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How Dark Matter Came to Matter, 1960 - 1974
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I Dark matter hypothesis dates back to at least the 1930s...
(Zwicky, 1933; Smith, 1936; Babcock, 1939; Oort, 1940)

I ...but was only widely recognized in the early 1970s.
(Flat Rotation Curves; Rubin & Ford, 1970)



Understand the circumstances in which the missing mass
hypothesis started to gain interest in the first place.



Not a story of new evidence.

I Two independent and ambiguous issues of mass in the 1960s.

I Cosmology helped synthesizing these in the 1970s.

De Swart, Bertone & van Dongen (2017) “How Dark Matter Came to Matter”, Nat. Astr., 1:59



Outline

1 Problem of Mass: Clusters of Galaxies

2 Problem of Mass: Galaxy Rotation Curves

3 Institutional Changes and the Rise of Physical Cosmology

4 Synthesis of Problems in 1974



1. A Mass Discrepancy in Clusters of Galaxies



Fritz Zwicky observing at Palomar 18-inch Schmidt,
circa 1936. (Caltech Archives)

Zwicky, F. (1933). Die Rotverschiebung von extragalaktischen Nebeln. Helvetica Physica Acta, 6, 110-127.



48-inch Schmidt Telescope at Palomar Observatory. By Russel Porter around 1947.



Eleventh Solvay Conference (1958),“The structure and evolution of the universe.”



Solution of Mass Discrepancy

1. Excess mass.

2. Excess energy.
- Neyman. J., Page, T., Scott, E. (1961). Foreword. A.J., 66(10):533.



“For any particular group or cluster, it seems, at the moment, to
be very much a matter of taste as to which explanation of the
apparent dynamical state of the cluster is assumed to be correct”
– Geoffrey Burbidge, 1961

IAU Meeting 1961 Berkeley
(Credit: AIP Visual Archives)



“Neither hypothesis – hidden mass or quick disintegration
– can be eliminated at present.”– Field, G. & Saslaw W. (1971)



I Reddish (1968): Dwarf galaxies.

I Burbidge & Sandage (1969): Undetermined.

I Forman (1970) and Jackson (1970): Different force law.

I Rood, Rothmann, & Turner (1970): Undetermined.

I Cowsik & McClelland (1973): Neutrinos.

I Gott, Wrixon, & Wannier (1973): Field galaxies.

I Abell (1974): No problem after re-examination.

I De Vaucouleurs (1974): Instability.

I Tarter & Silk (1974): Mixture (dwarf stars, and hydrogen).

I Burbidge (1975): Instability.



“This extra density [of collapsed objects] could stabilize clusters of
galaxies which, otherwise, appear mostly not to be gravitationally
bound.”

– Hawking, S. (1971), MNRAS, 152, p.76



2. Flat Rotation Curves



Ostriker & Mitton (2013)
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Owens Valley Radio Observatory, early 1960s



a, Rubin & Ford, 1970; b, Rogstad & Shostak, 1972; c, Roberts & Rots, 1973



“[Extrapolation] is clearly a matter of taste”
– Rubin, V. C. & Ford, W.K. (1970)

“[A]ny extrapolation of mass is very uncertain”
– Rogstad, D.H., Shostak, G.S. & Rots, A.H. (1973)



“It has long puzzled me why senior folks [...] did not SHOUT
about this promptly from the rooftops, as the saying goes, but
instead left it to Bosma (1978) to trickle this out in his rich thesis
a whole FOUR years later!” – Alar Toomre (MIT), 2015, private communication



The early 1970s: two independent problems of mass, but none
used as unambiguous evidence for the existence of unseen mass.



3. Changing Interests and Institutions in the 1960s



Sandage, A. (1970). Cosmology: a search for two numbers. Physics Today, 23:34.



I Astronomy PhD granting institutions:
Doubled in the 1960s.

I Percentage of Physics Doctorates in Astronomy:
25% in 1966 to 45% in 1970.

I ‘Theoretical astrophysics’:
Most prominent interest in 1970.



Report on the Second Texas Symposium on Relativistic Astrophysics (1965)
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Papers with “Cosmology” in abstract or as keyword, 1960-1975 (SAO/NASA ADS)



Misner, Thorne and Wheeler (1973);Peebles (1971); Sciama (1971); Weinberg (1972); Ellis & Hawking (1973)
(Zeldovich (1971); Rees, Ruffini & Wheeler (1974))



Sandage, A. (1970). Cosmology: a search for two numbers. Physics Today, 23:34.



“Density is destiny.”

Curvature Density Deceleration Model Evolution

k = −1 ρ < ρc 0 ≤ q < 1/2 Open Ever-expanding
k = 0 ρ = ρc q = 1/2 Flat Ever-expanding
k = 1 ρ > ρc q > 1/2 Closed Collapse

(For a ‘matter-dominated’ universe; Λ = P = 0).



(Peebles & Partridge, 1967, p. 713)



“Philosophically, there might be a preferred choice” – Rindler, W. (1967)

I ρ = ρc (Ω = 1)



ρuniverse ∼ 10−31 gr . cm−3

E.g. Oort, 1958; Peebles, 1971; Shapiro, 1971; Noonan, 1971; Weinberg, 1972, p. 478; Burbidge, 1972, p. 493.

Ω = ρ/ρc ∼ 0.01



“Where [can] the missing mass be hiding if it is demanded, on
theological or other grounds that Ω ≥ 1”.
– Gott, J. R., I., Schramm, D. N., Tinsley, B. M., & Gunn, J. E. (1974). An Unbound Universe. The Astrophysical

Journal, 194:550.



Cosmological turn

I Demand for mass to close the Universe.

I Justification to synthesizing different problems of mass.

I Mass problems turn to evidence for missing mass.



4. Missing mass in 1974



Left: Ostriker, Peebles & Yahil (1974) “The Size and Mass of Galaxies, and the Mass of the Universe”, ApJ, 193,
pp. L1-L4)

Right: Einasto, J., Kaasik, A., & Saar, E. (1974). “Dynamic evidence on massive coronas of galaxies”, Nature,
250(5464), 309-310.



(Ostriker, Peebles & Yahil, 1974, p. L1)



“Evidence is presented that galaxies are surrounded by massive
coronas exceeding the masses of known stars by one order of
magnitude. The virial mass discrepancy in clusters of galaxies is
considerably reduced, the total density of matter in the galaxies
being 20% of the critical cosmological density.”

– Einasto, J., Kaasik, A., & Saar, E. (1974). “Dynamic evidence on massive coronas of galaxies”, Nature,
250(5464), 309-310.

Einasto’s Office, April 2017



Conclusion
Dark matter came to matter by virtue of the framework of
cosmology, in which two open issues of mass were brought
together as one problem of missing mass.
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