometer system with a degenerate parametric amplifier was launched on the high-apogee (7 X 10°
km) Prognoz 9 satellite in July 1983 to map the large-scale anisotropy of the cosmic background radiation.
Early results indicate that the amplitude of the dipole and any quadrupole component is measurable to 0.1-
mK rms accuracy, and by the end of the experiment the error should be lower. With 95% confidence the strip
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4‘ -.rll '
PN Accordingly, at a 95% confidence level the portion of

i o & F the sky investigated thus far shows no quadrupole com-
_ !‘ A ponent of amplitude above 0.2 mK.




NATURE VOL. 324 11 DECEMBER 1986 REV'EW ARTlCLE 529
Cosmic microwave background anisotropy

Nick Kaiser” & Joseph Silk'

* Institute of Astronomy, Madingley Road, Cambridge CB3 O0HA, UK
1 Astronomy Department, University of California, Berkeley, California 94720, USA

Current hypotheses for the origin of structure in the Universe lead to predictions of the amplitudes of
anisotropies in the cosmic microwave background radiation. The dipole anisotropy is related to density
fluctuations on large seales and to other determinations of our motion relative to distant galaxies.
Observation and theory are coming tantalizingly close to measuring the elusive anisotropy, or to
revealing that our ideas about the origin of galaxies and large-scale structures are in need of substantial
revision.
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It is of course conceivable that we are completely on the
Curren
anisorr Wrong track. Perhaps the primordial fluctuation spectrum was

fg;;;t:; not described by a scale-invariant power law, nor was it gaussian,

revealii NOT €VEN adlabatlc
revision.
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Cosmic microwave background anisotropy

Nick Kaiser” & Joseph Silk'

* Institute of Astronomy, Madingley Road, Cambridge CB3 OHA, UK
T Astronomy Department University of California, Berkeley, California 94720, USA

It is of course conceivable that we are completely on the
Curren
anisorr Wrong track. Perhaps the primordial fluctuation spectrum was
- flucrua not described by a scale-invariant power law, nor was it gaussian,

Observ
 revealii NOT  €VeN adiabatic.,

 revisiol

o If our interpretation of the CBR in the standard Big Bang model
" is correct, and there is no real alternative, then we inevitably
| expect to see some residue of these imitial conditions in the

. background radiation anisotropy. It would be too perverse of
Nature to have thrown down an impenetrable screen which

o renders such fluctuations invisible. Eventual detection of 8T/ T

= on some angular scale is inevitable, and it will surely elucidate
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By WARREN E.LEARY
Special 10 The New York Times

WASHINGTON, Nov. 18 — A robot
spacecraft swinging high over the
earth’s poles today began a search for
the beginning of time.

Pushed into space by the thrust of a
Delta rocket launched flawlessly today
from Vandenberg Air Force Base in
California, the craft moved into a cir-
cular 559-mile-high orbit that swings
top-to-bottom around the earth 14
times a day.

From that height, the Cosmic Back-
ground Explorer is to use its cold eyes
10 take sweeping I00KS at the black sky,
useeking faint, warm traces of the first

ght.

Over the next year, the 4,850-pound
craft is to map the entire skg twice in
search of remnants of the Big Bang,
the theoretical birth of existence tkat
sprang from the explosion of unknovn,
primordial material about 15 billion
years ago.

The COBE satellite, which contains

-| the most sensitive detectors ever flown

-

Supersensitive Satellite Starts

‘ eposln

on a space mission, is to sweep the sky
for *‘fossil” radiation generated in the
period between the first minutes of
creation and the time the first stars
and galaxies formed. Its polar orbit
will keep the reflections from the Sun
and Earth from affecting instruments.

The project is one of most impor-
tant to date for the science of cosmolo-

, the study of the earliest beginnings
of the universe,

‘Before the Lights Came On’

“With COBE, we can see things be-
fore the lights came on,"” said Dr. John
C. Mather, chier project sclenust
“*While we probably will not rewrite the
book of cosmology with this mission,
we will write another chapter.”

The solar-powered spacecraft was
designed and built at the National
Aeronautics and Space Administra-
tion's Goddard Space Flight Center in
Greenbelt, Md., which will control and
monitor the $400 million mission. While
the space agency plans to operate the
16-by-28-foot craft for two years, the

-

-
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like the Bi

2 ! first atoms formed.

rac ] A
that produced within the Milky Way
galaxy. The other instruments, the far
infrared absolute spectrophotometer
and the diffuse infrared backeground
exnerimem. will examine different wa-
velenghts of infrared light. To enhance
their sensitivity, the nfrared instru-
ments are cooled with liquid helium to
within 2 degrees Celsius of absolute
zero.

Radilation From Everywhere
“The predominant theory of the ori-

. gin of the universe is the Big Bang,"

said Dr. Mather in a 'elephone inter-

“inis radiation, the remains of a
huge explosion, amounts to 100 times
the energy generated by all the stars,
galaxies, gas clouds and other thi
we Know exist n the universe,” T.
Mather said.

