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ABSTRACT

We present the results of a blind search for intervening H1 21 cm absorption towards 260 radio sources in the redshift range 0
< z < 2.74 with the Green Bank Telescope. The survey has the sensitivity to detect sub-damped Ly o (DLA) systems for HI
spin temperatures 7/f = 100 K, and despite the successful re-detection of 10 known 21 cm absorbers in the sample, we detect
no new absorption lines in the full survey. Sources detected in 21 cm absorption were also searched for hydroxyl (OH) 18 cm
absorption and we re-detect 1667 MHz OH absorption towards PKS 1830-211. We searched for intervening H1 21 cm absorption
along the line of sight in each source achieving a total redshift coverage of Az = 88.64 (comoving absorption path of AX =
159.5) after removing regions affected by radio frequency interference. We compute a 95 per cent confidence upper limit on the
column density frequency distribution f{Ny;) and set a statistical constraint on the spin temperature 7 in the range 100-1000 K,
consistent with prior redshifted optical DLA surveys and HI21 cm emission observations at the same redshifts. We infer a value
for the cosmological mass density of neutral gas, Qy;. Through comparison with prior Qp; measurements, we place a statistical
constraint on the mean spin temperature of 7/f = 175 K. Our derived Qy; values support a relative mild evolution in Qy; over
the last 11 Gyr and are consistent with other methods that measure Q.

Key words: stars: evolution — galaxies: high-redshift — galaxies: ISM —quasars: absorption lines —cosmology: observations —
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1 INTRODUCTION

Neutral hydrogen gas (H1) is a primary ingredient for star formation
and is a crucial component in understanding the physical processes
that convert gas into stars and govern galaxy formation and evolution.
At low and high redshift, the majority of the HI gas (by mass) is
located in the neutral gas discs in galaxies with column densities
exceeding Ny, > 2 x 10®cm™2 (Wolfe et al. 1986). At the
characteristic column densities of galactic HT discs, the ultraviolet
Ly « transition is damped and the observed absorption systems are
referred to as damped Ly« systems (DLAs; Wolfe, Gawiser &
Prochaska 2005). A complete census of DLAs and their properties
allow us to investigate the neutral gas content in our Universe and
shed light on the role these gas reservoirs play in the formation and
evolution of galaxies over cosmic time.

Absorption against redshifted quasars allows us to study the abun-
dance and evolution of H 1 gas residing within intervening absorption
systems located along the line of sight to the bright background
source. While DLAS have been studied extensively beyond z 2 1.6,
when the Ly « ultraviolet transition becomes redshifted into optical
wavelengths, damped Ly o (DLA) studies below z < 1.6 requires UV
observations with spectrographs on the Hubble Space Telescope. The
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expense of space-based observations coupled with the rarity of DLAs
in random lines of sight makes it impossible to undertake large-scale
surveys comparable with large ground-based (optical) surveys such
as the Sloan Digital Sky Survey (SDSS).

The hyperfine transition of hydrogen in the radio regime (21 cm;
1420.405752 MHz) opens an alternate window into studying neutral
gas systems at all redshifts. Flux limitations confine 21 cm emission
surveys to the local universe (i.e. z < 0.2), making previous high-
redshift studies only possible with 21 cm absorption line surveys
.I' The absorption signal is not distance dependent and depends
only on the column, spin temperature, and background source flux.
Finally, unlike the saturated lines of the Ly « ultraviolet transition,
21cm absorption profiles are usually optically thin owing to a
very low Einstein rate coefficient for spontaneous emission. Large
observational studies of H1 21 cm absorption could thus provide a
comprehensive observational census of the physical conditions of
cold neutral HI gas.

Despite the benefits, surveys for 21 cm absorption encounter
challenges that make the discovery of new detections especially
challenging. Known redshifted 21 cm absorbers are rare in the

"Future H1 emission studies with the SKA and its pathfinder telescopes,
ASKAP and MeerKAT, will enable deeper H1 emission studies beyond z =
0.2 (e.g. Staveley-Smith & Oosterloo 2015).
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universe, with less than 50 intervening absorbers known to date above
z> 0.1 (Curranetal. 2016). The 21 cm line has a low observed optical
depth, requiring long integration times to achieve high sensitivity for
detection. The presence of radio frequency interference (RFI) at sub-
GHz frequencies interferes with much of redshift space, making
it difficult to confirm potential weak absorption lines of 21 cm.
Small bandwidth coverage from radio receivers force small redshift
intervals to be searched, causing large redshift coverage to be very
time consuming. Finally, the spin temperature of the absorbing cloud
and the covering factor of the background radio source can also
reduce sensitivity to low-column density systems, where high spin
temperatures coupled with low covering factors decrease sensitivity
to low-column systems.

The neutral hydrogen column density frequency distribution,
f(Nyi, X), and its moments quantifies the overall H1 content of the
universe and constrains the evolution of neutral hydrogen absorption
systems over cosmic time (Prochaska, Herbert-Fort & Wolfe 2005).
f(Nui, X) describes the projected column density distribution of H1
gas in galaxies per comoving absorption distance path-length dX
(Wolfe et al. 1995; Prochaska & Wolfe 2009). filVu,, X) is easily
constrained from intervening absorption surveys, as has been done
at high redshift with Ly o (Prochaska & Wolfe 2009; Noterdaeme
et al. 2009, 2012) and at low redshift with 21 cm emission (Zwaan
et al. 2005) and 21 cm absorption (Darling et al. 2011; Allison et al.
2020) studies. These prior studies find that the shape of iV, X) is
invariant, whereas the overall normalization decreases with redshift.
This may signify a conversion of gas into stars (Prochaska & Wolfe
2009).

The gas mass density of neutral gas Qy,, the first moment of
f(Nui, X), can be leveraged to show the evolution of the HI gas
content associated in high column H1 absorption systems. Studies
of the evolution of neutral gas in DLAs have begun to shed light
on the census of the neutral gas reservoirs, revealing that there may
exist twice as much hydrogen gas in the high-redshift Universe as
measured with Ly « studies (e.g. Rao & Turnshek 2000; Storrie-
Lombardi & Wolfe 2000; Prochaska et al. 2005; Noterdaeme et al.
2009, 2012; Prochaska & Wolfe 2009; Bird, Garnett & Ho 2017) than
in the local Universe as measured with 21 cm studies (e.g. Zwaan
et al. 2005; Lah et al. 2007; Martin et al. 2010; Delhaize et al. 2013;
Hoppmann et al. 2015; Rhee et al. 2016, 2018; Jones et al. 2018;
Bera et al. 2019; Hu et al. 2019).

The HI content is less constrained at intermediate redshifts 0.2 <
7z < 2 where there are a dearth of measurements because Ly «
cannot be observed at optical wavelengths and 21 cm is not yet
viable for emission studies. Studies in this redshift range often show
discrepant results in the measured values of Qy; and introduce
controversy in the exact form and evolution of Qy; from high
redshift to today (Rao, Turnshek & Nestor 2006; Lah et al. 2007;
Kanekar, Sethi & Dwarakanath 2016; Rao et al. 2017). The difficulty
in understanding the redshift evolution of DLAs and the possible
disconnect between low-redshift 21 cm studies and high-redshift
Ly « studies is complicated by the different methods used in these
different redshift regimes. Observations from 0.2 < z < 2 require
space-based observatories to observe Ly o, which result in smaller
sample sizes and correspondingly poorer statistical constraints due to
the expensive nature of observations from space. Possible selection
effects between low- and high-redshift methods highlight the need to
carry out blind surveys across all redshift ranges. 21 cm absorption
surveys may be the next step necessary to bridge the gap between z ~
0 and z > 2 observations and constrain the redshift evolution of 2y,
and the role neutral gas systems play in galaxy and stellar evolution
(see e.g. recent work by Sadler et al. 2020). The work here will help
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pave the way for future large-scale 21-cm absorption line surveys to
place strong statistically constraints on the cosmological evolution
of HI gas at intermediate redshifts with the Square Kilometre
Array (SKA) and its pathfinder telescopes, including the First Large
Absorption Survey in HI (FLASH; Allison et al. 2016b) with the
Australian Square Kilometre Pathfinder (ASKAP; Johnston et al.
2007), and the South African MeerKAT Absorption Line Survey
(Gupta et al. 2016).

