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ABSTRACT

We investigate a class of rapidly growing emission line galaxies, known as ‘Green Peas’, first
noted by volunteers in the Galaxy Zoo project because of their peculiar bright green colour and
small size, unresolved in Sloan Digital Sky Survey imaging. Their appearance is due to very
strong optical emission lines, namely [O 1] A5007 A, with an unusually large equivalent width
of up to ~1000 A. We discuss a well-defined sample of 251 colour-selected objects, most of
which are strongly star forming, although there are some active galactic nuclei interlopers
including eight newly discovered narrow-line Seyfert 1 galaxies. The star-forming Peas are
low-mass galaxies (M ~ 10%°-10'M@) with high star formation rates (~10Mg yr™!),
low metallicities (log[O/H] + 12 ~ 8.7) and low reddening [E(B — V) < 0.25] and they
reside in low-density environments. They have some of the highest specific star formation
rates (up to ~1073 yr~!) seen in the local Universe, yielding doubling times for their stellar
mass of hundreds of Myr. The few star-forming Peas with Hubble Space Telescope imaging
appear to have several clumps of bright star-forming regions and low surface density features
that may indicate recent or ongoing mergers. The Peas are similar in size, mass, luminosity
and metallicity to luminous blue compact galaxies. They are also similar to high-redshift
ultraviolet-luminous galaxies, e.g. Lyman-break galaxies and Ly emitters, and therefore
provide a local laboratory with which to study the extreme star formation processes that occur
in high-redshift galaxies. Studying starbursting galaxies as a function of redshift is essential
to understanding the build up of stellar mass in the Universe.

Key words: galaxies: dwarf — galaxies: evolution — galaxies: formation — galaxies: high-
redshift — galaxies: Seyfert — galaxies: starburst.

1 INTRODUCTION

*This publication has been made possible by the participation of more In this paper, we report on the discovery of an intriguing class of ob-

than 200 000 volunteers in the Galaxy Zoo project. Their contributions are Jects discovered by the Galaxy Zoo project. The Galaxy Zoo project
individually acknowledged at http://www.galaxyzoo.org/Volunteers.aspx (Lintott et al. 2008) has enlisted the help of over 200 000 members
tE-mail: ccardamone @astro.yale.edu of the public to morphologically classify almost 10° galaxies from
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1192  C. Cardamone et al.

Figure 1. Example g, r,i composite colour 50 x 50 arcsec> SDSS images classified by Pea hunters, with the r band representing green light. The distinctly
green colour and compact morphology makes the Peas (left-hand three images) easily distinguishable from the classical elliptical (right-hand image). The
elliptical galaxy is clearly red and has a smooth profile, while the Peas are r band dominated and unresolved in these images, appearing like stellar point

sources. All objects shown here are at z ~ 0.2.

the Sloan Digital Sky Survey (SDSS; York et al. 2000). The Galaxy
Zoo web site! provides a randomly selected gri composite colour
image from the SDSS main galaxy sample and asks the volunteers
to classify the morphology of the displayed object. One advantage
of this distributed approach to classification is the fact that each
object will receive multiple, independent classifications, and so one
can treat the distribution of classifications for each object in a sta-
tistical sense. These classifications have led to numerous results
in galaxy formation and cosmology (e.g. Land et al. 2008; Skibba
et al. 2008; Bamford et al. 2009; Darg et al. 2009; Schawinski et al.
2009; Slosar et al. 2009; Lintott et al. 2009).

In addition to the website used for classification, Galaxy Zoo
also provides an online discussion forum? where volunteers may
ask questions about unusual or challenging objects. This allows
us to tap into another advantage of human classifiers: they can
easily identify and then investigate odd objects. One such class of
highly unusual objects was named ‘Green Peas’ as they appeared
to be unresolved round point sources that looked green in the gri
composite. Fig. 1 shows three example Pea images found by users,
as well as a more typical galaxy at the same redshift (z ~ 0.2).
The volunteers rapidly assembled over a hundred of these objects
in a dedicated discussion thread.®> Most of these were classified
as stars in the SDSS photometric pipeline (Lupton et al. 2001).
It quickly became apparent that these objects represent a distinct
group: they all had galaxy-type spectral features (as opposed to
broad-line quasar spectra or stellar spectra), and their green colour
was driven by a very powerful [O 1] 25007 A emission line that
substantially increased the r-band luminosity relative to the adjacent
g and 7 band (green being the colour represented by the r band in
the SDSS colour composites). As a result of this selection, the
Peas are found at redshifts 0.112 < z < 0.360, mostly beyond the
main galaxy sample but much nearer than luminous quasars. This
discovery prompted our investigation into the nature of these small
[O m] emitters.

