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ABSTRACT

We present a new Hubble Space Telescope (HST) Cosmic Origins Spectrograph
(COS) absorption-line survey to study halo gas around 16 luminous red galaxies
(LRGs) at 2 = 0.21 — 0.55. The LRGs are selected uniformly with stellar mass
Mar > 101 Mg, and no prior knowledge of the presence/absence of any ahsorption
features. Based on observations of the full Lyman series, we obtain accurate measure-
ments of neutral hydrogen column density N(H1) and find that high-N(H1) gas is com-
mon in these massive quiescent halos with a median of (log N (H1)) = 16.6 at projected
distances d = 160 kpe. We measure a mean covering fraction of optically-thick gas with
log N(H1)217.2 of (k)15 = 0.447017 at d=160 kpe and (k) rs = 0.7170:35 at d= 100
kpe. The line-of-sight velocity separations between the H1 absorbing gas and LRGs are
characterized by a mean and dispersion of (vgas—ga1) = 20km s~ and o7y, .y =171
km s~!. Combining COS FUV and ground-based echelle spectra provides an expanded
spectral coverage for multiple ionic transitions, from low-ionization Mgn and Siu, to
intermediate ionization Sim and Ciu, and to high-ionization O vi absorption lines.
We find that intermediate ions probed by Cr and Sim are the most prominent UV
metal lines in LRG halos with a mean covering fraction of (k(C1u))o, = 0.757575 for
W,.(977) = 0.1 A at d < 160 kpc, comparable to what is seen for Cur in L, and sub-
L, star-forming and red galaxies but exceeding Mg or O v in quiescent halos. The
COS-LRG survey shows that massive quiescent halos contain widespread chemically-
enriched cool gas and that little distinction between LRG and star-forming halos is
found in their Hr and C 1 content.
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ABSTRACT

We analyze new far-ultraviolet spectra of 13 quasars from the z ~ 0.2 COS-Halos survey that cover the H 1
Lyman limit of 14 circumgalactic medium (CGM) systems. These data yield precise estimates or more con-
straining limits than previous COS-Halos measurements on the H T column densities Ny;. We then apply a
Monte-Carlo Markov Chain approach on 32 systems from COS-Halos to estimate the metallicity of the cool
(T ~ 10* K) CGM gas that gives rise to low-ionization state metal lines, under the assumption of photoion-
ization equilibrium with the extragalactic UV background. The principle results are: (1) the CGM of field L*
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': galaxies exhibits a declining H I surface density with impact parameter 2, (at > 99.5% confidence), (2) the
o0 transmission of ionizing radiation through CGM gas alone is 70 £ 7%: (3) the metallicity distribution function
— of the cool CGM is unimodal with a median of 107%*! Z and a 95% interval =~ 1/50 Z,, 0 > 3 Z.. The
\O incidence of metal poor (< 1/100 Z) gas is low, implying any such gas discovered along quasar sightlines is
N typically unrelated to L* galaxies; (4) we find an unexpected increase in gas metallicity with declining Ny (at
C. > 99.9% confidence) and, therefore, also with increasing | . The high metallicity at large radii implies early
l enrichment. (5) A non-parametric estimate of the cool CGM gas mass is M&$,, = (9.2 £ 4.3) x 1019M,
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Figure 4. Ny values for the COS-Halos survey versus the projected

impact parameter R, to the tarﬁct galaxy. The measurement of
each CGM system is coded by the specific SFR (sSFR) such that

red circles indicate a sSFR < 107" Mg yr ~!. while blue stars
represent galaxies with sSFR higher than this limit. Open symbols
indicate non-detections in H I and error bars (typically < 0.1 dex)
are overplotted on detections. Note the high incidence of optically
thick gas at B, < 60kpc and the overall trend to lower Nur at
higher R,. The null hypothesis of no correlation is ruled out at

= 09.6% confidence.
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MaccuBHble ranakTUKKU: COYEeTaHUe ropsayero obegHEHHOro
rasa KoOpoHbl ¢ 060rawéHHbIM FOPSAYNUM FaNaAKTUYECKUM
BeTpoM. [Npucytcreme xonoaHoro rasa (~10%K) B rano E-
raJlakTUK 0H6HapyXKeHO, HO MPOUCXOKAEHUE — BONPOC
OTKPbITbIN.

Local 21 cm and CO surveys of elliptical galaxies have also
uncovered cold atomic and/or molecular gas in > 30% of
nearby ellipticals (e.g., Oosterloo et al. 2010; Serra et al.
2012; Young et al. 2014). Together, these independent
studies show that cool gas outlasts star formation in
massive quiescent halos over an extended cosmic time
period.

No starbursts or AGNs!



e Cosmic Origins Spectrograph (COS) on board the Hubble Space
Telescope (HST). The spectral coverage of COS enables
observations of the full H | Lyman series transitions and metal
absorption features that probe halo gas under different ionization
conditions, including CIII A 977, O VI AA 1031, 1037, Si lll A 1206,
and Si ll A 1260.

* BblbopKa: 16 KpacHbIX ranaktuk ¢ Mstar > 101*Mc, z = 0.21 - 0.55
6e3 npmn3Hakos 3Be3g006pa3oBaHmnA. We search for corresponding
absorption features in the spectrum of the background QSO over a
line-of-sight velocity interval of £500 km s-1 from the systemic
redshift of the LRG

 The primary goals of the program are (1) to obtain accurate and
precise measurements of neutral hydrogen column density N(H 1)
based on observations of the full hydrogen Lyman series and (2) to
constrain the ionization state and chemical enrichment in massive
quiescent halo.



B 13 13 16 ranaktuk HanaeHbl Lyman absorption
series.
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Figure 1. Comparisons of the LRGs 1in our studies (orange filled

circles) and the red galaxies in the COS-Halos sample (red di-
amonds) considered by Thom et al. (2012). The LRGs form
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Figure 2a. The Lyman series absorption spectra observed at different projected distances from LRGs, from d = 42 kpc at the top and increasing to d = 102 kpc at the bottom.
The continuum-normalized spectra are shown in black with the corresponding 1-o error shown in cyan. The green and red dash-dotted lines mark the normalized continuum
and zero flux levels for guidance. For each LRG halo, the velocity profiles of Ly, and Ly§ are presented in the two right panels with zero velocity corresponding to zay,: in Table
4, and the remaining higher-order Lyman series lines, along with the Lyman limit, are presented in the left panel with the blue dotted lines indicating the expected positions
of the Lyman transitions. Spectral regions that are not covered by available COS spectra are greyed out. The best-fit Lyman series absorption spectra are shown in red
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e <log N(H I)>=16.6 atd < ~ 160 kpc (~1/3Rvir).

* The line-of-sight velocity separations between
the HI absorbing gas and LRGs are characterized
by a mean and dispersion of <v,,—V > =29 km s-

1 and <G, o> = 171 km s-1.

* Doppler bHI<20 km s-1, indicating a relatively
cool gas temperature of T <3 104 K.

* A detailed ionization analysis is presented

in a subsequent paper (Zahedy et al. 2018, in
preparation).
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