Observations with Ly« and 21 cm absorption can in principle
provide the necessary information to measure the spin temperature
of the absorbing gas from the total neutral hydrogen HI column
density. This requires the assumption that Ly o and 21 cm absorp-
tion trace the same sight line, which may not always be valid
(see e.g. Kanekar, Chengalur & Lane 2007). The few intervening
absorbers with observations of both 21 cm absorption and Ly«
absorption reveal a broad range in the measured spin temperature
of the absorbing gas, from 100K to nearly 10000K (e.g. Wolfe &
Briggs 1981; Kanekar & Chengalur 2003; York et al. 2007; Roy
et al. 2013; Kanekar et al. 2014; Dutta et al. 2017; Curran 2019).
Combining our large intervening H1 21 cm absorption study with
prior Ly a and 21 cm emission studies potentially provides the ability
to constrain the largely uncertain spin temperature and covering
factor of the absorbers through means of comparison with prior
measurements of fiNVy;, X) and Qy,. Measurements of fiNy, X) and
Qy, are temperature independent when constrained via Ly o and
21 cm emission surveys. The unknown spin temperature for 21 cm
absorbers can be tuned to constrain the temperature range such that
the observations are consistent with the Ly & and/or 21 cm emission
measurements. Large surveys such as this one can potentially supply
adequate coverage to provide a physically motivated constraint for a
range of spin temperatures.

As an added benefit, 21 cm absorption lines, combined with the
hydroxyl (OH) 18 cm transition line and other millimetre rotational
lines, allow for accurate measurements of fundamental physical
constants, such as the fine structure constant & = e*/hc, the proton—
electron mass ratio . = my,/m., and the proton g-factor g, (Darling
2004; Kanekar et al. 2005). It is possible to constrain cosmological
evolution of these constants with these molecular absorption systems.
Redshifted OH 18 cm absorption systems are very rare, with only
five systems known, all limited to z < 1 (Chengalur, de Bruyn &
Narasimha 1999; Kanekar et al. 2003; Darling 2004; Kanekar et al.
2005). The few known redshifted OH absorbers are always found
in systems with 21 cm absorption. For this reason, studies aimed at
observing new 21 cm absorbers quite often tune to the frequencies
of 18 cm absorption as well, as we do this study.

The blind 21 cm absorption line survey presented here was estab-
lished to have the sensitivity to detect all DLA absorption systems in
a large number of sightlines from z = 0 to z = 2.74 with just minutes
of observing time per source. Our survey aims at detecting new
intervening H1 21 cm and molecular OH 18 cm absorption systems
in a redshift-independent fashion with no prior knowledge of known
absorption systems in order to provide adequate statistics to help
constrain factors of cosmological importance. We demonstrate that
despite the lack of new detections, largely due to severe RFI along
much of redshift space, we are able to redetect all known absorbers
present in our survey and it is possible with our large sample size and
redshift coverage to place meaningful limits on the spin temperature
of H1 gas with the column density frequency distribution function
SN, X; Section 5.1) and the evolution of the cosmological neutral
gas mass density Q2 (Section 5.2).

Throughout this paper, we adopt a ACDM cosmology of H, =
71kms~!Mpc~!, ,, = 0.27, and Q, = 0.73.
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Figure 1. Left: Histogram of the number of sources versus redshift for the
260 sources in this survey with the lookback time listed on the top axis. The
average redshift is 1.244. Right: Flux density of each source at 780 MHz.

2 SAMPLE SELECTION

We select 260 radio sources to search for new intervening 21 cm
lines along the sightlines with no requirement placed on the source
type. The sources are selected from the White & Becker (1992)
catalogue with requirements of a known optical redshift, north of
declination § 2 30deg, and a continuum flux density of S > 0.3 Jy
at 780 MHz (Fig. 1). No prior knowledge about possible absorption
systems, intervening or intrinsic, was considered for source selection.
Requiring an optical redshift does impose some bias, selecting the
brightest, least obscured, and UV-bright radio sources at all redshifts.
Fig. 1 shows the distribution the redshift of the sources and the rest-
frame radio continuum at 780 MHz for the sources in the sample.
The majority of our sources are classified as flat-spectrum radio
sources, radio sources characterized with a double-peaked syn-
chrotron/Compton spectral energy distribution and possibly asso-
ciated with a blazar or with the compact core of a radio galaxy
(Fugmann 1988). Our sample also includes Giga-Hertz-Peaked
(GPS) sources, radio sources that are believed to be intrinsically
small (not foreshortened by projection effects; Fanti et al. 1990)
and exhibit a low-frequency turn-over in their spectra, attributed to
synchrotron self-absorption and thermal bremsstrahlung absorption
(Jones, O’dell & Stein 1974; Menon 1983; O’Dea & Baum 1997).

3 OBSERVATIONS AND DATA ANALYSIS

We observed 89 sources in 2004 January (GBT program 02C-008)
for intervening H11420.405752 MHz absorption from z = 0.6 to z =
1.1 at the Green Bank Telescope? (GBT). We chose GBT’s Prime
Focus (PF) 1 receiver (PF1-800), covering 680-880 MHz (0.6 < z <
1.1) due to the relatively minimal RFI present at these frequencies.

These observations are complemented with observations of an
additional 182 radio sources between 2004 September and 2005
August (GBT program 04C-018) at the GBT for H121 cm absorption
in intervening H1 systems between z = 0 and z = Zource- The redshift
coverage is not always complete for each source. A total of 11 sources
appeared in both observing programs, resulting in a total of 260
unique radio sources in this survey.

Observations were divided among the GBT receivers as follows:
147 sources were observed with the 1.4 GHz L-band receiver (0 < z

2The National Radio Astronomy Observatory (NRAO) is a facility of the
National Science Foundation operated under cooperative agreement by
Associated Universities, Inc.

Evolution of QHI with HI 21 cm absorption 885

< 0.235), 126 with the 1 GHz PF 2 receiver (0.150 < z < 0.570), 204
with the 800 MHz PF1-800 receiver (0.536 < z < 1.10; including
both GBT programs), two with the 600 MHz PF1-600 receiver (1.06
< z < 1.79), and 12 sources with the 450 MHz PF1-450 receiver
(1.58 < z < 2.74). These receivers were selected to cover the full
spectral path for each target from z = 0 to the redshift of the source.

Six intermediate frequencies (IFs) were employed per receiver for
both PF2 and PF1-800, PF1-600 and PF1-450 employed four IFs,
and L band employed eight IFs. All IFs have a bandpass of 50 MHz,
divided into 4098 channels (channel spacing of 12.21kHz). The
measured noise levels for identical integration times are comparable
for the L band, PF2 (where the bandpass is not heavily impacted
by RFI), and PF1-800 receivers, but is greatly increased in the PF1-
600 and PF1-450 receivers. The redshift coverage of the L band
is the cleanest with minimal RFI presence. Most of the redshift
coverage of the 1 GHz receiver (PF2), 600 MHz receiver (PF1-600),
and 450 MHz receiver (PF1-450) are unusable due to severe RFI.
Total on-source integration times are listed for each source in Table 1
for each receiver with typical noise for each receiver, and total redshift
coverage Az searched per source.

All observations were conducted in position-switched mode in two
linear polarizations with 9-level sampling, and a range of 1.5-15s
records. For all observations, a calibration diode signal was injected
for half of each record.

Each flattened and calibrated spectral record were inspected
and flagged for RFI. All records were then averaged in time and
polarization for each observed source and Hanning smoothed to a
resolution of 12.2 kHz per channel (a resolution of 4.7kms™' per
channel at 780 MHz). RFI features were interactively removed and
the continuum at the RFI feature replaced with an average of the
noise from the surrounding five channels to aid in measuring the
noise across the spectral region and aid in baseline flattening the
spectrum. Each spectrum was baseline-flattened using a polynomial
fit, typically of fifth order.

Final mean spectra are inspected for absorption lines in each
50 MHz bandwidth region. The actual range of each region was
typically determined by the RFI conditions of each spectrum. In
cases of non-detections, spectral noise measurements are recorded
for the maximum range possible. All data reduction was performed
using GBTIDL?

Feed resonances at 1263, 924, 817, and 769 MHz, introduced
by the GBT receivers, are removed by fitting the resonance with
another observation in the same observing session, using the second
observation as a template and subtracting the feed shape, flattening
the baseline across the feed resonance. The 21 cm absorber towards
23514456 occurred at the edge of the 796 MHz feed resonance, and
was removed in this fashion with a template supplied by another
source in the same observing run as demonstrated by Darling et al.
(2004).

4 RESULTS

4.1 Flux density values

Low-frequency (<1 GHz) spectra frequently contain negative con-
tinuum values, slopes, steps, and other unnatural features caused by
instrumental effects. As a result, the flux density at the frequency of
the 21 cm observations for each object cannot be measured directly

3GBTIDL (http://gbtidl.nrao.edu/) is the data reduction package produced by
NRAO and written in the IDL language for the reduction of GBT data.
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Notes. *Only two sources were observed with the GBT’s PF1-600 receiver, 0016+731 and SBS 0804+499 with 516 and 596 s, respectively. The entire spectral range for 00164731 was affected by RFI and the average measured spectral noise level for SBS 0804+499 was 16 mJy and a column

density limit of N < 3.6 x 10%" cm~2 at 600 MHz.