The theory holds that at some point
before the irning of time, all the
universe's matter and energy existed
in a superhot ball of unknown nature
that was perhaps no bigger than a
baseball. This ball expl , beginning
a process that led, after 500,000 years,
to the creation of atoms and in 200 mil-
lion years to the early formation of
stars and galaxies.

e Bang ‘
~ should have produced a smooth, uni-

form sphere of material that spread
+ evenly from the center. But the uni-

N verse is complex and bumpy, with bil-
lfons and billions of stars arranged in
& huge clumps or long strings, and enor-
mous aress of utter void.

The spacecraft's infrared sensors,
which measure heat, may help scien-
sa 118LS learn if black holes and other ex-
", otic phenomena helped create lumps in
« the universe between three minutes
in: @after the Big Bang and the time the

rerse’s Birth

about 300,000 years into the pro-
the epaque plasma from the pri-
explosion turned into more trans-
it gas, a process that released the
ywave radiation scientists hope to
t with the Cosmic Background
wer. Finding bright spots and
spots in this radiation could be
nce of disturbances in the smooth
and such disturbances could be
rtantin explaining the diversity of
the universe, Dr. Mather said.

An explosion like the Big Bang
should have produced a smooth, uni-
form sphere of material that spread
evenly from the center. But uni-
verse is complex and bumpy, with bil-
lions and billions of stars arranged in
huge clumps or long strings, and enor-
mous arezs of utter void.

The spacecraft’s infrared sensors,
which measure heat, may help scien-
tists learn if black holes and other ex-
otic phenomena helped create lumps in
the universe between three minutes
after the Big Bang and the time the
first atoms formed.
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ABSTRACT

We review the concept and operation of the Differential Microwave Radiometers (DMR) instrument
aboard NASA's Cosmic Background Explorer (COBE) satellite, with emphasis on the software
identification and subtraction of potential systematic effects. We present preliminary results obtained
from the first six months of DMR data and discuss implications for cosmology.




Adv. Space Res. Vol. 11, No. 2, pp. (2)193 -(2)205, 1991 0273-1177/91 $0.00 + .50
1991 COSPAR

Printed in Great Britain. .

FIRST RESULTS OF THE COBE SATELLITE
MEASUREMENT OF THE ANISOTROPY OF
THE COSMIC MICROWAVE BACKGROUND

RADIATION

G. F. Smoot,! C. L. Bennett,> A. Kogut,> J. Aymon,'
C. Backus,* G.de Amici,! K. Galuk,* P. D. Jackson,’
P. Keegstra,* L. Rokke,* L. Tenorio,' S. Torres,* S. Gulkis,’
M. G. Hauser,> M. Janssen,’ J. C. Mather,?> R. \Yeiss,"

— e res T o= - -y v e

The results are consistent with
a universe described by a Robertson-Walker metric and show no evidence of anisotropic expansion.
rotation, or localized defects (strings). . - .

tnieuntn dmasmanctra nn'zzl\-nl-:nn hnattne Antievmntan AF eantaméinl

vh?ve?ﬁaz of California, Berk':?ley; Laboratory for Astronomy and
Solar Physics, NASA, Goddard Space Flight Center;

“National Research Council, NASA/GSFC; *ST Systems Inc.;
*NASA Jet Propulsion Laboratory, Pasadena;

°Massachusetts Institute of Technology, 7 Princeton University;
8University of California, Los Angeles; *University of California,
Santa Barbara; '"General Research Corporation, U.S.A.

- L o X Wb, W]

ABSTRACT

We review the concept and operation of the Differential Microwave Radiometers (DMR) instrument
aboard NASA's Cosmic Background Explorer (COBE) satellite, with emphasis on the software
identification and subtraction of potential systematic effects. We present preliminary results obtained
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Political Memo

Why Perot Could Pose a Threat

With $100 Million: It’s His Own

By R. W.APPLE Jr.
Special to The New York Times

WASHINGTON, April 23 — If he|
runs for President this fall, which:

‘seems more likely with each passing

day, Ross Perot says he would be'
willing to spend up to $100 million of.
his own money on the effort — much
more than the major-party nominees
could spend on their own account.

He would be free to do so, whereas
the major-party candidates would
not, because he would not accept any
Federal campaign money, and they
would. In its decision in Buckley v.
Valeo in 1976, the Supreme Court

-

his own money for a television blitz
with the sloun ““Nobody's senator
but yours." Mr. Perot might do the’
same, and like Mr. Kohl he would
benefit from the fact that in looks and
manner he is a million miles from the
popularimage of a Wall Street preda-
tor. Seeming to acknowledge his ris-
ing popularity, Mr. Perot today deliv-
ered his sharpest criticism yet of
President Bush. [Page A20.]

