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ABSTRACT

Our current understanding of galaxy evolution still has many uncertainties associated with the details of the accretion,
processing, and removal of gas across cosmic time. The next generation of radio telescopes will image the neutral
hydrogen (H1) in galaxies over large volumes at high redshifts, which will provide key insights into these processes.
We are conducting the COSMOS H1 Large Extragalactic Survey (CHILES) with the Karl G. Jansky Very Large
Array, which is the first survey to simultaneously observe H1 from z = 0 to z ~ 0.5. Here, we report the highest
redshift H1 21 cm detection in emission to date of the luminous infrared galaxy COSMOS J100054.83+023126.2 at
z = 0.376 with the first 178 hr of CHILES data. The total H1 mass is (2.9 & 1.0) x 10'°M_, and the spatial
distribution is asymmetric and extends beyond the galaxy. While optically the galaxy looks undisturbed, the H1
distribution suggests an interaction with a candidate companion. In addition, we present follow-up Large Millimeter
Telescope CO observations that show it is rich in molecular hydrogen with a range of possible masses of
(1.8-9.9) x 10'"°M,,. This is the first study of the H1 and CO in emission for a single galaxy beyond z ~ 0.2.

Key words: galaxies: evolution — galaxies: starburst — radio lines: galaxies

1. INTRODUCTION for a limited number of galaxies at higher redshift (e.g., Zwaan
et al. 2001; Catinella & Cortese 2015). Long integration times
are necessary to detect H1 emission from distant galaxies as the
signal is very weak. As a consequence, many studies use
indirect methods such as stacking and intensity mapping to
attain a statistical measure of how much Hr there is in the
interval z ~ 0.1-0.8 (e.g., Lah et al. 2007; Chang et al. 2010;
Delhaize et al. 2013; Geréb et al. 2013; Masui et al. 2013).
New technology now allows telescopes to carry out H1

Galaxy evolution studies have been hampered by the lack of
neutral hydrogen (H 1) images across cosmic time. The H121 cm
line has been used extensively to study nearby galaxies because it
is the raw fuel for star formation, it probes the internal properties,
and it serves as an excellent environmental tracer (e.g., Haynes
et al. 1984; Walter et al. 2008; Chung et al. 2009). Due to
technical limitations, not much is known about Hr1 in distant

galaxies, but this will soon change with the next generation of observations with large instantaneous frequency coverage. The

radio t‘elescopes.‘HI imaging at'z > 0.1 will help censtrain the first survey to do this is the Blind Ultra Deep H 1 Environmental
evolution of the interstellar medium (ISM) and possibly explain Survey (BUDHIES), which detected H1 in over 150 galaxies in
observed phenomena at high redshift, such as the decline in the and around two clusters at 0.16 < z < 0.22 (Verheijen

star formation rate (SFR) since z =2 (Hopkins & Beacom 2006). et al. 2007). The recently upgraded Karl G. Jansky Very Large

Over the past 15 years, several studies started to uncover the A VLA b . .
the interval 0 <z < 0.5
H1content beyond z ~ 0.1. Targeted surveys have observed H1 tmay ( )" can now observe the interva ¢ fnone

5 - 2! The National Radio Astronomy Observatory is a facility of the National
2 NSF Astronomy and Astrophysics Postdoctoral Fellow. Science Foundation operated under cooperative agreement by Associated
Jansky Fellow of the National Radio Astronomy Observatory. Universities, Inc.
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Figure 1. H 1 detection of J100054. (a) Channel maps showing H 1 contours drawn in levels of +20, £30, +40 (negative contours are dashed). The last panel shows
the continuum emission for this galaxy. (b) Total H 1 distribution map. The ellipse shows the size of the synthesized beam (8”2 x 6”3), and the contours correspond
to (0.4, 0.9, 1.3, 1.7, 2.1) x 10*Y atoms cm 2. The background optical data is an HST I-band image from COSMOS (Koekemoer et al. 2007; Massey et al. 2010). (c)
H 1 spectra integrated over the optical disk of the galaxy (gray) and over most of the H 1 emission (blue). The blanked region corresponds to frequencies affected by
RFI and the arrow shows the frequency corresponding to the optical redshift. (d) PV diagram made through the optical center at P.A. = 172° with contours drawn in
levels of +2¢ and +30. The vertical line corresponds to the optical position of the galaxy and the horizontal line corresponds to a frequency of 1032.1 MHz.