This source was observed in the 800 MHz band in both GBT programs. The observations from the 02C-008 program suffer less RFI and are used for this band throughout this paper.
“This source was observed in the 800 MHz band in both GBT programs. The observations from the 04C-018 program suffer less RFI and are used for this band throughout this paper.

This table is available in its entirety in machine-readable form.

from our spectra. We obtain the estimates of the flux density at
our desired frequency by interpolating between extant continuum
measurements in the NASA Extragalactic Database (NED) using
a single spectral index power-law fit (a linear fit in log S,—log v
space). In order to cope with the heterogeneous literature continuum
measurements, we try whenever possible to select values published
from the same catalogue sources using the same pass bands, most
often 1410, 1340, 750, 635, 408, and 365 MHz observations (Laing
& Peacock 1980; Large et al. 1981; Ficarra, Grueff & Tomassetti
1985; White & Becker 1992; Douglas et al. 1996; Rengelink et al.
1997; Condon et al. 1998; Stanghellini et al. 1998, 2005; Orienti,
Dallacasa & Stanghellini 2007; Petrov et al. 2008). This treatment
neglects potentially significant time variation in radio source fluxes.
The continuum flux densities are listed in Table 1.

4.2 Line search results

4.2.1 H12I cm intervening line observations

Of the 260 sources in this survey, eight sources remain indeterminate
to absorption systems due to persistent and irremovable RFI for the
entire observed spectral range (0OJ+287, 3C 308, HB89 1602—001,
17434173, 18004440, 1921—-293, 1958—179, and 2007+777).

We have searched the remaining 252 partially RFI-free sources
for intervening H1 21 cm absorption, and we find intervening 21 cm
absorbers to be present in the spectra towards nine radio sources.
All of the absorption systems in this survey are re-detections, shown
in Fig. 2. Table 2 lists the properties of the detected absorption
lines, fitted Gaussian components, and comparison to the prior 21 cm
detections of the absorption systems. The exact value of the spin tem-
perature 7 for intervening 21 cm absorbers and the covering factor
f of their background radio source are unconstrained. We therefore
report all column density measurements without an assumption on
T,/f, where possible. For our analysis in Sections 5.1 and 5.2, in
order to compare our work to prior literature measurements that
do not depend on spin temperature assumptions, we normalize all
prior HI column density values to a range of values that span values
commonly adopted in the literature: 7,/f = 100, 250, 500, and 1000 K
(e.g. Curran et al. 2005; Darling et al. 2011; Curran 2017a,b; Allison
et al. 2020).

Under the assumption that radio and ultraviolet illumination trace
the same line of sight, it is possible to constrain the spin temper-
ature of HI absorbers with measurements of both Ly « and 21 cm
absorption. Kanekar et al. (2014) uses these temperature constraints,
combined with very long baseline interferometric observations to
constrain the covering factor, to report estimates of 7y/f for four of
our intervening absorbers,* listed in Table 2. These four absorbers
show a range of Ti/f = 560-965 K. Kanekar et al. (2014) find a
strong redshift dependence to the spin temperature for absorbers at
high redshift (z > 2.4); high-redshift absorbers are more likely to
exhibit spin temperature above 1000 K compared to low-redshift
absorbers (see however, Curran 2019, where the spin temperature
may inversely trace the star formation rate density, with 7 increasing
towards low redshifts). As all of our absorbers have measured T/f
< 1000 K and are located at redshifts below z = 2.4, Ti/f = 1000 K
represents a realistic upper limit in this study.

4A caveat to consider is the relative sizes of the H1 absorber and background
radio source; at radio wavelengths, the source may be significantly larger
than the spatial distribution of H1 absorber, influencing the inferred spin
temperature for the absorber (Curran et al. 2005; Braun 2012).
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host galaxy (Zabsorption = Zsource) and is excluded from all plots an analysis related to the intervening absorption and the calculations for Qp; and f{Vu1, X). The
Gaussian fit to absorption line in PKS 1830-211 is not shown due to the presence of RFI.

4.2.2 H121 cm intrinsic line observations

A total of 97 sources have spectral coverage of the redshift of the
host galaxy, enabling a search for intrinsic 21 cm absorption. This
paper focuses only on the search for intervening systems, and we
disregard all spectral measurements within 23000 kms~' of the
systemic redshift of the host galaxy as any absorbers found here
may be influenced by the AGN of the host galaxy and can potentially
impact cosmological calculations (Sections 5.1 and 5.2). We re-detect
a previously known 21 cm intrinsic absorption system of 3C 216,

shown in Fig. 2, along with the nine re-detections of intervening
21 cm absorption systems. The intrinsic HI 21 cm absorbers are
treated separately (Section 4.2.1) and are further discussed in Grasha
et al. (2019) in the context of searching for neutral gas intrinsic to
these radio sources.

There are an additional five sources having spectral coverage at
the redshift of the host galaxy that were not included in the associated
H1 21 cm absorption study (Grasha et al. 2019): HB89 0312—034,
3C 124, 4C—05.60, HB89 14374624, and 3C 356. Of these five
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Table 2. Sources with HI 21 cm Absorption. Sources in which HT absorption has been detected. Columns list the (1) source name, (2) numbered Gaussian
component (from Fig. 2), (3) central frequency of each component, (4) redshift of each absorption feature, (5) continuum flux density, (6) observed width of
the line (kHz), (7) rest-frame line width (kms™'), (8) depth of the absorption line, (9) peak optical depth, (10) derived H1 column density Ny /(Ti/f), (11)
measured column density Ny /(Ts/f) from previous 21 cm observations with respective references, and (12) measured 7/f values constrained from Ly o and
VLA observations from Kanekar et al. (2014). Numbers in parentheses show uncertainties in the final digit(s) of listed quantities (when available). References
for original detection of the 21 cm absorber and measured column densities: 1 — Carilli, Rupen & Yanny (1993); 2 — Briggs et al. (1989); 3 — Lane & Briggs
(2001); 4 — Wolfe et al. (1985); 5 — Lane et al. (1998); 6 — Vermeulen et al. (2003); 7 — Brown & Roberts (1973); 8 — Chengalur et al. (1999); 9 — Darling et al.

(2004).
Source Comp. v z Cntm. FWHM FWHM Depth T Nu Prev. Ny Tilf
(MHz) ay) (kHz)  (kms™") (mly) (1073 (10" (TJ/Hem? K™  (K)
B2 02184357 1 843.134(7) 0.684675(14) 1.484(4) 74(11) 26(4) 85(9) 5.9(7) 3.0(6)
2 843.209(12)  0.68452(2) 1.484(4) 76(18) 27(6) 51(9)  3.5(6) 1.8(5)
Tot 843.16(8) 0.68468(16) 1.484(4) 116(20) 41(7) 95(4)  7.2(7) 5.7(1.1) 4.0!
0248+430 1 1018.8618(18)  0.39411(3) 0.795(3) 71(6)  21.0(1.8) 97(6) 13.0(3) 5.2(6)
2 1018.940(2) 0.394003(4) 0.795(3) 29(4) 8.5(1.4) 10(4) 10.5(5) 1.7(4)
3 1019.107(17) ~ 0.39378(4) 0.795(3) 80(5) 23.5(1.2) 7909) 13(5) 0.6(2)
Tot 1018.88(3) 0.39409(2) 0.795(3) 150(10) 44(3) 109(6)  7.9(5) 6.7(6) 5.4(6)°
0458 — 020 1 467.332(3) 2.03939(2) 2.45(5) 34(8) 22(5)  218(46)  9.0(2) 3.8(1.3) 10%4 560
HB89 1 1163.0764(13)  0.22125(14) 1.9453(10) 35(2) 9.1(7) 76(5) 4.0(2) 0.70(7) 0.64(14y° 870
0738+313
3C 216 1 851.05(12) 0.6690(3) 6.39(4) 811(90) 285(32) 18(2) 0.293) 1.6(2)
2 850.30(6) 0.67047(12) 6.37(4) 671(95) 237(33) 304) 047(6) 2.1(4)
Tot 850.56(5) 0.66996(14) 6.39(4) 682(98) 240(35) 27(5) 0.40(6) 1.8(4) 1.26
1127 — 145 1 1082.130(2) 0.312602(2) 5.548(3) 20(2) 5.5(6) 115(40) 2.1(7) 0.22(8)
2 1082.08(3) 0.31266(4) 5.548(3) 41(3) 11.48) 512(42) 9.7(8) 2.1(2)
3 1082.032(6) 0.312721(7) 5.548(3) 24(4)  6.71(1.1)  472(63) 8.90(12) 1.1(2)
4 1082.001(5) 0.312758(6) 5.548(3) 9.3(1.1) 2.6(3) 136(22) 2.5(4) 0.12(2)
5 1081.96(5) 0.31281(6) 5.548(3) 71(5) 19.7(1.4)  276(11) 5.1(2) 1.92(16)
6 1081.89(7) 0.31289(8) 5.548(3) 73(11) 20(3) 22(3)  0.40(5)  0.15(3) .
Tot 1082.04(5) 0.31272(6) 5.548(3) 170(17) 47(5) 543(8) 6.8(7) 6.2(2) 5.19)° 820
1243 — 072 1 988.635(5) 0.436734(7) 0.64(2) 14.4(1.0) 4.43) 1790100  33(2) 2.7(3) 1.7(6)°
3C 286 1 839.4074(9)  0.6921530(18) 18.64(9) 32.3(1.4) 11.5(5) 274(9) 1.48(5) 0.327(18)
2 839.39(2) 0.69219(5) 18.64(9) 348(64) 124(23) 23(4)  0.12(2)  0.29(7)
Tot 839.41(3) 0.69215(6) 18.64(9) 24(2) 8.6(7) 296(6) 3.9(3) 0.65(7) 2.6 965
PKS 1830-211 1 753.5(3) 0.8851(8) 9.95(4) 450(40) 179(16) 1030(40) 10.9(5) 37(4) 308
23514456 1 798.334(9) 0.77921(2) 2.006(2) 14.4(8) 5.4(3) 253(8) 13.5(5) 1.409)
2 798.240(6) 0.77942(13) 2.006(2) 123(8) 46(3)  545(34)  32(2) 28(3)
3 798.23(3) 0.77944(6) 2.006(2) 13.0(9) 49(3)  236(12) 12.5(7) 1.17(10)
4 798.142(12) 0.77964(3) 2.006(2) 115(11) 43(4)  242(22) 12.9(1.2) 10.6(1.5)
Tot 798.22(3) 0.77948(7) 2.006(2) 115(11) 43(4)  638(8)  38(4) 32(3) 249

