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A New Discovery Space: !
The Extreme UV"

The high density of lines in the EUV provides an"
Extraordinary array of gas diagnostics."
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Diagnostic 
Power of the 
Extreme UV"
The high density"
of lines in the"
EUV provides an"
extraordinary"
array of gas"
diagnostics."
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Project Lyman: Quantifying 11 Gyrs of 
Metagalactic Ionizing Background Evolution 

Solving the Mystery of  
How Did the Universe Come to be Ionized 

 

 

Stephan R. McCandliss (jhu.edu), B-G Andersson (usra.edu), Nils Bergvall(uu.se), 
Luciana Bianchi(jhu.edu), Carrie Bridge(caltech.edu), Milan Bogosavljevic (caltech.edu), 

Seth H. Cohen (asu.edu), Jean-Michel Deharveng (oamp.fr), W. Van Dyke Dixon 
(jhu.edu), Harry Ferguson (stsci.edu), Peter Friedman (caltech.edu), Matthew Hayes

(unige.ch), J. Christopher Howk (nd.edu) Akio Inoue (osaka-sandai.ac.jp), Ikuru Iwata 
(nao.ac.jp), Mary Elizabeth Kaiser (jhu.edu), Gerard Kriss (stsci.edu), Jeffrey Kruk 

(nasa.gov), Alexander S. Kutyrev (gsfc.nasa.gov), Claus Leitherer (stsci.edu), Gerhardt R. 
Meurer (uwa.edu.au), Jason X. Prochaska (ucolick.edu), George Sonneborn 

(gsfc.nasa.gov), Massimo Stiavelli (stsci.edu), Harry I. Teplitz (caltech.edu), Rogier A 
Windhorst (asu.edu) 
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Observational Imprint of Reionization   
•" Thomson scattering of CMB 

photons by free electrons 
creates polarization detected 
by WMAP 
–" Indicates that reionization 

started at redshifts  z  > 11 

•" Break up of black Hydrogen 
absorption troughs in Sloan 
Digital Sky Survey QSO  
–" Indicates that reionization was 

mostly complete  around  z ~ 6 

Fan, Carilli and Keating 2006 

Spergel et al. 2007 

Confidence intervals for  
ionization fraction xe as a 
function of redshift. 
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Hydrogen Recombination Timescales 
Overdensity and the metagalactic ionizing background 

The fundamental question is:  
How did the universe come to be reionized and how long did it take? 

Timing and 
duration of the 
reionization epoch 
is crucial to the 
emergence and 
evolution of 
structure in the 
universe. 
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LyC escape from the smallest (faintest) galaxies is 
thought to power reionization 

•" At z = 6 
–" Faint end of galaxy luminosity 

function (LF) dominates LyC 
production.  

–" QSO too few in number. 
–" Bouwens et al. 2006 find  

•" !SFR = 0.043 M! yr-1 Mpc-3 

•" " C/fesc  ! 50 

•" At z =7  
–" Galaxies may not be able to initiate 

reionization. 
–" Labbe et al. 2010 find 

•" !SFR = 0.012 M! yr-1 Mpc-3 

•" " C/fesc  ! 9; TENSION 
•" New Physics?  

Bouwens et al. 2006 LF at z = 6 

Critical Star-formation rate;  one ionizing 
photon per baryon. (Madau et al. 1999) 

Integrate, assume galaxy assemblage time 
and Mass/Light ratio and compare to-- 

•" Depends on  
–" Faint end slope of LF 

•" (# " -1.7) 
–" Clumping parameter  

•"  1 < C < 30 
–" LyC escape fraction  

•" fe ~ 10 - 100% 
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How LyC and Ly# escape 
 from galaxies is a great mystery 

•" Reionization requires LyC escape from galaxies  
•" Yet most star forming galaxies are optically thick to LyC photons (nHI>1020cm2), which 

should trap all the ionizing radiation and prevent escape 
–" $%<912   = NHI 6.3 x 10-18 (%/912)3  
–" $Ly# = NHI 6.3 x 10-14  (Vdop = 12 km s-1) 