In Section 2, we present the sample selection, and analyse their
photometric properties (Section 2.1), space density (Section 2.2),
morphologies in SDSS (Section 2.3), environments (Section 2.4),
spectral properties (Sections 2.5-2.6) and Hubble Space Telescope

Uhttp://www.galaxyzoo.org

2 http://www.galaxyzooforum.org

3 We wish to thank the “Peas Corps’ for ‘giving Peas a chance’, includ-
ing Elisabeth Baeten, Gemma Coughlin, Dan Goldstein, Brian Legg, Mark
McCallum, Christian Manteuffel, Richard Nowell, Richard Proctor, Alice
Sheppard and Hanny van Arkel.

(HST) imaging morphologies (Section 2.7). The Peas turn out to be
largely star-forming objects with some active galactic nuclei (AGN)
interlopers. We look into the nature of the few AGN Peas in Sec-
tion 3. We study the nature of the star-forming galaxies in Section 4
and compare them to other known samples of galaxies in Section 5.
Throughout this paper we assume Hy =71 kms~! Mpc~!, @, =0.3
and 2, = 0.7, consistent with the Wilkinson Microwave Anisotropy
Probe 3-yr results in combination with other cosmology probes
(Spergel et al. 2007).

2 DATA

2.1 Sample selection

Our sample of Peas is taken from the SDSS Data Release 7 (DR7)
spectroscopic sample (Abazajian et al. 2009). A survey of a quarter
of the sky, the SDSS provides photometry of 357 million unique
objects in five filters, u, g, 7, i and z (Fukugita et al. 1996) and spec-
troscopy of many objects. Using the CasJobs* application provided
by SDSS, we uniformly searched the DR7 spectroscopic sample for
Peas (originally noticed by eye in Galaxy Zoo) in the redshift range
0.112 < z < 0.360 where the [O 1] 25007 A line is in the r-band
filter.

To define colour selection criteria, we compared the sample of
~100 Peas identified by the Galaxy Zoo volunteers to a comparison
sample of 10000 galaxies and 9500 quasi-stellar objects (QSOs) at
the same redshifts over the colour space defined by the five SDSS
bands. The 10000 galaxies were selected to match the redshift
and g-band-magnitude distributions of the Peas. The QSO sample
contains all spectroscopically confirmed QSOs in the Peas’ redshift
range, because the QSOs are overall too luminous to match the
Peas magnitude distribution. Fig. 2 displays two colour—colour plots
with Peas (green crosses), comparison galaxies (red points) and
comparison QSOs (purple stars). The green Pea colour selection is
shown by the darkened black lines. The precise colour cuts were
selected to avoid both the QSO and overall galaxy sequences and
to highlight the unusual objects selected by eye in the Galaxy Zoo
forum. The colour limits are

u—r <25, &)

r—i<-02, 2

4 http://casjobs.sdss.org/CasJobs/
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Figure 2. Left: r — i versus g — r colour—colour diagram for 251 Peas (green crosses) and a sample of normal galaxies (red points) matched in z and g-band
magnitude, and all QSOs (purple points) which lie in the same redshift range as the Peas, 0.112 < z < 0.36. Right: » — z versus # — r colour for the same
classes. The Peas are most cleanly separated in the r — i, g — r colour diagram, where they stand out as particularly bright in the » band. The colour cuts were
selected to include the Peas identified by the Galaxy Zoo volunteers and to exclude both galaxies and QSOs.

r—z=<0.5, 3)
g—r>r—i+0.5, )
u—r>25r—2z). %)

