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Hoopes et al. (2007)
Overzier et al. (2009)

The sample of
Lyman break analogs

208 OVERZIER ET AL. Vol. 706

Figure 1. False-color HST images of the LBA sample showing the (rest-frame) UV in blue/purple and optical in yellow/red. The images measure 6′′×6′′. The UV
images were rebinned (2×2) to match the pixel scale of the optical images, and convolved with a Gaussian kernal with 0.′′1 (FWHM). Although most objects are
highly compact in both the UV and optical, a small subset consists of a very bright unresolved component in the middle of an extended, low surface brightness disk.
The images demonstrate a wide range of complex morphologies often suggestive of interactions and (post-)merging. See the text for details.
(A color version of this figure is available in the online journal.)

Figure 2. Stellar mass vs. the half-light radius measured in the UV (left panel)
and optical (right panel) images. Solid squares mark the subset of DCOs in
anticipation of results obtained in Section 5.2.

3.3. Clump Sizes

It is clear from simple visual inspection of the HST images
that the DCOs are marginally resolved at best (note the strong

diffraction spikes associated with the DCOs in Figure 3). Many
of the other clumps appear either as faint point-like sources or
larger spatially resolved regions (see examples in Figure 3).

To obtain the best constraints on the sizes of the DCOs, we
have first examined the radial flux profile of the three brightest
examples, using the ACS UV images as they have smaller pixels
and a sharper PSF compared to the optical images. The result is
shown in Figure 7. Each panel shows the measured count rate
(plus signs) compared to the measured profile of a model PSF
(dashed line) modeled using the TinyTim 3.0 software (Krist
1995). We also simulated a range of two-dimensional Gaussian
models having a FWHM of 0.′′005–0.′′125 and convolved them
with the model PSF. The results are shown using colored lines.
In all three cases, the data are most consistent with an object no
larger than ≈0.′′075 (FWHM), corresponding to effective radii
no larger than $70–160 pc at z = 0.1–0.3).

In order to be consistent across our entire clump sample and
with our earlier definition of the clumps, we have measured the
physical sizes of the brightest clumps in each LBA by measuring
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Stellar mass dependence

The Astrophysical Journal, 767:104 (13pp), 2013 April 20 Newman et al.
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Figure 6. Dependence of vrot (left panel) and σ0 (right panel) on R1/2. The data symbols are the same as in Figures 1 and 5. The strong trend in the left panel can be
well fit by a linear relation: log(vrot) = 0.62 (±0.094) × log(R1/2) + 1.9 (±0.06) (see Table 2). In contrast, the right panel does not appear to show a significant trend,
considering that many of the red data points (those from Law et al. 2009, 2012a) are strictly upper limits to σ0. Thus the trend for smaller galaxies to be dispersion
dominated is in part due to the combination of a possible floor of velocity dispersion, and a linear increase of rotation velocity with size. We note that the characteristic
error bars do not include potential additional uncertainties due to deviations from circular symmetry. However, these uncertainties really only strongly influence near
face-on systems, which are very few in this data set.
(A color version of this figure is available in the online journal.)
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Figure 7. Dependence of stellar mass (left) and dynamical mass (right) on vrot/σ0. Symbols are the same as in Figures 1, 5, and 6.
(A color version of this figure is available in the online journal.)

et al. 2010; Genzel et al. 2008, 2011; Genel et al. 2012a, 2012b;
Elmegreen & Burkert 2010; Krumholz & Burkert 2010).

3.4. Dependence on Stellar Mass, Gas Fraction, and Age

Figure 7 shows that dispersion-dominated galaxies tend to
have smaller stellar and dynamical masses, in agreement with
the earlier conclusions of Förster Schreiber et al. (2009), Law
et al. (2009), Wisnioski et al. (2011), and Epinat et al. (2012).
From the right panel of Figure 1, we see that while the
dispersion-dominated population (on the AO scale) is mostly
found toward lower stellar masses, there is still substantial
overlap with the location of disks. Thus, it seems that the best
separation between the two kinematic populations is in terms of
size and dynamical mass.