Note. *Intrinsic 21 cm absorption line. This system is not included in our cosmological measurements of the f{iVy;, X) distribution or Q.

sources, three remain indeterminate due to RFI. We place upper
limits on the intrinsic HI column density for the remaining two
sources, HB89 0312—034 and 4C—05.60. These two systems have
no prior 21 cm absorption limits and this marks the first time these
sources have been searched for intrinsic 21 cm absorption (as well as
OH absorption; Section 4.2.4) associated with the radio source. The
non-detection spectra of these two intrinsic HT systems are shown in
Fig. 3 and the 30 column density limits are reported in Table 3.

4.2.3 H121 cm non-detection observations

Our final sample consists of 2147 individual spectral measurement
regions in 252 partially RFI-free sources. Each 50 MHz spectral
region is typically limited by the presence of RFI 99.5 per cent of our
individual spectral regions (2137 regions) show no absorption lines.
The 30 upper limit to the HI column density in each spectral region
not detected in 21 cm absorption (and not lost to RFI) is calculated
with the average spectral noise rms measured across the region. Fig. 4
shows the HI 21 cm line strength [Ny, /(7/f)] for each individual
spectral measurement in our survey as a function of redshift as well
as the redshift and measured column densities for the re-detections.

MNRAS 498, 883-898 (2020)

Although this survey was designed with the sensitivity to be
able to detect DLA systems, RFI affected large redshift regions,
lowering our ability to search the full potential redshift range
observed towards each source [almost all spectral measurements are
rendered unusable due to RFI for large regions of the 1 GHz receiver
(PF2) and for most of the 600 MHz (PF1-600) and 450 MHz (PF1-
450) receivers]. Absorption lines that might appear in these regions
therefore remain undetected. Additionally, increased rms noise levels
at lower frequencies further hampered our sensitivity to low-column
density systems.

The non-detections reach an average optical depth of 73, =0.0146.
This corresponds to 93 percent of our upper limit measurements
being below the DLA column density limit of Ny; = 2 x 10% ¢cm~2
with the assumption 7y/f = 100 K. While we cannot say there
are not other DLAs present in our survey, we are confident we
would have detected the presence of any major 21 cm absorbing
feature as 58 percent of our 3¢ column density upper limits lie
below the weakest absorber [Ny /(To/f) = 6.5 x 107 cm™2K™!]
and 100 per cent of our 30 column density upper limits lie below
the strongest absorber [Ny, /(T/f) = 3.2 x 10! cm™2 K], barring
regions lost to RFI. Fig. 5 highlights the strong absorbers [Ny, /(Ts/f)
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Figure 3. Spectra of all non-detection observations in the two intrinsic 21 cm absorption searches (HB989 0312-034, 4C-05.60; Section 4.2.2) and the OH line
search of known intervening 21 cm absorbers. The velocity scale is in the rest frame of each object source. All spectral regions lost to RFI have been omitted.
While we search each system for all four OH lines (when observations are available), we only show the redshifted OH line responsible for deriving the OH
column density (preferentially the 1667 MHz line, only using the 1612 or 1720 MHz lines if 1667 MHz is unusable due to RFI).

> 10" cm™2K~!] re-detected in the survey that lie significantly
above the non-detections, demonstrating the sensitivity of our survey.

Our low rate of detections is consistent with prior surveys of
intervening H121 cm absorption (Darling et al. 2011; Allison, Sadler
& Meekin 2014; Allison et al. 2020). Despite this, the large coverage
of our survey allows us to attempt to place meaningful constraints
on both the spin temperature of the HI gas (Section 5.1) and the
cosmological evolution of the mass density of cold neutral gas as
traced with the H1 21 cm transition (Section 5.2).

4.2.4 OH 18 cm line observations

We search for the four OH 18 cm absorption lines at 1612.231,
1665.4018, 1667.35903, and 1720.5300 MHz in 11 sources asso-
ciated with known 21 cm intervening absorbers as well as in the five
systems where the redshift of the host galaxy falls in our spectral
coverage that were not included in the Grasha et al. (2019) intrinsic
absorption data set. Redshifted OH absorption systems are very rare
and are always found in systems that also exhibit 21 cm absorption
and a strong correlation is observed between the full width at half-
maximum (FWHM) of the OH and H 1 absorption profiles (Curran
et al. 2007). We thus only search for OH lines in the 21 cm absorber
systems. Two sources were unusable due to RFI at the frequencies
of all four OH lines. Of the 14 sources with usable spectra, two have

prior OH measurements and we supply the first OH observations for
the remaining 12 systems.

We use the 1667 MHz line to derive OH column density because
it places the strongest upper limit on the OH column density among
all of the OH 18 cm lines. The continuum flux density refers to the
redshifted 1667 MHz line frequency, except in the cases where the
1667 MHz was lost to RFI and the 1612 or 1720 MHz transition was
used instead, and was obtained from power-law fits to literature radio
continuum measurements.

The OH 1667 absorption feature is re-detected in the spectrum
of PKS 1830-211, a known 21 cm and molecular absorber at z =
0.885. Fig. 6 shows this sole OH absorber in our sample with the
corresponding 21 cm absorption line. We measure an OH column
density of Noy/T = 60 £ 3 x 103 cm~2 K~!, compared to the value
of Nou/T, = 40 x 103 cm™2 K~! as first reported by Chengalur et al.
(1999).

We do not re-detect the OH 1665 or 1667 MHz absorption lines
towards 1413+135 at z,,s = 0.24671 despite reaching a smoothed
spectral noise at a resolution similar to that of Kanekar & Chen-
galur (2002). They report an OH column density of Now/T, =
5.1 x 10%cm™ K~', and we place an upper limit of Noy/T,
< 3.8 x 10%ecm™2K~!. We are unable to re-detect the satellite
OH lines at 1612 and 1720 MHz detected by Darling (2004)
and Kanekar, Chengalur & Ghosh (2004) due to noise at those
frequencies.

MNRAS 498, 883-898 (2020)
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Figure 4. H1 column density Ny/(Ts/f) versus log (1 + zapns) for spectral

regions where we search for H1 21 cm absorption (redshift on the top axis).

