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ABSTRACT

The multichannel photoelectric spectrometer has been used to obtain the absolute spectral-energy
distribution in the quasi-stellar radio source 4C 05.34 from 23220 to A9000. The strengths of the emission
lines, in terms of both equivalent width and absolute intensity, the spectral index, and the absolute flux
are typical of quasi-stellar sources. Lyman 8 is observed, and there is a drop of intensity by a factor
of 2 at the Lyman limit. From the data it is inferred that the optical depth is of the order of unity in the
Lyman continuum and is approximately 3 at the center of L.




a5 A alcry

AR [N ] BTG I O 19 N Y ) 4

Normalized Flux

[SilV A1393 : log(f\)=2,854,]
%ﬂkmﬂmmewﬂmMiwﬁﬂﬁﬂwﬂk[Nwwk
i\ 1 ]

h

MMM i

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1o§\wwf»mw- im ,54..1

0.5L |r’

ng

-w,wu aﬂr&:rm 1.0 b

*_' 0.5

M’

#ﬁﬁﬁﬁ&hwwﬂﬂm%wwaMhhomf‘ 168

1. 0 IJ,"\"AM“\ .AMV,»*"WW‘%NW -W‘mh.\ 1.0} .

Off\ 3.172 ]

.”ﬁoo T
' ! '

‘hi%ﬁiw %ﬁwwkﬂwﬁgw(asy

Oo}} 105

oo,_”_ﬂ””._w._,wzu_.”y_.“”r:”féoo' \ e

1. Or""'w%-v' AAMV Fw‘my AR 0»;’.1“5 1.0 r«*‘f"“m /‘f*/ _“ log(fA ‘ 2.286 ]
t \[w 1 /M Jﬂ\ ri* f

0.5 i {00

00;..“ - '--;00 \

051

0.0k

10%&“*&“1}ﬂ“wmmwhﬂmﬂﬁﬁmﬁmewr1o:""

10.5¢

.= 0.0

,* f‘ Of\!’\ 19'&"|
Y

- R ' S casde s s . P ——
t

\ H\\ K \k,,"f

1.0 iﬂ#«upwm'«'ﬁ«ht *ﬁ%"ﬂ%ﬁ Lo

O;\\r )=2.136 ]

! \H\A '““trf"'f“' ‘
| ,‘f"f \ ﬁ\ﬁ 100

0.5{ _0.5
00 . ' o= 0.0 1
ICIII A977 log(fA\)=2.869 ] OVl A
.:10».

1. O‘W“ﬂ" IJ& ‘ \l\*t‘\)h’.
Ay

0.0

wﬁ /Mm MM Fapbivis




LLS as the laboratory of
choice




Questions

= \WVhat is the LES incidence freguency.-and column
density. distribution?




The Column Density Distribution Function (N, X)

SoB 1989







J075158.65+424522.9 . JO85417.604532735.2

J075547.83+220450.1

The low z Bl

road

O’ Meara+2013
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The high z
road

Gemini GMOS
WORSEER™ 2013 1N
olf - on,

SDSS Prochaska:
2010




f(N,X) at z=2.4
O’'Meara+ 2013
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OWLS SIMULATION, LO25N512, z=3.00

——High N, — Projected
——Low N,, — VPFIT

Lymon Limit Systems

Domped Ly-a

Ly—a Forest R 6 Systems

Observations .
"+ Kim02 2=[2.9,3.47] UVES on VLT %
- o POW10 z=[3.3,4.4] SDSS DR7
L+ Per05 z=[1.8,3.5] UVES on VLT . 10" em=3 mememee

Ome07 z=[1.7,4.5] ESI on KECK
3-Ome07 z=[1.7,4.5] MIKE on Magellan
= NPLS09 z=[2.2,5.5] SDSS DR7
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Questions

x \What is the LLS incidence frequency.- and column
density distribution™?

x \What Is the effect of the LLES on'ionizing photons?




[LS & The Mean Free Path
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Faucher-Giguerre+08
— — Madau et al. (1999)




4200
Mest [1+2,] (Angstroms)

4400
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Prochaska, Worseck, & O’Meara 2009




[o—
Fe

—
N

[o—
o

S
oo

S
P

3
o
”E
&
vy
°°.
[
9
3. 06
PU
2
=
3
E
=
&)

o
)

S
o

+2)% e =-545+0.39

Hot oﬁ the (hopequy) Dresses

Fumagalll;;O-Meara, & Prochaksa, 2013
Worseck+ 2013




Questions

x \Vhat is the LLS incidence frequency and column
density distribution’?

x \What is the effect of the LLS on ionizing photons?

® How many:metals are:locked up in the LLS?




