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Hubble Discoveries

Most Important Scientific Results
1) Determined from SNe Ia supernovae distances that universe is accelerating
2) Characterized (age & composition) previously unresolved stellar populations
3) Detected distant galaxies at very high redshift before Hubble sequence formed
4) Spectroscopic detection of atmosphere of planet around another star
5) Measured masses of black holes in centers of galaxies
6) Characterized environment & optical properties of Gamma Ray Bursters
7) Mapped dark matter from gravitational arcs (associated with galaxies)
8) Observations of unusual solar system phenomena 
9) Resolved host galaxies of quasars
10) Demonstrated association between disks and jets, and that disks around young stars 

are common

Others:  Evolution of IGM from QSO absorption lines
Determination of Hubble Constant  (Ho = 75 km s-1 Mpc-1)
UV spectroscopy of the ISM, nebulae, winds, & galaxies



Host Galaxies of
Gamma Ray Bursters

(greatest explosions since Big Bang)



Gamma Ray Bursts

• 1-10 sec bursts of radiation from unresolved sources in distant galaxies.   
~2/week detectable in visible universe. 

• Rare events.  Extremely luminous:  one GRB at z=1.6 achieved mV=9 for 
seconds.  Probably beamed radiation? 

•Energies ~ 1053 ergs (~10 x SNe) emitted in seconds, primarily
in γ-rays.  Some in X-ray, radio, & optical.  SNe connection?

•Models include massive star collapse Black Hole, or merging neutron 
stars Black Hole, etc.



Levan et al. 2005, ApJ, 622, 977



GRB 011211 @ z=2.1                              HST/ACS



GRB 990705  @  z=0.85                                     HST/STIS
Le Floc’h et al. 2002, ApJ, 581, L81 



Gravitational Lensing
(Mapping Dark Matter)





Abell 2218

CL 0024+1652

Abell 1689



Accelerating Expansion of
the Universe

(Dark Energy)



Perlmutter. 2003, Phys Today, 56, 53



Phillips. 1993, ApJL, 413, L105 



Supernova

Galaxy NGC 4526

High-z SNe Team





Before/After
Images of SNe Ia
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Cosmological Acceleration

Constant Velocity

Constant Expansion
( ‘Hubble Law’ )

Riess 2000, PASP, 112, 1284 



The Distant Universe:

Evolution of Galaxies



Science 1990, 248, 178





Hubble Deep Field-North

WFPC2
150 orbits

HDF Team



Hubble Deep Field-North
with Keck Redshifts



HDF-N  z=1  GalaxiesPapovich et al. 2005, ApJ, 631, 101



HDF-N  z=2.4 GalaxiesPapovich et al. 2005, ApJ, 631, 101 



Intrinsic Brightness
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Photometric Redshifts

E galaxy
[Fe/H] = solar
z = 0



Galaxy Spectral Templates

Buzzoni.2005, MNRAS, 361, 725



Massarotti et al. 2001, 380, 425

Accuracy of Photometric vs. Spectroscopic Redshifts



Hsieh. 2005, ApJ Supp, 158, 161



Recombination
(z~1,000)

Reionization
(z~6)



S. Beckwith+HUDF  Team



S. Beckwith+HUDF  Team



Chain 

Clump 

Double

Tadpole

Spiral 

Elliptical

1010 M
Size ~ 20 kpc

Galaxies in the HUDF Elmegreen et al. 2005, ApJ, 631, 85



Elmegreen et al. 2005, ApJ, 631, 85



Cosmic Star Formation History

Bouwens et al. 2005 , astro-ph 0510697



Hubble’s Legacy
Scientific Results
-Detected acceleration of the universe

>>>> Affirmed existence of ‘dark energy’
-Detected distant galaxies before the Hubble sequence had formed

>>>> Validated the concept of photometric redshifts
-First direct detection of planetary atmosphere constituent outside solar system  

>>>>  Na I D line absorption in transiting planet around HD 209458
-Characterized supermassive black holes in centers of galaxies 
-Demonstrated that disks around young stars are common 

>>>>  Other solar systems may be very common
-Resolved and characterized previously unresolved stellar systems

>>>>  Made H-R Diagrams possible for extragalactic systems
-Observed rare solar system phenomena

Impact on Science Culture
-Importance of Director’s Discretionary time in defining science program
-Importance of archival data with finite proprietary time for data
-Importance of multi-wavelength, coordinated observations on other telescopes
-Value of data reduction funding
-Value of large public outreach program, i.e., engaging the public
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