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Abstract. We present the largest homogeneous survey of redshift > 4.4 damped Ly« systems
(DLAS) using the spectra of 163 quasars that comprise the Giant Gemini GMOS (GGG) survey.
With this survey we make the most precise high-redshift measurement of the cosmological mass
density of neutral hydrogen, Qpui. After correcting for systematic effects using a combination of
mock and higher-resolution spectra, we find Qur = 0.98702% x 107 at (z) = 4.9, assuming a
20% contribution from lower column density systems below the DLA threshold. By comparing to
literature measurements at lower redshifts, we show that Qu1 can be described by the functional
form Qui(z) o< (1 + 2)°*. This gradual decrease from z = 5 to 0 suggests that in the galaxies
which dominate the cosmic star formation rate, H1 is a transitory gas phase fuelling star for-
mation which must be continually replenished by more highly-ionized gas from the intergalactic
medium, and from recycled galactic winds.

Keywords.

1. Introduction

The neutral hydrogen mass density of the universe, gy, is an important cosmological
observable. It determines the precision with which cosmological parameters can be con-
strained by observations of the HT intensity power spectrum (e.g. Barkana & Loeb 2007;
Chang et al. 2008; Wyithe & Loeb 2008; Padmanabhan et al. 2015), and we expect its
evolution to be linked to the cosmic star formation history. The main contributor to
is high column density, predominantly neutral gas clouds (e.g. O’Meara et al. 2007; Zafar
et al. 2013), self-shielded from ionizing radiation and therefore likely fuel for future star
formation (e.g. Wolfe et al. 2005). Thus tracing the evolution of Q1 from the end of
reionization, through the epoch of the cosmic star formation peak at z ~ 2 to the present
day is of central importance to our understanding of galaxy formation. It also provides
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an excellent integral constraint which can be used to test theoretical models of galaxy
formation.

At redshift < 0.3, H1 21 cm emission can be used to measure Qy either directly or by
stacking analyses (e.g. Zwaan et al. 2005; Martin et al. 2010). At higher redshifts, where
emission is too weak to be detected with current facilities, Qg1 can instead be inferred
from the incidence rate of damped Ly« systems (DLAs, defined as absorption systems
with Nygp > 20.3 em~2), which trace the bulk of neutral gas in the universe (Prochaska
et al. 2005). These systems are detected in absorption in the spectra of background
quasars, and their characteristic damping wings allow column densities to be measured
even at low spectral resolution.

Recent DLA surveys at 2 < z < 4 using more than 10,000 quasars assembled from the
Sloan Digital Sky Survey (SDSS) (Prochaska & Herbert-Fort 2004; Prochaska et al. 2005;
Prochaska & Wolfe 2009; Noterdaeme et al. 2009, 2012) have shown that there is very
little evolution in the H1 mass density from z = 3 to the present day. This is starkly at
odds with the strong evolution in the star formation rate over the same period (e.g. Madau
& Dickinson 2014). Modern simulations and some observational studies interpret HT as
a transitory phase fuelling star formation (e.g. Prochaska et al. 2005; Davé et al. 2013),
which is continually replenished by more highly ionized gas from either the intergalactic
medium (IGM) or recycled galactic outflows.

Here we present a measurement of Qg as traced by DLAs at 3.5 < z < 5.4 using a
homogeneous sample of 163 quasars with emission redshifts between 4.4 and 5.4. This
represents an increase in redshift path of a factor of eight over the previous largest
study at z > 4.5. Identifying DLAs becomes increasingly difficult at higher redshift, as
H 1 absorption from the highly-ionized intergalactic medium (IGM) becomes more severe,
and blending with strong systems below the DLA threshold can cause misidentification of
DLAs. Therefore we carefully check for systematic misidentifications in our sample using
both mock spectra and higher resolution spectra of DLA candidates. More than 70% of
our DLA candidates (and > 85% at z > 4.5) have been observed at higher resolution
(Rafelski et al. 2012, 2014), allowing us to confirm their Ny; despite the increased IGM
blending at high redshift.