‘We show either the detected H I column density versus systems detected at the

black lines). The black horizontal bars on the 21 cm non-detections represent
the 30 upper limit to the column density and the width of the bar indicates
the redshift search region, where there is an implied downward-pointing

21 cm redshift (the pink solid circles and accompanying 1o uncertainty in the
measured column density) or its upper limit in the case of non-detections (the

searched for 21 cm absorption, generally determined by RFI conditions. In

arrow (not shown for clarity). There are a total of 2147 individual regions
total, 58 per cent of the 30 upper limits to the HI column density lie below

the smallest column absorber, indicating that we reached sufficient sensitivity

to detect new systems had they been present in our survey.
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Figure 5. Redshift search path versus the 21 cm column density sensitivity
for the nine intervening detections (pink) and non-detections (black). Each
column density bin indicates the lower bound on the column density
detectable towards the sources in that bin. Our sensitivity for non-detections

peaks at Ny /(Ts/f) ~ 3 x 107 cm™2 K‘l, corresponding to Ny, 100k ~
5 x 10" cm~2 under the assumption of Ty/f = 100 K, well below the sub-
DLA limit of Nyg; > 2 x 102 em™2. At Ty/f = 100K, 93 percent of the
upper limits below the DLA column density threshold. A value of Tg/f

N1, 1000K ~ 3 % 102 cm™2. At a value of T/f = 1000 K, 15 per cent of the

1000 K corresponds to our survey peaking at a column density sensitivity of
30 upper limits lie below the DLA column density limit.

Excluding our re-detection of OH 1667 MHz towards PKS 1830-
211, no new OH emission or absorption lines are detected in the
remaining 13 sources with usable, RFI-free spectra in at least one

of the OH transitions. The lack of detected OH absorbers is not
surprising given that we also do not detect new H121 cm absorbers;

the optical selection of our DLA targets may bias against selecting
obscured, molecular-rich absorbers along the sightline to the DLA
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Figure 6. OH 18 cm 1667 MHz absorption towards PKS 1830-211 (black)
overlaid with the corresponding 21 cm absorber (red) at the same redshift,
shifted to the frequency of the 1667 MHz OH absorption line. Both continua
have been arbitrarily normalized. The features to the left of the OH absorption
line are RFI features as well as the spike centered in the 21 cm absorption
profile.

(Curran et al. 2011). The RFI-free spectra for non-detections are
shown in Fig. 3. Table 3 lists the results of the OH search, with the
optical depths and column density limits quoted at the 30 confidence
level using the 1667 MHz line observations, when available.

4.3 Column density measurements

4.3.1 H1column density

Column density measurements are derived from the integrated optical
depths of absorption lines. For optically thin systems (t < <1), the
H1column density of each absorption system is related to the optical
depth t of the line and the spin temperature 7 of the absorbing
system as (Wolfe & Burbidge 1975)

T,
Ny, = 1.8 x 10" cm™ ?/r dv, (1)

where f'is the covering factor of the fractional amount of the back-
ground continuum flux occulted by the absorber, 75 is the spin tem-
perature of the 21 cm absorption line in Kelvin, and [ dv (kms™")
is the line-integrated optical depth. Lines with Gaussian absorption
profiles can be integrated as [t dv = /7T/In2 Tmax Av/2, Where
Tmax 18 the peak optical depth of a line with an FWHM of Av. The
column densities for the 10 re-detections (Section 4.2.1) are listed in
Table 2.

For non-detections in the optically thin regimes (r < 0.1, which
applies to all our sources), the 30 upper limit column density can
be approximated by assuming a Gaussian absorption profile, where
the integrated optical depth reduces to f tdv & 1.0645dv, and 7 is
the 30 peak optical depth for an assumed line FWHM of dv. Our 30
upper limit column density measurements are approximated as

N /(Ty/f) < 1.8 x 10" em™ x 1.0645 13, dv, ()

for the sources not detected in 21 cm absorption, where 73, ~ 30/S
and S is the continuum flux value (obtained in Section 4.1) of the
background source at the redshifted line with measured spectral noise
rms. We assume an FWHM width of 30kms~! for all sources not
detected in 21 cm absorption. For all column density measurements
and limits, we make no assumption on the covering factor or spin
temperature of the gas.

Evolution of QHI with HI 21 cm absorption ~ 891

4.3.2 OH column density

For the sources where we have spectral coverage to search for OH
18 cm absorption lines, we measure a column density using the
1667 MHz OH transition to place the strongest upper limit on the
derived column densities for our OH search, given by

T,
NOH,}U < X1667 MHz CI‘I'172 x 1.0645 7x T3g dU, (3)

where X667 muz = 2.38 x 10" (Curran et al. 2008), 7, is the
excitation temperature of the OH line, and the integrated optical
depth t (73, for non-detections) is calculated in the same way
as the HI 21 cm line detections (or non-detections). When the
1667 MHz line is unobservable due to RFI or is located outside
our observing frequencies, we compute the OH column density
using the 1612 or 1720 MHz transition, where X = 2.14 x 10"
(X1720 iz = X612 Mz = 9 X X167 Mmuz)- The observational details
for the OH search towards known 21 cm absorbers are listed in
Table 3. No assumption is made about the excitation temperature
T,. We assume the OH absorbing systems have the same width as H1

absorbing profiles of 30 kms~!.

5 ANALYSIS

5.1 The H1 column density frequency distribution function,

f(NHhX)

The parameter fiNy;, X) describes the distribution of HI column
density in galaxies per comoving ‘absorption distance’ path-length
AX. f(Nu,, X) is calculated (Prochaska et al. 2005) as

}Vabsorbers
AN AX'

where Agpsorbers 18 the total number of absorption systems within each
column density interval N to N + dN and AX is the comoving redshift
path over which the absorption systems can be detected for a given
column density sensitivity.

The absorption distance AX is calculated (Wolfe et al. 2005) as

Zmax 2
AX — dz (1 +2) ’ )
min V220 +2 Q) — 2 +2) Qn
integrated from z i, t0 Zmax from all steps in redshift searched over the
whole range. AX is crucial in estimating the frequency distribution
per unit column density and the cosmological mass density in neutral
gas from the damped systems we are sensitive to in our survey. Our
survey has a total redshift region searched Az = 88.64, corresponding
to a comoving absorption distance AX = 159.5.

We calculate fiNy;, X) for the nine detected intervening 21 cm
absorbers with a column density Ny, in interval ANy, using equa-
tion (4). We assume that AX does not vary with Ny,. Table 4 lists the
values for f{iNyg;, X) for values of T/f = 100, 250, 500, and 1000 K
along with the comoving absorption path-length AX for which we are
sensitive in each column density interval bin. The intrinsic detection
3C 216 is not included in the f{Ny,, X) calculation.

For the case of non-detections, limiting column density sensitivity
estimates become an upper limit, calculated as

Jf(Nui, X) = “

)\max
ANy AX'
where Apax 1s the Poisson upper limit on the detection rate of ab-
sorption systems in a given column density limit bin. The 95 per cent
confidence upper limit on the Poisson rate is Ay, = 3.0 for column
density sensitivity bins with no detections (Gehrels 1986).

J(Nup X) < (6)
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Table 4. f(Nui, X) and Qp; Measurements. Columns list the (1) Alog Ny; bin, (2) number of detections made in each
Alog Ny bin, (3) total number of observational samples in each column density sensitivity bin, (4) total AX searched for
which a system with that column density could have been detected, (5) calculated column density frequency distribution
for the entire sample in each bin, and (6) measured Q2y; for each log Nyy; = 0.5 dex bin for our redshift bin below/above
the redshift cut at z = 0.69. We repeat all calculations for T/f values of 100, 250, 500, and 1000 K. Numbers in
parentheses indicate uncertainties in the final digit(s) of listed quantities, when available.

log Ny Detections Samples AX log fiNu1, X) Qpr X 1073

(cm™2) 0<z<0.69 0.69 <z <274
Ts/f =100 K

18.25 0 9 0.740 <—17.73

18.75 0 84 7.23 <—19.22

19.25 0 484 56.03 <—20.61

19.75 2 1013 121.2 —21.6(7)

20.25 1 506 155.2 —22.5(1.0)

20.75 4 48 159.1 —22.4(5)

21.25 0 1 159.2 <—23.06

21.75 2 2 159.5 —23.7(9)

Total 9 2147 159.5 0.21(10) 0.69(45)
TJf=250K

18.75 0 15 1.03 <—18.37

19.25 0 113 10.6 <—19.88

19.75 0 652 73.0 <—21.22

20.25 2 977 132.1 —21.2(7)

20.75 2 364 156.9 —22.7(7)

21.25 3 24 159.2 —23.1(6)

21.75 2 2 159.5 —23.7(7)

Total 9 2147 159.5 0.53(16) 1.7(9)
Ts/f =500 K

18.75 0 2 0.085 <—17.29

19.25 0 37 3.37 <—19.39

19.75 0 263 28.2 <—20.81

20.25 0 909 101.4 <—21.86

20.25 2 777 147.9 —22.7(7)

21.25 4 155 159.1 —22.9(5)

21.75 1 2 159.2 —24.0(1.0)

22.25 2 2 159.5 —24.2(7)

Total 9 2147 159.5 1.05(33) 3.4(1.6)
Ts/f = 1000 K

19.25 0 9 0.740 <—18.73

19.75 0 84 7.23 <—20.22

20.25 0 484 56.03 <-21.61

20.75 2 1013 121.2 —22.6(7)

21.25 1 506 155.2 —23.5(1.0)

21.75 4 48 159.1 —23.4(5)

22.25 0 1 159.2 <-24.1

22.75 2 2 159.5 —24.7(8)

Total 9 2147 159.5 2.1(5) 6.9(2.7)

Fig. 7 shows our upper limits on the column density frequency
distribution function, consistent with previous studies of fiNVy;, X)
in high-redshift DLAs (Prochaska & Wolfe 2009; Noterdaeme et al.
2012), low/intermediate redshift DLAs (Rao et al. 2017), and low-
redshift 21 cm emission (Zwaan et al. 2005). Due to the unconstrained
nature of the hydrogen gas spin temperature, we compare the fiVy,,
X) distribution calculated at varying spin temperatures of 100, 250,
500, and 1000 K against the these four prior empirical measurements
to enable a statistical constraint on the spin temperature and source
covering fraction ratio 7y/f. An increase in the spin temperature for
the H1 column density limit measurements shifts the data to both
larger column densities and smaller fiVy,, X) values.

