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My ApproachMy ApproachMy ApproachMy Approach

• “Game-changing ideas/discoveries”
• Not tied to PRL articles (thanks Jack)Not tied to PRL articles (thanks Jack)
• April Meeting bias (particles, astro, 

nuclear not condensed matter amonuclear, … not condensed matter, amo, 
biological physics, etc)
NB I th i t! A d t ith t• NB: I am a theorist!  And not without 
bias and other imperfections
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The PRL Phase Change!The PRL Phase Change!The PRL Phase Change!The PRL Phase Change!
Some StatisticsSome Statistics

• From one page letters to four page articles

Some StatisticsSome Statistics

•Issue 1:  0 errata; 25 articles; 1 editorial
•Issue 2: 1 errata; 17 articles; 1 editorial• From one page letters to four page articles

• No longer letters, but the most important papers
• Shaped by “strong hands” (Goudsmit, …)

•Issue 2:  1 errata; 17 articles; 1 editorial
•Issue 3:  5 errata; 15 articles; 1 editorial
•Issue 4:  2 errata; 14 articles; 0 editorialp y g ( , )

• Dominant journal in physics for much of the last Dominant journal in physics for much of the last 
50 years:  “as goes PRL, goes physics”50 years:  “as goes PRL, goes physics”

; ;
•Issue 5:  2 errata; 11 articles; 1 editorial
•Issue 6:  0 errata; 11 articles; 1 editorial
•Issue 7:  5 errata; 23 articles; 0 editorial
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July 1, 1958:  Some ContextJuly 1, 1958:  Some Contexty ,y ,

• Oct 1957: SputnikOct 1957:  Sputnik
• Jan 1958:  Explorer I
• Jul 1958: NASA created

Bush

Jul 1958:  NASA created
• 1957 – 1958:  IGY
• 1959:  Antarctic Treaty

Sputnik Clinton

R959 ta ct c eaty
• 1957 – on:  Elementary particle explosion
• 1957 – on:  Budget explosion

Reagan
Bush

95 o udge e p os o
• 1961 – on:  APS:  10K to 45K members
… beginning of the American half-century 
WWII
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g g y
dominance of Physics (38/50 Nobel Prizes)



World is getting flatter!
APS M b 2 3APS Members:  2.3x
Papers:  ~8 to 10x



Physics circa 1958Physics circa 1958yy
• Astrophysics: 200” telescope with photographic 

plates (1% efficient); all about stars!; cosmologyplates (1% efficient); all about stars!; cosmology 
practiced by a handful of astronomers; H0 = 550 
km/s/Mpc  280 km/s/Mpc; highest redshift (z ~ 0.1!)p p g ( )

• Particle physics: more particles than understanding
• Nuclear physics: recent divorce from particle 

physics, two complementary models (shell and liquid 
drop excitation focused on different dof)

• General relativity: mysterious (and marginal)• General relativity: mysterious (and marginal)
• CM/AMO: BCS just published (field theory comes to 

CM), maser a few years old and laser soon to come
Michael S Turner

CM), maser a few years old and laser soon to come 
(birth of quantum optics)



1.  Quarks!1.  Quarks!

• Gell-Mann and Zweig (1964) [Physics Letters g ( ) [ y
and CERN Report], building upon the 8 fold way

• Friedman, Kendall and Taylor (PRL 8, 935 9 
(1969)(1969)

• Early step toward Standard Model
• Lifted the curtain on the early Universe (sea of ed e cu a o e ea y U e se (sea o

weakly interacting point like particles)
• Changed the game in nuclear physics

R ll F ’ d f ll• Recall Feynman’s one word summary of all 
scientific knowledge:  “atoms”
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ReRe--alignment of Nuclear Physicsalignment of Nuclear Physics
•• Hot QCD:Hot QCD: Heavy Ions (quark/hadron 

transition and phase diagram)
•• Cold QCD:Cold QCD: Nuclear Structure and full extent 

of chart of nuclides (effective theory of 
nucleons from QCD) – both nucleonic and 
shape dof interesting

•• Nuclear Astrophysics:Nuclear Astrophysics: Burbidge, Burbidge, 
Fowler and Hoyle, RMP 29, 547 (1957) –
origin of the chemical elementsorigin of the chemical elements