Only John B. Connally in 1980, of all
the candidates who have sought the
Presidency since 1976, went the self-
financizo oae 4 bo did oo o
[
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Late Edition
New York: Today, cooler, variably
cloudy, rain arriving. High 62. To-
night, rain. Low 52. Tomorrow, gray,
damp, raw winds. High 56. Yesterday,
high 78, low 53. Details, page Bl4.

50 CENTS

SCIENTISTS REPORT
PROFOUND INSIGHT
ON HOW TINE BEGAN

‘BIG BANG' THEORY BACKED

Discovery of Wrinkles in Space
Yields Clue to Development
of Gravity and Cosmos

By JOHN NOBLE WILFORD
Special o The New York Times
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the birth of the universe, astronomers looking back toward the . fesssliarioa | momnensmse
beginning of time have detected broad wrinkles in the fabric of e :
space. Their discovery is the first evidence revealing how an

initially smooth cosmos evolved into today's panorama of stars,
galaxies and gigantic clusters of galaxies.
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Dr. Steven Weinberg of the Univer-
sity of Texas at Austin, winner of a
Nobel Prize in Physics and a leading
cosmological theorist, said in an in-
lerview that the satellite’'s detection
of unevennesses in radiation dating
from the infancy of the universe
averted what might have been ‘“‘a
theoretical catastrophe.” If the long-
sought evidence of early structure in
the universe had not been eventually
discovered, he said, ‘‘there’'s no the-
B AVE vel s

“3s in the fabric of
7realing how an
anorama of stars,
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= governing equations (non-relativistic fluid with pressure)

* Poisson’s equation
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* continuity equation
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ABSTRACT

In 2 previcus paper* the writer discussed the possibility of explaining the observed clustering effects
among extragalactic nebulae as a result of captures. The present investigation deals with the important
problem of whether the loss of energy resulting from the tidal disturbances at a closc encounter between
two nebulae is large enough to effect a capture. The tidal deformations of two models of stellar systems,
;‘:;assing each other at a small distance, are studied by reconstructing, piece by piece, the orbits described

y the individual mass elements. The dificulty ol integrating the totlal gravitational force acting upon
a ccrtain clement at a certain point of time is solved by replacing gravitation by light. The mass clements
are represented by light-bulbs, the candle power being proportional to mass, and the total light is meas-
ured by a photocell (Fig. 1). The nebulae are agsumed to have a flattened shape, and each is represented
by 37 light-bulbs. Itisfound that the tidal deformations cause an increase in the attraction between the
two objects, the increase reaching its maximum value when the nebulae are separating, ie., after the
passage. The resulting ioss of energy (Fig. 6) is comparatively large and may, in favorable cases, effect
a calfture. The spiral arms developing during the encounter (Figs, 4) represent an interesting by-product
of the investigation. The direction of the arms depends on the direction of rotation of the nebulae with
respect to the direction of their space motions.

I. THE EXPERIMENTAT ARRANGEMENTS

The present paper is a study of the tidal disturbances appearing in stellar systems
which pass one another at small distances. These tidal disturbances are of some im-
portance since they are accompanied by a loss of energy which may result in a capture

between the two objects. In a previous paper* the writer discussed the clustering tend-

encies among extragalactic nebulae. A theory was put forth that the observed clustering :
effects are the result of captures between individual nebulae. The capture theory seems-
to be able to account not only for double and multiple nebulae but also for the largé
extragalactic clusters. The present investigation tries to give an answer to the importarnt
question of whether the loss of energy accompanying a close encounter between two
nebulae is large enough to effect a capture. 3
A study of tidal disturbances is greatly facilitated if it can he resiricted to only two
dimensions, i.e., to nebulae of a flattened shape, the principal planes of which coincide
with the plane of their hyperbolic orbits. In order ta reconstruct the orbit described by

Mt W. Contr., No. 633; 4p. ., 92, 200, 1g4c.
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of the investigation. The direction of the arms depends on the direction of rotation of the nebulae with
respect to the direction of their space motions.

I BER

I. THE EXPERIMENTAT ARRANGEMENTS

The present paper is a study of the tidal disturbances appearing in stellar systems
which pass one another at small distances. These tidal disturbances are of some im-
portance since they are accompanied by a loss of energy which may result in a capture .
between the two objects. In a previous paper* the writer discussed the clustering tend- .~
encies among extragalactic nebulae. A theory was put forth that the observed clustering :
effects are the result of captures between individual nebulae. The capture theory seems-
to be able to account not only for double and multiple nebulae but also for the largé
extragalactic clusters. The present investigation tries to give an answer to the importart
question of whether the loss of energy accompanying a close encounter between twd
nebulae is large enough to effect a capture. ;

A study of tidal disturbances is greatly facilitated if it can be resiricted to only two
dimensions, i.e., to nebulae of a flattened shape, the principal planes of which coincide
with the plane of their hyperbolic orbits. In order ta reconstruct the orbit described by