Despite being dominated by non-detections, our 21 cm observa-
tions are able to accurately describe the f{iVy;, X) distribution even

MNRAS 498, 883-898 (2020)

with the ill-constrained nature of the spin temperature. The filVy,,
X) measurements for low column systems (Ny, < 1023 cm™2)
are consistent with prior estimates of fiVy;, X) with a range of
temperatures from 7y/f = 100—1000 K. The upper limits best agree
with prior fits to filVy;, X) for gas with spin temperatures warmer
than T,/f = 500 K. For sub-DLA systems (Ny; < 2 x 10*cm™2),
our limits and measurements are consistent with the low-redshift
21 cm emission measurements from Zwaan et al. (2005). While
overlapping with the reshift of our survey, the observations from
Rao et al. (2017) do not extend to sub-DLA absorbers and place no
additional constraint on the 7/f.

In comparison, in order to reproduce the turnover in fiNg;, X)
above Ny, > 10?? cm™2, our data do not warrant these high column
absorbers residing in systems with spin temperatures significantly
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Figure 7. The column density frequency distribution function f{iNy;, X) versus HI column density for varying values of spin temperature and covering factor
T/f for the detections and upper limits. The black points represent the measurements with an assumed spin temperature of 7i/f = 100 K, pink represent Ts/f =
250 K, orange represents Ts/f = 500 K, and purple represents 7/f = 1000 K. The median value of T/f for the detections with known measurements in the survey
is Ts/f = 800 K (Table 2). The horizontal bars indicate the column density range spanned by each value. The open symbols represent column density bins with
at least one 21 cm absorber detected and bins with a downward pointing arrow are non-detections with upper limits to the measured column density. The upper
limits show the 95 per cent Poisson confidence level (Amax = 3.0) for bins with no absorption lines. The short dotted black line (PWO09) indicates the double
power-law fit by Prochaska & Wolfe (2009) for absorption systems at z = 2—5, the long dashed black line (N12) indicates the empirical relation to z = 2—3.5
DLAs from SDSS-III DR9 by Noterdaeme et al. (2012), the grey-dotted line (R17) shows the power-law fit to ultraviolet measurements of Ly o from 0.11 < z
< 1.65 by Rao et al. (2017), and the solid grey line (Z05) is the I'-function fit by Zwaan et al. (2005) with 21 cm emission observations at z = 0. Our results
for filNu1, X) are consistent with earlier f{ilVg;, X) estimates at both low and high redshifts. We use our detections and upper limit measurements to constrain
the range of the spin temperature of the absorbing gas. Our column density measurements and limits are consistent with HI spin temperatures up 1000 K with
prior literature measurements in the same redshift range. Our observations support lower 7/f values in the highest column density bins in order to reproduce the
power-law break in f{Ny, X) at Ny > 102! cm~2 as seen in prior literature measurements.

warmer than ~250 K. These high column absorbers are inconsistent
with prior measurements from Zwaan et al. (2005), Prochaska &
Wolfe (2009), and Noterdaeme et al. (2012) at all values above
T,/f = 250K; the same motivating constraint for adopting a spin
temperature in these absorbers of T/f ~ 250 K is reflected in our
constraint of Qy, (Section 5.2) as well.

While the assumption of a constant and universal spin temperature
across all of our absorbers is likely too simplified, Darling et al.
(2011) shows that a random distribution of temperatures between
100 and 1000 K give results very similar to a constant value of 7y/f =
550 K. Their temperature range is consistent with the temperatures
we find for agreement with prior empirical fits for absorbers and
upper limits with column densities below Ny; < 10" cm™2.

Our results suggest that an increase in the column density
sensitivity along with larger redshift coverage should place more
meaningful constraints on the spin temperature of HI absorbing
systems, especially towards the lower column systems where there
still remains little constraint on 7/f from our data.

5.2 The cosmological mass density of neutral gas, Qg

The HI gas mass density 2y, describes the total HI column density
per unit absorption distance, obtained by the first moment of the
column density frequency distribution f{iNy;, X). The HI gas mass

density Qy; is a useful parameter to express how the H1 gas content
of galaxies evolves as a function of cosmic time.

We estimate Qp; from 21 cm detections (Prochaska et al. 2005)
as

H, my Nmax
= [ N 0 X0 4N, @
CPcrit Nmin

where f(Ny;, X) is described and calculated in Section 5.1, my is
the mass of the hydrogen atom, p. is the critical mass density, ¢
is the speed of light, and H, is Hubble’s constant. The integral can
be evaluated discretely, which is most commonly done by setting
the limits of Npin = 2 x 10 cm™2 and Ny, = oo to find the
cosmological mass density of neutral gas associated with DLAS,
Qpra. QpLa may be significantly less than Qg if absorbers below
the damped Ly « threshold contribute to the global H1 mass density
(Péroux et al. 2003). Sub-DLAs (19.0 <log Ny, < 20.3 do contribute
10-20 percent of the total neutral gas content of the universe at
redshifts 2 < z < 5, and thus these sub-DLAs are a small contribution
to the total HI budget of the universe over this range (Berg et al.
2019). Qy; integrated from damped Ly  systems thus best defines
the predominately neutral gas reservoir that are available for star
formation at high redshift.

At the smallest value of 7,/f = 100 K that we consider in this study,
two of our intervening 21 cm absorbers do not meet the classical
definition of a DLA. For consistency, we refer to the neutral mass

MNRAS 498, 883-898 (2020)

220Z 1890190 Z| Uo Jasn AjsiaAiun [euonep uelensny Aq 0v6168S/S88/1L/86+/2191e/seluw/woo dno-olwapeoae//:sdiy Woll papeojumo(]



894 K. Grasha et al.

Lookback Time (Gyr)

0 5 10
2 [ |II LI | T T T I | T T _
1.5 - -
i i ' y
2 - 4
1 > -
X
- O .
= | S 2 & ]
G (>
| I b Ay o o 1
0.5 - -
:Y) ' @ This Work :
i < vZ05 xL07 ©0Z13 4N16 ]
ol AROB DNI2 OHI5 -
I 1 1 1 I 1 1 1 I 1 1 1
0 2 4

Redshift

Figure 8. The cosmological mass density of neutral gas Qy; over the past 11 Gyr as a function of redshift (lookback time on the top axis) shown as the pink
diamonds in two redshift bins from 0 < z < 2.74 for Ty/f = 175 K; this temperature is consistent with Qp; obtained from prior low-redshift measurements. At
Ty/f = 175K, we measure Qy; = 0.37 £ 0.13 x 1073 for the low-redshift interval 0 < z < 0.69 and Qy; = 1.2 £ 0.6 x 1073 in the high-redshift interval of
0.69 < z < 2.74. The vertical error bars represent the 1o uncertainties of Qg; from 10,000 bootstrap samples and the horizontal error bars indicate the redshift
bin sizes. We compare estimates of the cosmological mass density of neutral HI to prior surveys: the down-pointing triangle (Z05) at z = 0 represents the
HIPASS H121 cm emission survey (Zwaan et al. 2005), the triangles (R06) at 0 < z < 1.7 represent a survey for DLAs selected as strong Mg II absorbers with
the HST (Rao et al. 2006), the X-symbol (LO7) represents a survey of HI emission from star-forming galaxies at z = 0.24 (Lah et al. 2007), the right-pointing
triangles (N09) at 2.2 < z < 5 represent a DLA survey from the SDSS-DR9 (Noterdaeme et al. 2012), the hexagons (Z13) at 1.5 < z < 5 are VLT/UVES
measurements of DLAs (Zafar et al. 2013), the circle (H15) represents H1I spectral stacking from the Arecibo Ultra Deep Survey at z = 0 (Hoppmann et al.
2015), the left-pointing triangle (N16) represent a DLA survey with the HST from 0 < z < 1.5 (Neeleman et al. 2016), the + symbols (B17) from2 <z <5
represent a DLA survey from the SDSS-DR12 (Bird et al. 2017), the star (R18) at z = 0.32 is from H1 stacking with the WSRT (Rhee et al. 2018), and the
square (H19) at 0 < z < 0.11 represents a survey to identify new DLA and Lyman-limit systems with spectral stacking from the WSRT (Hu et al. 2019), We
have corrected all measurements to a consistent definition of ;. Table 4 reports the calculations of 2y for a range of Ti/f.

