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1. Introduction

This is an elaboration of my comments on how we arrived at the idea of nonbaryonic

cold dark matter, at “The Physics of Galaxy Scaling Relations and the Nature of Dark

Matter,” Queen’s University, July 2018. I have in mind developments in cosmology in the

1970s and early 1980s, and the hints that came from particle physics. The history of the

astronomers’ problems with mass on the scales of galaxies and larger (always assuming

the inverse square law of gravity in the nonrelativistic limit of general relativity theory, of

course) is very relevant to the story, but not reviewed here.

This account is extracted and condensed from the draft of a book I am writing on how

we got from Einstein’s general relativity theory, and his thought that the universe is ho-

mogeneous in the mean, to the now well tested ΛCDM cosmology. Advice on errors and

omissions received prior to my dealing with page proofs, maybe next spring, would be

particularly welcome.

2. Steps to the CDM Paradigm

The first candidate for nonbaryonic dark matter, or DM, was one of the neutrinos in the

known lepton families with rest mass on the order of 10 eV. The large velocity dispersion

these particles would have in the early early universe led Bond, Centrella, Szalay, and

Wilson (1984a,b) to name it Hot Dark Matter, or HDM. The Cold Dark Matter, or CDM,

of the now standard cosmology has negligible primeval velocity dispersion. And Bond et al.

pointed to the intermediate case, Warm Dark Matter, that has velocity dispersion at high

redshift large enough to define a length scale of possible interest to astrophysics. I review

the histories of the two main cases, hot and cold, and then the introduction of the CDM

cosmological model that became the standard with the addition of Einstein’s cosmological

constant Λ.
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2.1. Hot Dark Matter

Gershtein and Zel’dovich (1966) pointed out that, if neutrinos have nonzero rest mass, the

mass is constrained by the condition that the mean mass density in the sea of thermal

neutrinos left from the hot early universe must not exceed that of a cosmological model

with a reasonable expansion time and deceleration parameter. (Again, this assumes general

relativity theory and the hot Big Bang cosmology. Both have since been shown to pass

demanding tests, but until the late 1990s their general acceptance was a nonempirical

assessment.) Cowsik and McClelland (1973) and Szalay and Marx (1974) independently

introduced the notable conjecture that nonbaryonic matter, neutrinos with rest mass mν ∼
10 eV, might be the DM astronomers had overlooked in the Coma cluster of galaxies.

This HDM model for the dark matter draped around galaxies is constrained by the density

in single particle phase space. For neutrinos this density would have been set by thermal

relaxation in the early universe, and preserved according to Liouville’s theorem because the

neutrinos are effectively collisionless. Cowsik and McLelland (1973) presented this phase

space consideration, but they had in mind the less demanding conditions for mass in the

Coma cluster. Tremaine and Gunn (1979) applied it to the dark halo of a galaxy. They used

a low estimate of the matter density parameter, Ωm ' 0.05, which required a low bound

on the neutrino mass mν . Since the bound Mν on the mass these neutrinos may contribute

to the halo of a galaxy with given radius and internal velocity scales as Mν ∝ m4
ν , the low

estimate of mν suggested these low mass neutrinos are not promising candidates for DM.

But at Ωm ∼ 0.2, as Ostriker, Peebles, and Yahil (1974) and Einasto, Kaasik, and Saar

(1974) had argued, the situation is less pressing. Thus Doroshkevich, Zel’dovich, Sunyaev,

and Khlopov (1980) argued that neutrino mass mν ' 30 eV is allowed by the constraints

on the mean mass density and is not a serious problem for HDM halos of large galaxies.

Lubimov, Novikov, Nozik, et al. (1980) announced detection of a non-zero electron an-

tineutrino mass, in the range 14 ≤ mν ≤ 46 eV at 99% confidence. The claim proves to

be wrong. But the possible identification of nonbaryonic DM was exciting and influential.