•" Theoretical suggestions for fesc, fLy#: 
–" LyC escape aided by galaxy porosity; low density, high ionization voids created by  supernovae or 

integrated winds from stellar clusters   
–" Ly# escape aided by velocity gradients and resonance scattering in a multi-phase media 

•" Observations desperately needed to ground the models 



20 

Detections of LyC leak at z > 3 are 
frustrated by Ly Limit Systems  

(thickening of the Ly# forest) 

 z = 1 

 z = 5 

Inoue and Iwata (2008) 

Detecting escaping 
Lyman continuum 
photons is a problem 
for UV/Optical 

Far-UV has the 
advantage of small 
Ly limit system 
corrections 

Probability that the intergalactic transmission 
of the LyC is greater than the abscissa   

Same concept expressed as a 
magnitude decrement    

90% chance that 
the magnitude 

decrement for the 
LyC at z =1 will be 

smaller than 1.5 
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Evolution of Galaxy UV luminosity function 
0 < z < 3  (Arnouts et al 2005) 

There are 100’s to 
10,000’s of galaxies 
per square degree 
per  magnitude with 
24 > m*

1500(1+z) > 20 
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Top Science Questions 

1)" What are the relative contributions of star-forming galaxies, 

AGN and quasars to the MIB over the past 11 Gyrs (z <  3)? 

2)" What local and global environmental factors aid escape? 

–" Gas, dust, metallicity, clumpiness of interstellar medium, velocity 

fields, intergalactic neighborhood, star formation history 

3)" Are there local relic analogs to the sources of reionization? 

4)" What is the relation between Ly# and LyC escape? 

-" This is critical to the JWST key project seeking the source(s) of 

reionization.  
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Ancillary measurements from star-forming galaxies:  
Project Balmer 

From Space with Project Lyman 
•" LyC flux (FLyC) - rest frame 

–" LyC escape, fesc & FLyC/NLyC 

•" Ly# flux, (FLy#) 
–" Ly# escape, fLy# & FLy#/FH#  

•" Continuum shape 912 - 1800 (F%); 
Slopes: '1500, '1100 
–" UV Extinction, $% 
–" Gas, N(Htot) 
–" Age of young stellar population 

 

From Ground with Project Balmer 
•" Optical emission lines [OIII], H', 

[NII], H#  
–" Total LyC photons NLyC & FH#, 

corrected for dust, FH#/ FH'  
–" Metallicity, Z 
–" QSO,  Star-forming Galaxy 

discriminator 

•" Optical continuum 
–" Dust, $V, Mass and age of old 

stellar population 
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 Identifying the Baryons in a 
Multiphase Intergalactic Medium

Michael Shull & Charles Danforth
Univ of Colorado (Astrophysics)
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Scientific Issues:
What is the census of baryonic matter in the low-
redshift universe, compared to the cosmological 

measured value of !b = 0.046 ?

Is the observed baryon deficit in galaxies resolved by gas 
in halos,  the multiphase intergalactic medium (IGM),  
and metal-enriched circumgalactic medium (CGM) ?

Where are the “missing baryons” and 
how do they affect galaxy assembly and 

ongoing star formation? 
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Current Status of Low-z Baryon Census

Shull, Smith, & Danforth 2012,  ApJ, in press (arXiv:1112.2706)

Several of these 
“pie slices” have 

sizeable error bars

(Ly! and O VI 
UV absorbers)
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What needs to be done?
Current (short-term):

 Deep (S/N > 30) UV spectroscopic surveys of Ly!, O VI, 
Ne VIII, and other metal-line absorbers (IGM, CGM)

Probe weak absorbers in cosmic web, with column 
densities NHI < 1013 cm-2 and NOVI < 1013.5 cm-2