•• Neutrinos:Neutrinos: much more later
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2. Triumph of Field Theory2. Triumph of Field Theory
deeper understanding of Nature: fromdeeper understanding of Nature:  from 

quarks to the cosmos 
• 1954:  Yang-Mills:  Gauge Theories
• 1957:  BCS

1961 N b Hi S t B ki• 1961:  Nambu, Higgs:  Symmetry Breaking
• 1970 ‘t Hooft/Veltman:  Renormalizability of 

Gauge Theoriesg
• Kadanoff, Fisher and Wilson:  Renormalization 

Group
St d d M d l G d U ifi ti• Standard Model  Grand Unification

• Effective Field Theories (nuclear and particle)
• Opens up early Universe
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• Opens up early Universe
• Superstring Theory



Quarks + Field Theory:Quarks + Field Theory:
Blossoming of Particle PhysicsBlossoming of Particle PhysicsBlossoming of Particle PhysicsBlossoming of Particle Physics
from the particle zoo and bootstraps to the 

t d d d l d b dstandard model and beyond
• Yang-Mills:  NonAbelian Gauge Theory, PR 96, 191(1954)
• Feynman/Gell-Mann:  V-A, PR 109, 193 (1958)
• Symmetry Breaking:  e.g., Nambu, PR 122, 345 (1961)
• Electroweak:  S. Weinberg, PRL 19, 1264 (1967)g, , ( )
• Asymptotic Freedom:  Wilczek, Gross and Politzer, PRL 30, 

1343/1346 (1973)
•• Standard Model of Particle Physics: SU(3)xSU(2)xU(1)Standard Model of Particle Physics: SU(3)xSU(2)xU(1)Standard Model of Particle Physics:  SU(3)xSU(2)xU(1) Standard Model of Particle Physics:  SU(3)xSU(2)xU(1) 
• Grand Unification:  Georgi, Quinn and Weinberg, PRL 33, 

451 (1974)
• Supersymmetry String Theory and the rest is history: e g
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• Supersymmetry, String Theory, and the rest is history:  e.g., 
Heterotic String, PRL 54, 502 (1985)



3.  The Extreme Universe3.  The Extreme Universe
A t h i i h th t !Astrophysics is much more than stars!

• Quasars (Sandage, Schmidt 1962):
supermassive BHs in galactic centerssupermassive BHs in galactic centers

• Stellar Mass Black Holes (1964):
millisecond x-rays from Cygnus X1 

• Neutron Stars (Bell/Hewish 1967):
The Heavenly Laboratory has 

t d d th h f th t t i l• Neutron Stars (Bell/Hewish 1967):
pulsars and x-ray bursters

• Gamma-ray bursts (Vela, 1960/1972):
birth of stellar mass black holes

extended the reach of the terrestrial 
lab and expanded the range of 

problems physicists think about!birth of stellar mass black holes
• Supermassive BHs in Galaxies (HST, 

Keck): 106 to 109 solar masses!
• TeV Gamma ray astronomy (Weekes

problems physicists think about!

• TeV Gamma-ray astronomy (Weekes, 
1989): pulsars, AGNs, …

• Ultra-high energy cosmic rays: up to 3.2 
x 1020 eV Linsley PRL 10 146 (1963);
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x 10 eV Linsley, PRL 10, 146 (1963);  
Fly’s eye 1991Chandra Deep Field:  

SMBHs at the Edge of the Universe



Nature Accelerates 

Michael S Turner
Particles up to 3 x 1020 eV!



4.  General Relativity 4.  General Relativity 
C f AC f AComes of AgeComes of Age

• Mossbauer detection of grav redshift (5 x 10-15):  
PRL 4 163 & 337 (1960)PRL 4, 163 & 337 (1960)

• Kerr BH:  PRL 11, 237 (1963)
• Shapiro Time Delay:  I.I. Shapiro, PRL 13, 789 

(1964); 20, 1265 (1969)( ); , ( )
• Joe Weber and GW detectors, PR 117, 306 

(1960); PRL 22, 1320 (1969)
• Maximum mass of a neutron star:  PRL 32, 324 

(1974)(1974)
• Hulse/Taylor binary pulsar
• GP-B (2007)
• Gravitational lensing (1979): 0957+961Gravitational lensing (1979):  0957+961
• 201x:  LIGO/LISA open the Gravitational 
• Wave Window!
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5. Neutrinos Come of Age5. Neutrinos Come of Age
from hypothetical to center stagefrom hypothetical to center stage

• Detection: Reines et al 1960, PR 117, 
159 (1960)159 (1960)

• Two kinds of neutrinos!: Danby et al, PRL 
9, 36 (1962)