The Large, Oxygen-Rich Halos of
Star-Forming Galaxies Are a Major
Reservoir of Galactic Metals

). Tumlinson,** C. Thom,* J. K. Werk,? ). X. Prochaska,” T. M. Tripp,® D. H. Weinberg,”
M. S. Peeples,” J. M. O'Meara,® B. D. Oppenheimer,” ). D. Meiring,® N. S. Katz,> R. Davé,®
A. B. Ford,® K. R. Sembach*

The circumgalactic medium (CGM) is fed by galaxy outflows and accretion of intergalactic gas,
but its mass, heavy element enrichment, and relation to galaxy properties are poorly constrained
by observations. In a survey of the outskirts of 42 galaxies with the Cosmic Origins Spectrograph
onboard the Hubble Space Telescope, we detected ubiquitous, large (150-kiloparsec) halos of
ionized oxygen surrounding star-forming galaxies; we found much less ionized oxygen around
galaxies with little or no star formation. This ionized CGM contains a substantial mass of heavy
elements and gas, perhaps far exceeding the reservoirs of gas in the galaxies themselves. Our data
indicate that it is a basic component of nearly all star-forming galaxies that is removed or
transformed during the quenching of star formation and the transition to passive evolution.

intergalactic medium (IGM) and convert-  [or metals ()], some of which is ejected in

Gala)dus grow by accreting gas from the sions release gas enriched with heavy elements
ing it to stars. Stellar winds and explo-  galactic-scale outflows (2). The circurngalactic

medium (CGM)}—loosely defined as gas surround-
ing galaxies within their own halos of dark mat-
ter (out to 100 to 300 kpc)—lies at the nexus of
accretion and outflow, but the structure of the
CGM and its relation to galaxy properties are
still uncertain. Galactic outflows are observed
at both low (2—4) and high (5-7) redshift, but it
is unclear how far they propagate, what level
of heavy-clement enrichment they possess, and
whether the gas escapes the halo or eventually
returns to fuel later star formation. Models of

'Space Telescope Science Institute, Baltimore, MD 21218, USA.
“University of Califomia Observatories—Lick Observatory, Santa
Cruz, CA 95064, USA. *Department of Astronomy, University of
Massachusetts, Amherst, MA 01003, USA. *Department of
Astrenomy, Ohio State University, Columbus, OH 43210, USA.
“Department of Physics and Astronomy, University of Cali-
fornia, Los Angeles, CA 90095, USA. “Department of Chemistry
and Physics, Saint Michael's College, Colchester, VT 05439,
USA. “Leiden Observatory, Leiden University, NL-2300 RA
Leiden, Netherlands. eward Observatory, University of
Arizona, Tucsen, AZ 85721, USA.

*To whom cerrespondence should be addressed. E-mail:
tumlinson@stsci.edu

18 NOVEMBER 2011 VOL 334 SCIENCE www.sciencemag.org
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—OVI 1031
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Wavelength

OVlishardat z > 2

to measure gas in the universe you must avoid gas in the
universe
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Keck Qbservatory Database (of) lonized Albsorbers (toward) Quasars

The KODIAQ Survey




KOA

o HIRES data:since
1994

o \Vlosaic chip:cata
since 2004




KODIAQ
DATABASE

e =25 000 Indiviaual
frames

o =500 unigue:opjects

® [inal:data:prodtcts
will-be:made public




THE SURVEY SO FAR

® >100 quasars
surveyed for LES +
OVI + others

e Require both:-OV
transitionsto:make:a
measurement
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First Results
Lehner+ 2013 in prep

“ Sate :
MEMEBASE.com




[ Q1603+3820 z =248 log N(HI)=17.74 [ Q1558-0031 z =2.63 log N(HI)=19.50 ] [ Q2343+1225 z =243 log N(HI)=20.40

Q1009+295é Z =2 4é log N(HI)=17.80 Q1243+3047 z _2 Tlog N( . 11 q2206-199 z -2, 08! log N(HD)~20.
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® KODIAQ
® l'ox et al. 2007

Ngr = Novi/(fovi[O/H))
Toa 2




Questions

What is the LLS incidence frequency and column
density distribution’?

What is the effect of the LLS on ionizing photons??
How many metals are locked up in the LLS?

What is thelink between LS and outflows? [nfall?




Metallicity distribution of z < 1.0 Lyman limit systems
[16.1 < log N(H |} < 18.5]

Lehner+ (2013): |
28LLS@z< 1
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LLS at lower Z R

x (GO to lower z and
sample galaxies lower
down the luminosity
function

= [Easier to interpret
metallicities

x [hese are "HI selected”

HST/COS (G140L) snapshot spectra
log N(H1) ~ 16.8
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logN(H 1) > 180

Howk+ 2013, In prep




Lyman limit systems at low redshift
“The Macho Man”

Wavelength (A)

[ lll ! IRLE
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Call 3933 ]
Mg | 2852 1
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Normalized Flux

0.2

Velocity (km/s

O’Meara+ (in prep.)
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Can We play this game at higher z?




Inflows? = ;CQle

J1134+5742 ] 20956+122
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[X/H] < -4.2 IX/H] < -3.8
The Hunt is On!
Fumagalli, O’Meara, & Prochaska 2011
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Outflows/Mixing?

| “‘A‘f);/ﬁtho/e lotta talks!
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CIVW.=206 A

MgllW.=1A

Redshift




Summary

= \Vhat is the LLS incidence frequency and column
density distribution”?

x (Getting better here, but high z?

x \What is the effect of the LLLS on ionizing photons?

x Have determined the VIFP over nearly the full
range we can. LS only ~50%!

= How many metals are locked up inthe LLS?
x A fot!
x \What is the link between LLS and outflows? Infall”?

x Sit tight, it’ll be a good meeting!