We illustrate the effectiveness of this colour selection in Fig. 2. It
divides the Peas from the loci of both the galaxy and the quasar
populations. This colour selection technique effectively uses the
narrow-band survey technique common in high-redshift galaxy
searches, only here applying it to the broader SDSS filters. Because
we are using broad filters, we are only sensitive to galaxies with ex-
treme [O m1] equivalent widths (EWs). Further, because we are using
the r-band filter for colour selection, we are not sensitive to Pea-like
objects at lower and higher redshifts. As seen in Fig. 2, the Peas do
indeed have distinct colours from the SDSS main galaxy sample.
This is especially noticeable in the » — i and g — r colours used to
create the three-colour images. Using the colour selection, we find
a sample of 251 Peas taken from all SDSS spectroscopic galaxies
whose spectra we further analyse to understand their properties.

Although most of the Peas were identified by the SDSS spec-
troscopic pipeline as having galaxy spectra (four were clas-
sified as unknown), only seven were targeted by the SDSS
spectral fibre allocation as galaxies. Most were targeted as
serendipitous objects, with the majority flagged as SERENDIP _
BLUE, SERENDIP_DISTANT and TARGET_QSO-
FAINT. These target flags are for objects lying outside the stellar
locus in colour space and DISTANT here refers to distance from
the stellar locus, QSO _F_AINT is also used for objects flagged as
stellar that are both fainter than i = 20 mag and outside the stellar
locus in colour space (Stoughton et al. 2002). These objects were
targeted by fibres as they became available in a given field, so their
selection function is not well determined. Without a uniform selec-
tion for the Peas across the sky, their absolute space density cannot
be accurately assessed.

2.2 How common are the Peas?

Because the spectroscopic selection is biased in unquantifiable
ways, i.e. based on the availability of a spectral fibre in a given

pointing, the space density of the Peas is difficult to assess. In order
to estimate the space density of the Peas in SDSS, we need to search
the entire SDSS photometric catalogue for objects with our colour
selection criteria. We note that the Pea colour selection can also re-
turn much higher redshift objects by finding other emission lines in
the r-band filter. Therefore, we first search the spectroscopic sample
to help understand these contaminants. Dropping the Pea redshift
selection limits, we find 198 objects at higher redshift in the spec-
troscopic sample which fall into our colour-selection region. These
are mostly QSOs (only four have a spectral type labelled as galaxy
by the SDSS pipeline), which cluster at redshifts z = 1.2, where
the 2800-A Mg line falls into the r band, and z = 3.0, where
the 1546-A C1v line falls into the r band. Very roughly, in the en-
tire spectroscopic data base, there are comparable numbers of Peas
and higher z QSOs in the colour-selection region. Searching the
entire SDSS photometric catalogue (PhotoObj) regardless of spec-
troscopic information, we limit ourselves to objects with the same
r-band magnitude range as the Peas (18 < r < 20.5) and to objects
with similar compactness (petrorad_r < 2.0arcsec), in order to
limit the contaminants from other redshifts. We further added the
requirement of small g-, - and i-band photometric errors to avoid
the scattering of contaminants with poor photometry into the colour-
selection region. This search returns 40 222 objects. The unique area
of the SDSS DR7 footprint covers 8423 deg?, so this implies a rough
spatial density estimate of 5 deg~2. Strictly speaking this is an upper
limit because our selection likely still contains QSOs from higher
redshifts. Looking at QSO number counts, we would expect to see
~3deg~? in our magnitude range (Richards et al. 2005), leaving
2 Peasdeg™? brighter than 20.5 mag. Therefore, we conclude the
Peas are rare objects.

2.3 Morphology from SDSS imaging

Of the 251 Peas in our sample, 215 were classified as morphologi-
cal type STAR and not as extended objects by the SDSS pipeline.
Compared to the size of the galaxies as measured by the SDSS
pipeline (Petrosian radius: Blanton et al. 2001; Yasuda et al. 2001),
they are significantly smaller. This is expected because the spec-
troscopic galaxy sample was selected to be both resolved and
brighter than the faintest Pea (Strauss, Weinberg & Lupton 2002).

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 399, 1191-1205
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Figure 3. The cumulative distribution of neighbour counts for the Peas
(solid line) is significantly different than a comparison galaxy sample (dotted
line). No Peas live in the highest density environments.