This conference proceedings is largely a summary of the result presented by Crighton
et al. (2015). We have updated some of the discussion and figures to reflect recent results,
but we refer the reader to that work if they would like a more detailed decription of our
analysis.

2. Results

Our main data sample consists of GMOS spectra for the 163 quasars which comprise
the Giant Gemini GMOS (GGG) survey (Worseck et al. 2014). The quasars were taken
from the SDSS and all have emission redshifts 4.4 < z < 5.4. At these emission redshifts,
the quasar sightlines are likely unbiased regarding the number density of DLAs, unlike
sightlines with 2.7 < zem < 3.6 (Prochaska et al. 2009; Worseck & Prochaska 2011;
Fumagalli et al. 2013). We also use a smaller sample of 59 quasars with higher resolution
spectra. In contrast to the GGG sample, most of these quasars were targeted because
of a known DLA candidate towards the quasar. One of these higher resolution spectra
was taken with the Magellan Echellette Spectrograph on the Magellan Clay Telescope
(Jorgenson et al. 2013) and the remainder were taken with Echellette Spectrograph and
Imager on the Keck IT Telescope (Rafelski et al. 2012, 2014). A total of 39 of these quasars
are also in the GGG sample, and the remaining 20 have a similar emission redshift to
the GGG quasars. We use these higher resolution spectra to assess the reliability of our
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Figure 1. Measurements of Q1 compared to recent theoretical predictions. For clarity, the mean
of measurements at z < 0.2 (the errorbar shows the standard deviation) is shown. Lines show
predictions from a recent semi-analytic model (Lagos et al. 2014), and numerical simulations
(Davé et al. 2013 and EAGLE, Rahmati et al. 2015). All the models have been converted to our
adopted cosmology. The recent EAGLE cosmological simulation matches the observations well,
although uncertainties due to sub-grid physics and resolution effects (shown by the error range)
are still substantial.

DLA identifications and to estimate the importance of systematic effects, but they are
not included in the statistical sample used to measure Qy1. For a detailed description of
the GGG spectra and the procedure used to reduce them, see Worseck et al. (2014).

There are two main contributions to the final error on Qg. The dominant contribution
is the statistical error due to the finite sampling of DLAs, and we estimate this error
using 1000 bootstrap samples. The second is the systematic uncertainty in the correction
factor, k(Nur), described in more detail by Crighton et al. (2015). We estimate the effect
of this uncertainty using a Monte Carlo technique: 2y is calculated 1000 times, each time
drawing k(Ngp) from a normal distribution with a mean given by the k(Npyp) histogram
bin value and ¢ determined by the uncertainty on that bin, assuming no correlation
between uncertainties in adjacent bins. Then the final error in Qy is given by adding these
two uncertainties in quadrature. We confirmed that Nyj error of each DLA (0.2 dex),
has a negligible contribution compared to these statistical and systematic uncertainties.
We also check that using Ny measurements from the high-resolution spectra, where
available, does not significantly change Q.

Figure 1 shows our new results together with previous measurements of (1, converted
to our adopted cosmology. We assume a 20% contribution to Qg from absorption sys-
tems below the DLA threshold, and where previous DLA surveys have quoted QR¥4 | we
convert to Qyp using the relationship Qy; = 1.293%‘“/1.3. Our measurement at (z) =4
is higher than, but consistent with earlier measurements by Songaila & Cowie (2010).

3. Discussion

Several groups have made measurements of Qyy at z > 4.5 using DLA surveys (Péroux
et al. 2003, Guimaraes et al. 2009, Songaila & Cowie 2010). These are cumulative results —
that is, each new measurement contains quasars from previous samples, and the Q1 value
is correlated with previous results. This is appealing as it maximizes the signal-to-noise of
the Qg1 value, but combining heterogeneous quasar surveys in this way makes statistical
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Figure 2. The increase in comoving stellar mass density from z = 5 to 0 (from Madau &
Dickinson 2014, thin line and shading) and the corresponding decrease in H1 gas mass density
over the same period (thick line) using the fitting formula described in the text. The H1 gas
phase contributes less than ~ 20% of the mass necessary to form stars from z = 3 to 0, and so
must be continually replenished by more highly ionized gas. Note that the shaded error range
on the stellar mass density represents systematic uncertainties in different estimators, and is not
a lo error.