density of gas as Qy, the total gas mass density associated with H1 with each other and serve as anchor points for our low redshift
atoms regardless of the column density of the absorbing system from observations. We therefore physically motivate a range of 7/f for our
which they arise. The integral for the mass density associated with calculations of Qy; by leveraging prior literature measurements of
all H1 atoms within our 21 cm absorbing systems is integrated from Q. The assumed value of T,/fwill affect the overall normalization of
the lowest column density of our nine intervening absorbers (Ny; = the 2y, and is discussed further below. We show our measurements of
0.65 x 10* cm™2) to Npax = 00. The discrete limit of Qy, in our Qy, with select prior values of low-redshift 21 cm emission surveys,
survey is estimated as 21 cm spectral stacking, and Ly o studies of DLAs (Zwaan et al.
Homy S, N 2005; Rao et al. 2006; Lah et al. 2007; Noterdaeme et al. 2012;
Q= — ek ’7’}“7 (8) Hoppmann et al. 2015; Neeleman et al. 2016; Bird et al. 2017; Rhee
CPeric  AX etal. 2018; Hu et al. 2019) in Fig. 8. We remove the mean molecular
where SN u; is the sum of the column density measurements weight of u = 1.3 (correcting for 25 per cent contribution of neutral
for each system in a given redshift interval AX for which each gas by He II) from literature values if applicable.
absorber N; y; could be detected. The intrinsic detection in 3C 216 Despite only nine intervening absorption systems, we supply
is not included in the Qy, calculation. We assume no contribution the very first measurement of Qy; from a blind intervening 21 cm
from helium or molecular hydrogen in our calculations of .. absorption survey with continuous redshift coverage over a lookback
To addresses the statistical error dominated from small number of time of 11Gyr (Fig. 8). Our sensitivity to low-column systems
absorbers in each redshift bin, we calculate 1o errors in Qy, from (Fig. 5) coupled with a large total redshift region searched Az =
10000 bootstrap samples. 88.64 (AX = 159.5; equation 5) allows our measurement of Qy; to
Despite the evolution of Qy; with redshift being rather uncertain, be competitive with previous studies even with our low detection
prior measurements of Qy, at z ~ 0 show remarkable consistency rate. To trace the evolution of neutral gas over cosmic time, we split
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our sample into two redshift bins at z = 0.69. Five detections fall
into the lower redshift bin and four detections lie beyond z = 0.69.

In the low-redshift interval of 0 < z < 0.69 we calcu-
late Qyy/(ry/r) = 0.21 £0.10 x 10> K~'. We then compare our
Quiyr,n values with the average of prior Qp; measurements ob-
tained from previous low redshift H1 studies to anchor our Qy/(t,/f)
values and constrain the unknown quantity 7y /f. Previous 21 cm
emission studies and HI spectral stacking (e.g. Zwaan et al. 2005;
Hoppmann et al. 2015; Rhee et al. 2018; Hu et al. 2019) show
consistent values of Qy, ~ 0.3—0.4 x 1073. Using the average
of these previous low redshift 2y, studies, we compare our derive
values of Qy/(t,/r) and constrain a spin temperature — covering factor
of Ty/f ~ 175 K. At a value of Ty/f = 175 K, we measure Qy, =
0.37 £ 0.13 x 1073 for the low-redshift interval 0 < z < 0.69.

In the high-redshift interval of 0.69 < z < 2.74, we calculate
Q]—“/(Ts/f) =0.69 + 0.45 x 1075 K~'. We use the same Ts/f: 175K
constrained from prior low-redshift Qy, studies to calculate Qy; in
our high-redshift bin. We report Qp; = 1.2 4 0.6 x 1073 for 0.69 <
z < 2.74. This constrained value of 7/f = 175 K falls in the range
of Ty/f = 100—1000 K we considered for the the column density
frequency distribution f{iVy,, X) analysis (Section 5.1) in this study.

The small number of absorbers results in poor statistical con-
straints on our measured 2y, and we have large uncertainties in
comparison with prior observations, especially within the higher
redshift interval of 0.69 < z < 2.74 where our two strongest
absorbers reside. We additionally measure Qy; at the same four
spin temperatures of 7/f = 100, 250, 500, and 1000 K that used
for the f{Ny,, X) calculations, listed in Table 4 in each redshift bin.
This allows us to estimate upper limits to the average 7/f value of
our survey consistent with prior studies in the same redshift range.
In our low-redshift interval, we remain consistent within the errors
with prior UV-selected DLAS studies (Rao et al. 2006, 2017) for a
spin temperature up to T/f = 500 K (Qy; = 1.05 + 0.33 x 1073;
Table 4).

In the high-redshift interval of 0.69 < z < 2.74, compared against
prior measurements of Qy; near z ~ 1, the median redshift of
the absorbers in this interval, we constrain the spin temperature
up to a value of Ty/f ~ 250 K while still consistent with prior
measurements, calculating Qy, = 1.7 & 0.9 x 1073 at Ty/f = 250
K. While our value of Qy, at T/f = 250K is larger than prior Qy,
measurements at the same redshift, it remains consistent given the
large uncertainties resulting from few absorbers. The two largest
column absorbers reside in this high redshift bin and the upper
constraint for 7Ty/f = 250K from prior DLA Qy, measurements
agrees with the constraint we placed on 7y/f from prior the fiNy;,
X) measurements in Section 5.1.

6 DISCUSSION

21 cm emission line measurements at low redshift all provide
consistent constraints with each other for the HI mass density in
the local Universe (Zwaan et al. 2005; Martin et al. 2010; Hoppmann
et al. 2015). DLA surveys at redshifts z > 2 suggest an increase in
the H1 gas mass density, suggesting significant evolution of HI gas
from z ~ 2 to z = 0 (Storrie-Lombardi & Wolfe 2000; Péroux et al.
2003; Prochaska et al. 2005; Noterdaeme et al. 2009, 2012; Crighton
et al. 2015; Bird et al. 2017). Despite the fact that measurements at
z 2 2 consistently tend to show larger values of Qy, than those at
low redshifts, 2y, measurements at intermediate redshift 0.4 <z <2
are inconsistent and there is still much controversy in the exact form
and evolution of Qy; over cosmic time (see e.g. Crighton et al. 2015;
Rhee et al. 2018, and references therein). Some of the discrepancies

Evolution of QHI with HI 21 cm absorption 895

in this redshift range likely come from the different techniques used
for target acquisition and subsequent measurement of 2y, in high-
redshift DLA surveys, such as potential biases arising from target pre-
selection. Pre-selecting sightlines based on the strength of the metal
absorption is commonly done at intermediate redshifts to improve
the DLA detection rate with space-based observatories, however, this
may bias the detection rate of H1 absorbers, especially against those
with low column densities and metallicities (Dessauges-Zavadsky,
Ellison & Murphy 2009; Neeleman et al. 2016; Berg et al. 2017, and
references therein, but see Rao et al. 2017).

Despite uncertainty in the spin temperature of intervening H1
21 cm absorbers, our measurements allow us to bridge the redshifted
DLA surveys with low-redshift 21 cm survey results and allow us to
place constrains on Q2y; when anchored to z ~ 0 HI 21 cm surveys
(e.g. Zwaan et al. 2005; Hoppmann et al. 2015; Jones et al. 2018).
We find agreement between our low-redshift Qy; value from 0 < z
< 0.69 with previous Qp; measurements in the same redshift range
for spin temperatures in the range 100-500 K — where prior low-
redshift Qp; measurements constrain our survey to 7/f = 175 K —
supporting a mild evolution in Qy; in the redshift range from z =
0 to z ~ 2. Several of our absorbers have a constraint on 7y/f from
Ly « observations (Table 2), with a median value of 7,/f ~ 800 K.
For the lower redshift absorbers (0 < z < 0.69), this corresponds
to Qy; = 1.7 & 0.5 x 1073, which remain consistent with larger
values of Qy, at the low-redshift range (Rao et al. 2006; Lah et al.
2007). A spin temperature of 7/f ~ 800 K for the high-redshift
bin gives a measurement of Qy; = 5.4 + 2.7 x 1073, significantly
larger than prior 2y, observations for absorbers at z > 1. Theoretical
understanding of the evolutionary trend of 2y, remain incomplete
and our survey demonstrates the success of 21 cm absorption surveys
to assistin solving tension and shaping future theoretical evolutionary
models Qy; (e.g. Kim et al. 2015; Davé et al. 2017; Lagos et al. 2018;
Diemer et al. 2019; Hu et al. 2020).

