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To be published in The Astrophysical Journal

ABSTRACT

We examine the redshift evolution of standard strong emission-line diagnostics for H3-selected star-
forming galaxies using the local SDSS sample and a new z = 0.2 — 2.3 sample obtained from HST
WFC3 grism and Keck DEIMOS and MOSFIRE data. We use the SDSS galaxies to show that there
is a systematic dependence of the strong emission-line properties on Balmer-line luminosity, which
we interpret as showing that both the N/O abundance and the ionization parameter increase with
increasing line luminosity. Allowing for the luminosity dependence tightens the diagnostic diagrams
and the metallicity calibrations. The combined SDSS and high-redshift samples show that there is no
redshift evolution in the line properties once the luminosity correction is applied, i.e., all galaxies with
a given L(HJ3) have similar strong emission-line distributions at all the observed redshifts. We argue
that the best metal diagnostic for the high-redshift galaxies may be a luminosity-adjusted version of
the [NII|6584 /Ha metallicity relation.
Subject headings: cosmology: observations — galaxies: distances and redshifts — galaxies: active

X-rays: galaxies — galaxies: formation — galaxies: evolution
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Motivated by Figure 5(a), we fitted the dependence of
O3Hb on N2Ha and L(H@) for the star-forming galaxy
locus (N2Ha < —0.5) using the MPFIT2DFUN two-
dimensional fitting routine from Markwardt (2009). We
adopted a third-order fit for the dependence on N2Ha
and a linear fit for the dependence on log L(H3). In-
cluding the luminosity dependence by shifting N2Ha, we

find
x = N2Ha — 0.09(log L(H3) — 40.5), (1)

and
O3Hb = —1.85 — 4.02¢ — 2.1822 —0.422°.  (2)

Alternatively, we can include the luminosity dependence
by shifting O3Hb, giving

O3Hb = —1.85 — 4.02(N2Ha) — 2.18(N2Ha)?
—0.42(N2Ha)® + 0.09(log L(HB) — 40.5) . (3)
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FIG. 5.— () BPT diagram for the full SDSS sample in intervals of log L(HB) (colors).
bins of N2Ha (squares es of the squares re 1t the number of sources in each bin, ranging from 10 — 100 (smallest), 100 — 1000,
1000 — 10000, to 10000 — 100000 (largest). In the star-forming galaxy locus (the left wing of the BPT diagram: N2Ha < —0.5), the
normalization of O3Hb relative to N2Ha rises with L(HB). In (b) and (c), respectively, we show th ts of introducing an offset in N2Ha,
using Equations 1 and 2 and in O3Hb using Equation 3 to normalize to log L(HA ther offset approximately aligns the
BPT star-forming galaxy locus
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JNlyywaa kanndbpoBka MeTanNMUYHOCTU —
Nno a3oTy, nocne casura

12 + log(O/H) = 8.90+ 0.57(N2Ha)

—0.14(log L(HB) — 41) . (10) SMnMpMKa

12 + log (O/H) =9.35 + 0.82log(N2Ha)
+0.14(log L(HB) — 41).  (13) TeOleFl (.D.OHMTa'

Kbtonn)
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Fig. 1. Location of the spatially-resolved galaxies selected in the
MUSE-HDFS data cube overlaid on the HST/WFPC2 F814W image.
The diameter of the circles is equal to the effective spatial resolution
(= 0.7" FWHM) of the MUSE data cube. Identification numbers are
those from the source catalogue of Bacon et al. (2015). The AGN
[D#10 is indicated with a square. Colors correspond to different red-
shift intervals and thus to different set of bright emission lines accessi-
ble within the spectral range of MUSE (orange = 7 < 0.27: from HB
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Fig. 5. Example of morpho-kinematic analysis for galaxy [D#4 at
z = (.56. Description 1s given from left to right. Top row: HST/WFPC2
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Fig. 8. The ratio V/o as a function of galaxy stellar mass (lefi panel). maximum rotational velocity (middle panel) and size (right panel). The
horizontal dashed lines set the limit between rotation-dominated (blue points above the line) and dispersion-dominated (red points below the line)
galaxies. No clear correlation is seen but dispersion-dominated galaxies are mostly massive (> 10"Mg), “slow” rotators (< 50 km s™') and quite
compact.
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Fig. 12. The specific angular momentum of disks jy as a function of
galaxy stellar mass for the MUSE-HDFS sample of spatially-resolved
galaxies. Data points are color-coded according to the V/o ratio. Large
squares indicate dispersion-dominated galaxies with V/o < 1. The
dashed lines show the relations defined for massive (M, > 10" M,)
galaxies at z = 0 (Fall & Romanowsky 2013), distinguishing between
spheroids (red line) and disks (blue line).
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ABSTRACT