• Three kinds of neutrinos: Perl et al PRL• Three kinds of neutrinos: Perl et al, PRL 
22, 1489 (1975)

• Extra-terrestrial neutrinos - solar and 
SN1987A: PRL 20 1205 (1968); 58SN1987A: PRL 20, 1205 (1968); 58, 
1490 (1987); 86, 5651 (2001); 87, 071301 
(2001)

• Mass/oscillationsphysics beyond theMass/oscillations physics beyond the 
standard model: PRL 81, 1562 (1998)

• Important role in astrophysics:  stellar 
explosions, large-scale structure and

Michael S Turner

explosions, large scale structure and 
nucleosynthesis, 



Not Just for Not Just for 
BreakfastBreakfastBreakfast Breakfast 
Anymore!Anymore!
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6. Computational 6. Computational 
Ph iPh iPhysicsPhysics

• Driven by the 4 exponentialsDriven by the 4 exponentials 
of the information age:  
speed, storage, bandwidth, 
sensor complexitysensor complexity

• Third branch of science 
( ft i t d(after experiment and 
theory)

• Now essential to the other 
two branches!
– Top quark

Michael S Turner

Top quark
– Large-scale structure



Top Quark DiscoveryTop Quark Discovery
a handful of tops from trillions of events!a handful of tops from trillions of events!
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Testing CDM Theory of Structure Formation

Compare inflationary density perturbations with 
observed structure in the Universe
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Frans Pretorius:Frans Pretorius:
Black Hole CollisionsBlack Hole Collisions

PRL 95, 121101 (2005)
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Lattice QCDLattice QCD

Michael S Turner



8. New Telescopes8. New Telescopes
New Eyes on the UniverseNew Eyes on the Universe

• The Telescope (1609):  G. Galileo, PRL,..
• Cosmic rays: directly sample material from around the 

Universe
• Radio: electrons in magnetic fields, hydrogen, …g y g
• CMB photons: echo of the big bang
• X-rays: black holes and neutron stars at work
• Infra-red: peer into the dusty corners and hi-z Universe• Infra-red: peer into the dusty corners and hi-z Universe
• Gamma rays: neutron stars and black holes
• Neutrinos: look deep inside the sun, supernovae, …

C i G it ti l D k M tt• Coming soon: Gravitational waves, Dark Matter 
particles,  other relics from the early universe
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9. Cosmology9. Cosmology
“b l i ”“b l i ”“becomes real science”“becomes real science”

• 1965: Penzias/Wilson (Roll and1965:  Penzias/Wilson (Roll and 
Wilkinson, PRL 16, 405 1966 –
first confirmation)

• 1967: CP Violation (Cronin &• 1967: CP Violation (Cronin & 
Fitch)

• 1992:  COBE Spectrum and 
i tanisotropy

• Inflation, dark matter and all that
• Cosmic AccelerationCosmic Acceleration
• 2000s:  WMAP, SDSS 

precision cosmology
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The Establishment of the Hot The Establishment of the Hot e stab s e t o t e ote stab s e t o t e ot
Big Bang Model (1964 Big Bang Model (1964 –– 1980)1980)

Radiation-dominated era
(10-6 sec to 400 000 yrs)(10 sec to 400,000 yrs)

•Thermal bath of particles, trace amount of matter
•Big successes:  Cosmic Microwave Background and g g
Big-bang Nucleosynthesis, Quark Soup Beginning
•Missing pieces:  cosmological parameters, formation 

Michael S Turner

of structure (galaxies, clusters) and initial conditions
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Before Quarks and Std Model
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1980s:  “The Go Go Junk Bond 1980s:  “The Go Go Junk Bond 
Days of Early Universe Cosmology”Days of Early Universe Cosmology”Days of Early Universe CosmologyDays of Early Universe Cosmology

“C ti it B d”“C ti it B d”“Creativity Based” “Creativity Based” 
driven by ideas from driven by ideas from 
particle physicsparticle physicsparticle physicsparticle physics

•• Inflation:Inflation:
•• Cosmic StringsCosmic Stringsgg
•• BaryogenesisBaryogenesis
•• Magnetic MonopolesMagnetic Monopolesgg
•• Phase TransitionsPhase Transitions
•• Hot and Cold Dark Hot and Cold Dark 
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MatterMatter



Two Really Important IdeasTwo Really Important Ideas
with deep connections between quarks and the cosmos