The Doroshkevich, Zel’dovich, et al. (1980) discussion of structure formation in a universe

dominated by mν ' 30 eV neutrinos did not mention the announcement. Maybe they had

prior notice, or perhaps this was coincidental. The Lubimov et al. paper was cited as a

preprint in Bond, Efstathiou, and Silk (1980), and the published paper was featured in

Doroshkevich, Khlopov, Sunyaev, Szalay, and Zel’dovich (1981).

Zel’dovich and colleagues assumed adiabatic primeval departures from an exactly homoge-

neous primeval neutrino distribution. Szalay and Marx (1976) pointed out that under this

condition the near free streaming would smooth the distribution, depending on how far the
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primeval velocities carry the neutrinos. That would set the scale for the first generation

of structures. Szalay and Marx (1976) argued that at mν ' 10 eV the scale would be

comparable to the typical distance between clusters of galaxies. Doroshkevich, Zel’dovich,

et al. (1980) put the characteristic smoothing scale at roughly 10 Mpc. Their estimate

of the characteristic mass is roughly in line with Bond, Efstathiou, and Silk (1980), at

M ∼ 1014 to 1015M�.

Zel’dovich (1970) had pointed out that if the primeval density fluctuations were smoothed

on scales smaller than MP the first generation of structures would collapse as “pancakes”

with mass no smaller than MP. This picture of cosmic structure formation had to be con-

sidered; there was an exciting apparent detection of massive neutrinos that could smooth

out small-scale density fluctuations. But the picture was seriously challenged by the large

pancake mass. Zel’dovich, Einasto, and Shandarin (1982) pointed out that pancake col-

lapse on scales ∼ 10 Mpc occurring at the present epoch would be expected to produce

the large-scale frothy patterns and voids seen in the galaxy distribution on scales of a few

tens of megaparsecs. But the present frothy pattern is made of galaxies that had to have

formed by collapse well before the present epoch. To account for this the pancakes would

have to have collapsed at a reasonably large redshift. Since gravity tends to draw matter

together, this early pancake collapse would have placed galaxies in concentrations with

masses characteristic of the great clusters. But the great majority of galaxies are in far

more modest concentrations. For example, in the Local Group the two old galaxies, the

Milky Way and M 31, are only now falling together. And the Local Group is part of the

Local Supercluster, which is roughly centered on the Virgo cluster. The peculiar velocity

in our neighborhood is directed roughly toward the Virgo cluster, as if gravitationally at-

tracted, but we and our neighbors are still moving away from Virgo; the local collapse on

this scale hasn’t even started yet.

These qualitative arguments should be complemented by quantitative comparisons of the

pancake and CDM models. The earliest assessment I have found was presented by Melott,

Einasto, Saar, Suisalu, Klypin, and Shandarin (1983).

A lastingly important point from these early discussions of the pancake model is the recogni-

tion that radiation would slip freely through the growing clustering of the mass in nonbary-

onic dark matter. That would mean the perturbation to the distribution of the radiation

observed as the cosmic microwave background, the CMB, would be much smaller than if

the mass were dominated by a baryonic plasma that dragged on the radiation. This key

point was introduced by Bond, Efstathiou, and Silk (1980), and Doroshkevich, Khlopov,

Sunyaev, et al. (1981). It figured in the introduction of the CDM model, as discussed next.
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2.2. Cold Dark Matter

The idea that the missing mass might be nonbaryonic but have a much smaller primeval

velocity dispersion than HDM grew out of particle physicists’ thoughts of a new neutrino.

It would have rest mass large enough that most of these neutrinos in the primeval sea would

have annihilated before thermal decoupling. With the right rest mass, mν ∼ 3 GeV, and

the standard weak interactions, this would leave just enough residual neutrinos that the

residual mass density would be acceptable for cosmology. Five papers independently hit on

this thought in the space of just two months. In order of the dates marked as received they

are Hut (1977, received 25 April); Lee and Weinberg (1977, 18 July); Sato and Kobayashi

(1977, 23 May); Dicus, Kolb, and Teplitz (1977, 25 July); and Vysotskii, Dolgov, and

Zel’dovich (1977, 30 June).1 All used the condition that the remnant mass density in

these particles be comparable to the bound allowed by relativistic cosmology. All but Hut

referred to one of the papers by Martin Perl et al. on the emerging evidence for the third

lepton family. This might help account for the five near simultaneous papers on the idea.