The typical resolution of the SDSS images is large (> 1 arcsec), just
below the peak of the sizes of the Peas as measured by the SDSS
Petrosian radius. At the typical redshifts of the Peas, this angular
scale corresponds to an upper limit on the physical half-light radius
of approximately 5 kpc.

2.4 Environment

Because the Peas are at redshifts higher than the main spectroscopic
galaxy sample, we measure the projected densities around the Peas
and a sample of random galaxies matched in both luminosity and
redshift, counting the number of projected neighbours within a ra-
dius of 1 Mpc and brighter than an absolute i-band magnitude of
—20.5 at the redshift of the target are counted. This magnitude limit
was selected to be well above the detection limit of the highest
redshift Peas. Fig. 3 shows the cumulative distribution of neighbour
counts for the Peas (solid line) and the control sample of galaxies
(dotted line). Although this is a simple test, neglecting foreground
and background contamination in the neighbour counts, and hence
underestimating the difference between high- and low-density en-
vironments, it is clear that the Peas inhabit significantly lower den-
sity regions than typical galaxies of the same i-band luminosity. A
Kolmogorov—Smirnov test indicates that the difference is signifi-
cant at a greater than 8o level. We find the median environmental
density around the Peas is less than two-thirds of that around normal
galaxies.

2.5 Spectral analysis

We downloaded all of the Peas’ spectra from the DR7 archive
and carefully refit them, paying close attention to both the contin-
uum and emission lines. We fit the stellar continuum and ionized
gas emission, following the technique of Sarzi et al. (2006), us-
ing the corresponding ppxF (Penalised Pixel Fitting; Cappellari &
Emsellem 2004) and canpaLr (Gas and Absorption Line Fitting)
ipL (Interactive Data Language) codes adapted for dealing with

SDSS data.> Stellar population templates (Tremonti et al. 2004)
and Gaussian emission-line templates were simultaneously fitted to
the data. When it improved the overall fit (nine cases), the Gaussian
emission-line templates included both broad-line and narrow-line
components for the Balmer series.

To ensure acceptable fits, we limit our spectroscopic sample to
those Peas with a signal-to-noise ratio (S/N) greater than 3 in the
continuum near the HB and Ho regions (specifically, measuring the
S/N in the bands 6350-6500 and 5100-5250 A). Additionally, we
limited our emission-line classification sample to those Peas with
a S/N > 3 detection in each of the emission lines: Ho, HB, [O 1]
25007 A and [N 1] 16583 A, following Kauffmann et al. (2003). We
note that for many of our objects near z ~ 0.3, sky lines fall on top of
the [O 1] line and the Hp line, and we removed all of these objects
from our sample. One of these objects has broad Balmer lines, with
both sky lines falling inside the HB profile. This object is identified
as a narrow-line Seyfert 1 (NLS1) in the literature (Zhou et al.
2006), but we do not consider it further in this paper. These cuts
result in a sample of 103 narrow-line objects to be further analysed
(see Section 2.6) plus nine objects best fit by a two-component
Gaussian in the Balmer lines. The width of the broad Gaussian
components ranged from just over 600 to ~5000kms~'. Eight of
these objects have full width at half-maximum (FWHM) narrower
than 2000 km s~! and are thus classified as NLS1s (see Section 3).
These eight SDSS spectroscopic objects have not previously been
identified as NLS1s (e.g. Williams, Pogge & Mathur 2002; Zhou
et al. 2006). Three examples of spectral fits are shown in Fig. 4.
The top two spectra are of narrow-line objects and the bottom
spectra shows a NLS1 object. In all three cases one can easily see a
prominent [O 1] doublet near 5007 A.

In summary, we have nine Peas with two component fits (one
broad-line Seyfert 1 and eight NLS1s) and 103 narrow-line Peas.

2.6 Spectral classification

The SDSS spectra cover the observed range 3800-9200 A at a re-
solving power of R ~ 1800. At the Pea’s redshifts, this range
includes the regions around both the HB and Ho spectral lines.
Example fits to these lines are shown in Fig. 5.

