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Oppenheimer & Davé 2009

P A R A D I G M
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P A R A D I G M
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M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s
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High Signal-to-noise Ratio 
sensitivity to weak absorption

M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s
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M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s

Spectral resolution
ability to separate close and blended components
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M E T H O D   Q u a s a r  A b s o r p t i o n  L i n e s

FUSE 
900 - 1180 Å

STIS
1140 - 1750 Å

z ~ 0.1

Critical factors for success:
Sensitivity to weak lines, 
Spectral resolution to resolve components, 
Wavelength coverage to build up total pathlength, and
Access to UV wavelengths to measure physical diagnostics. 
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P a r t  I

I n  w h i c h  w e  s e e  t h a t  g a s  o u t s i d e 
g a l a x i e s  o c c u p i e d  t h e  m i n d s  t h a t 

c o n c e i v e d  a n d  d e v e l o p e d  H S T .
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Quasars Discovered
Schmidt & Oke

1963

Spitzer’s RAND Memo 
Proposes “LST”

1946

QSOALS / Lya Forest Discovered
Author & Author

1966?

Spitzer proposes a hot, extraplanar
“Galactic Corona”

1956
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Million degree coronal  
extragalactic gas may 

exist outside galaxies and 
be detectable via UV 

absorption!

ApJ, 124, 20

Quasars Discovered
Schmidt & Oke

1963

Spitzer’s RAND Memo 
Proposes “LST”

1946

QSOALS / Lya Forest Discovered
Author & Author

1966?

Spitzer proposes a hot, extraplanar
“Galactic Corona”

1956
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Nature, 197, 1040

Quasars Discovered
Schmidt & Oke

1963

QSOALS / Lya Forest Discovered
Schmidt, Greenstein, Burbidge(s)

1960s

Spitzer proposes a hot, extraplanar
“Galactic Corona”

1956

QSOALS from Galaxy Halos
Bahcall & Spitzer

1969
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Nature, 197, 1040

Quasars Discovered
Schmidt & Oke

1963

QSOALS / Lya Forest Discovered
Schmidt, Greenstein, Burbidge(s)

1960s

Spitzer proposes a hot, extraplanar
“Galactic Corona”

1956

QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

M. Burbidge et al. (1968)

Intervening Absorbers
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QSOALS / Lya Forest Discovered
Bahcall, Greenstein, Burbidge(s)

1960s

QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

Science Case Built for HST
Spitzer, Bahcall, et al.

late 60s - 1977

Proposed that the QSOALS then known arose in extended galaxy halos: R = 100 kpc versus 
the 10-20 kpc then believed based on optical and radio measurements. 

HST Launched 
(STS-31)

April 1990
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QSOALS from Galaxy Halos
Bahcall & Spitzer

1969

Science Case Built for HST
Spitzer, Bahcall, et al.

late 60s - 1977

HST Launched 
(STS-31)

April 1990

Key Projects 
Identified

1985

1974

Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s
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L e s s o n s  o f  P a r t  I

T h e  g o a l  o f  s t u d y i n g  g a s 
b e t w e e n  g a l a x i e s  a n d  i n  t h e i r 

h a l o s  w a s  a  p r i m e  m o t i v a t o r  f o r 
H S T  a n d  p a r t i c u l a r l y  f o r  i t s 

s p e c t r o g r a p h s .
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P a r t  I I

I n  w h i c h  w e  s e e  t h a t  H S T 
i d e n t i f i e d  t h e  s h a p e  o f  t h e  I G M , 

i t s  p h y s i c a l  s t a t e ,  a n d  t h e 
d i s t r i b u t i o n  o f  c h e m i c a l 

e n r i c h m e n t . 
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Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s

HST Launched 
(STS-31)

April 1990

HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

The HST Key Project on 
Quasar Absorption Lines

PI John Bahcall

250 Orbits with the 
FOS and GHRS

89 QSOs, 1600 - 3200 Å 
at R = 1300. 

Typical limiting equivalent 
width 0.24 Å.

The “Lya forest” becomes a 
clearing, but not as quickly 

as expected!

B. Jannuzi review at HST2 conference Paris

Keck/HIRES

HST/FOS

HST/FOS
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Bahcall et al. (1996)
Jannuzi et al. (1998)

Weymann et al. (1998)

z
0 1 2 3

dN
/d

z
Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s

HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

STIS Installed in HST
SM2

1997
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HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

STIS Installed in HST
SM2

1997

Fang & Bryan (2001)

Cen & Ostriker (1999)
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Bahcall et al. (1996)
Jannuzi et al. (1998)

Weymann et al. (1998)

z
0 1 2 3

dN
/d

z

WHY? 
(1) as the Universe expands, the recombination rate of ionized gas declines with the density

so dN/dz goes DOWN. . . 
(2) but the global SFR and the QSO luminosity function also decline, so the photoionization rate declines 

also in partial compensation. 