And the comment on the idea by Gunn, Lee, et al. (1978) is worth recording here: “It

might be noted in passing, to bolster the reader’s confidence in the seriousness and reality

of leptons heavier than the muon, that experiments at the e+-e− colliding beam machine

SPEAR have accumulated substantial evidence for the existence of a charged heavy lepton,

called τ−, with a mass of 1.9 GeV.”

All five of the 1977 papers referred to one or more of the prior suggestions that the as-

tronomers’ DM may be nonbaryonic, neutrinos with mass in the smaller acceptable range.2

But none noted that their new neutrino with the larger acceptable rest mass might be the

DM. We may conclude that, despite the hints from prior papers to something deep for

cosmology, this remarkable burst of interest in a new mν ∼ 3 GeV neutrino was driven by

particle physics.

Gunn, Lee, Lerche, Schramm, and Steigman (1978) discussed possible astrophysical conse-

1Sato and Kobayashi did not complete the argument, but the ideas were there. Dicus, Kolb, and Teplitz

independently hit on the idea, but saw that Lee and Weinberg had it too, and so instead published on the

possible effect of neutrino decay. That helps explains why the their paper appears in the Physical Review

Letters immediately after Lee and Weinberg. Goldman and Stephenson (1977) discussed massive neutrino

decay, and might have been added to this list, but the idea of an interesting remnant mass density is not

mentioned.

2Hut (1977), Sato and Kobayashi (1977), and Vysotskii, Dolgov, and Zel’dovich (1977) referred to Szalay

and Marx (1976); Lee and Weinberg (1977) referred to Cowsik and McLelland (1973); and Dicus, Kolb,

and Teplitz (1977) referred to Szalay and Marx (1974).
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quences of the massive neutrino. (They referred to Lee and Weinberg 1977. Ben Lee was

a coauthor of both papers.) Gunn, Lee, et al. introduced the idea that the sub-luminous

mass observed to be draped around galaxies of stars may be the nonbaryonic cold dark

matter, mν ∼ 3 GeV neutrinos, introduced the previous year. They wrote that “Heavy

noninteracting neutral particles present since the early universe, constrained by the ar-

guments above to cluster with the matter, could not be better as stuff to constitute the

dynamical missing mass.” Gunn, Lee, Lerche, et al. may not have been aware of the

earlier proposal of nonbaryonic DM. They referred to a paper by Cowsik and McClelland,

but one published prior to their proposal that the mass of the Coma cluster is dominated

by neutrinos in the lower of the acceptable mass ranges.

White and Rees (1978) introduced essentially the same general picture for galaxy formation:

first gravitational assembly of sub-luminal halos, then dissipative settling of diffuse baryons

followed by star formation toward the centers of the halos. The difference is that Gunn,

Lee, et al. contemplated a nonbaryonic halo, while White and Rees felt they could make

do with baryonic halos, perhaps burned-out remnants of early generations of stars.

The massive neutrino introduced in 1977 provides a prototype for the cold dark matter

of the CDM and ΛCDM cosmologies. This prototype still describes all we know about

nonbaryonic dark matter, apart from the annihilation cross section. The introduction

of two more candidates for CDM, an axion and a partner from broken supersymmetry,

thus is of greater historical interest to particle physics than cosmology. But references

to dark matter are to be noted. Among the first references to cosmology in papers on

axions, the two by Abbott and Sikivie (1983) and Dine and Fishler (1983) employed the

cosmological constraint on the mean mass density, as had been done earlier for the two

classes of neutrinos. But Preskill, Wise, and Wilczek (1983) announced that “we are led

to entertain the possibility that axions make up a significant part of the dark matter,” and