Figure 8 shows that the gas fraction (fgas = (Mmol-gas/
(Mmol-gas+M∗)) may be correlated with vrot/σ0, but that this
trend becomes far more uncertain for the dispersion-dominated
objects. While there is a large range in gas fraction for the
dispersion-dominated objects, some have gas fractions as large
as 90%, much higher than for most of the larger rotating disks.
These gas fractions are larger than those found by Tacconi et al.
(2012) based on CO observations from Plateau de Bure for a

sample of massive (M∗ > 3 × 1010 M#) SFGs at z = 1.2 and
z = 2.2. This is likely because of a combination of the lower
masses and above-main-sequence location of many dispersion-
dominated galaxies (see right panel of Figure 1). Tacconi et al.
(2012) have shown that gas fractions increase with decreasing
stellar mass and with increasing offset from the star-forming
“main sequence” in the stellar mass–SFR plane.

There is a modest difference in the strength of the [N ii] line
relative to the Hα line between the dispersion- and rotation-
dominated sub-samples, implying a metallicity trend (see
Figure 8). We stack the spectra of the SINS/zC-SINF galax-
ies by kinematic type, and find that the dispersion-dominated
sub-sample has 〈F [N ii]6584/FHα〉 = 0.13 (±0.01), while
the rotation-dominated sub-sample has 〈F [N ii]6584/FHα〉 =
0.19 (±0.01), consistent with the larger stellar masses of the
rotation-dominated sub-sample and the mass–metallicity rela-
tion (Tremonti et al. 2004; Erb et al. 2006; Mannucci et al.
2009). The errors here derive from the uncertainty in the fitting
of the emission lines. These averages do not include the galaxies
identified to contain AGN.

As found in Newman et al. (2012a), z ∼ 2 SFGs with
ΣSFR > 1 M# yr−1 kpc−2 have evidence for strong outflows,
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Mapping dust extinction

Overzier+11

The Astrophysical Journal Letters, 726:L7 (6pp), 2011 January 1 Overzier et al.

Figure 2. Lbol vs. the attenuation (LIR/LFUV, left panel) and LFUV (right panel) for LBAs (large circles), z ∼ 2 LBGs (blue triangles, from R10), M99 (gray squares,
with R < Rmax), LIRGs (open magenta circles; Howell et al. 2010), and ordinary SFGs (small circles; see Huang et al. 2009). The local samples (M99, SFGs, and
LIRGs) lie along a broad relation between Lbol and attenuation (the result of a simple linear fit to guide the eye is indicated by the dotted line). The most extreme
UV-selected samples at low (LBAs) and high redshifts (LBGs) also lie along such a relation, but one that is offset by 1–2 dex toward lower attenuations with respect to
the former. The mean relation at z ∼ 2 from R10 is indicated (solid: BM/BX sample; dashed: extrapolation to intrinsically faint objects). The fraction of Lbol emitted
in the FUV is much higher for LBGs and LBAs compared to typical local SFGs (right panel).
(A color version of this figure is available in the online journal.)

Figure 3. IRX–β at low (left) and high redshifts (right). LBAs are indicated in both panels (black points). Left panel: M99 starbursts with R < Rmax (gray squares),
SFGs (cyan upside-down triangles; Buat et al. 2010), and (U)LIRGs (open magenta circles; Howell et al. 2010. Right panel: LBGs (filled blue triangles), BzK galaxies
(open purple triangles), distant red galaxies (open red squares), and SMGs (open orange pentagons) at z ∼ 2–3 (Reddy et al. 2006; R10), lensed LBGs at z ∼ 3 (large
green triangles; Siana et al. (2008, 2009), and statistical detections of LBGs at z ∼ 3 detected at 1.1 mm (lower magenta triangle; Magdis et al. 2010a) or at 160 µm
with Herschel (upper magenta triangle; Magdis et al. 2010b). Curves show IRXM99,inner (dotted), IRXM99,total (dashed), and IRXLBA (thick black) from Figure 1 and
Section 3.1. The IRX relation assuming an SMC extinction curve is indicated by the thin red line.
(A color version of this figure is available in the online journal.)

