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KEY PHYSICS DISCOVERIES WHILE  
WE WERE UNDERGRADUATES

Ω–  discovery in 1964
leads to the quark model and the 

“Standard Model” of particle physics

➞

CP violation discovery in 1964 
by James Cronin and Princeton’s Val Fitch   

explained matter-antimatter asymmetry 
(a billion+1 quarks annihilate a billion antiquarks

in the early universe — we are made of the remnants)

Cosmic Background Radiation 
discovery in 1965 

by Princeton’s Robert Dicke and others
led to acceptance of the Big Bang

Ω–



KEY PHYSICS DISCOVERIES WHILE  
WE WERE UNDERGRADUATES

Ω–  discovery in 1964
leads to the quark model and the 

“Standard Model” of particle physics
— which I worked on in 1967-80

CP violation discovery in 1964 
by James Cronin and Princeton’s Val Fitch

— which provided part of the input to my 1972 
calculation of the charmed quark mass with Ben Lee 

and Princeton’s Sam Treiman
Cosmic Background Radiation 

discovery in 1965 
by Princeton’s Robert Dicke and others

led to acceptance of the Big Bang
— which I worked on starting in 1979



 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.



    Imagine that the entire 
universe is an ocean of dark

  energy.  On that ocean sail billions 
of ghostly ships made of dark matter...
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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 attacked.  
By 2000 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.

Joel Primack



Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
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
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck Collaboration: The Planck mission

Fig. 7. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 8. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and 353 GHz.
These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % region of the Galactic
plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From Planck Collaboration X
(2015).

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 TT -derived parameters, and they are
consistent to within typically 0.5� or better.

8.2.2. Number of modes

One way of assessing the constraining power contained in a par-
ticular 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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Planck Collaboration: The Planck mission
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).
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TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain
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modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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UCSC 3D AstroVisualization Lab 
On-the-fly visualization of cosmic filaments  

in the Bolshoi-Planck simulation



Joel Primack current research
Cosmology and Astrophysics

➢ Bolshoi	-	best	cosmological	simulations	using	the	latest	cosmological	parameters.	

➢ Largest	suite	of	high-resolution	zoom-in	hydrodynamic	galaxy	simulations	compared	
with	observations	by	CANDELS,	the	largest-ever	Hubble	Space	Telescope	project.	

➢ Dust	absorption	and	re-radiation	of	starlight	in	simulated	galaxies	using	my	group’s	
Sunrise	code	to	make	realistic	galaxy	images	from	our	simulations.	

➢ Explain	observed	galaxy	clumps,	compaction,	“pickle	galaxies”.	New	methods	for	
comparison	of	simulated	galaxies	with	observations,	including	deep	learning.	

➢ Co-leading	the	Assembling	Galaxies	of	Resolved	Anatomy	(AGORA)	international	
collaboration	to	run	and	compare	high-resolution	galaxy	simulations.	

➢ Calculating	and	measuring	all	the	light	in	the	universe	using	gamma	rays.



 Pre-BN         BN        Post-BN

VELA Simulation 
High-Res Images

VELA Simulation 
HST-Res Images

Real HST Images

Face Recognition for Galaxies
Simulations 
Agree with 

Hubble Space 
Telescope 

Observations



SUMMARY
• We now know the cosmic recipe. Most of the universe is 
invisible stuff called “nonbaryonic dark matter” (25%) and “dark 
energy” (70%).  Everything that we can see makes up only about 
0.5% of the cosmic density, and invisible atoms about 4.5%. The 
earth and its inhabitants are made of the rarest stuff of all: 
elements made in stars (0.01%). 
• The ΛCDM Dark Energy + Cold Dark Matter Double Dark theory 
based on this recipe appears to be able to account for all the 
large scale features of the observable universe, including the 
details of the heat radiation of the Big Bang and the large scale 
distribution and masses of galaxies.  
• Constantly improving data are repeatedly testing this theory. 
The main ingredients have been checked several different ways.  
• We still don’t know what the dark matter and dark energy are, 
nor really understand how galaxies form and evolve within dark 
matter halos.  There’s lots more work for us to do!