Mt W. Contr., No. 633; 4p. J., 92, 200, 1g4c.
383

T SHERTEO T T TGS TSN RN U O



Erik Holmberg

6. 1.—Cross-section of light-bulb and photocell (half-size)
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N =2x 37
e replacing gravity by light (same 1/r® law)

e formation of tidal features
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e gravity of N bodies

—

mr=F@F#) YiEN

11 l

* the “brute force approach” scales like N*:

F(r)——E( _r)f G2

the summation over (N-1) particles has to be done for all N particles:

=> number of floating point operations o« N(N-1) o« N?
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e gravity of N bodies

* the “brute force approach” scales like N*: N-1
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the summation over (N-1) particles has to be done for all N particles:
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e gravity of N bodies
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e the “brute force approach” scales like N*: (N-1)+(N-1) + ....
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the summation over (N-1) particles has to be done for all N particles:

=> number of floating point operations o« N(N-1) « N?
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Three-dimensional numerical model of the formation
of large-scale structure in the Universe

A.A. Klypm and S. F. Shandarin e Keldysh Institute of Applied
Mathematics, Academy of Sciences of USSR, Miusskaja Sq. 4, Moscow 125047, USSR

Received 1982 November 15; in original form 1982 April 28

Summary. The first results of numerical fully three-dimensional simulations
of formation and evolution of the large-scale structure of the Universe are
presented. The simulations were carried out in the framework of the adiabatic
scenario of galaxy formation.

The model contains 323 =32 768 collisionless particles interacting only
gravitationally. Equal mass particles are moving in a collective gravitational
field which is smoothed at small scales. Evolution of perturbations is followed

in an expanding cosmological model.
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Figure 2. Three snapshots of the system. (a) Scale factor @ = 6.2a5p¢ and (5p/p),, = 165 (b) a =
13.6a5art: (80/0);, >3.3; () @ = 18agart; (80/p);, > 4.8. Only each cighth particle is plotted in the

-




‘igure 3. A small fragment of the particle distribution plotted in Fig. 2(b), when a = 13.6ag1qrt. As
pposed to Fig. 2 here all particles in the sphere with radius R = 67, = 304" Mpc are plotted. Every
particle is depicted as a triangle whose size is proportional to di from an observer. The
observer is situated at a distance 1.5 R from the centre of the sphere.

In Fig. 3 three different projections of the particle inside the sphere are shown. They
were obtained with two successive rotations by 45° around an axis designated by +. One sees
that within the sphere there are two rich clusters and two chains. A chain of particles
conneets the clusters, while another one begins in the bottom cluster, then goes up and left
in Fig. 3(c) and leaves the sphere (at the upper left of Fig. 3a) without touching the upper
cluster. A very complicated spatial distribution of the particles makes it too difficult to
realize the relative location of the chains.
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‘igure 3. A small fragment of the particle distribution plotted in Fig. 2(b), when a = 13.6ag1qrt. As
pposed to Fig. 2 here all particles in the sphere with radius R = 67, = 304" Mpc are plotted. Every
particle is depicted as a triangle whose size is inversely proportional to distance from an observer. The
observer is situated at a distance 1.5 R from the centre of the sphere.

Figure 3(c)

v

In Fig. 3 three different projections of the particle inside the sphere are shown. They
were obtained with two successive rotations by 45° around an axis designated by +. One sees
that within the sphere there are two rich clusters and two chains. A chain of particles
conneets the clusters, while another one begins in the bottom cluster, then goes up and left
in Fig. 3(c) and leaves the sphere (at the upper left of Fig. 3a) without touching the upper
cluster. A very complicated spatial distribution of the particles makes it too difficult to
realize the relative location of the chains.

A more effective but much more complicated way is to draw a surface of a constant density
level. In Fig. 4 a part of a surface defined as p =2.5p (p is the mean density, p = 1) is
shown. It is depicted inside the same sphere. Two dots show the cluster centres. The chains
in the figure touch each other near the upper cluster. This is the result of a coarse-grained
grid, which was used to define the surface.
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Figure 4. A surface of constant density level is plotted for the same region as that in Fig. 3.




The computation of the spatial two-point correlation function was based on the standard
definition:

N,
£(r) =z

—1, Ne<nV =N 20
rNcAV c tot ( )

where N, is a number of pairs within the distance interval 7, r + dr. N, is a number of
randomly chosen centres (in our case N, = 450); 7 is the mean particle density (7 = 1), and
AV=4n/3[(r +dr)’ —r®] is the volume between successive spheres. The usual difficulty
arising from sample boundaries is avoided owing to periodicity. At z =0 (which corresponds

