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The KODIAQ Survey: Scientific Motivation
• Study the hot, highly ionized gas 

of the dense CGM at the peak 
star-formation rate epoch. 

• Determine the contributions of 
the dense CGM to the cosmic 
baryon and metal budgets at 
z~2-4. 

• KODIAQ Z: tracing the metallicity 
distribution of the CGM.

➡ select absorbers based on their HI content 
log N(HI)≳17.3 (and eventually >16) 

➡ primary ion to probe gas is OVI (also CIV, SiIV, 
and NV + low ions)
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Figure 4. (a) The kinematics of Eris2’s CGM. Same as Figure 3(a) but for inflowing gas only, as traced by low- and high-ionization species. (b) Same as Figure 4(a)
but for outflowing gas only.
(A color version of this figure is available in the online journal.)

C II, Si IV, and Si II mass within 2 Rvir, respectively, is inflowing.
High H I column density absorption mainly traces the narrow
cold inflowing streams. Outflowing material has smaller H I

columns and contributes to the covering factor of gas with
NH i > 1015.5 cm−2.

The distribution of high-ionization species in the temperature–
density plane is clearly bimodal. At high densities and tem-
peratures, ions are in collisional ionization equilibrium (CIE)
and their fractional abundances are only a function of tempera-
ture. At lower densities, when photoionization is dominant, the
equilibrium abundances become a function of density as well
as temperature, and metals are typically in a higher ionization

state at a given temperature than in CIE. C II and Si II ions trace
primarily cool, 104 ! T ! 105 K, photoionized CGM gas at
overdensities log δ ≃ 2 (as well as dense, cold disk neutral ma-
terial), which extends as far as 2 Rvir but with a covering factor
that decreases sharply beyond Rvir (Figure 3(a)). Si IV and C IV

are abundant in low-density log δ " 1 photoionized gas. C IV

ions maintain a significant covering factor beyond 2 Rvir and
can also be detected in warm-hot and denser log δ ∼ 2 CGM
gas within Rvir.

Within 100 kpc, O VI is largely collisionally ionized and traces
CGM gas with log δ " 1 and T > 105 K (in CIE, O VI reaches
its peak abundance fraction, ∼0.2, at 3 × 105 K). A cool,
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The KODIAQ Survey: Motivation
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•  >300 unique quasars (many with high S/N). 
• >25,000 individual exposures 

•  Data processed by hires_redux package. 

•  All have been continuum fitted + coadded. 
• We provide fully reduced + intermediate data products. 

•  First 170 QSOs released on May 15, 2015. 
• See J. O’Meara et al. (2015, arXiv:1505.03529).

The KODIAQ Database

Submitted to the Astronomical Journal
Preprint typeset using LATEX style emulateapj v. 12/16/11

THE FIRST DATA RELEASE OF THE KODIAQ SURVEY

J.M. O’Meara1, N. Lehner2, J.C. Howk2, J.X. Prochaska3, A.J. Fox4, M. A. Swain5, C. R. Gelino6, G. B.
Berriman6, & H. Tran7

Submitted to the Astronomical Journal

ABSTRACT

We present and make publicly available the first data release (DR1) of the Keck Observatory Database
of Ionized Absorption toward Quasars (KODIAQ) survey. The KODIAQ survey is aimed at studying
galactic and circumgalactic gas in absorption at high-redshift, with a focus on highly-ionized gas
traced by O VI, using the HIRES spectrograph on the Keck-I telescope. KODIAQ DR1 consists of
a fully-reduced sample of 170 quasars at 0.29 < zem < 5.29 observed with HIRES at high resolution
(36, 000  R  103, 000) between 2004 and 2012. DR1 contains 247 spectra available in continuum
normalized form, representing a sum total exposure time of ⇠ 1.6 megaseconds. These coadded spectra
arise from a total of 567 individual exposures of quasars taken from the Keck Observatory Archive
(KOA) in raw form and uniformly processed using a HIRES data reduction package made available
through the XIDL distribution. DR1 is publicly available to the community, housed as a higher level
science product at the KOA. We will provide future data releases that make further QSOs, including
those with pre-2004 observations taken with the previous-generation HIRES detectors.
Keywords: absorption lines – intergalactic medium – Lyman limit systems – damped Lyman alpha