Longer-term (new facility):

UV Mission (far-UV:  912-3100 A) spectrograph 
with high throughput (Aeff > 3x104 cm2) and high 

spectral resolution (R = "/#" > 40,000) 

Probably with 6-8 meter aperture
   

;V$
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Huge investment of telescope time shows: 
z>3, imaging/spectroscopy with ground-based large 

telescopes: high fesc,rel ~ 1 in ~10% (Steidel et al. 2001, Shapley et 
al. 2006, Iwata et al. 2008, Bogosavljevic et al. 2009, Nestor et al. 2011, 
Vanzella et al. 2010, 2011). Contamination is a problem: d%2b$
&'%25.(&2('H$.+7%&$(+5$Uk0$1%5%28()&W$

 
z<3, imaging/spectroscopy with HST (>300 orbits):  

 stringent limit on fesc f$:OiRS$J3%'7/5m$%5$-7O$;QQ0S$*/-)-$%5$-7O$;QQeS$
*/-)-$%5$-7O$;Q:QS$T./16%$%5$-7O$;Q:QL$

The understanding/modeling of this process depends on the fraction of 
ionizing photons – fesc– that are able to escape from galaxies.  
 
 
fesc cannot be measured during the reionization epoch. 
At z<3 the Lyman limit is in the UV. 

space   ground 

Lensing magnification 
is the best (only?) way 
to study the faint 
galaxies that are likely 
to be the strongest 
LyC emitters 

Conclusion:   
Lyman Continuum not from bright LBGs 

<;$



F625W" F275W"
(LyC)"

Ly#"
CII 1334"Foreground Ly#?"

Alavi, Siana, et al. (2012, in 
prep)!

 
Limited by small 

volumes and 
uncertain lensing 

model 
 

We need to probe LyC in a large number of  dwarf galaxies.  
Ideal redshift 1<z<2: lower contamination, higher IGM transmission, 
availability of H#. 
Requires UV observations! 
 
Not feasible with HST: compact sources with NUV~31-32.  Deepest NUV 
images reach ~29.5 (UV-UDF Teplitz et al. in prep, Abell 1689 Siana et al. in prep) 

First candidate detection in a lensed z~2.5 dwarf galaxy  
(NUV~27 AB; mag=82x). 
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•"    R>5000 spectroscopy below the Lyman limit at z~1-2 

-" Constrain the IGM absorption along the specific line of sight 
-" Measure physical properties of dwarfs 
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SCIENCE FROM IGM/CGM 
EMISSION MAPPING  

D. C. Martin (Caltech) & D. Schiminovich (Columbia) 
with J. Schaye (Leiden), C. Steidel (Caltech), T. Heckman (JHU), R. 

Cen, J. Ostriker (Princeton), C. Martin (UCSB), J. Kollmeier (Carnegie)  
$
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SCIENCE FROM  
IGM/CGM EMISSION MAPPING $

•" A Probe of Baryonic 
Structure Formation  
–" How does baryonic matter 

collapse, cool and fuel galaxies 
over cosmic time?  

–" How strong is IGM emission, 
what is its relationship with 
absorption and can emission 
mapping offer a new and 
powerful cosmological tool? 

Figure 1: IGM/CGM emission probes all these components 
of the IGM, yet to be mapped. 
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IGM/CGM EMISSION MAPPING 
SCIENCE GOALS AND REQUIREMENTS$
IGM Emission Roadmap Discovery and Preliminary 

Characterization of Emission 
from the IGM, WHIM, CGM, CQM 

Physical Properties of the IGM, 
WHIM, CGM, CQM 

Tracing Baryon Structure For-
mation using IGM and CGM 
Emission  

Map IGM/WHIM 
[N1, N2, A3, A4] 

O1a. Discover IGM emission 
from the hidden baryons in the 
Universe. Preliminary mass cen-
sus. 

O1b. Characterize IGM emis-
sion from the hidden baryons in 
the Universe. Mass census. 