00
[

2 3 4 5 ’ 10 20 30 Mpc

' Figure 5. Spatial two-point correlation function computed at the time corresponding to Fig. 2(a). The
~ straight line is a function ¢ = (3.5h7" Mpc/r)'-*.
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Summary. We investigate the clustering of particles in Friedmann models of
the Universe using 1000- and 20 000-body numerical simulations. The results
of these computations are analysed in terms of the two- and three-point
correlation functions, the mean relative peculiar velocity between particle
pairs (vy;), and the mean square peculiar velocity dispersion between pairs
(v3,). In the case of Einstein—de Sitter models we find that on scales corres-
ponding to the transition region £~ 1, I{vy;)|> Hry; and this results in a
non-power law form for £(r), in rough agreement with simple analytic
treatments based on the homogeneous spherical cluster models for the
collapse of protoclusters. Our results are in conflict with the kinetic theory
calculations of Davis & Peebles who studied the problem in the case of an
Einstein—de Sitter Universe and found good agreement with observational
data. These authors suggest that clusters develop substantial non-radial
motions whilst they are still small density fluctuations, so that when a cluster
fragments out of the general Hubble expansion, it is already virialized. This
‘previrialization’ effect does not appear to occur in the numerical models
described here. We also examine the effects of particle discreteness and two-
body relaxation, which are particularly important in the N-body models but
neglected in the approach of Davis & Peebles. Because it is unclear as to
whether these effects are important for galaxy clustering in the real Universe,
it is difficult to assess the significance of our results. More observational and
theoretical work is necessary in order to decide whether our approach is
reasonable.

1 Introduction

The aim of this paper is to investigate whether gravitational instability can explain the
observed forms of the low-order galaxy correlation functions (Peebles 1974a; Groth &
Peebles 1977) under the assumption of some simple initial conditions.
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Figure 1. XY projection of the particle positions for a 20000-body numerical experiment after the
sy:t;rln ?‘as e:;p;nded by a factor of 9.9. In this case the expansion follows that of an Finstein—de Sitter
model, 2, =1.0.

The number of clustered galaxies within a radius o = 547! Mpc (corresponding to £(ro) = 1)

~is () ~ 30 (taking the mean space density of bright galaxies as 0.02 2~ Mpc). This number

is comparable to the mean number of clustered particles within radius xo [£(xo) =1] of the

particle distributions analysed in Section 4. Hence if we are justified in assuming the existence
of some epoch z, when galaxies were weakly clustered and act thereafter as the fundamental

point particles, our approach may be applicable. We now explore the consequences of this
hypothesis.
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ABSTRACT

We use high-resolution N-body simulations to study the equilibrium density profiles of dark matter
halos in hierarchically clustering universes. We find that all such profiles have the same shape, indepen-
dent of the halo mass, the initial density fluctuation spectrum, and the values of the cosmological param-
eters. Spherically averaged equilibrium profiles are well fitted over two decades in radius by a simple
formula originally proposed to describe the structure of galaxy clusters in a cold dark matter universe.
In any particular cosmology, the two scale parameters of the fit, the halo mass and its characteristic
density, are strongly correlated. Low-mass halos are significantly denser than more massive systems, a
correlation that reflects the higher collapse redshift of small halos. The characteristic density of an equi-
librium halo is proportional to the density of the universe at the time it was assembled. A suitable defini-
tion of this assembly time allows the same proportionality constant to be used for all the cosmologies
that we have tested. We compare our results with previous work on halo density profiles and show that
there is good agreement. We also provide a step-by-step analytic procedure, based on the Press-
Schechter formalism, that allows accurate equilibrium profiles to be calculated as a function of mass in
any hierarchical model.

Subject headings: cosmology: theory — dark matter — galaxies: halos — methods: numerical
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But how can one even approach the idea of simulating the entire universe?
| B

1. Everything just gravitates
2. N-body simulations can model this
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1. Everything just gravitates
2. N-body simulations can model this
3. Identify halos (FOF)
a) Spatial distributions of haloes matches the 2PCR of galaxies
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a) Spatial distributions of haloes matches the 2PCR of galaxies
b) Abundance of haloes of a given mass depends on power spectrum of
fluctuation
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But how can one even approach the idea of simulating the entire universe?
. _ . .

1. Everything just gravitates
2. N-body simulations can model this

" 3. Identify halos (FOF)
a) Spatial distributions of haloes matches the 2PCR of galaxies

b) Abundance of haloes of a given mass depends on power spectrum of

fluctuation
c) Prediction for the density profile is universal (depends only on the

gaussian nature of the initial perturbations)
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Enormous diversity in the galaxy population




Well known to astronomers for at least a century

Hubble’s Galaxy Classification Scheme




The central questions:
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The central questions of cosmology:

Given the initial conditions from the CMB,
how did structure in the universe form?

The Central question of galaxy
formation

How do you turn the halo mass function
into the galaxy luminosity function?



N- body simulations allow us to trace

Halo and Galaxy Mass Distributions ' the mass accretion history for each

T T 12 ™

3

_ Dars Matier Helou

2

g

Relatve Number

A

Miky Gis Galaxy Gstxy \

Way Galaxy Group Claster
S ———— - —
10 103 1018
Mass (solar masses)




@)
Y
S
s
|
L |
3 o
mm
)

- B
o X
me
8 8
-
(D]
o v—
i T
(D]
=
.