We use a classical emission line diagnostic originally devised
by Baldwin, Phillips & Terlevich 1981 (hereafter BPT) and modi-
fied by others (Osterbrock & Pogge 1985; Veilleux & Osterbrock
1987; Kewley et al. 2001, 2006; Kauffmann et al. 2003) to clas-
sify the narrow-line objects. Emission line diagnostics probe the
nature of the dominant ionizing source and separate the galaxies
dominated by ongoing star formation from those dominated by
non-stellar processes [namely Seyfert and LINER (Low-Ionization
Nuclear Emission-Line Region) galaxies]. The classical BPT di-
agram, which compares the ratio of [Om] A5007 A/Hﬁ to [N 1]
16583 A/Hoz, has been shown to be an efficient measure of the
ionizing source in a galaxy (Kewley et al. 2006). Additionally,
Kewley et al. (2001) calculated the maximum starburst contribution
from theoretical models, including modern stellar population syn-
thesis, photoionization and shock models (labelled KeO1 in Fig. 6).
Kauffmann et al. (2003) empirically shifted this line to separate
purely star-forming objects from the rest using a set of ~23 000
SDSS spectra (labelled Ka03 in Fig. 6). Objects that lie in between
the KeOl and Ka03 lines are transition galaxies containing a mix of
star formation and a central AGN component (Kewley et al. 2006).

3 Both codes can be downloaded from http://www.strw.leidenuniv.nl/sauron/
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Figure 4. Example spectral fits from GanpaLF. The top two plots show
typical star-forming Peas and the bottom plot shows a typical NLSI. In
black is the rest-frame observed spectrum and in red the fit from GANDALF.
The SDSS filter band passes are included as blue dotted line, shifted into
the rest frame of the Pea. Notice in all examples, the [O ] 25007 A line is
redshifted inside the r bandpass. The Peas show very strong emission lines,
including clear lines detected throughout the Balmer series.

We note that the SDSS spectral fibre includes only the light of the
central 3 arcsec of the galaxy, so emission originating from the cen-
tral AGN-ionized regions can be mixed with emission originating
from extended star formation.

Analysis of the narrow-line Pea’s spectra (Fig. 6) revealed that the
majority of the objects are star forming (80, red stars), but there are
also 10 Seyfert 2 (blue diamonds) and 13 transition objects (green
crosses). The location of the star-forming galaxies in the top left of
the BPT diagram indicates they likely have lower metallicity. This
sample of galaxies is discussed in greater detail in Section 4. In
Table 1, we summarize the spectroscopic identifications.

2.7 Morphology from HST imaging

Because the SDSS resolution is too low to measure the actual sizes
of the Peas, we searched the HST archive, Multimission Archive at
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Figure 5. Example spectral fits from GANDALF in the regions around Ho
(right) and Hp (left). The top plots show a typical star-forming Pea and the
bottom plots show a typical NLS1.
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Figure 6. The BPT diagram classifies 103 narrow-line Peas (all with
S/N > 3 in the emission lines) as 10 AGN (blue diamonds), 13 transi-
tion objects (green crosses) and 80 starbursts (red stars). Solid line: Kewley
et al. (2001) maximal starburst contribution (labelled KeOl); dashed line:
Kauffmann et al. (2003) line separating purely star-forming objects from
AGN (labelled Ka03). The clustering of the starbursts in the top left-hand
corner of the plot indicates that they likely have low metallicity.

STScl (MAST),® finding five public images. The observations are
summarized in Table 2.

We reduced the Advanced Camera for Surveys (ACS) data, start-
ing with the pipeline-reduced *fit* images and using MULTIDRIZZLE to
remove cosmic rays and defects, correct for distortion and improve

6 http://archive.stsci.edu/index.html
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Table 1. Spectroscopic classification.

Type Number

Broad-line AGN (type 1 Seyfert) 1
NLSIs 8

Narrow-line AGN (type 2 Seyfert) 10
Transition objects 13
Star forming 80

Total 112

sampling of the point spread function (PSF) with a final scale
of 0.04arcsec pixel™!. In the case of the Wide-Field Planetary
Camera 2 (WFPC2) data, we started with the pipeline-reduced
*cOf* images and used DRIzzLE with parameters pix.scale = 0.5
and pix.frac = 0.8, leading to a final scale of 0.023 arcsec pixel ™!
for the PC chip and 0.05 arcsec pixel~! for the WF4 chip, respec-
tively. Fig. 7 shows all five public HST images of the Peas compared
to a single typical ground-based SDSS image (bottom right).