Ipser and Sikivie (1983) argued that “the axion fits the bill” for the massive halos of galaxies

“remarkably well.” Among early papers on the remnant mass in broken supersymmetry

partners, Cabibbo, Farrar, and Maiani (1981) declared that “Light photinos could provide

the missing mass in the galaxy, and give rise to an observable UV background” and Pagels

and Primack (1982) argued that “it is worth considering the possibility that much of the

missing mass is gravitinos.” Thus it appears that by 1983 the particle physics community

had grown more sensitive to the astronomers’ interesting problem with mass.
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2.3. The CDM Cosmological Model

In the 1970s the improving upper bounds on the CMB anisotropy were revealing the striking

difference between the distinctly clumpy distribution of matter and the very close to smooth

sea of microwave radiation. I recall informal discussions of the possibility that this situation

may challenge the gravitational instability picture for cosmic structure formation. The

CDM cosmology presented in Peebles (1982) was meant to be a counterexample. It was

based on the point discussed earlier in connection with HDM: the CMB would be minimally

disturbed by the growing clustering of matter if the radiation could slip through most of

the matter.

A counterexample is best kept simple. Thus I used the Einstein-de Sitter parameters, even

though the analysis of relative velocity dispersions in the CfA redshift survey had already

convinced me the mean mass density likely is lower than that (Davis and Peebles 1983). For

simplicity I took the nonbaryonic DM to be initially cold. The massive neutrino introduced

in 1977 would do. The warm DM that Pagels and Primack (1982) and Blumenthal, Pagels,

and Primack (1982) had introduced would have done equally well, but cold is simpler. The

model assumes primeval adiabatic Gaussian scale-invariant initial conditions. This follows

from the early interpretation of the recently introduced concept of cosmological inflation.

But again, I was more influenced by the thought that this is a maximally simple condition.

My computation of the mass fluctuation power spectrum took account of radiation and

DM, but ignored the mass in baryons as subdominant.3 That made the computation

easy and again simplified the model by eliminating a parameter: Ωbaryon need only be

small. I had reasonably well checked measurements of the galaxy two-point correlation

function from my program summarized in Peebles (1980). I took the galaxy distribution

to be a fair measure of the mass distribution, and used that to normalize the DM mass

fluctuation power spectrum. Sachs and Wolfe (1967) had shown the relation between the

large-scale CMB anisotropy and the mass distribution in an Einstein-de Sitter universe.

My method of computation of the Sachs-Wolfe effect followed Peebles (1980). In the linear

perturbation theory of these computations the second moments of the mass determine the

second moments of the CMB. The latter are usefully expressed in terms of the spherical

harmonic expansion of the CMB temperature as a function of position across the sky. The

3The matter power spectrum in linear theory was computed for radiation and baryons in Peebles (1981),

radiation and DM in Peebles (1982), radiation, DM and massless neutrinos in Blumenthal, Faber, Primack,

and Rees (1984), and radiation, DM, neutrinos, and baryons in Bond and Efstathiou (1987). The baryons

are essential for the acoustic oscillations, but not for the CMB anisotropy on large angular scales that

worried us in the early 1980s.
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result in the CDM model was 4

T (θ, φ)

〈T 〉
= 1 +

∑
aml Y

m
l (θ, φ), 〈|am2 |2〉1/2 = 3.5× 10−6, 〈|aml |2〉 ∝

1

l(l + 1)
. (1)

This is well below the upper bounds on anisotropy at the time, sufficient for a counterex-

ample.