errors challenging to quantify. At z > 4.4 different identification methods can produce a
systematic uncertainty in g1 which, although smaller than the statistical uncertainties
for our current DLA sample, may still be considerable. Since previous analyses did not use
mock spectra to explore systematic effects, it is difficult to estimate the true uncertainty
in Q1 when combining heterogeneous quasar samples with different selection criteria. In
contrast, our sample has homogeneous data quality, quasar selection method and DLA
identification procedure, and we use mock spectra to test any systematic effects.

Since the publication of Crighton et al. (2015), there have been several new measure-
ments of Oy at lower redshifts. Sdnchez-Ramirez et al. (2016) used a new sample of
high-resolution spectra to identify DL As over the redshift range 3 —4.5, and they present
a new technique for combining the results from previous work and estimating the uncer-
tainty in the final result. Their results include, and are consistent with, the data presented
here (albeit with increased uncertainties in the redshift range 2-4). Neeleman et al. (2016)
present a new measurement using DLAs at low redshift, shown on Figure 1. They find
a somewhat lower Qg than the previous best estimate in this redshift range (Rao et al.
2006) and show that the metal-selection method used by Rao to identify DLAs may have
biased that study towards a high Qg value. The new Neelemann result is consistent with
the local 21cm measurements for Qyy. As these new measurements are consistent with
the previous sample used by Crighton et al. (2015), including them does not affect our
conclusions.

Our results at (z) = 4.9 show that there is no strong evolution in Qg over the ~ 1 Gyr
period from z = 5 to z = 3. We see a slight drop in Qy between our z ~ 4 and z ~ 4.9
Q1 measurements, but this difference is not statistically significant. If the metal content
of DLAs does change suddenly at z = 4.7, as suggested by Rafelski et al. (2014), there is
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no evidence it is accompanied by a concomitant change in 1. However, the uncertainties
remain large and future observations should continue to test this possibility.

A power law with the form Qg = A(1 + 2)7 can describe all of the existing measure-
ments. This simple function provides a reasonable fit (x? per degree of freedom = 1.44)
across the full redshift range, with best-fitting parameters A = (4.00 4 0.24) x 10~* and
v = 0.60 £ 0.05. There is no obvious physical motivation for this relation, nor any expec-
tation that it should apply at redshifts > 5. Nevertheless, it may provide a useful fiducial
model to compare to simulations and future observations.

We also compare our new high-redshift value to lower redshift y; measurements.
As previous authors have noted (e.g. Prochaska et al. 2005; Prochaska & Wolfe 2009;
Noterdaeme et al. 2009), Q1 evolves from z = 3 to z = 0 by factor of < 2, at odds with
the very strong evolution in the star formation rate over the same period. Moreover, the
drop in Qpr is much smaller than the increase in stellar mass over this period. Figure
2 demonstrates this point by showing the increase in comoving mass density in stars
from z =5, p, — p+(z = 5) and the contemporaneous decrease in H1 comoving gas mass
density, pgn(z =5)— pgl using the power law fit discussed earlier. The mass in stars is
calculated using the expression from Madau & Dickinson (2014), and the range shows
an uncertainty of 50%, indicative of the scatter in observations around this curve. While
the evolution of Qyr from z = 5 to z = 3 remains uncertain, the H1 phase at z = 5
contains ample mass density to form all the stars observed at z ~ 3, and the evolution
predicted by the simple power law function is consistent with this scenario. From z ~ 3 to
z ~ 0, however, there is a factor of 5-6 shortfall in H1 mass density compared to amount
needed to produce stars over the same period. This underscores that at z < 3, the H1
phase must be continually replenished by more highly ionized gas, presumably through
a combination of cold-mode accretion (e.g. Dekel et al. 2009) and recycled winds (e.g.
Oppenheimer et al. 2010). The more highly ionized Lyman limit systems and sub-DLAs
should then be important tracers of the interface between this H1 phase and more highly
ionized gas (e.g. Fumagalli et al. 2011).
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