Why Galaxies Start Pickle-Shaped
An Historical IntroducCon to Dark MaFer and Galaxy FormaCon
Joel Primack (UCSC)
Abstract: According to modern cosmology, invisible dark ma5er and dark energy drive the
evolu8on of the universe – and astrophysicists are s8ll working out the implica8ons.
Newton’s laws explained why planetary orbits are ellip8cal, but not why the planetary orbits
in the solar system are nearly circular, in the same plane, and in the same direc8on as the sun
rotates. Laplace explained this as a consequence of angular momentum conserva8on as the
sun and planets formed in a cooling and contrac8ng protoplanetary gas cloud. For similar
reasons, many astronomers once thought that galaxies would start as disks. But Hubble Space
Telescope images of forming galaxies instead show that most of them are prolate – that is,
pickle-shaped. This turns out to be a consequence of most galaxies forming in prolate dark
ma5er halos oriented along massive dark ma5er ﬁlaments. This colloquium will include
background on the 2019 Nobel Prize in Physics to Jim Peebles “for theore)cal discoveries in
physical cosmology” [1] and the 2020 Lilienfeld Prize of the American Physical Society to Joel
Primack “for seminal contribu)ons to our understanding of the forma)on of structure in the
universe, and for communica)ng to the public the extraordinary progress in our
understanding of cosmology” [2].
[1] h5ps://www.nobelprize.org/prizes/physics/2019/prize-announcement/,
nobelprize.org/uploads/2019/10/advanced-physicsprize2019.pdf.
[2] h5ps://www.eurekalert.org/pub_releases/2019-08/aps-aa2082719.php,
h5ps://news.ucsc.edu/2019/09/primack-lilienfeld-prize.html. (See also Primack’s popular ar8cle
h5ps://www.americanscien8st.org/ar8cle/why-do-galaxies-start-out-as-cosmic-pickles.)
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DISCOVERING THE INVISIBLE UNIVERSE
Although the first evidence for dark matter was discovered
in the 1930s, it was not until about 1980 that astronomers
became convinced that most of the mass holding galaxies
and clusters of galaxies together is invisible. For two
decades, alternative theories were proposed and challenged.
By the beginning of the 21st century the ΛCDM “Double
Dark” standard cosmological model was accepted: dark
energy Λ plus Cold Dark Matter − non-atomic matter different
from that which makes up the stars, planets, and us −
together make up 95% of the cosmic density. ΛCDM
correctly predicts the cosmic background radiation and the
large-scale distribution of galaxies. The challenge now is to
understand the underlying physics of the dark matter and
the dark energy, and how they result in the universe of
galaxies that we observe.

Hubble Space Telescope Ultra Deep Field - ACS

This picture is beautiful but misleading, since it
only shows about 0.5% of the cosmic density.
The other 99.5% of the universe is invisible.
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Matter Distribution Agrees with Double Dark Theory!

Planck Collaboration: The Planck mission
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Fig. 7. Maximum posterior CMB intensity map at 5 resolution derived from the joint baseline
analysis of Planck, WMAP, and
-30
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by-30
a constrained realization that has the same
statistical properties as the rest of the sky.
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Agrees with Double Dark Theory! Multipole moment,

viewed as work in progress. Nonetheless, we find a high level of
consistency in results between the TT and the full TT+TE+EE
likelihoods. Furthermore, the cosmological parameters (which
do not depend strongly on ⌧) derived from the T E spectra have
comparable errors to the T T -derived parameters, and they are
consistent to within typically 0.5 or better.
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8.2.2. Number of modes

One way of assessing the constraining power contained in a particular measurement of CMB anisotropies is to determine the
e↵ective number of a`m modes that have been measured. This
is equivalent to estimating 2 times the square of the total S/N
in the power spectra, a measure that contains all the available
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measurement of seven acoustic peaks, that
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are well fit by a simple six-parameter ⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
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XVI (2013)).
The shaded area around the best-fit curve represents cosmic variance,
including the sky cut used. The error bars on individual points
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also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(` + 1)Cl /2⇡. The measured
0
spectrum shown
here is exactly the same as the one shown in Fig. 1 of Planck Collaboration
XVI (2013), but it has been rebinned to show better
40
the low-` region.
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Astronaut Andrew Feustel
installing WFC3 on the
last visit to HST in 2009

The infrared capabilities of
HST Wide Field Camera 3
allow us to see the full stellar
populations of forming galaxies
out to redshift z ~ 2.5

ACS

WFC3

candels.ucolick.org

shows shapes of z ≲ 2.5 galaxies

(blue 0.4 μm)(1+z) = 1.6 μm @ z = 3
(red 0.6 μm)(1+z) = 1.6 μm @ z = 1.7

Newton’s laws explained why planetary orbits are ellipCcal, but
not why the planetary orbits in the solar system are nearly
circular, in the same plane, and in the same direcCon as the sun
rotates. Laplace explained this as a
consequence of angular momentum
conservaCon as the sun and planets
formed in a cooling and contracCng
protoplanetary gas cloud — like this one:
ALMA image of HL Tauri

For similar reasons, many astronomers once thought that
galaxies would start as disks. But Hubble Space Telescope
images of forming galaxies instead show that most of them are
prolate – that is, pickle-shaped. As we will see, this is a
consequence of most galaxies forming in prolate dark maFer
halos oriented along massive dark maFer ﬁlaments.