For the ground-based image (Fig. 7; bottom right), the SDSS
archive lists a Petrosian radius of 1.8arcsec, roughly 8 kpc at the
Pea’s redshift (z = 0.2832). This object is clearly unresolved when
compared to the HST image of the same galaxy (top right) and the
size as measured by the SDSS pipeline is therefore an upper limit.
Of the five Peas with HST data, one is classified as a NLS1 (see
Section 3; bottom centre image), three are identified as star forming
(see Section 4; top images) and the last one has sky lines over the
[O ] region and is thus unclassified (see Section 2.5; bottom left).
The three star-forming galaxies were imaged as part of a study of
local ultraviolet-luminous galaxies (UVLGs; Heckman et al. 2005;
Overzier et al. 2008). All three Peas classified as starburst galaxies
reveal complex structures too small to be resolved in ground-based
imaging. The morphology of the top right-hand object, for example,
shows several ‘knots’ instead of one central component. These knots
may be different star-forming regions, suggesting a morphology
typical of merger events. Although the Peas live in low-density

Table 2. HST images.

environments, their star formation could still be driven by merging
activity. The top centre image shows a central component with
extended structures that look like two tidal tails reaching out to the
east and south, possibly connecting to another galaxy in the south.
The centre of the top left-hand image seems also to consist of at
least two knots rather than a smooth overall light distribution. The
NLS1 (bottom centre) is from a study of AGN host galaxies (Schmitt
2006) and the last object (bottom left) was imaged serendipitously
in a study of Kuiper belt objects (Noll 2007). In contrast to the star-
forming galaxies, the NLS1, bottom centre, looks like a spiral seen
edge on. This AGN aside, all of the HST images reveal complex
structures much too small to be resolved in ground-based imaging.
Although our statistics are too low to make any conclusions on the
general nature of the Peas, this is an interesting trend.

3 THE PROPERTIES OF NARROW-LINE
SEYFERT 1 PEAS

NLS1s constitute ~15 per cent of low-redshift (z < 0.5) Seyferts
(Williams et al. 2002) and are characterized by HfS linewidths
broader than classical narrow-line AGN but narrower than clas-
sical Seyfert 1 galaxies. They appear to have Eddington ratios near
1 and black hole masses below the typical Mgy—o relation, suggest-
ing a time delay between the growth of the galaxy and the growth
of the central black hole mass (Ryan et al. 2007). Several authors
use the [O ] line as a surrogate for the bulge stellar velocity disper-
sion o, assuming that the velocity field of the narrow-line region is
dominated by the stellar gravitational potential (e.g. Bonning et al.
2005). However, the [Om] line is known to often exhibit a blue
wing that is associated with gas outflow and this can affect mass
determinations (Marconi et al. 2008). Thus, Komossa et al. (2008)
fit the blue wing separately and use only the main [O 1] component
to estimate o. This careful fitting can decrease the galaxy host mass
measurement, placing the NLS1 on the Mpy—o relation (Komossa
et al. 2008).

SDSS obj ID RA (J2000)  Dec. (J2000) z Instrument  Chip Filter Exposure time (s)  Figure location
587731187273892048 351.41345 0.75201  0.2770  WFPC2 PC F606W 3600 Top left
588013384341913605 141.50168 44.46004  0.1807 ACS WF F850LP 2274 Top centre
587724199349387411 10.22636 15.56935  0.2832  WFPC2 PC F606W 3600 Top right
587726879424118904 344.49532 —8.62438  0.3081 ACS WF Clear 1071 Bottom left
587726032799400204 211.91701 2.29671  0.3092 WFPC2 WF4  F814W 1200 Bottom centre

Table 3. Narrow-line Seyfert Is.