To me the point of this exercise was the demonstration that the near smooth distribution of

the CMB is not a challenge for the gravitational instability picture. I might have expected

that its simplicity would invite people to take the model seriously. But I was surprised,

because I wasn’t confident Nature shared our criteria of simplicity. What is more, it hadn’t

taken me long to work out this model and I could see how to set up others, maybe not

quite as simple, that could equally well fit the observations. After all, the observations

were not all that constraining then. I continued to invent such models until the late 1990s,

when CMB anisotropy measurements started to reveal the CDM anisotropy peak. That

went a long way to showing me that Nature has taken our simplest way—apart from the

curious presence of Einstein’s cosmological constant Λ. The many tests since then continue

to agree with the CDM cosmology with Λ. At the time of writing the natures of CDM and

Λ are unknown, but the tests are well enough tightly checked to convince me that there is

a persuasive case for their existence, or the presence of something that acts a lot like them.

The CDM model soon became part of the considerations in explorations of how cosmic

structure formed. It was the basis for the Blumenthal, Faber, Primack, and Rees (1984)

introduction of the standard and accepted conceptual framework for the gravitational and

nongravitational process relevant for the formation of galaxies and groups and clusters of

galaxies. Their paper still is widely cited.

In the first half of the 1970s Ed Groth and I spent a lot of time exploring numerical N-body

simulations of the evolution of the mass distribution in an expanding Einstein-de Sitter

universe. We meant to compare the mass moments in the simulations to the measurements

we were making of the galaxy low order position and velocity correlation functions (as

in Davis, Groth, and Peebles 1977). With scale-invariant initial conditions, pure gravity

N-body simulations ought to approach a scaling solution, but we could not find it, and

what we had did not look at all promising. All we published from this was a conference

4Turner, Wilczek, and Zee (1983) independently set down the elements of this model, but without an

adequate analysis of the mass distribution or CMB anisotropy. Abbott and Wise (1984) independently

computed the CMB anisotropy by a method that is different from but physically equivalent to Peebles

(1982).
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abstract (Groth and Peebles 1975). Others took up the challenge (e.g. Press and Schechter

1974; Doroshkevich and Shandarin 1976; Aarseth, Gott, and Turner 1979; Efstathiou, Fall,

and Hogan 1979; Miller 1983; Melott, Einasto, Saar, et al. 1983) with results that were

arguably promising. The numerical simulations by Davis, Efstathiou, Frenk, and White

(1985) used the CDM model, with variants with lower mean mass density, introduced a

key new step: identify galaxies with peaks in pure dark matter simulations. This approach

has grown into a Big Science.

The story of how the community learned to live with Λ, a most curious departure from the

outstanding simplicity of the Einstein-de Sitter parameters, must be told elsewhere.

3. Afterword

I see broader lessons to be drawn from these developments in the years around 1980. In

the Soviet Union Zel’dovich and colleagues were making great contributions to theoretical

cosmology despite the delays in their access to journals from the west and the restrictions

on their publication in the journals people in the west were reading. Thus my first lesson

is that pure curiosity-driven research can flourish in a tightly restricted society, provided

the maximal leaders approve. But perhaps the most serious limitation was the tight re-

striction on travel outside the Soviet Union. My second lesson is that we can be inspired

by thoughts that are not explicitly stated but, for want of a better phrase, are “in the air,”

and exchanged verbally or nonverbally in casual conversations. I am grateful to Andrey

Kravtsov for a casual conversation at this Kingston meeting that led me to these thoughts.

I count as a striking example the 1977 introduction of a prototype for CDM, by five groups.

The thought somehow was in the air. I count the pancake picture as a second example. If

it is so clearly wrong why was it featured in the Soviet Union? Andrey Kravtsov recalls

that it does not seem likely to have been a shortage of debate:

what I witnessed during my studies in the early 1990s is that arguments and

criticisms within these sciences were often very fierce. I pretty commonly wit-

nessed someone standing up after a seminar or talk and severely questioning

all of the foundations of presented research and even qualifications of speaker.

Although the Moscow cosmology group might be expected to have faced this lively debate

and benefitted from it, they had to concentrate on the issue at hand to make progress.

And tight concentration can obscure the larger picture. Conditions in the Soviet Union

do not seem to have encouraged the presence of an independent group with the weight of
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intellectual authority capable of pushing the Moscow group off dead center.
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