of the two samples compared to that of M99. Therefore, we will
use IRXM99,total as our reference (dashed line). LIRGs tend to lie
above this relation, while the galaxies from Buat et al. (2010)
lie below it (on average). For these samples, we would therefore
tend to, respectively, under- and overestimate the attenuation
when using IRXM99,total, while IRXM99,inner performs somewhat
better for LIRGs (see Buat et al. 2010; Howell et al. 2010, for
detailed discussion).

In the right panel of Figure 3 we present an overview of the
situation at z > 2, showing LBGs, BzK , and submillimeter
galaxies (SMGs) at z = 2–3 (Reddy et al. 2006; R10), lensed
LBGs (“cB58” and the cosmic “Eye”; Siana et al. 2008, 2009),
and stacked LBGs at z ∼ 3 (Magdis et al. 2010a, 2010b). LBAs
and z ∼ 2 LBGs occupy a very similar region in this IRX–β
diagram, confirming the similarity between the two samples.
We should note that the IRX estimate of R10 is not based
on a direct measurement of the IR emission (it is based on a
combination of LFUV, LHα , and L8), but statistical detections

in the X-rays appear consistent with the extrapolated estimates
of LIR (Seibert et al. 2002; R10). We can also compare our
results with the statistical detection of z ∼ 3 LBGs in stacks
at 100 µm and 160 µm from recent Herschel observations.
This result is indicated by the upper magenta triangle, which
falls right in the middle of the distribution of LBAs and z ∼ 2
LBGs. This suggests that even for the most IR-luminous LBGs
(median LIR of 1.6 × 1012L#, i.e., ULIRGs) the attenuation is
exactly as expected based on the locally determined IRX (inner)
relation.

Direct measurements of the mid- or far-IR emission from
LBGs are available in only a handful of cases. In Figure 3,
we indicate the results found for two bright, lensed LBGs at
z ∼ 3 from Siana et al. (2008, 2009). These objects have direct
detections at (observed) 24 and 70 µm (as well as 850 µm and
1.2 mm in the case of cB58), allowing a good estimate of LIR.
It has been noted that both objects appear to lie substantially
below IRXM99,0, perhaps requiring a modified extinction curve
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Metallicity gradients

Carolyne Santos de Oliveira &
Karín Menéndez-Delmestre

Mass-metallicity
relation is offset
from local galaxies

Fig. 6 – Relação massa-metalicidade utilizando o método de Pettini et al. (2004).

Na Fig.6 a linha continua é a relação massa-metalicidade de
Tremonti  et  al.  (2004) para galáxias em baixo redshift.  A linha
tracejada representa  a  relação massa-metalicidade para  LBGs
em z ~3 (Erb et al. 2006). Nossa amostra de UVLGs compactas e
LBAs, de forma semelhante às LBGs, está localizada abaixo da
relação  local.  Isso  é  particularmente  evidente  no  intervalo  de
massas menores (na parte esquerda do gráfico da Fig. 6).

Uma  explicação  para  estes  resultados  é  o  fenômeno
conhecido como “downsizing”, onde objetos de maiores massa
do universo local já tinham adquirido suas metalicidades atuais
em  z ~2 – 3. Entretanto as galáxias de baixa massa formaram
sua  massa  estelar  e  aumentaram  suas  metalicidades
posteriormente.