SDSS obj ID RA (°) Dec. (°) z oom (kms™H)® Mgy (10" Mg)®
587726032799400204  211.917006 2296711  0.30920 240.45 (4.47) 0.100 (0.024)
587733410983182549  214.828750  51.044473  0.32363 297.90 (8.69) 0.429 (0.239)
587733398646620415  245.539241  35.352080  0.26601 129.72 (2.47) 1.270 (0.323)
587731521734640128  117.387347  28.568545  0.33697 226.91 (4.96) 1.883 (0.599)
587731892187037787  172.279625  57.934812  0.31238 305.33 (3.50) 0.287 (0.103)
588017978351616137  171.563561  38.971510  0.33651 246.36 (4.38) 0.102 (0.026)
587739377230610665  124.500818  19.302802  0.32452 320.52 (3.83) 1.081 (0.329)
587739406266728813  239.238254  21.520959  0.23314 356.63 (3.31) 0.720 (0.139)

“We measured the [O m] linewidth fitting simultaneously for a blue wing and narrow Gaussian components.
The measurements reported here are for the narrow Gaussian component with 30 measurement errors are

in parentheses.

bThe black hole masses are determined as in equation (1), 1o errors are in parentheses.
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Figure 7. HST images of all Peas available in the archive. In each panel, we indicate a physical scale of 3 kpc at the redshift of the object (bar in top right of
image). In the top row, we show three Peas classified as actively star forming by their emission line ratios. In the bottom row, from left to right, an unclassified
Pea, a Pea classified as a NLS1 and an SDSS image of a star-forming Pea at the same scale to highlight the degree to which the Peas are unresolved in typical
SDSS imaging. These HST images illustrate that the upper limit on the Pea’s physical scale based on ground-based SDSS imaging is a significant overestimate
of the true physical size. Furthermore, these HST images reveal that the star-forming Peas exhibit a complex morphology indicative of significant disturbances

that may be due to mergers and/or clumpy regions of star formation or extinction.

Eight of the Peas are classified as NLS1s, which we define as
galaxies with 500 < FWHMy; < 2000 km s~!. We determined the
black hole and galaxy masses for our sample of NLS1s. Black hole
masses are estimated using the relation given by McLure & Jarvis
(2002):

My = 1070300 L3 Mg, (6)

where v3gq is the FWHM of the Hp line divided by 3000 kms™!
and Ly, is the luminosity at 5100 A divided by 10*ergs™'. To
determine the galaxy mass, we fit the [O 1] emission line with both
a central narrow component and an additional blue wing. We then
take the central narrow component as a proxy for the stellar velocity
dispersion o. We list the NLS1 galaxies in Table 3, including SDSS
object ID, RA, Dec, redshift, and the computed values of o[O11]
and M, BH-

Fig. 8 shows the stellar velocity dispersion of the bulge, estimated
from o |omy, versus black hole mass for the NLS1s, nearly all of
which lie well below the classical M—o relation (solid line, Tremaine
et al. 2002; dashed lines are 1o error contours) even though we
fit the [Om] line with an additional blue wing component. This
contrasts with a recent study that found this fitting method puts the
NLS1s nearer to the M—o relation (Komossa et al. 2008). Instead,
our results are consistent with studies measuring the galaxy mass
using near-infrared (NIR) bulge measurements (Ryan et al. 2007).
We also note that single broad-line AGN found in our sample is
consistent with the M—o relation. Therefore, the properties of our
sample of NLS1s are consistent with some of those found in the
literature, and can help in the study of the location of NLS1s on the
M—o relation.

To better characterize the nuclear emission using high-energy
data, we searched the data base at HEASARC for additional data on

7NASA’s High Energy Astrophysics Science Archive Research Center;
http://heasarc.gsfc.nasa.gov/

NLS1

10%F ) ;L E

100 200 400
[olll] ¢ km/s

Figure 8. Using the [O m] width as a measure of the host galaxy mass, we
plot one broad-line AGN (star) and eight NLS1s (diamonds) on the Mpy—o
relation. The NLS1s mostly lie far below the standard M gy—o relation, even
though we determined galaxy mass from the narrow [O 1] component only.