setting. We did a pilot study during commissioning that
covered the interval 0 < z < 0.193 (Ferndndez et al. 2013). We
reached the theoretical noise over the entire frequency range,
demonstrating the feasibility of an H1 deep field. We are now
conducting the COSMOS Hi1 Large Extragalactic Survey
(CHILES) with the VLA, a 1002 hr survey where we expect
to directly image the H1 distribution and kinematics of at
least 300 galaxies in the COSMOS field from z = 0 to z ~ 0.5,
with at least 200 of these at z > 0.2. These estimates are
done by comparing our 50 sensitivity curve (assuming a
150 km s~ ' width) with the H1 masses predicted for spectro-
scopically confirmed galaxies in the observed volume using the
scaling relation from Catinella et al. (2012).

Here, we report the H1 detection of the Luminous Infrared
Galaxy (LIRG) COSMOS J100054.83+023126.2 (henceforth
J100054) at z = 0.376 with the first 178 hr of CHILES data. In
addition, we include CO observations from the Large
Millimeter Telescope Alfonso Serrano (LMT) and follow-up
optical spectroscopic data that confirm the redshift of the
detection. This study not only represents the highest redshift H 1
detection in emission, but it is the first time we can study the
cold gas content (both molecular and atomic hydrogen) of a
galaxy at z > 0.2.

This letter adopts H, = 70kms™' Mpc™!, Oy, = 0.3, and
Qx = 0.7, and a Kroupa (2001) initial mass function.

2. OBSERVATIONS AND RESULTS
2.1. Cold Gas Properties
2.1.1. CHILES: H 1 Detection at z = 0.376

We are observing one pointing in the COSMOS field with
the B configuration of the VLA, which corresponds to a spatial
resolution of ~25 kpc at z = 0.376. The first 178 hr (Phase I)
were observed in 2013 (E. Momjian et al 2016, in preparation).

For this preliminary study we imaged the interval 0.36 <
z < 0.39 (1025-1045 MHz), which includes a wall with over
250 galaxies with spectroscopically known redshifts, and 60 of
these have predicted My, > 10'°M_,. The cube was made with
a robustness parameter of 0.8 in CASA, it has a spatial scale of
2048 x 2048 of 2” pixels, and a total of 320 channels of
62.5kHz (18 kms ™' at z = 0.376). We first Hanning smoothed
the data to increase the signal-to-noise ratio (S/N) and then
iteratively subtracted the continuum in the image plane, leading
to a typical noise per channel of 75 iJy beam '. We searched
for H1 by eye around a subset of the 60 predicted gas-rich
galaxies. We are still in the process of searching for H1 around
other galaxies directly and via stacking.

We detect H1 in the galaxy J100054, which has a predicted
My, = 2.8 X 1010M®. The H1 channel maps (Figure 1(a))
show that the emission is mostly at the 2-3¢ level (with a 40
peak at the position of the galaxy). Although the emission is
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weak, we trust the detection because the signal is at the location
and velocity of the galaxy and it appears in several consecutive
independent channels. The emission is seen in seven panels,
making it 875 kHz wide, which translates to a velocity width of
246 4+ 36kms 'after correcting for the channel width. We
calculate zy, = 0.3764 + 0.0002, assuming that the center of
the emission is that shown in Figure 1(a), panel 5. We have
high confidence in the emission seen in panels 2-5, as it is at
the 30 level with a smooth velocity gradient and there are no
negative contours of high significance. The emission in panels
6-8 is weaker and its velocity does not follow a clear pattern.
We generate the total H1 distribution map (Figure 1(b)) by
adding the emission seen in the seven channels after smoothing
and applying a 1.25¢0 cutoff. We also make a moment map
excluding the emission seen in panels 6—8, and the morphology
is almost identical. We calculate My, for both maps, My, =
29 £1.0) x 1010Mf for the one presented here and My, =
2 x 10'° M, from the map only including panels 2-5, showmg
that the H1 in panels 6—8 does not contribute much. As seen in
Figure 1(b), the H1 is asymmetric and very extended,
encompassing some potentially nearby companions. Because
the low-level emission in the southern extension is rather
sensitive to the noise, the morphology is uncertain. We also
include two integrated H1 spectra in Figure 1(c), one that
integrates over the optical disk of the galaxy and another one
that is centered on the H1 emission. We calculate a S/N = 7
from the H1 spectrum by adding up the signal in the range
1031.5-1032.5 MHz, and dividing by the rms calculated in the
range 1033-1038 MHz (taking into account the number of
channels). Last, Figure 1(d) shows a position—velocity diagram
that further shows the significance of the detection.