Construção de SEDs

Futuramente  reduziremos os  dados nas  bandas J  e  H dos
nossos objetos para construir a distribuição espectral de energia
(SED, pela sigla em inglês) com dados no óptico e infravermelho.
A  partir  do  ajuste  de  SEDs  teóricos  buscaremos  determinar
massas  e  idades  estelares  que  serão  comparadas  às

z ~ 0

z ~ 3
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Gibson et al. 2013

Metallicity gradients provide a 
constraint for feedback modelsB. K. Gibson et al.: Constraining Sub-Grid Physics with High-Redshift Spatially-Resolved Metallicity Distributions (RN)

Fig. 1. Temporal evolution of the predicted oxygen abundance gradi-
ents associated with four simulated L∗ disc galaxies - from the MUGS
(Stinson et al. 2010) and MaGICC (Brook et al. 2012b) suites - in addi-
tion to an analytical model (SB09: Schönrich & Binney 2009). Symbols
correspond to empirical determinations of the abundance gradients in a
sample of high-redshift lensed systems (Yuan et al. 2011; Jones et al.
2013), intermediate-redshift galaxies from MASSIV (Queyrel et al.
2012), local discs (Rupke et al. 2010), and the Milky Way (Maciel et al.
2003; Stanghellini & Haywood 2010).

results in essentially flat gradients at high-redshift, with mini-
mal steepening (rather than flattening) with time. As the MaG-
ICC feedback scheme re-distributes energy and re-cycled ISM
material over much greater galactic scales (via winds driving
low-angular momentum inner disc and bulge gas to the corona,
where it then cools, falls back preferentailly to the outer disc,
and re-enters the star-forming region preferentially as an in-
plane radial ‘flow’; the re-cycling pattern is described in more
detail by Brook et al. 2011, 2012a) such flat (and essentially
temporally-invariant) gradients are consistent with our interpre-
tation of the difference between the grid and particle-based simu-
lations, as noted above, and in our earlier work (Pilkington et al.
2012a). Specifically, the flatter gradients seen in the MaGICC
scheme at z>0 are due to the combined effect of (a) ‘metal re-
cycling’ via outflows (which re-distributes metals), and (b) ‘ISM
re-structuring’ via outflows (which re-distributes the ISM and
hence radial star formation profile).

It is worth reminding the reader as to the predicted tempo-
ral evolution of the gradients from classical ‘analytical’ chemi-
cal evolution models for the Milky Way (Chiappini et al. 2001;
Mollá & Díaz 2005; Schönrich & Binney 2009). As reported in
Pilkington et al. (2012a), the models of Chiappini et al. (2001)
andMollá & Díaz (2005) show behaviour which is indistinguish-
able from that seen in the stronger feedbackMaGICC-g1536 and
MaGICC-g15784 models. The model of Schönrich & Binney
(2009) is similar, in the sense of showing very little temporal
evolution, albeit it remains somewhat steep at all times.

It is worth asking how the transition from ‘conventional’
MUGS feedback to stronger MaGICC feedback impacts on the

inferred gradient in [O/Fe]. Having addressed the former (Pilk-
ington&Gibson 2012), albeit briefly, we show in Fig 2 the mass-
weighted stellar [O/Fe] gradients at redshift z=0 from MUGS-
g1536, MaGICC-g1536, and the analytical model of Schönrich
& Binney (2009). Both the MUGS and MaGICC realisations
possess very flat gradients (<0.005 dex/kpc), similar to those
observed by Sánchez-Blázquez et al. (2009), although the uncer-
tainties associated with inferring mass- or light-weighted [α/Fe]
gradients from integrated spectroscopy of face-on discs can be
significant (see also Fenner et al. (2006)). In contrast with the
MaGICC predictions, the analytical models of Schönrich & Bin-
ney (2009) predict positive integrated light/mass gradients in
[O/Fe], within the star forming part of the disc, on the order of
∼+0.02 dex/kpc.

Fig. 2. Predicted present-day, stellar mass-weighted, radial [O/Fe] gra-
dients for the MaGICC (Brook et al. 2012b) and MUGS (Stinson et al.
2010) realisations of simulation g1536, compared with that predicted
by an analytical model of the Milky Way (SB09: Schönrich & Binney
(2009)).