systems

1. INTRODUCTION

The High Resolution Echelle Spectrometer (HIRES)
Vogt et al. (1994) at the Keck-I telescope on Maunakea
has contributed significantly to our knowledge of the
intermediate- to high-redshift universe. In particular, ob-
servations of absorption lines toward background quasars
with HIRES have provided a number of fundamental dis-
coveries and studies. HIRES observations have provided
experimental tests of Big Bang Nucleosynthesis and have
help determine the cosmological baryon density (e.g.,
Burles & Tytler 1998; O’Meara et al. 2001; Cooke et al.
2014). They have discovered pristine gas clouds (Fuma-
galli et al. 2011) and determined the metal budgets over
10 decades in H I column density from the Lyman–↵
forest (Simcoe et al. 2004) to the damped Lyman alpha
systems (Wolfe et al. 2005). They have explored the
galaxy-IGM connection (Steidel et al. 2010) and have
constrained the thermal history of the universe (Bolton
et al. 2014). They have helped constrain dark matter
models (Viel et al. 2013), have provided critical tests to
cosmological simulations (Tytler et al. 2009), and been
used to study changes in the fine-structure constant with
redshift (Murphy et al. 2001; Webb et al. 2001; Murphy
et al. 2003). Indeed, at the time of submission, HIRES
appears in the title or abstract of over 1000 papers to-
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taling over 20,000 citations.
Remarkably, these successful studies have primarily

been achieved with single objects, or with samples num-
bering in the tens of sightlines. This largely reflects the
limited allocations of Principal Investigators (PIs) with
direct access to the Keck telescopes. The compilation
of a significant portion of the quasar sightlines observed
with HIRES in the Keck Observatory Archive (KOA8),
however, now facilitates the study of hundreds of quasar
sightlines by making the data available to the community
in raw form. In 2009, we were awarded a NASA ADAP
grant (PI: Lehner) to use this rich QSO database (> 600
QSOs as of this writing) to study the hot ionized O VI
gas in the circumgalactic medium of 2 < z < 4 galaxies in
a sample of H I-selected strong absorbers (logNHI ⇠> 17,
i.e., the Lyman limit and damped Ly↵ systems). The
first results from our Keck Observatory Database of Ion-
ized Absorption toward Quasars (KODIAQ) survey are
presented in Lehner et al. (2014).
As part of the KODIAQ survey, we have uniformly

processed the HIRES spectra of hundreds of QSOs.
In this work, we present the first data release (DR1)
from the survey. We make available to the community
continuum normalized 1-D spectra for 170 QSOs and
make them publicly available at the KOA. This work
joins and extends the public data releases of Keck data
from Prochaska et al. (2007), Prochaska et al. (2003),
Prochaska et al. (2001), and Rafelski et al. (2014), and
is complementary to the ESO Advanced Data Products
Quasar Sample (e.g., Zafar et al. 2013). Here we present
the details of our work to produce this archive. An out-
line of the paper is as follows: In section 2, we describe
the basic properties of the data, it’s reduction, and its
availability at the KOA. In section 3, we describe the spe-
cific properties of the DR1 sample. Finally, in section 4

8 http://www2.keck.hawaii.edu/koa/public/koa.php
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The KODIAQ Database
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The KODIAQ Database



KODIAQ would not exist without… 
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KODIAQ: treasures in the forest.

For KODIAQ we have so far 
required both lines of the O VI 
doublet to be clean.

Early science preview: C IV and 
OVI do not trace the same 
phenomena in the z~2-3 CGM.



CGM OVI is strong

log<NOVI> = 14.9

Lehner+ (2014)

O VI Detection rates: 
DLAs:        100%	


sub-DLAs:    63%	


LLSs:            71%

• When OVI detected, it’s often 
present in large quantities:



• When OVI detected, it’s often 
present in large quantities:

log<NOVI> = 14.9

Lehner+ (2014)
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Figure 4. Left: total column density of O vi and NO vi/NH i vs. NH i. The dashed line in the bottom panel is the fit derived for O vi absorbers associated with Lyα forest
absorbers (log NH i ! 16) at similar redshifts from Muzahid et al. (2012). Right: total column density of O vi and NO vi/NH i vs. the metallicity of the cool gas. Circles
with overplotted blue squares highlight the proximate systems. When the 1σ error is not apparent, it is less than the size of the circle.
(A color version of this figure is available in the online journal.)

Absorber z = 2.42903 toward Q1009+2956 (see Figures 11
and 31). C iv and Si iv have both narrow and broad components
and very similar component structures. A similar velocity
structure is observed in the singly ionized species except for the
component at −167 km s−1, which is only observed in C iv and
Si iv. On the other hand, the O vi profiles differ entirely from all
the other ions: the overall O vi profile is smoother, in particular
where the main absorption is observed in C iv and Si iv between
−80 and +80 km s−1; the O vi profile is more extended at
positive velocities; and even where the narrow O vi absorption is
observed at −71 km s−1, there is surprisingly no corresponding
absorption in C iv and Si iv. Hence the bulk of C iv and Si iv as
well as the singly ionized species trace gas that is kinematically
related. Our Cloudy simulations (see Section 3.3) show that
Si iv and Si ii can be produced by photoionization by the EUVB
radiation, but falls short to produce enough C iv by a factor four.
Some other ionization sources may include a harder ionizing
source (e.g., from the interface of a hot gas; see Knauth et al.
2003; Borkowski et al. 1990), or photoionization of a very
low density gas (Oppenheimer & Schaye 2013), or possibly
turbulent mixing layers (Slavin et al. 1993; Kwak & Shelton
2010). O vi must, however, trace a much different type of gas that
is hotter (T ! 2 × (105–106) K implied from the individual b-
values but one—the −71 km s−1 component has T < 3×104 K)
and/or much more turbulent. No N v is observed in this absorber.