The first stars, known as Population 111 (Poplll), produced the first heavy elements,
thereby enriching their surrounding pristine gas. Previous detections of metals in in-
tergalactic gas clouds, however, find a heavy element enrichment larger than 1/1000
times that of the solar environment, higher than expected for Poplll remnants. In
this letter we report the discovery of a Lyman limit system (LLS) at z = 3.53 with the
lowest metallicity seen in gas with discernable metals, 107341%026 times the solar value,
at a level expected for Poplll remnants. We make the first relative abundance mea-
surement in such low metallicity gas: the carbon-to-silicon ratio is 107926017 times
the solar value. This is consistent with models of gas enrichment by a Poplll star
formation event early in the Universe, but also consistent with later, Population II
enrichment. The metals in all three components comprising the LLS, which has a
velocity width of 400 km s™!, are offset in velocity by ~ +6km s~! from the bulk of
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Figure 5. The metallicity of LLS1249 compared to other mea-
surements of diffuse gas metallicities. Green dots show representa-
tive metallicities for the predominantly neutral damped Lyman-a
systems (see text); their typical uncertainties are 0.2 dex. Red
squares show metallicities for a compilation of the more highly
ionized Lyman limit systems (Fumagalli et al. 2015). Vertical er-
rors on the squares show the 25-75% range in the sample metal-
licity probability distribution. Upper limits from Fumagalli et al.
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Figure 2. Example three-colour (giff) c
image is labelled with its assigned type according to the hierarchy illustrated in Fig. 3
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distance of 30kpc on a side, as described in §3.1. Each
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Figure 3. Morphological classification hierarchy used to filter the GAMA-II sample of 7,554 galaxies into their appropriate class.
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‘lable 1. bingle schechter stellar mass hunction bt parameters tor the morphological-type stellar mass tunctions i Figs. b and 5. Columns
are: the knee in the Schechter function (M), the slope (), and the normalization constant (™). Quoted error bars are derived from the
spread in each parameter’s posterior probability distribution from fits carried out in 10 jackknife resampling iterations.

Population log(M*hg, 7% /Mg ) cx $* /1073
[dt:x_lh'lpt ~Shp. T:ij

E 11.02 £ 0.055 —0.888 £ 0.034 0.8657 "2
S0-Sa 10.44 £ 0.028 0.127 £ 0.064 ZopTy {;:

Sab-Scd 10.39 + 0.034 —0.734 + 0.033 . it

Sd-lrr 9.755 & 0.062 —1.69 £0.054 1a4re =t

LBS 9.300 £ 0.12 ~1.71 £ 0.15 g.ragth

Spheroid Dominated 10.74 + 0.026 —0.525 £ 0.029 36T 50

Disk Dominated 10.70 + 0.049 ~1.39 4+ 0.021 O.RE5 T2 0.

Table 2. Total stellar mass densities and stellar mass densities for each morphological class, derived both by summation of data with

V/Vinax weights (px) and integration of stellar mass functions (p,). A fraction of the total stellar mass is also given for each subclass and
method. Quoted error bars are derived according to a jackknife resampling procedure as decribed in §4.2. Derived stellar mass density
estimates should also be subject to an additional 22.3% error contribution from cosmic variance, estimated by the method of Driver &
Robotham (2010).

Population px /107 Fraction of All {sum) pe /107 Fraction of All (fit)
(Mg Mpe~%hg,7) (MgMpe~3hg 7)
All 24 £ 7.9 20+ 5.6
E 831+ 29 0.34 BV 143 0.35
S50-5a 9.24 3.0 0.38 8.61+1.2 0.34
Sab-Sed 5.11+1.6 0.21 5.4 + (.63 0.22
Sd-Irr 1.3 &+ 0.40 0.052 1.9+ 0.29 0.074
LBS 0.23 = 0.069 0.0094 (.45 £0.22 0.018
Spheroid Dominated 17 +£5.9 0.73 18+ 3.2 0.71

Disk Dominated 6.3+ 2.0 0.26 6.2 + (.82 0.25
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Copious r-process enrichment from a single event in an ancient dwarf galaxy
Alexander P. Ji , Anna Frebel |, Anirudh Chiti , Joshua D. Simon*

The elements heavier than zinc are synthesized through the (r)apid and (s)low neutron-
capture processesl’z. The primary astrophysical production site of the r-process elements
(such as europium) has been debated for nearly 60 yearsl. Chemical abundance trends of
old Galactic halo stars initially suggested continual r-process production from sources like
core-collapse supernovae®*, but evidence in the local universe favored r-process production
primarily from rare events like neutron star mergﬁ-rs‘5 %, The appearance of a europium
abundance plateau in some dwarf spheroidal galaxies was suggested as evidence for rare r-
process enrichment in the early universe’, but only under the assumption of no gas
accretion into the dwarfs. Invoking cosmologically motivated gas accretion® actually favors
continual r-process enrichment in those systems. Furthermore, the universal r-process
patternl’gF has not been cleanly identified in those galaxies. The smaller, chemically simpler,
and more ancient ultra-faint dwarf galaxies (UFDs) assembled shortly after the formation
of the first stars and are ideal systems to study nucleosynthesis processes such as the r-
processm’“. Here we report that seven of nine stars observed with high-resolution
spectroscopy in the recently discovered UFD Reticulum II'*" show strong enhancements in
heavy neutron-capture elements with abundances that exactly follow the universal r-
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Figure 2: Chemical abundances of stars in Reticulum II.

Panels a-b: Abundances of neutron-capture elements Ba and Eu for stars in Ret II (large red
points) compared to halo stars™ (small gray points) and UFD stars in Segue 1, Hercules, Leo IV,
Segue 2, Canes Venatici II, Bootes I, Bootes II, Ursa Major II, and Coma Berenices (medium
colored points, see references inrefs. [11,14,15]). Arrows denote upper limits. The notation