I fl tiI fl ti b i f i d f idInflation:Inflation: brief period of rapid 
(accelerated) expansion accounts for 
smoothness flatness; heat of the bigsmoothness, flatness; heat of the big 
bang; and seed inhomogeneities

Particle dark matter:Particle dark matter: bulk of the dark 
matter that holds the Universe togethermatter that holds the Universe together 
resides in a sea of elementary particles 
left over from the big bang

Michael S Turner

left over from the big bang



N t iNeutrinos 
contribute few 

0 1%
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0.1%



1990s: Data1990s: Data--driven Cosmologydriven Cosmology1990s: Data1990s: Data driven Cosmologydriven Cosmology
insights on the early and late Universe

• COBE! and CMB experiments
• Redshift surveys (CfA, IRAS, 2dF, SDSS)
• Large-scale velocity field measurements
• Gravitational lensing
• Big telescopes (Keck, …) with big CCD 

cameras
• HST, X-ray, gamma-ray, IR, …
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WMAP CMB SkyWMAP CMB Sky
Curve = concordance cosmology
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Large-scale structure:  
Distribution of 106 galaxies
Michael S TurnerSl

o Distribution of 106 galaxies 
in the Universe today





“Precision Cosmology”“Precision Cosmology”
with SDSS + WMAP: concordance modelwith SDSS + WMAP:  concordance model

•Standard Hot Big Bang of the 1970s
Fl t l ti U i•Flat, accelerating Universe

•Atoms, exotic dark matter & dark energy
C i t t ith i fl ti•Consistent with inflation

•Precision set of cosmological parameters
Ω = 1 005 ± 0 006 (uncurved)–Ω0 = 1.005 ± 0.006 (uncurved)

–ΩM = 0.256 ± 0.013
–ΩB = 0.045 ± 0.002 Consistent with Consistent with 
–ΩΛ = 0.72 ± 0.02
–H0 = 70 ± 1.3 km/s/Mpc

t = 13 73 ± 0 12 Gyr

all data, all data, 
laboratory and laboratory and 
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–t0 = 13.73 ± 0.12 Gyr
–Nν = 4.4 ± 1.5

cosmological!cosmological!



The Largest Things in the Universe The Largest Things in the Universe 
B f S b t i Q tB f S b t i Q tBegan from Subatomic Quantum Began from Subatomic Quantum 

Fluctuations!Fluctuations!

WOW!WOW!WOW!WOW!



Landau on Landau on 
CosmologistsCosmologists

Often in ErrorOften in ErrorOften in Error, Often in Error, 
Never in Doubt!Never in Doubt!
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10.  Cosmic Convergence:10.  Cosmic Convergence:
Merging of the Frontiers ofMerging of the Frontiers ofMerging of the Frontiers of Merging of the Frontiers of 

Astro, Nuclear and Particle PhysicsAstro, Nuclear and Particle Physics
• What are Dark Matter and Dark Energy?
• How did the Baryon Asymmetry originate?How did the Baryon Asymmetry originate?
• How did Neutrinos shape the Universe and what are 

they telling us about the unification of the forces?
Wh t i th f ll t t f th Ch t f N lid d h• What is the full extent of the Chart of Nuclides and how 
did the Chemical Elements Originate?

• How are Nature’s forces and particles Unified?
• What is the origin of Space, Time and the Universe?
• What are the limits of General Relativity?

What’s at the center of a Black Hole?
Michael S Turner

• What’s at the center of a Black Hole?  
• How do Things in the Universe work?



Some General TrendsSome General TrendsSome General TrendsSome General Trends

• Bigger (cost scope number of authors)• Bigger (cost, scope, number of authors)
• Faster (internet, archives, …)

M C ll b ti d D ti• More Collaborative and Democratic
• More Interdisciplinary
• More International:  

– World is Flat (three equal regions)
– Dominance no longer an option
– US (PRL) Leadership is important –

i i l l i ti
Michael S Turner

principles, values, innovation, 



Physics in the 21Physics in the 21stst Century?Century?yy yy

D fi d b it bfi ld ?• Defined by its subfields?

• Defined by an approach?

• Defined by what physicists do?

Physical Review Letters will be there!Physical Review Letters will be there!
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Looking Forward:  Big Looking Forward:  Big 
Questions Ripe to AnswerQuestions Ripe to Answer

• What are space and time?
Wh t i th d k tt ?• What is the dark matter?

• How did the Universe begin?
• What is the full extent of the table of 

nuclides?
• How were the chemical elements made?
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