A characteristic of the model of Schönrich & Binney (2009),
relative to several classical models of galactic chemical evolu-
tion (Chiappini et al. 2001; Mollá & Díaz 2005), is the inclusion
of radial gas flows.9 Such flows are also a natural outcome of
our enhanced MaGICC feedback scheme (Brook et al. 2011).
While it can be challenging to infer the signal of ∼1−2 km/s
flows, when superimposed upon a (say) σr∼30 km/s velocity
dispersion profile (both within the simulations and (especially)
in nature (Dame 1993)), we have attempted to do so. Formally,
for MUGS-g1536 (at redshift z=0), we find inward radial (cold)
gas flows of ∼3 km/s (∼1 km/s) within a ±2 kpc thick annulus
at 13<r<17 kpc (7<r<8 kpc); for MaGICC-g1536, the radial
flows (again, at z=0) are much larger: ∼12 km/s (∼8 km/s) at
the same galactocentric radii. A more detailed analysis of the
temporal evolution of the gas flows will be required to disentan-
gle the relative roles, within MaGICC, of re-cycling of the ISM
over increasingly large galactic scales and the increasingly more
substantial radial gas flows.

9 See also the radial flow model of Spitoni et al. (2013), for insightful
commentary on the issue of radial flows in disc galaxies.

Article number, page 3 of 5
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Inverse metallicity gradients?

Arguably support 
the cold flow 
hypothesis
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Nebular excitation in z ∼ 2 SFGs 13

Fig. 13.— Pixel-by-pixel BPT diagram for Q1623-BX599. Sym-
bols and insets are the same as for Figures 11 and 12. The emission
line ratios for all regions are consistent with pure star-formation.

is driving up the [OIII]/Hβ ratio. Based on the low
[NII]/Hα ratio for this galaxy (0.17 ± 0.03), and the
results of the pixel-by-pixel analysis, it is unlikely that
this galaxy harbors an AGN.

- Q2343-BX610
Hα kinematics clearly show that this system is a large
rotating disk with several bright clumps visible in the
AO SINFONI data as well as in high resolution NIC2 H-
band and WFC3 maps (Förster Schreiber et al. 2011a,b,
S. Tacchella et al. in preparation). While there is no
other evidence for an AGN from the available rest-UV
spectrum (Erb et al. 2006b), there is an indication of
a possible AGN from the observed mid-IR IRAC col-
ors (Hainline et al. 2012; Förster Schreiber et al. 2011a,
2013a) and resolved analysis of the nuclear region shows
elevated emission line ratios (Figure 14, particularly in
[OIII]/Hβ ) and very broad emission line wings (up to
1500 km/s, see: Förster Schreiber et al. 2013a), further
supporting the presence of an obscured AGN. Interest-
ingly, while the [OIII]/Hβ ratio peaks in the same loca-
tion as the Hα peak, [NII]/Hα peaks slightly north of the
center, at the continuum- and kinematic-derived center
(0.4” or 3.5 kpc away).
There are two additional galaxies from our sample

(Deep3a-6004 and K20-ID5) that show evidence for an
AGN, but do not have a sufficiently high SNR in all four
lines for the pixel-by-pixel analysis. Deep3a-6004, with
a ring-like Hα morphology and kinematics suggestive
of rotation (Förster Schreiber et al. 2009; Newman et al.
2013), is located in the ‘composite’ region of the BPT
diagram. While it’s VIMOS rest-UV spectrum shows
no evidence for an AGN (E. Daddi, private communi-
cation), the nuclear region has an elevated [NII]/Hα ra-

Fig. 14.— Pixel-by-pixel BPT diagram for Q2343-BX610. Sym-
bols and insets are the same as for Figures 11, 12 and 13. The
innermost region has elevated [NII]/Hα and [OIII]/Hβ ratios, sug-
gestive of an AGN.