The last panel of Figure 1(a) (bottom right) shows the
continuum emission from the line-free channels. In addition,
we have continuum data from the commensal survey CHILES
Continuum Polarization (CHILES Con Pol).?* The source has a
total flux density of 240 + 10 pJy at 1.45 GHz, which is
consistent with our measurement and the COSMOS-VLA data
(Schinnerer et al. 2007). We measure a spectral index of —0.8
£ 0.15, which is the typical value for star-forming galaxies
(e.g., Magnelli et al. 2015).

2.1.2. CO Observations with the LMT

As a follow-up to our H1 detection, we observed J100054
using the Redshift Search Receiver (RSR) at the LMT
(Erickson et al. 2007) on 2015 April 8 and May 21 for 1 hr
each under excellent weather conditions (755 = 100 K). The
spectrum covering a frequency range 73—111 GHz is obtained
with a spectral resolution of 31.25MHz (~110kms ' at
z = 0.376) to search for possible CO(1-0) emission. The
effective beam size is 25” at 84 GHz and telescope pointing is
checked on the nearby QSO J0909+-013 before each observing
session. When averaged together with the 1/0” weight, the
final spectrum has an rms noise of o = 1.2 mly.

A single bright line is detected with a S/N = 9.7 centered at
83.7816 GHz (Figure 2) and is interpreted as that of the
CO(1-0) transition at z = 0.3759 £ 0.0002. This line is fully
resolved, as shown by the zoom-in spectrum shown in the inset,
and the derived full width at half maximum (FWHM) is 413 +
62km s~ after correcting for the instrumental resolution. The
narrow CO line peak (FWHM is 317 4= 56 km sfl), centered on

2 http: / /www.chilesconpol.com
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Figure 2. CO spectrum for J100054 obtained using the RSR on the LMT. The
larger panel shows the full frequency range and the inset shows a zoom-in on
the CO(1-0) detection at 83.7727 GHz (z = 0.376).

the optical redshift z = 0.376, sits atop a broad base, which
accounts for the observed broadline width. The measured CO
line integral of 3.12 4 0.32 Jy kms ™' translates to Lco = (2.3
+ 0.2) x 10" Kkms 'pc’. The H, mass depends on the
adopted conversmn factor, which ranges from o = 0.8 M,/
(Kkms'pc?) for interacting galaxies (Downes & Solo-
mon 1998) to the Galactic conversion factor of & = 4.3 M,/
(Kkms™! pc %) (Bolatto et al. 2013). This results in a range of
possible values of My, = (1.8-9.9) x IOIOM@

2.2. Additional Data
2.2.1. COSMOS Multiwavelength Data

As J100054 is located within the COSMOS field, extensive
multiwavelength data are available, and it is detected in
ultraviolet, optical, IR, and by the VLA-COSMOS continuum
survey. A deep HST I-band image of J100054 (Figure 3(a))
shows that it is a massive regular barred spiral with clear spiral
arms and a prominent bulge. In addition it shows a number of
fainter galaxies, suggesting that this may be a small group. The
information for the possible companions is scarce, as the four are
very faint with r > 23 and only have measured photometric
redshifts. Only one of the companions has a photometric redshift
similar to J100054, but spectroscopic data are necessary to
confirm this and determine whether the other ones are indeed
background objects.

2.2.2. Optical Spectroscopic Confirmation

We obtained an additional long-slit spectrum with the
SOAR 4.1 m telescope and the Goodman High Throughput
Spectrograph on 2015 April 17 to confirm the redshift of
J100054. A slit of 1”768 w1dth was oriented north—south on the
galaxy and the 400 1mm™ ! grating yielded spectral coverage
3500-7500 A at a resolution of R = 495. The 1 hr exposure
confirms a galaxy at z = 0.3758 & 0.0001 with strong [O 1]
3727 A emission and Balmer absorption, indicating a post-
starburst stellar population. The spectrum shows no signs of
AGN activity, as seen in Figure 3(b).