Absorber z = 2.83437 toward J1343+5721 (see Figures 12
and 31). For this absorber, the situation is quite different with no
evidence of narrow components in the high ions that align with
the cooler gas. The C iv and Si iv profiles have again matching
components, with the bulk of the absorption shifted by −131
and −70 km s−1 from the strongest absorbing component in the
singly ionized species. However, while the velocities of the O vi
and C iv profiles at v < −50 km s−1 overlap, the bulk of the
O vi absorption is at −28 km s−1. In this absorber, the high ions
trace gas that is hot and/or kinematically disrupted gas, but there

is a large variation in the ionic ratios of O vi to C iv (or Si iv),
implying changes in the physical conditions of the gas. In this
case N v λ1238 is detected and free of contamination and its
profile structure follows that of O vi.

Absorber z = 3.04026 toward HS0757+5218 (see Figures 21
and 34). The bulk of the absorption for the low ions and O i is
between −30 and +30 km s−1, while for the high ions, it is
between −150 and −30 km s−1, so again the components of the
high and low ions do not align. There is again some similarity
between C iv and Si iv and the profiles of these ions show a
larger number of velocity components than observed in the O vi
profile. However, the AOD comparison also shows that the broad
O vi component is also visible in the C iv profile. So in this case,
the peak optical depth of the absorption in the high ions is largely
shifted from that of the low ions, but O vi and some of the C iv
trace hot and/or kinematically disrupted gas. In this case, there
is no detection of N v.

Absorber z = 2.52569 toward Q1243+3047 (see Figures 19
and 33). All the absorbers described above are intervening, while
this SLLS is a proximate absorber. The low ions probe relatively
cool and very low metallicity (0.2% solar) gas (see also Kirkman
et al. 2003). The bulk of the observed absorption in the high-ion
profiles is again displaced by about 40 to 120 km s−1 relative
to low-ion absorption. There is, however, an excellent match
between the C iv and O vi (and Si iv) profiles even though there
is more structure visible in the C iv and Si iv profiles. So in this
case, all the high ions trace gas governed by similar physical
conditions. This better match between C iv and O vi is also
observed in 3/5 proximate absorbers in the KODIAQ sample.
There is also an intervening absorber (z = 2.18076 toward
Q1217+499) where all the ion profiles follow each other quite
well, but in this case, all the high-ion profiles (including N v)
are saturated at some level (see Figure 16).

From this description and considering the entire sample, we
can draw additional properties of the highly ionized gas probed
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• When OVI is not detected, it is 
very low.

Local ISMSimilar to local starbursts!

CGM OVI is strong



KODIAQ Z: Undead Metals in the Circumgalactic Medium

We demonstrated that OVI absorbers associated with strong HI absorbers are unique tracers 
of hot gas at high z. The OVI absorption in the CGM of high-z galaxies are broad and extremely 
strong (Fig. 7). The OVI properties in the KODIAQ sample are astoundingly similar to those 
observed in starburst galaxies at low redshift (Grimes et al. 2009), suggesting the origin of the 
OVI associated with LLSs is the hot cooling gas of large-scale outflows from high-redshift star-
forming galaxies, possibly the Lyman break galaxies (e.g., Steidel et al. 2010). The OVI 
properties in the KODIAQ sample are also strikingly dissimilar from blind OVI surveys at 
similar redshifts (Muzahid et al. 2012; Simcoe et al 2002), with typically much weaker and 
narrow OVI absorption associated with log NHI<15 IGM absorbers (see Fig. 7). The strong OVI 
with log NOVI≳14.4 are typically probed of outflows in the CGM of z~2–3 galaxies according to 
the Eris2 simulations (Shen et al. 2013). We find a near ubiquity (100% for the DLAs, 70% for 
the sub-DLAs and LLSs) of strong OVI absorption in our sample that is consistent with the near 
universal galaxy-scale outflows observed at z~1–4 (Shapley et al. 2003; Weiner et al. 2009). !