20 Protoplanetary
Disks from ALMA’s
High Angular
Resolution
Project DSHARP
(2019)

Prolate Galaxies
Dominate at High Redshifts & Low Masses
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Figure 3. Reconstructed intrinsic shape distributions of star-forming galaxies in our 3D-HST/CANDELS sample in four stellar mass bins and five redshift bins. The
model ellipticity and triaxiality distributions are assumed to be Gaussian, with the mean indicated by the filled squares, and the standard deviation indicated by the
open vertical bars. The 1σ uncertainties on the mean and scatter are indicated by the error bars. Essentially all present-day galaxies have large ellipticities, and small
triaxialities—they are almost all fairly thin disks. Toward higher redshifts low-mass galaxies become progressively more triaxial. High-mass galaxies always have
rather low triaxialities, but they become thicker at z ∼ 2.
short axis
Oblate
(A color version
of this figureProlate
is available in the online journal.)

= long axis

Figure 4. Color bars indicate the fraction of the different types of shape defined in Figure 2 as a function of redshift and stellar mass. The negative redshift bins
represent
SDSSMorphological
results for z < 0.1; the
other binsof
areGalaxies
from 3D-HST/CANDELS.
Seethealso
Survey
z=1.5-3.6 Law, Steidel+ ApJ 2012
(A color version of this figure is available in the online journal.)
van der Wel+2014

CANDELS

When Did Round Disk Galaxies Form? T. M. Takeuchi+ ApJ 2015

The Evolution of Galaxy Shapes in CANDELS: from Prolate to Oblate
Haowen Zhang, Joel R. Primack, S. M. Faber, David C. Koo, Avishai Dekel, Zhu Chen, Daniel Ceverino, Yu-Yen Chang,
Jerome J. Fang, Yicheng Guo, Lin Lin, and Arjen van der Wel
MNRAS 484, 5170 (2019)

H. Zhang et al.

arXiv:1805.12331
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Figure 14. The evolution of the fractions of different shapes of the starmodeling. Blue bars: The fractions of prolate galaxies. Green bars: The f
fractions are qualitatively in good agreement with those obtained by the em

H. Zhang et al.
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Figure 15. Panel (a): an example of a large and elongated galaxy in CAN
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Four stellar mass—redshift bins with >50% prolate fraction:

The Evolution of Galaxy Shapes in CANDELS: from Prolate to Oblate
b/a - log a distribution modeling to determine the shape distribution statistics

The Evolution of Galaxy Shapes in CANDELS: from Prolate to Oblate
Projected b/a - log a distributions of CANDELS galaxies in redshift-mass bins
mass
increasing

redshift
increasing

galaxy
evolution
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A Brief History of Dark Matter
1930s - Cluster velocity dispersion σV ~ 1000 km/s => Dark Matter
1970s - Flat galaxy rotation curves => Dark Matter
1980s - Most astronomers are convinced that dark matter exists
around galaxies and clusters
1980-84 - Short life of Hot Dark Matter theory
1982-84 - Cold Dark Matter (CDM) theory proposed
1992 - COBE satellite discovers CMB fluctuations as predicted
by CDM; CHDM and ΛCDM are favored CDM variants
1998 - Discovery of Accelerated Expansion => Dark Energy
2000 - ΛCDM is the Standard Cosmological Model
2003-2019 - CMB and LSS confirm ΛCDM predictions
~2020 - Discovery of dark matter particles??

Galaxy Clusters Are Mostly Dark Matter

1937 ApJ 86, 217

Mass/Light =

Fritz Zwicky
This article also proposed measuring the
masses of galaxies by gravitational lensing.

Flat Rotation Curves imply that
Galaxies Are Mostly Dark Matter
1970 ApJ 159, 379

Vera Rubin
Rotation Velocity v ≈ [G M(<r) / r]1/2

Triangles are HI data from
Roberts & Whitehurst 1975

1978
Galaxies Form and Evolve in Dark Matter Halos

ARAA 1979

Sandy Faber

Weakly Interacting Massive Particles

WIMP Dark Matter
1982 PRL 48, 224

Some steps toward cosmic structure formation
Many people thought the early universe was complex (e.g.,
mixmaster universe Charles Misner, explosions Jerry Ostriker).
But Jacob Zel’dovich assumed that it is fundamentally simple,
with just a scale-free spectrum of adiabatic fluctuations of
(a) baryons (i.e., ordinary matter)
and when that failed [(ΔT/T)CMB < 10-4] and Moscow physicists
thought they had discovered neutrino mass
(b) hot dark matter (i.e., neutrinos).