O1c. Exploit IGM emission to map 
baryonic structure formation in 
cosmic web 

Map CGM 
[N1, A1, A2] 

O2a. Discover CGM emission to 
explore IGM-galaxy co-evolution 
 

O2b. Characterize CGM emis-
sion to determine physical condi-
tions, gas flows and reservoirs 

O2c. Deep, multi-object surveys 
of galaxy/CGM emission regions 
to explain IGM-galaxy co-evolution 

Map Circum-QSO Medium 
(CQM) 
[N1, N2, A1-A4] 

O3a. Discover CQM emission to 
explore QSO gas environment.  

O3b. Characterize CQM emis-
sion to determine physical prop-
erties of QSO gas environment. 

O3c. Deep maps of multiple QSO 
CQM reqions to determine how 
QSOs are formed and evolved, and 
in what environments. 

Surveys Moderately deep imaging and 
multi-object spectroscopic 
surveys of 10-100s of ha-
los/galaxies and filaments. 

Very deep imaging and multi-
object spectroscopic surveys 
of 10-100’s of objects and fila-
ments. 

Wide, deep imaging and multi-
object surveys of 100-1000’s of 
halos, filaments, and regions. 

R1. Diffuse UV sensitivity:         
(LU =  ph cm-2 s-1 sr-1) 

IGM 10-200 LU (5 arcsec).  
CGM: 100-5000 LU (5 arcsec) 

IGM: 5-100 LU (5 arcsec).  
CGM: 100-5000 LU (2 arcsec) 

IGM 5-100 LU (5 arcsec).  
CGM: 100-5000 LU (1 arcsec) 

R2a. Spectral Mapping (IFS):  
Contiguous survey regions 

Field of view: ~4x4 arcmin2 Field of view: ~2x2 arcmin2 Field of view: ~2x2 arcmin2 

R2b. Spectral Mapping 
(MOS): 
Wide-field, multi-object map-
ping of galaxies and their 
CGM halos. Wide-field sur-
veys of filamentary emission 
from cosmic web. 

Field of view: (10-20) x (10-20) 
arcmin2  

Field of view: (2-5) x (2-5) 
arcmin2 

Field of view: (2-5) x (2-5) arcmin2 

R3. Cosmic volume (at low z)  IFS/MOS: 104  / 105 Mpc2 IFS/MOS: 104  / 105 Mpc2 a) IFS/MOS: 105  / 106 Mpc2 

R4. Spectral range Observe Ly!, OVI1033, CIV1550 
over 0.2 < z < 1 

Observe Ly!, OVI1033, CIV1550 
over 0.2 < z < 1 

Observe Ly!, OVI1033, CIV1550 
over 0.05 < z < 1.5 

R5. Velocity resolution 100-300 km/s 50-100 km/s 50-100 km/s 
R6. Spatial resolution suffi-
cient to resolve CGM compo-
nents from central galaxy (~5-
20 kpc) 

20-40 kpc (~5 arcsec) 10-20 kpc (~3 arcsec) 3-7 kpc (~1 arcsec) 
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•" Mode: Spectroscopy 
•" Field of View:   

–" IFU: 4x4 arcmin2 for contiguous IGM/CGM regions. 
–" MOS: 20 x 20 arcmin2 - Wide field cosmic web surveys.  

Multi-object mapping of galaxies and CGM halos 
•" Physical / angular resolution: 

–" 1-5 arcsec2  
–" 3-40 kpc over 0.2<z<1.5 

•" Spectral resolution: 
–" R ~ 1000-5000 

•" Wavelength band: 
–" 1250-3200Å (Lya, CIV, OVI @ 0.2<z<1) 
–" Goal: 1000-4000Å; 0.05<z<1.5 

•" Sensitivity: 
–" CGM: 100-5000 LU (1 LU = 1 photon s-1 cm-2 sr-1) 
–" IGM: 5-100 LU 

$

IGM/CGM EMISSION MAPPING 
SCIENCE REQUIREMENTS$

Metal Lines 
van de Voort 
& Schaye (2012) 
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Observations of AGN Fulfill Multiple Scientific 
Objectives"
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Galaxy Evolution, AGN and Feedback"

Red Sequence!