This is crucial, since we now know the number density and ionization balance of the Ly forest.

Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s

HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

STIS Installed in HST
SM2

1997

10

100

30

200

50

Davé et al. (1999)

SIMULATED
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Text

Ground-based work on Lya forest
Palomar, Lick, MMT, KPNO, Keck

80s, early 90s

HST Key Project 
Quasar Absorption Lines 

1990-1995 (Cycles 1-4)

STIS Installed in HST
SM2

1997

Morris et al. (1993)

Post-facto galaxy surveys, now routine with modern galaxy redshift 
surveys (e.g. CfA, SDSS), have revealed the distribution of the IGM 

with respect to galaxies.

Stocke et al. (2006) found a median distance ∼200-300 kpc, but 
some metals are found > 1 Mpc from galaxies.

RA

3C 273

Text

RA

Redshift
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L e s s o n s  o f  P a r t  I I

H S T  ( F O S + G H R S )  h a v e  n o w 
m a p p e d  t h e  w e b l i k e  s t r u c t u r e  o f 

t h e  I G M ,  m e a s u r e d  i t s 
t e m p e r a t u r e  a n d  d e n s i t y ,  a n d 

c o n s t r a i n e d  t h e  s p r e a d  o f  m e t a l s . 

T h e  I G M  i s  n o w  w e l l  u n d e r s t o o d . 
R i g h t ?
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P a r t  I I I

I n  w h i c h  w e  s e e  t h a t  m o s t  o f  t h e 
n o r m a l  m a t t e r  i n  t h e  U n i v e r s e 

g o e s  m i s s i n g  a n d  s o m e  o f  i t  g e t s 
f o u n d  b y  H S T .

Thursday 4 November 2010



Accounting from 
Prochaska & Tumlinson 2008 

Danforth & Shull 2008

STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

29.0%

7.4% 2.7%

60.9%

Lya Forest Galaxies Intracluster Missing

95.0%

5.0%

Intervening OVI 
Tripp et al.

2000

z = 3 z = 0
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Cen & Ostriker (2006)

STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

Intervening OVI 
Tripp et al.

2000

From z = 3 to 0, mass 
fraction in 10,000K gas 

ionized by stars and AGN 
declines from 90 to ~35%.
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Penton, Stocke, & Shull (2000-2004) 
used GHRS and later STIS to examine 

weak Ly clouds below the limits of the 
FOS Key Project. 

After counting clouds and applying a 
photoionization correction checked 
against simulations, the found that:

Ly = 29 ± 4 % of b

About 1/2, or 15% of baryons, are in 
absorbers too weak to have been 
detected by the FOS Key Project.

STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

log (HI column)

C
os

m
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um

be
r 

D
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Key Project (FOS)

GHRS+STIS

Intervening OVI 
Tripp et al.

2000
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STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

Ly = 29 ± 4 % of b ✔

Intervening OVI 
Tripp et al.

2000

Cen & Ostriker (2006) From z = 3 to 0, mass 
fraction in 10,000K gas 

ionized by stars and AGN 
declines from 90 to ~35%.
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STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

COS Selected
for SM4

1997

Ly = 29 ± 4 % of b ✔

Intervening OVI 
Tripp et al.

2000

Cen & Ostriker (2006)

While the mass fraction of 
gas at T > 105 - 107 K 

increases to ~40%

“Warm Hot Intergalactic Medium”, or “WHIM”
gas that is shock-heated to 105-7 K by collapse 
into the dense regions of the “cosmic web”.

From z = 3 to 0, mass 
fraction in 10,000K gas 

ionized by stars and AGN 
declines from 90 to ~35%.
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ApJ, 124, 20

STIS Installed in HST
SM2

1997

Cosmic Baryon 
Budget Underruns

1998

FUSE Launches
1000-1200 A

1999

CIV

OVI
NeVIII

COS Selected
for SM4

1997

Intervening OVI 
Tripp et al.

2000

Mg X

Thursday 4 November 2010



Tripp, Savage, & Jenkins (2000), Tripp et al. (2000)

Intervening OVI 
Tripp et al.

2000

FUSE Launches
1000-1200 A

1999

Systematic O VI Surveys
STIS+FUSE

2000s

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

z = 0.1
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Intervening OVI 
Tripp et al.