tio and very broad emission (up to 1500 km s−1, see:
Förster Schreiber et al. 2013a), both suggestive of an
AGN. Unfortunately, the [OIII] and Hβ lines have too
low SNR in the nuclear region to be analyzed. K20-
ID5, while located in the AGN regime of the BPT dia-
gram, has previously been characterized as a non-AGN
galaxy with elevated emission line ratios due only to pho-
toionization and shocks by van Dokkum et al. (2005).
This analysis was based on the optical spectrum, which
includes [HeII]λ1640 and [CII]λ1909 emission, but no
higher ionization lines such as [CIV]λ1549 that would al-
low unambiguous identification of an AGN (Daddi et al.
2004). However, in recent deep 4Ms Chandra obser-
vations, K20-ID5 has been detected in both hard and
soft X-rays (Xue et al. 2011), and it’s 1.4 GHz flux den-
sity is also consistent with the presence of an AGN.
Moreover, it’s Spitzer/IRAC colors (from the catalog of
Wuyts et al. 2008) also satisfy the criteria for an AGN
(Stern et al. 2005; Lacy et al. 2007; Donley et al. 2012).
These new data support the notion that K20-ID5 does in
fact harbor an AGN, though shocks in the nucleus and
the disk are not excluded.
One other galaxy from our sample (Q2343-BX389) lies

in the AGN regime of the BPT diagram, although it is
not clear if it in fact contains an AGN. First, the Hβ
absorption correction brings it closer to the ‘composite’
region of the BPT diagram (see Figure 9). Second, the
[NII]/Hα ratio (0.18± 0.03) is quite low for a galaxy with
an AGN. Finally, the Hβ line is affected by an OH sky
line for a region of the galaxy and this could be affecting
its positions in the BPT diagram. On the other hand,
Q2343-BX389 is fairly massive (M∗∼ 4×1010 M#), and
close to the stellar mass for which most z ∼ 2 SFGs host

Newman+13

AGN 
contribution
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Menéndez-Delmestre et al., LCO Proposal 2011A 5

Fig. 1.— Rest-frame optical line im-
ages for the super-compact UVLG
LBA210358 as viewed by IMACS-
IFU. This object, with R ⇤ 16mag
is one of the brightest targets in our
sample (Rmedian ⇤ 18). These im-
ages correspond to a simple collapse
of the datacube along the disper-
sion direction for H�, [NII], H⇥, and
[OIII] and clearly demonstrate the
ease with which we aquire high S/N
in relatively short exposures (⇤30
mins) for the brighter UVLGs in our
sample. More typical total integra-
tion times for the rest of the sample
correspond to 1� 2hrs/object.

Fig. 2.— Figure from Sawicki (2002), show-
ing the presence of a prominent bump in stel-
lar emission at 1.6µm for all but the very
young populations. This bump results from
a minimum in the H- opacity and is promi-
nent in stellar populations older than ⇤ 107

yrs. The IRAC (3.6/4.5/5.0/8.0µm) bands are
shown to display the use of the 1.6µm bump as
a photometric-z indicator. For our purposes,
we will obtain J- and H-band imaging with the
Retrocam instrument on Du Pont during our
Sept/Nov runs; FOURSTAR will provide the
critical Ks-band coverage that will enable us to
define the red tail of the 1.6µm bump and allow
us to pin down stellar masses for our galaxies.
Note that the UV/optical data alone give cov-
erage only blueward of the 1.6 µm feature.

IMACS-IFU
PI: Menéndez-Delmestre
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The (near) future...
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High resolution imaging: 
resolved SK law!
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Summary
•LBAs are very unusual starburst galaxies in the low-z 
universe, more akin to high-z LBGs
•More massive galaxies present disk-like properties
•Loss of resolution and surface brightness can lead to 
misinterpreting the data

Three main goals in the optical:
•Mapping the dust emission and correlate with clump 
properties
•Mapping the metallicity distribution and measuring 
gradients, constraining formation models
•Line emission diagnostics at high resolution

Friday, July 19, 13



Summary
•LBAs are very unusual starburst galaxies in the low-z 
universe, more akin to high-z LBGs
•More massive galaxies present disk-like properties
•Loss of resolution and surface brightness can lead to 
misinterpreting the data

Three main goals in the optical:
•Mapping the dust emission and correlate with clump 
properties
•Mapping the metallicity distribution and measuring 
gradients, constraining formation models
•Line emission diagnostics at high resolution

Friday, July 19, 13