1982 Nature
300, 407

Einasto

Shandarin

Some steps toward cosmic structure formation
Many people thought the early universe was complex (e.g.,
mixmaster universe Charles Misner, explosions Jerry Ostriker).
But Jacob Zel’dovich assumed that it is fundamentally simple,
with just a scale-free spectrum of adiabatic fluctuations of
(a) baryons (i.e., ordinary matter)
and when that failed [(ΔT/T)CMB < 10-4] and Moscow physicists
thought they had discovered neutrino mass
(b) hot dark matter (i.e., neutrinos).
George Blumenthal and I thought simplicity a good approach,
but we tried other simple candidates for the dark matter, first
(c) warm dark matter, and then, with Faber and Rees,
(d) cold dark matter, which moved sluggishly in the early
universe.
shout-out to the
UCSC mascot!

1982 Nature 299, 37

Warm Dark Matter

Peebles: Cold Dark Matter and CMB

1982 ApJ 263, L1

...
...

Blumenthal, Faber, Primack, & Rees 1984

CDM Structure Formation: Linear Theory
growth by 105 x

inside horizon
outside horizon

Cold DM

Cluster and smaller-scale
ν fluctuations damp
because of “free-streaming”
log a ➞
Scale factor a = 1/(1+z)
CDM fluctuations that enter the horizon during the
radiation dominated era, with masses less than about
1015 M , grow only ∝ log a, because they are not in
the gravitationally dominant component. But matter
fluctuations that enter the horizon in the matterdominated era grow ∝ a. This explains the
characteristic shape of the CDM fluctuation
spectrum, with δ(k) ∝ k-n/2-2 log k
Primack & Blumenthal 1983,
Primack Varenna Lectures 1984

Hot DM

Cold DM

⦿

Blumenthal, Faber, Primack, & Rees 1984

CDM Correctly Predicted the Masses of Galaxies
Rees & Ostriker 77, Silk 77, Binney 77, White & Rees 1978
CDM: Blumenthal, Faber, Primack, & Rees 1984
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Ofer Lahav, Per B. Lilje, Joel R. Primack, and Martin J. Rees

Accelerating Expansion Discovered in 1998
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Cosmological Simulations
Astronomical observations represent snapshots
of moments in time. It is the role of astrophysical
theory to produce movies -- both metaphorical
and actual -- that link these snapshots together
into a coherent physical theory.

Cosmological dark matter simulations show
large scale structure and dark matter halo
properties, basis for semi-analytic models
Hydrodynamic galaxy formation simulations:
evolution of galaxies, formation of galactic
spheroids, mock galaxy images and spectra
including stellar evolution and dust effects

Aquarius Simulation
Volker Springel

Milky Way
100,000 light years

Milky Way Dark Matter Halo
1.5 million light years
41

Bolshoi Cosmological Simulation

Anatoly Klypin & Joel Primack
8.6x109 particles 1/h kpc resolution
Pleiades Supercomputer at NASA Ames Research Center

1 Billion Light Years

100 Million Light Years

1 Billion Light Years

How the Halo of the Big Cluster Formed

100 Million Light Years

Bolshoi-Planck
Cosmological Simulation
Merger Tree of a Large Halo

Peter Behroozi & Christoph Lee

dark matter simulation - expanding with the universe

Text

same simulation - not showing expansion

47

Andrey Kravtsov

CONSTRAINED LOCAL UNIVERSE SIMULATION
Stefan Gottloeber, Anatoly Klypin, Joel Primack
Visualization: Chris Henze (NASA Ames)

sults for various redshifts in Fig. 2 from the L120 0.9r , L80 0.9 , L120 0.9
and L200
simulations.
MNRAS
367,0.91781–1796
(2006)We have also included data points provided
by Springel (private communication) in Fig. 2 for comparison. These
The
dark
matter
haloes:
data shape
are from of
a more
complete
sample
than thedependence
data presented inon
Springel et al. (2004) and are for shapes measured at 0.4R vir .

as shown by the agreement between the points and the lin
this prediction.
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redshift, radius and formation
the normalization of the fluctuation spectrum, usuall

σ 8 . Therefore,
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of interest and
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Brandon Allgood, Ricardo Flores, Joel R. Primack, Andrey V. Kravtsov, Risa Wechsler,
Andreas
Faltenbacher
James S. Bullock