Blue Cloud!

Green Valley!

"" Color Evolution: Outflows can help AGN 
move from the “Blue Cloud” across the 
“Green Valley” and onto the “Red Sequence”.!

"" MBH-# : Feedback couples !
!black hole growth to galaxy 
growth, leading to the 
correlation.!

DiMatteo+2005!

"" Downsizing: AGN feedback limits 
galaxy growth.!

Bower+2006!

Baldry+2004!
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Quantifying Outflows in Nearby AGN"

"" The key quantities we need to measure are 
•" The mass flux, Mout= 4! "# r NH µmp vout 
•" The kinetic luminosity, Lk = $ Moutvout

2 

"" The SED plus photoionization modeling gives us a density-
dependent distance through the ionization parameter: 

   
 

"" Density can be measured via 
     density-sensitive lines            or trec. 

 

#!

#!

$ =!
Lion!
n r2!

  

Gabel et al. 2005!

Arav et al. 2012!
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Outflows in AGN at Intermediate Redshift"

""Observations of local AGN show that the bulk of the mass and 
kinetic energy in the outflows is in high-ionization gas seen in the 
X-ray. 

""At moderate redshifts (z~1) X-ray diagnostic lines such as O VII and 
O VIII are absorbed by the local ISM, and X-ray fluxes are too low 
for spectroscopy. This makes studying the evolution of outflows 
difficult. 

""High-ionization lines such as Ne VIII !!770,780, Mg X !!610,625 and 
Si XII !!499,521 probe gas at ionization levels comparable to the    
O VII and O VIII features commonly seen in X-rays from local AGN. 

""Equally importantly, high-ionization excited-state transitions 
provide density diagnostics: O IV !!608,610, O IV !!788,790. 

""UV observations can achieve higher sensitivity and resolution. 
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The Physics of the Accretion Disk in the Extreme UV"

""Sensitivity down to 1000 Å would allow direct observation of the 
continuum in a large sample of AGN at moderate redshift. 

""Existing ground-based observations (e.g., SDSS DR7) would give 
fundamental parameters such as MBH and  Ledd. 

""Simultaneous ground-based observations would allow direct 
correlation of the soft seed photons from the disk with the 
Compton-scattered EUV. 

""Correlated lags yield the geometry of the scattering region. 

Jin, Done & Ward 2012! 47 



Direct Black Hole Mass Measurements to Cosmological 
Distances "

"" Batcheldor & Koekemoer (2009) show that the resolution and low sky 
brightness afforded by the Ly" emission line in the UV is more efficient 
than 30-m ground-based telescopes in the IR.  

"" An 8-m space-based telescope can observe a disk with the Ly" surface 
brightness of M87 to a limiting redshift of z=1.5. 
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Next Steps for Probing AGN in the UV"

"" Probing AGN outflows requires R~15,000 and S/N~30 in the continuum. 
"" Quantitative observations of large numbers of objects requires short 

exposure times (hours, not days). 

"" COS can reach flux levels of F!>6#10$14 in 2000 s. This is equivalent to 
i=13.5 for the SDSS composite QSO spectrum. However, only a handful 
of AGN are this bright. 

"" At i<17, and predicted F!>1#10$15, SDSS DR7 has over 250 AGN with 
0.89 < z < 1.50 (to see Mg X at  !>1150 Å and Ly" at !<3200 Å).          
This requires ~60 times the throughput of COS. 

 
"" Sensitivity to 912 Å would allow observations of Mg X at z > 0.51. 
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Far Ultraviolet Observations of AGN!
Science Requirements"
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