2000

Systematic O VI Surveys
STIS+FUSE

2000s

Danforth & Shull (2008)
OVI / b  = 8 ± 1 %

Danforth & Shull (2008)

OVI / b  = 4 ± 1 %
Thom & Chen (2008)

Systematic difference comes 
down to physical state.

How many O VI absorbers arise 
in hot gas, and how many are 

photoionized gas?

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+
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L e s s o n s  o f  P a r t  I I I

F o r t u n e  f a v o r s  t h e  p r e p a r e d 
m i n d :  w h e n  m o s t  o f  t h e  b a r y o n s 
w e n t  m i s s i n g ,  w e  k n e w  w h e r e  t o 

g o  l o o k i n g . 

H S T  ( G H R S + S T I S )  h a s  f o u n d  3 0  - 
4 0  %  o f  t h e  b a r y o n s  i n  d i f f u s e , 
h o t ,  i o n i z e d  g a s  v i a  a b s o r p t i o n 

l i n e s  p r e d i c t e d  5 0  y e a r s  a g o .
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P a r t  I V

I n  w h i c h  w e  m o v e  i n t o  t h e 
f u t u r e ,  w e l c o m e  C O S  i n t o  t h e 
f o l d ,  a n d  s e e  t h a t  t h e r e  i s  n o  

n e w  t h i n g  u n d e r  t h e  S u n .
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Systematic O VI Surveys
STIS+FUSE

2000s

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

The Future
With HST

2010 - ???
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Intervening OVI 
Tripp et al.

2000

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

The Future
With HST

2010 - ???

NeVIII traces WHIM gas at ∼1 million 
degrees, but only for zabs > 0.5.

Tripp et al. Cycle 17 
survey: z = 5.5 total.

See also Savage et al.  (2005)

Ne VIII hot gas?
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The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???
Ne VIII 770 and 780

QSO absorbers in the EUV: 
a whole new set of diagnostics

QSO PG1206+459
(zQ = 1.158)
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Intervening OVI 
Tripp et al.

2000

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

The Future
With HST

2010 - ???

NeVIII traces WHIM gas at ∼1 million 
degrees, but only for zabs > 0.5.

Tripp et al. Cycle 17 
survey: z = 5.5 total.

See also Savage et al.  (2005)

Ne VIII hot gas?
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The Future
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QSO absorbers in the EUV: 
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No Wind

Density

Fast Wind Slow Wind M-D Wind

log[M*]=10.4

Temperature

log[M*]=9.0 log[M*]=9.3 log[M*]=9.6

Oppenheimer & Davé 
galaxy superwind simulations 
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“COS-Halos”:  39 L* galaxies surveyed from 10 - 150 kpc 
impact parameter with 134 COS orbits in Cycle 17

first results to be presented on Wednesday by Chris Thom 

How do galaxies acquire their gas?  
How do they return it to the IGM? 
Why are some red and some blue?

The unprecedented sensitivity of COS 
enables a key advance:  

to study a population of galaxies with bright 
background QSOs, selected for specific 

galaxy properties instead of QSO magnitude.

COS Installed
SM4

2009

COS GTO and GO 
IGM Programs

2009+

The Future
With HST

2010 - ???

The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???
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movies by Britton Smith (Colorado, MSU)

The Future
Without HST
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The Future
Beyond HST
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The Future
with HST

2010 - ???
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The Future
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2015 - ???
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Beyond HST
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The Future
With HST
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14 16 18 20 22 24 26
GALEX FUV magnitude

0.0001

0.0010

0.0100

0.1000

1.0000

10.0000

100.0000

N
 / 

de
g2

SDSS DR5 (Schneider et al. 2007)
SCS Stripe 82 (Jimenez et al. 2008)

0.06 0.08 0.30 1.71 7.46 11.42 24.74

Tumlinson & Sembach

FUSE

STIS

COS

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



ATLAST

The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



ATLAST

The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

2025?

Thursday 4 November 2010



ATLAST

The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

2025?

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

2025?

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Let us prepare for the future. . . 

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Let us prepare for the future. . . 

 . . . recalling that fortune favors the prepared mind. . . 

Thursday 4 November 2010



The Future
Without HST

2015 - ???

The Future
Beyond HST

2020 - ???

The Future
With HST

2010 - ???

Let us prepare for the future. . . 

 . . . recalling that fortune favors the prepared mind. . . 

. . . and work to ensure that future. 
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GRAZIE MILLE
[MANY THANKS]
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