⟨s⟩(M vir ) relation on σ 8 . Since M ∗ is dependent on σ
4.3 Dependence on σ 8
with M ∗ in equation (7) may already be sufficient t
Halos
approximately triaxial ellipsoids
the σare
8 dependence. As stated in Section 2, L80 0.75 and
Of the parameters in the 'CDM cosmological model, the paproduced with the same Gaussian random field but
rameter which is the least constrained and the most uncertain is
ues for normalization. Therefore, the differences bet
simulations can only be a result of the different valu
Fig. 3 illustrates, the two simulations do indeed pro
relations.
We find that
the M ∗ dependence
Halos
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especially
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Redshift
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radius,
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more between
spherical.
σ 8 . One should expect this from the result of the pre
tion, that the redshift evolution was also well describ
0
dependence.
Theaccreting
values ofmore
M ∗ for
z = 0.1 are 5.99 ×
Low-redshift
halo,
spherically
for σ 8 = 0.9 and 2.22 × 1012 h −1 M⊙ for σ 8 = 0.7
of M ∗ for σ 8 = 0.75 at z = 1 and 2 are 1.09 × 101
1
109 h −1 M⊙ , respectively. A simple fit to the redshi
of M ∗ in these cosmologies is log (M ∗ ) = A − B
C[log(1 + z)]2 , with A (B, C) = 12.9 (2.68, 5.96) for
2
A(B, C) = 12.5 (2.94, 6.28) for σ 8 = 0.75, and is accu
1.6 and 3.1 per cent, respectively, for z ! 3.
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4.4 Mean–dispersion relationship

High-redshift halo, accreting mainly along filament

In the previous subsections, we used the mean belong
KS test fit, assuming a Gaussian parent distribution,
of the true mean of axial ratios within a given mas
supported by anisotropic velocity dispersion,
subsection,
examine
theaxis
validity of this assump
largerwe
along
principal
whether the dispersion has the mass dependence sug
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Cosmological Simulations
Astronomical observations represent snapshots
of moments in time. It is the role of astrophysical
theory to produce movies -- both metaphorical
and actual -- that link these snapshots together
into a coherent physical theory.

Cosmological dark matter simulations show
large scale structure and dark matter halo
properties, basis for semi-analytic models
Hydrodynamic galaxy formation simulations:
evolution of galaxies, formation of galactic
spheroids via mergers, galaxy images and
spectra including stellar evolution and dust

Our cosmological zoom-in simulations often produce elongated galaxies like observed
ones. The elongated distribution of stars follows the elongated inner dark matter halo.

RP

Dark matter halos are elongated, especially !
near their centers. Initially stars follow the !
gravitationally dominant dark matter, as shown.!
But later as the ordinary matter central density
grows and it becomes gravitationally dominant,
the star and dark matter distributions both
become disky — as observed by Hubble
Space Telescope (van der Wel+ ApJL Sept
2014).!

Our cosmological zoom-in simulations often produce elongated galaxies like observed
ones. The elongated distribution of stars follows the elongated inner dark matter halo.
Here we show the evolution of the dark matter and stellar mass distributions in our
zoom-in galaxy simulation VELA28, viewed from the same fixed vantage point.

DM

30 kpc

VELA28-gen3

stars

30 kpc

In hydroofsims,
dark-matter
dominated
galaxies
are at
Formation
elongated
galaxies
with low
masses
MNRAS 2015
Joel Primack and Avishai Dekel
high redshift Daniel Ceverino,prolate
Ceverino, Primack, DekelMNRAS 453, 408 (2015)
M* <1010 M☉ at z=2

Stars

Dark matter

Tomassetti et al. 2016 MNRAS
Simulated elongated galaxies are
aligned with cosmic web filaments,
become round after compaction
20 kpc
(gas inflow fueling central starburst)
Pandya, Primack, et al. 2019 Alignments of prolate galaxies trace cosmic web?

Face Recognition for Galaxies
Pre-BN

BN

Post-BN

Huertas-Company,
Primack, et al. 2018

VELA High-Res
Sunrise Images

VELA HST-Res
Sunrise Images

CANDELS HST
Images

Some Concluding Thoughts
Without Dark Matter We Wouldn’t Exist
With only the ordinary matter, the universe would be
a low-density featureless soup
Dark matter started to form structures very early
Galaxies formed within bound “halos” of dark matter
Stars formed within galaxies, and stars made elements
beyond hydrogen and helium: carbon, oxygen, …
Rocky planets formed from these heavier elements
Life began and evolved on one such planet
Dark matter is our ancestor and our friend!
Science Is Much Stranger Than Fiction
Before the discovery that most of the mass of the
universe is invisible, no one imagined this
What else remains to be discovered?

THANKS!