THANKS!





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

Fritz Zwicky
Mass/Light =

1937 ApJ 86, 217

Galaxy Clusters Are Mostly Dark Matter 



1970 ApJ 159, 379

Triangles are HI data from 
Roberts & Whitehurst 1975

Galaxies Are Mostly Dark Matter 

Flat Rotation Curves imply that

Vera Rubin



ARAA 1979  
  

Sandy Faber



1982 PRL 48, 224

WIMP Dark Matter

Weakly Interacting Massive Particles



1982 Nature 299, 37

Warm Dark Matter



Cold Dark Matter
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Ofer	Lahav,	Per	B.	Lilje,	Joel	R.	Primack,	and	Martin	J.	Rees

Accelerating Expansion Discovered in 1998 

Dark Energy



Joel Primack  RECENT PhD STUDENTS
Rachel Somerville (PhD 1997) Jerusalem (postdoc) – Cambridge (postdoc) – Michigan (Asst. Prof.) – MPI 
Astronomy Heidelberg  (Prof.) – STScI/Johns Hopkins – Rutgers (Prof.) – CCA (Galaxy Group Leader)
Michael Gross (PhD 1997) Goddard (postdoc) – UCSC (staff) – NASA Ames (staff)
James Bullock (PhD 1999) Ohio State (postdoc) – Harvard (Hubble Fellow) – UC Irvine (Professor, Dean)
Ari Maller (PhD 1999) Jerusalem – U Mass Amherst (postdoc) – CityTech CUNY (Assoc. Prof.)
Risa Wechsler (PhD 2001) Michigan – Chicago (Hubble Fellow) – Stanford U (Prof., KIPAC Director)
T. J. Cox (PhD 2004) Harvard (postdoc, Keck Fellow) – Carnegie Observatories (postdoc) – Data Scientist 
at Voxer, San Francisco – Data Scientist at Apple, Cupertino
Patrik Jonsson (PhD 2004) UCSC (postdoc) – Harvard CfA (staff) – SpaceX senior programmer
Brandon Allgood (PhD 2005) – Numerate, Inc. (co-founder)
Matt Covington (PhD 2008) – analytic understanding of galaxy mergers, semi-analytic models of galaxy 
formation – U Minn (postdoc) – U Arkansas (Assoc. Prof. geophysics)
Greg Novak (PhD 2008) – running and comparing galaxy merger simulations with observations – Princeton 
(postdoc) – Inst Astrophysique Paris (postdoc) – Data Scientist at Stitch Fix, San Francisco
Christy Pierce (PhD 2009) – AGN in galaxy mergers – Georgia Tech (postdoc) – teaching
Rudy Gilmore (PhD 2009) – WIMP properties and annihilation; extragalactic background light and gamma 
ray absorption – SISSA, Trieste, Italy (postdoc), Data Scientist at TrueCar, L.A.
Alberto Dominguez (PhD 2011) – UCR (postdoc) - Clemson U (postdoc) - Madrid (Juan de la Cierva 
postdoc, Ramon y Cajal Fellow, Assistant Prof. Complutense University)
Lauren Porter (PhD 2013) – semi-analytic models vs. observations - Data Scientist at Groupon; Facebook
Chris Moody – analysis of high-resolution galaxy simulations: galaxy morphology transformations (PhD 
2014) – Data Scientist at Square, San Francisco; Senior Data Scientist at Stitch Fix, San Francisco
Christoph Lee – (PhD 2019) galaxy-halo connection; deep learning for stellar clumps in galaxies

Joel Primack  CURRENT PhD STUDENTS
David Reiman – artificial intelligence for astrophysics: de-blending, image enhancement, galaxy environment  
Viraj Pandya – prolate galaxy alignments; semi-analytic models for galaxies 
Clayton Strawn – circumgalactic medium: simulations vs. observations
James Kakos – distant galaxy environments from photometric plus spectroscopic redshifts  



THANKS!