Despite DLAs tracing the bulk of neutral gas at 2 < z < 3 (e.g.
Prochaska et al. 2005; Noterdaeme et al. 2009; Crighton et al. 2015)
and expectations that the abundance of hydrogen is higher during the
era of cosmic noon than in the present-day universe (Péroux et al.
2001), 21 cm absorption line surveys at high redshift do not have the
detection rate seen in low-redshift surveys. There are several factors
that negatively impact the detection rates of 21 cm absorbers. The
biggest detriment to the detection of new 21 cm absorbing systems
in our survey is irremovable RFI in our single-dish observations. RFI
generally worsens towards lower frequencies and renders large areas
of the radio spectrum unusable, especially towards high redshift.
Spectral noise measurements, coupled with radio-faint sources, result
in weak constraints to our measured integrated optical depths,
lowering our sensitivity to detect absorption systems. While there is
no easy way to alleviate RFI in low-frequency spectral observations
with single-dish observations such as from GBT, increased redshift
coverage and sample size, as well as targeting regions with minimal
RFIimpact, will help future surveys to reach the sensitivity necessary
to detect new 21 cm absorption systems. Interferometric data are
in general less susceptible to RFI than single-dish observatories.
ASKAP Band 1 (700-1000 MHz) is essentially free of RFI and will
make large blind surveys, such as FLASH (Allison et al. 2016a,
2020), more effective than previous searches.

The spin temperature — covering factor degeneracy 7/f (Eqn. 1)
may further impact the sensitivity of observations, worsening to-
wards high redshifts. Poor covering of the background radio source
will decrease sensitivity of the absorber, negatively impacting the
detection of new absorbers. Absorbers at higher redshifts will suffer
from geometric effects more and lower the incidence of the absorber
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covering the background source (Curran 2012). Likewise, spin
temperature may also be systematically higher at higher redshifts,
decreasing the measured absorber optical depth with increasing
redshift (Kanekar & Chengalur 2003; Srianand et al. 2012; Roy et al.
2013; Curran 2019). Neither the spin temperature of the absorber nor
the covering factor of the background source is constrained for most
H1 21 cm absorption systems. As the spin temperature cannot be
constrained with observations of H1 21 cm absorption alone, studies
typically assume a canonical value ranging from 7/f = 100—1000 K
and these appear to be reasonable estimates for intervening H1
absorption systems at redshifts z < 2 (Kanekar et al. 2014). Our
intervening 21 cm absorbers support this range in 7/f values through
comparing our fiNy,, X; Fig. 7) results with expectations from prior
temperature-independent methods. Our two largest absorbers do not
have prior constraints on 7,/f and are more consistent with prior
f(Nyu, X) measurements for lower spin temperature values of Ty/f =
~250 K. This suggests that the Ty /f distribution may depends on
the HT column density of the absorber where absorbers with the
largest HI column densities contain a larger contribution of cooler
gas. Deviations towards higher temperatures and/or lower covering
factors will decrease sensitivity and bias against detection of lower
column systems and is an important factor in our lack of new
detections.

Lastly, source selection criteria may bear some of the responsibil-
ity, worsening at high redshifts, where optical biases select galaxies
that are less likely to be obscured by gas and dust. Future ‘blind’
21 cm absorption surveys along dusty sightlines may alleviate the
bias of selecting against UV-faint and dusty sources where it is more
likely to have cold gas along those lines of sight, otherwise missed
by optical/UV surveys (e.g. Curran et al. 2011; Yan et al. 2012,
2016; Glowacki et al. 2019). Such surveys may be more fruitful in
selecting cold gas systems readily available for detection in 21 cm
absorption as well as rarer molecular absorption systems in order to
provide adequate statistics to help constrain factors of cosmological
importance.

7 SUMMARY AND CONCLUSIONS

We present the results of a blind survey for intervening HI 21 cm
absorption along the line of sight to 260 radio sources in the
redshift range 0 < z < 2.74. We make 2147 individual RFI-free
spectral measurements and we re-detect 10 previously known 21 cm
absorbers in our sample (nine intervening, one intrinsic) and observe
no new detections of intervening 21 cm absorption systems. We place
a 3o upper limit on the HI column density for all searchable spectra
not detected in 21 cm absorption in 2137 individual spectral regions
across the sample for a total redshift searched path of Az = 88.64
(comoving path of AX = 159.5). We record a mean 21 cm optical
depth for the non-detections of 73, = 0.0146, corresponding to
93 percent of upper limit spectral measurements lying below the
DLA column density threshold under the assumption of a spin
temperature and covering factor for the absorbers of 7,/f = 100 K.
At T /f = 100 K, 15 per cent of upper limit spectral measurements
are below the DLA column density limit. In total, 99 per cent of our
spectral measurements are constrained to z < 1.

Sixteen of our sources are searched for OH 18 cm absorption at
the redshift of the known 21 cm absorbing systems. We re-detect
the 1667 MHz line towards PKS 1830 — 211. We do not re-detect
the 1665 or 1667 MHz absorption features towards 14134135 as
detected by Kanekar & Chengalur (2002) despite smoothing our
spectral measurements to the same resolution. We do not have
adequate signal and sensitivity to re-detect the two satellite OH lines
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towards 14134135 at 1612 and 1720 MHz at the same redshift by
Darling (2004) and Kanekar et al. (2004). We place upper limits on
the OH column density for the remaining 12 sources with usable OH
data. While not all of our OH column density limits are significant
due to RFI and/or bad spectral measurements, it provides a reference
point for observations and the sensitivity necessary in the future to
detect possible OH absorbing systems.

We place measurements and upper limit estimates for the H1 col-
umn density frequency distribution function fiVy;, X). We estimate
f(Nu, X) at spin temperatures of 7,/f = 100, 250, 500, and 1000 K.
Through comparison with prior empirical measurements of 21 cm
emission line surveys at z ~ 0 (Zwaan et al. 2005), ultraviolet DLA
surveys at z < 1.65 (Rao et al. 2017), and optical DLA surveys
at z > 2 (Prochaska & Wolfe 2009; Noterdaeme et al. 2012), we
constrain the spin temperature of the H1 absorption systems and
place limits on the spin temperature of our non-detection systems. We
find that our absorbers and upper limit measurements are consistent
with prior measurements in the range 7 /f = 100—1000 K for the
redshift range of our survey. We find that the largest H1 column
absorbers Nyy; > 10?2 cm ™2 require temperatures lower than Ty/f <
250 K in order to reproduce the turnover in f{ilVg,, X) distribution at
high H1column densities observed in prior temperature-independent
observations. This suggests that the spin temperature values for our
non-detection and low HI column density absorbers have larger
fractional contributions of warmer gas compared to the high H1
column density absorbers.

We estimate the cosmological mass density of neutral gas Qy;, the
largest blind survey of redshifted H1 21 cm absorbers to constrain
Qy, continuously in the redshift range 0 < z < 2.74. We estimate
Qy; at spin temperatures of 7y/f = 100, 250, 500, and 1000 K in
two redshift bins: 0 < z < 0.69 and 0.69 < z < 2.74 to constrain
the relative difference between 2y, with redshift and infer a possible
redshift evolution between the low- and high-redshift absorbers.

We are able to place statistical constraints on 7/f through com-
paring our low redshift 2y, value with prior 21 cm emission and
21 cm absorption stacking studies. With previous z < 0.69 studies
of Qy, serving as anchor points, we estimate a mean 7/f = 175 K
for our calculations of Qy,. At Ty/f = 175 K, we measure Qy, =
0.37 £ 0.13 x 1073 for the low-redshift interval 0 < z < 0.69 and
Qu = 1.2 £ 0.6 x 1073 in the high-redshift interval of 0.69 <
z < 2.74. Our values remain consistent with studies up to T/f =
250—500 K. Despite our estimate of the HI mass density at high
redshift (0.69 < z < 2.74) accompanied with large uncertainties, we
show agreement with previous estimates owing to the large redshift
search path and sensitivity to sub-DLA absorption systems. Our
results support an overall relative decrease in the neutral gas density
over the past ~11 Gyr between the two redshift bins we use to
constrain Qy;. This demonstrates that it is possible for a redshifted
blind 21 cm absorption survey to complement and connect high-
redshift Ly « studies to the 21 cm emission studies that anchor Qy; at
z ~ 0 and will be insightful in forthcoming SKA pathfinder surveys.
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