http://www.chilesconpol.com

THE ASTROPHYSICAL JOURNAL LETTERs, 824:L1 (7pp), 2016 June 10

FERNANDEZ ET AL.

o

|
GALEX (FUV)

y

a

Spitzer (3.6um)

HST (I band) )

- Herschel (lOOLf‘m)
z=1.16 " - .
D=29 kpc |- L4 “ l
i - et
-
£ . g
SIS e ! g

T T T T
Ho

>
3

o om

Arbitrary Flux
w w IN
o o o

n ¢
5
e

20Ff

5500 6000
Observed Wavelength (A)

6500

(b)

l0g;o S [wly]

10°

(c)

102 10° 10* 10°

A [um]

Figure 3. Multiwavelength data for J100054. (a) Images of J100054 detected with different telescopes: GALEX, Spitzer, HST, Herschel, and the VLA (all are
30" x 30"). The central image is labeled with possible companions, their photometric redshift, and projected distance from the main galaxy (assuming they are at the
same redshift). (b) Optical spectrum that confirms the redshift of the galaxy. The different lines are labeled and the Earth symbols correspond to prominent sky lines.

(c) SED fit using the available photometry.
2.2.3. Spectral Energy Distribution (SED) Fitting

The optical and IR counterparts are found exploiting
the likelihood ratio technique (Sutherland & Saunders 1992)
with the optical photometric data (Capak et al. 2007),
Spitzer Space Telescope MIPS 24 ym (Le Floc’h et al. 2009),
and the Herschel Space Observatory (Oliver et al. 2010;
Lutz et al. 2011). The best-fit SED is obtained through the
Le Phare (Arnouts et al. 1999; Ilbert et al. 2006) with the M82
galaxy template for the optical-mid IR regime and the Chary—
Elbaz galaxy template for the far-IR regime at the
fixed redshift of z=0.37. The best-fit SED yields
the total Lig(8—1000 um)= (5.7 + 0.4) x 10'' L., and the
Lir(40-120 im) = (3.0 + 0.2) x 10" L., confirming that this
object is a LIRG.

2.2.4. Stellar Mass and SFR Estimate

We compute My = (8.7 & 0.1) x 10'° M, using the Spitzer
IRAC data (Eskew et al. 2012). Following Murphy et al.
(2011), we calculate the SFR using the FUV, IR, and radio data
SFRpyuy = (0.7 + 0.1) M, yr ', SFRig = (85 £ 6) M, yr ',
and SFR; 4gu, = (72 =+ 3) M, yr_1 (errors come from the
photometric uncertainties). The SFRgyy is negligible, indicat-
ing that most of the star formation is dust-obscured. We adopt
SFRr for the rest of the paper.

3. DISCUSSION
3.1. Unusual Spiral Galaxy

While the optical image shows J100054 to be a large normal
spiral, the cold gas properties depict a more complex picture.
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legends. All of the numbers shown here are calculated using the same cosmology and Kroupa IMF. The Lcq correspond to CO(1-0) observations except for PHIBSS
that observed CO(3-2), but we convert to CO(1-0) assuming CO(1-0)/CO(3-2) = 2. (a) My , vS. M. (b) Lco vs. M. (¢) SFR vs. Leo. The dashed line corresponds to
the correlation between Lco and Lig for normal star-forming galaxies (Sargent et al. 2014). (d) SFR vs. M, compared with the SFR-M,, relation at different redshifts
from Bauermeister et al. (2013). The shaded region corresponds to z = 0.376, with the lower bound showing the SFR-M,, relation at that z and the upper bound
indicating the starburst threshold. The relations at z = 0 (dashed line) and at z = 1 (dotted line) are included for reference.

The H1 mass agrees with the predicted one, but its distribution
and kinematics are unexpected. The H 1 suggests the possibility
of a gravitational interaction, as the H1 looks very disturbed.
Many studies have reported SFR enhancement in interacting
pairs. In particular, in the case of a minor merger, the more
massive companion experiences a stronger SFR enhancement
than the less massive one (e.g., Scudder et al. 2012; Davies
et al. 2015). Spectroscopic data are necessary to determine
whether the nearby galaxies are at the same redshift.