The properties of the OVI absorption in strong HI absorbers at z~2–3.5 are very different 
from the OVI selected in strong HI absorbers at z<1 (Fox et al. 2013): except for 1/23 OVI 
absorber, they all have Δv≲150 km s-1 and only 6/23 have log NOVI≳14.5, while the others have 
13.5≲log NOVI≲14. Only 1 LLS at z~1 is as broad (Δv~400 km s-1) and strong as observed at high 
z, which is demonstrated to be an outflow from a 1.8L* post-starburst galaxy (Tripp et al. 2011). 
Therefore randomly selected strong HI absorbers show a dramatic change between the highly 
ionized CGM of galaxies observed at high and low z. !

As we argue in KODIAQ I, the properties of the OVI-bearing gas strongly suggest that it 
could have a high (near solar or super-solar) metallicity, much higher than the bulk of the cooler 
gas probed by HI and low ions; and indeed, strong OVI (log NOVI>14.4) absorbers are found 
irrespective of the metallicity (high or low) of the cooler gas probed by HI and low ions. Our 
KODIAQ results show distinctively that the increase star formation at high z is matched by more 
powerful and numerous outflows than at low z. The KODIAQ results are being used to constrain 
the physics of feedback in cosmological simulations.!
1.7. Effort, timeline, and scientific milestones!

The three-year research program proposed here will be principally overseen by PI Lehner at 
the University of Notre Dame (ND). The PI with CoIs O’Meara, Howk, and Prochaska will lead 
the basic data reduction as well as the bulk of the analysis and interpretation of the results. CoIs 
Faucher-Giguère, Fumagalli, and Hummels will provide their expertise in the science and will 
develop the cosmological simulations to support the proposed work. Most of the investigators are 
long term users of the suite of instruments on Keck. Our request of a 3 year research program 

- !  -14

Fig. 7: KODIAQ Science Results. Total column 
densities are shown again the total width of the 
absorption for OVI. OVI selected in strong HI 
absorbers are broad and large column density, properties 
similar to those found in starburst galaxies at low and 
high z. In contrast, blind OVI surveys at similar 
redshifts produce much narrower and weaker absorption 
and are typically associated with weak LYAFs, i.e., the 
IGM (Muzahid et al. 2013, Simcoe et al. 2002). 

CGM O VI is broad
• CGM O VI is very broad, both in 

total Δv and b-value.


• CGM O VI (H I-selected) is much 
broader than blindly-selected O VI.


!

!

• O VI is broader than other ions, 
notably C IV, Si IV, Si II.

Lehner+ (2016)

Δv(CGM) ≈ 300 km/s (Lehner+ 2014)	



Δv(IGM)   ≈  66 km/s (Muzahid+ 2012)



• CGM O VI is very broad, both in 
total Δv and b-value.


• CGM O VI (H I-selected) is much 
broader than blindly-selected O VI.

Lehner+ (2014)

CGM O VI is broad

N.B.:   We find individual O VI 
components with b-values implying non-
equilibrium cooling.	


!
This only happens for high-metallicity 
gas, higher than seen in the H I-bearing 
gas.
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CGM baryons are substantial at z~2-3

DLA

Lyα forest

CGM

Galaxies

see also Fox+07 for the DLAs

N(HII)OVI = N(OVI)/(fOVI (O/H))	


N(HII)SiIV = N(SiIV)/(fSiIV (Si/H))	



DLAssub-DLAsLLSs
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The CGM at z~2-3 harbors substantial baryons, metals

90%

3%7%

Lyα forest

CGM

Baryons Metals

DLA

70%

15%

15%

Lyα forest

CGM

Galaxies

Caution: Large uncertainties in most of these numbers.  
There is room for other gas-phases.

Highly-ionized gas in the CGM represents: 
>5-20% of all the metals produced at z ~ 2–3.

>3-14% of all the baryons at z ~ 2–3.

Fukugita+1998

Rauch+1997

Weinberg+1997

Peroux+2003, 2005

Prochaska et al. 2005

Pettini 2004, 2006

Ferrara+2005

Bouche+2005,2008

Peeples+2014
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KODIAQ-Z: Metallicity of the CGM at z=2-4 (300 LLSs)
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Is the high SFR density driven by more infall?

Infall-dominated CGM

finfall > 0.5

Is there more metal-enriched expulsion due 
to higher SFR density?

Expulsion-dominated CGM
finfall < 0.5
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Thanks
KODIAQ Results
• Optically-thick systems 

probe gas in the vicinity of 
galaxies – the CGM – at z 
~ 2-3.	



• O VI in the CGM is much 
different than the IGM, 
similar to expectations 
from active winds.	



• The highly-ionized CGM 
contains substantial 
fractions of all galactic 
baryons and all metals at 
z ~ 2-3.