The Hierarchal model — Halo merger tree
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Semi-analytical modelling versus hydro

Allows all properties of
the galaxy population at
any given time to be
computed
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Hydrodynamical simulations =~

.- 3 .
\

g N
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Ay

-




= governing equations (non-relativistic fluid with pressure)

* Poisson’s equation

AW = 47Gp

* continuity equation

ap -
—+V: =0
o (pv)

 conservation of momentum

Lt T T
ar

* equation of state

(¢, sound speed)




Hydrodynamical simulations










Stars
Black hole

Solar system

| Interstellar distances

Small galaxies
' Milky Way halo

. Local Group
distances

Cluster

Large-scale
structures
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Scale (m) _| Scale (Mp)

Stars 103
Black hole 1010
Solar system 1013

Interstellar distances 1016

Small galaxies 10%
Milky Way halo 1071
Local Group 10?2
distances

Cluster 103
Large-scale 10%4

structures

Hydrodynamical simulations

10-14
10-12
107
106
0.01
0.1

1

Galaxy Cluster MS 0735.6+7421 CXO = HST = VLA

»

10
100

X-ray
4 Chandra X-Ray Observatory

Visible
Hubble Space Telescope

NASA, ESA, CXC/NRAO/STScl, B. McNamara (University of Waterloo and Ohio University) STScl-PRC06-51




























DCMF analytic model ;
log-normal source function “
Kroupa IMF renormalized

Stellar Kroupa IMF '
Combined dense core sample




DCMF analytic model
++ log-normal source function *
= Kroupa IMF renormalized
Stellar Kroupa IMF X
Combined dense core sample







Hydrodynamical simulations




. Modelling dark matter
¢ collisionless Boltzmann equation

o o 0
dt ot Jdr OJr ov

* Poisson’s equation

V2® = 4nG Ifdv

The collisionless Boltzmann equation describes the evolution of the phase-space
density or distribution function of dark matter, f = f(r, v, t), with r, the positions and v,
the velocities, under the influence of the collective gravitational potential, ®, with

G the gravitational constant, given by Poisson’s equation. The collisionless Boltzmann
| equation states the conservation of the local phase-space density; that is Liouville’s
theorem.




Modelling cosmic gas
* Eulerian formulation

- dp
| =—+V-(pw)=0
| o +V-(pv)

%ptl+V-(pv®v+Pl)=o

aa;’te+V-(pe+P)v=0

¢ Arbitrary Lagrangian—Eulerian formulation

%vadV=—fsp(v—w)-ndS

dit Iv pvdV=— fs pv(v—w) - ndS—_’.S PndS

<[, pedv=- [ pev-w)-nds— [ Pv-nds

Here, S is the surface (area integrals) and n is the normal vector on the surface. p is th
density, and u is the internal energy. Different forms of the hydrodynamical equation
D/t = /3t +v - V denotes the Lagrangian derivative and e = u + v%2 the total energy pe
unit mass. The equations are closed through P =(y — 1)pu with y = 5/3. For the arbitrar
Lagrangian—Eulerian formulation, the grid moves with velocity w and cell volumes evolv
asdVdt= [, (V- w)dV.

[T NSNS |




Box 2 | Modelling

Modelling cosmic magnetic fields

* |deal magnetohydrodynamics (MHD) equations

g—¢+V-(pv)=0

) xB

aa;’tv+V~(pv®v+PJl)=

d(pe +eg)
at

* MHD Maxwell equations

ExB]|

+V-|(pe+Pv+c
41

0

VBl
(&

LB Y <E=o
o

c
V-B=0

E=_va

G
The evolution of the magnetic field, B, is given by the induction equation,
dB/dt=V x (v x B). Magnetic fields act on gas through the Lorentz force,
JxB/cwith the current density, ] = ¢V x B/(4m). The energy equation
contains the magnetic energy density, eg = ||B||%/8, and the Poynting
vector, c(E x B/4m), in the flux part.

Modelling cosmic rays
¢ |deal magnetohydrodynamics equations with cosmic rays

3—?+V-(pv)=0

ag—"+V-(pv®v+PJl)=”‘B -VP,
t [
d(pe +eg) ExB
OSSR P

—— (pe+Pjv+c ye

==(V+v) - VP + Ay + Iy,

* MHD Maxwell equations

VxB=Zj
(¢

la—B+VxE=0
c ot

V-B=0

vxB
c
* Cosmic rays energy density evolution

E=-

08¢,
at
== F::rv v (V +vst) +Acr +I;r

+V. [scr(v + Vst) = Keb(b i Vsc")]

Cosmic rays exhibit a force on the gas through VP,_. Their energy density is
influenced by streaming with velocity v,, (¢, [v + v,,]), anisotropic diffusion
with coefficient, (b[b - Ve,,]). and adiabatic processes due to the
compression of the Alfvén frame P,V - [v + v, ]). cr stands for cosmic ray and
th for thermal. Source terms are identified with I” and the sink terms with A.