In addition, the galaxy is extremely H, rich, with a value that
is even unexpected for local (U)LIRGs. The Lco for this
system is approximately six times higher than objects with
similar Ljg in a sample of local (U)LIRGs (G. Privon 2016, in
preparation). Here, we present a range of possible values for
My, (depending on «), but we note that o = 0.8 is still a matter
of debate even for extreme (U)LIRGs such as Arp 220
(Scoville et al. 2015). The CO spectrum suggests there might
be two components: a broad one and a narrow one. The

FWHM of the narrow component is consistent with the H1
width within the uncertainties. The broad component could be
emission from neighboring galaxies included in the large beam.
We note, however, that the galaxies are fairly small and we do
not expect significant contribution. The more likely explanation
is an outflow such as those seen for local (U)LIRGs (e.g.,
Chung et al. 2011).

3.2. Comparison with Other Samples

Figure 4 explores whether the gas properties are unusual for
a galaxy with that M, and SFR when compared with the
properties of galaxies found in other surveys (see the caption
for details and references). Figure 4(a) compares the H1 mass
and M, of J100054 to systems found in other surveys. As seen,
J100054 is rich in atomic gas when compared with ALFALFA
and GASS, and in fact has as much H1 as the most H1 -rich
galaxies at z ~ 0-0.2. Figure 4(b) shows Lco (instead of H,
mass to avoid issues with o) as a function of M,. The plot
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Figure 5. ISM properties at different redshifts for three surveys: COLD GASS, BUDHIES, and CHILES. We include all of the galaxies with detected H 1 and H, for
the first two surveys, with the bigger symbol showing their median value. (a) Gas fraction (My, + My,)/(Mu, + My, + M,)) vs. redshift. (b) Hy/H 1 ratio vs.

redshift.

shows that most galaxies have lower Lco, while only those at z
~ 1 have comparable values to J100054. The third plot shows
SFR as a function of Lco (Figure 4(c)). This is usually plotted
as Lig versus Lco, but here we choose SFR as some of the
samples do not have published L;g. From this plot we can infer
that J100054 has a relatively low star formation efficiency
because it lies below the line that marks the SFR-M,, relation
(commonly known as the “main sequence”). Last, we look at
the SFR for different M, (Figure 4(d)). J100054 is just above
the starburst threshold, which is defined as four times the SFR—
M, relation (Rodighiero et al. 2011). In summary, these four
plots show that J100054 is gas-rich both in molecular and
atomic gas, but its SFR is somewhat low given its Lco.

3.3. ISM Studies at Intermediate Redshift

Finally, we emphasize this is the first time we observe both
the CO and H1 from a galaxy beyond the local universe (z ~
0.2). In Figure 5 we show how the gas fraction and My,/My
ratio vary with redshift for three surveys: COLD GASS,
BUDHIES (Verheijen et al. 2007; Cybulski et al. 2016), and
CHILES. These limited data suggest that if we assume o = 4.3,
both the gas fraction and ratio of H,/H1 go up with increasing
redshift and that J100054 is above the median seen in surveys
at z =0 and z = 0.2. If we adopt o = 0.8, the gas fraction is
still high when compared with other surveys, but the mass ratio
is comparable to galaxies at z = 0. We cannot draw strong
conclusions with only one data point, but we will soon be able
to start populating these plots with upcoming CHILES results
and follow-up observations with the LMT. This will be further
complemented by the upcoming surveys that will be conducted
with ALMA, and the SKA and its precursors in the next
decade.

In addition to probing the general galaxy population, we can
also start to probe the evolution of (U)LIRGs. We know that
these systems correspond to mergers in the local universe, but
there is disagreement on the merger contribution at higher
redshifts (e.g., Kartaltepe et al. 2010). Future H1 and H, data
will allow us to understand these systems better and probe their
ISM across cosmic time.

4. SUMMARY

We presented the first comprehensive study of the gas
content (H1 and H,) of a galaxy at intermediate redshifts. We
summarize our main findings below.

1. We detected the highest redshift H1in emission to date from
a very gas-rich system (M, = (2.9 £ 1.0) x 10"°M.). Its
H1 mass is similar to the most gas-rich galaxies locally
known and consistent with what is expected from its stellar
properties.

2. J100054 is also gas-rich in H,, with a mass range of
(1.8-9.9) x 10'°M,_. The CO luminosity is higher than
what is expected for a galaxy with that stellar mass
(8.7 x 10" M_) and SFR (85 M yr ).

3. In comparison with other samples, the CO properties
suggests that J100054 is similar to star-forming galaxies
atz ~ 1.
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