Modelling cosmic radiation fields
¢ Radiation hydrodynamics equations

9p
FLv. =0
Jat Yy

d(pv)

+V-(pv®v+Pl)=1"p

ot

d
©e) L 9. (pe+ Pv=—A+L,
ot

* Radiative transfer equation

191, oI, .

——+n-—=-x, [ +j

c ot or i

The radiative transfer equation relates the specific radiation intensity,

1,, with the absorption coefficient, «,, and the specific emissivity, j..

The radiation direction of propagation is represented by the unit vector n.
A'is the cooling function, and I', and I are source terms that describe
the transfer of momentum and energy from the radiation to the gas. p is the
density, c is the speed of light, v is the frequency, €, is the cosmic ray
energy density, v is the velocity, P is the pressure, b = B/||B|| is the B field
direction and e is the specific (per unit mass) gas total energy.
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Collisionless gravitational dynamics

* N-body methods based on integral
Poisson's equation
(such as tree, fast multipole)

* N-body methods based on differential
Poisson's equation
(such as particle-mesh, multigrid)

* N-body hybrid methods (TreePM)

* Beyond N-body methods

(such as Lagrangian tessellation)

Dark matter

Hydrodynamics

e Lagrangian methods

(such as smoothed particle
hydrodynamics)
e Eulerian methods

(such as adaptive mesh refinement)

e Arbitrary Lagrangian—Eulerian methods
(such as moving mesh)
* Mesh free/mesh based




ART

RAMSES
GADCGET-2/3
Arepo

Enzo
ChaNGa?
GIZMO®
HACC
PKDGRAV3
Gasoline2
SWIFT

Eode name

Ereatment

TreePM
TreePM
PM/MG
Tree/FM
TreePM
TreePM/P*M
Tree/FM
Tree
TreePM/FM

evolve into something so complicated

L 1)

Hydrodynamics

treatment
AMR

AMR

SPH

MMEFV

AMR

SPH
MLFM/MLFV
CRK-SPH

SEh

-

Parallelization
technique
Data based
Data based
Data based
Data based
Data based
Task based
Data based
Data based
Data based
Task based

Task based

Code

‘a‘Vailghi[ﬁy

Public
Public
Public
Public
Public
Public
Public
Private
Public
Public
Public
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smoothed pa

- ks g
rticle hydrodymamics with GADGET
-

-

~ Effects due to feedback are

typically stronger than code
differences.

It is often argued that one can
hence ignore hydrodynamical code
inaccuracies in galaxy formation...
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State of the art in numerical simulations
- . "“ " - . N

Dark matter only (N-body) Dark matter + baryons (hydrodynamical)

Aquarius

4

Latte/FIRE

Zoom (details)

Via Lactea APOSTLE

Ilustris llustrisTNG

»

S

Magneticum

Romulus25
- -

3| Bolshoi

Massiveblack-II

Horizon-AaN.

Large volume (statistics)




— Simulation Volume [ cMpc? ]

Millennium 685% TreePM 1.2x10%/— 6.85/— 1 04
Millennium-2 1372 TreePM 9.4x10%/— 137/- o A I TR
Horizon 41t 2,740° PM/ML 7.7x10%/— 10.41/—
Bolshoi 357° PM/ML 1.9x10%/— 1.43/-
Full Universe Run 29,167° PM/ML 1.4x10"%/— 55.6/—
Millennium-XXL 4,110° TreePM 8.5%10°/— 129/
MultiDark 1,429} PM/ML 1.2x10%/— 10.00/—
Dark Sky 11,628° Tree/FM 5.7x10%/— 53.49/—
v GC 1,647° TreePM 3.2x10%/— 6.28/—
Q Continuum 1,300* TreePM/P’M 1.5x10%/— 2.82/-
OuterRim 4,225} TreePM/P’M 2.6x10°/— 6.00/—
EuclidFlagship 20,000* Tree/FM 10%/— 5.00/—
Aquarius Zoom TreePM 1.7x10°/— 0.02/-
Vialacteall Zoom Tree 4.1x10°/— 0.04/—
GHALO Zoom Tree 1.0x10%/— 0.06/—
CLUES TreePM 3.4x10°/— 0.21/-
Phoenix TreePM 8.7x10°/— 0.21/-
ELVIS TreePM 1.9x10%/— 0.14/—
COCO TreePM 1.6x10°/— 0.33/—
Including baryons

—
o
S

TNG50

M, 210"M.

—_
o
o

TNG50 TNG100/ llustris

TNG300 LS 0 ®
TNG100/ llustris %
Eagle

owLs : TNG300
Mufasa 2 ®
25Mpc/h 512°
25 Mpc/h 1024° Eris Latte
Magneticum-2hr Auriga L4 Hydrangea
Ilustris TreePMsMMEV  6.7x107/1.3x10° 142/0.71 Magneticum-4uhr Auriga L3 RomulusC
Romulus25 Apostle L3 » 300 Clusters
Horizon-AGN PM/ML+AMR 8.0x107/1.0x107 1.0/1.0 MassiveBlack-Il Apostle L1 . NIHAO
EAGLE TreePM+SPH 9.7x10°/1.8x10° 07/0.7 s Fable FIRE1 @ & Choi+16
MassiveBlack-Il TreePM+SPH 1.6x107/3.2x10° 2.64/2.64 Horizon-AGN FIRE-2 & Semenov+17
Bluetides® TreePM+SPH 1.7x107/3.4x10° 0.24/0.24 ; — el : > el il : el * S
Magneticum TreePM+SPH 5.3x107/1.1x107 1.4/0.7-1.4 1 01 1 02 1 03 1 04 1 05 1 06
MUFASA TreePM+MLFM  9.6x107/1.8x107 074/0.74 Number of Galaxies (resolved M, =1 0°M ®)
BAHAMAS TreePM+SPH 5.5%10°/1.1x10° 0.25/0.25
Romulus25 Tree/FM+SPH 3.4x10°/2.1x10° 0.25/0.25
IllustrisTNG® TreePM+MMFV 7.5x10%/1.4x10° 0.74/0.19
Simba* TreePM+MLFM 1.4x10%/2.7x10’ 0.74/0.74
Eris Tree+SPH 9.8x10%/2x10* 0.12/0.12
NIHAO Tree+SPH 3.4x10°/6.2x10* 0.12/0.05
~ APOSTLE TreePM+SPH 5.0x10%/1.0x10* 0.13/0.13
| Latte/FIRE TreePM+MLFM 3.5x10%/7.1x10° 0.02/0.001
Auriga TreePM+MMFV 4.0x10"/6.0x10* 0.18/0.18¢
MACSIS TreePM+SPH 6.4x10°/1.2x10° 5.77/5.77
Cluster-EAGLE TreePM+SPH 9.7x10%/1.8x10° 0.7/0.7
Three Hundred TreePM+SPH 1.9x10°/3.5x10® 9.59/9.59
FABLE TreePM+MMFV 8.1x107/1.5x107 4.15/4.15
RomulusC Tree/FM+SPH 3.4x10°/2.1x10° 0.25/0.25

Baryon Mass Resolution [ M, ]




Dark matter-only
Millennium
Millennium-2
Horizon 41
Bolshoi

Full Universe Run
Millennium-XXL
MultiDark
Dark Sky

Vv GC

Q Continuum
OuterRim
EuclidFlagship
Aquarius
Vialacteall
GHALO
CLUES
Phoenix

ELVIS

COCO
Including baryons
lllustris
Horizon-AGN
EAGLE
MassiveBlack-Il
Bluetides®
Magneticum
MUFASA
BAHAMAS
Romulus25
lllustrisTNG®
Simba®

Eris

NIHAO
APOSTLE

| Latte/FIRE
Auriga
MACSIS
Cluster-EAGLE
Three Hundred
FABLE
RomulusC

685%
1372
2,740°
357°
29,167°
4,110°
1,429°
11,628°
1,647°
1,300*
4,225}
20,000*
Zoom
Zoom

Zoom

TreePM
TreePM
PM/ML
PM/ML
PM/ML
TreePM
PM/ML
Tree/FM
TreePM
TreePM/P’M
TreePM/P’M
Tree/FM
TreePM
Tree

Tree
TreePM
TreePM
TreePM
TreePM

TreePM+MMFV
PM/ML+AMR
TreePM+SPH
TreePM+SPH
TreePM+SPH
TreePM+SPH
TreePM+MLFM
TreePM+SPH
Tree/FM+SPH
TreePM+MMFV
TreePM+MLFM
Tree+SPH
Tree+SPH
TreePM+SPH
TreePM+MLFM
TreePM+MMFV
TreePM+SPH
TreePM+SPH
TreePM+SPH
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Latte simulation ESO-420-G013 (HST)
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MONTHLY NOTICES

OF THE

ROYAL ASTRONOMICAL SOCIETY.

Vor. XXVIL May 10, 1867. No. 7.

Rev. CHARLES. PrITCHARD, President, in the Chair.

James Whatman Bosanquet, Esq., Claysmore, Enfiel
John Joynson, Esq., Waterloo, Liverpool, -

were balloted for and duly elected Fellows of the Society.

On the Distribution of the Nebule in Space.
By Cleveland Abbe, Esq.

The paucity of Nebule and abundance of Clusters within
the neighbourhood of the Via Lactea have been before noticed ;

| Hope.” 1If the present Note be found to present nothing new
to the generality of those conversant with this field of research,
its results may still be worthy of notice as being drawn from
the study of a larger number of objects and a more systematic
classification of them than seems to have been made the basis
of previous opinions.
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