our sample. Unfortunately, the Peas are well distributed throughout
the 8400 deg” covered by the SDSS and not concentrated in any of
the areas covered by deep multiwavelength surveys. None of the
NLS1s is bright enough at soft X-ray wavelengths to be detected
in the ROSAT All-Sky Survey (Voges et al. 1999). We note that the
broad-line AGN is detected with a luminosity of nearly 10* ergs™",
as is one of the type 2 Seyferts with an X-ray luminosity of nearly
3 x 10" ergs™! (0.2-2keV). Given the redshift range of the Peas
and the detection limits of the ROSAT All-Sky Survey, this limits the
NLS1’s X-ray luminosity to below a few x10* ergs~!; however,
this upper limit is still well within the typical range of Seyfert
luminosities.

© 2009 The Authors. Journal compilation © 2009 RAS, MNRAS 399, 1191-1205



1198 C. Cardamone et al.

One of the HST images is of a NLS1 Pea (Fig. 7, bottom centre).
This galaxy looks distinctly different from the patchy HST images
of the Peas powered by star formation. It appears to be an edge on
disc, with no sign of morphological disturbance. This is consistent
with what is seen in the morphologies of other samples of NLS1s
(Ryan et al. 2007).

4 THE PROPERTIES OF STAR-FORMING PEAS

From our spectral diagnostics we have 80 star-forming objects, with
high S/N, which we look at in greater detail here. They are listed in
Table 4, where we include information from the SDSS DR7 archive
in columns 1-5: SDSS obj ID, RA, Dec., z and the EW of [O mi].

4.1 Star formation rates

To determine accurate star formation rates using the Ho fluxes, we
corrected these recombination fluxes for both interstellar extinc-
tion and for the underlying stellar absorption lines in the stellar
continuum (Kennicutt 1998). We measured the Balmer decrement,
assuming an Ry = Ay/E(B — V) = 3.1, and using the Cardelli,
Clayton & Mathis (1989) reddening curve and an intrinsic He/Hp
value of 2.85 (the Balmer decrement for case B recombination at
T = 10*K and n, = 10* cm—3; Lequeux 2005). There are a handful
of star-forming Peas with Ho/Hg less than 2.85, but these mea-
surements are due to a combination of intrinsically low reddening
and uncertainty in line flux determinations (Fig. 9, top panel); we
set the extinction equal to zero in these cases. Overall, we find that
the reddening values for the Peas are low (Fig. 9, bottom panel),
with nearly all Peas having E(B — V) < 0.25. Finally, using the
corrected Ho flux measurements, we measured star formation rates
(Kennicutt 1998) up to ~30 M yr~'. The measured star formation
rates are added to Table 4 in column 7.

4.2 Stellar mass

The optical spectral energy distribution (SED) of the Peas is domi-
nated by their strong nebular emission lines. Thus we cannot apply
standard SED fitting techniques directly to their photometric data.
Additionally, virial masses are inaccessible due to the low S/N of
the spectral continuum and our inability to fit absorption lines. We
therefore turn to the SDSS spectra, where the emission lines can
be subtracted or blocked out where necessary. The continuum of
the resulting emission-line-free spectrum has very poor S/N, so
rather than fit this spectrum directly, we convolve it with a set of
19 medium-band filters (Taniguchi 2004) and treat the result as
medium-band photometric data. In other words, we construct an
SED from the spectral continuum. To this, we add the GALEX near-
and far-UV photometric data points where available (Section 4.5)
and fit the SED with stellar population models.

We employ a method similar to that of Schawinski et al. (2007)
and model the star formation history with two bursts, to account for
the possible presence of an underlying old stellar population. We use
the stellar models of Maraston (1998, 2005) with the Salpeter initial
mass function (IMF) and a range of metallicities. We also account
for dust extinction following the Calzetti et al. (2000) law and fit the
resulting model photometry to the data and compute the x? statistic.
After marginalizing over all parameters, we obtain a stellar mass and
an estimate of its error. Higher S/N spectra are required to constrain
the mass ratio between with older and younger stellar components.
Therefore, our systematic errors are much larger than the computed
formal statistical errors. To quantify this uncertainty, we compared

our mass estimates using a second SED-fitting code (Kriek et al.
2009), again using a Salpeter IMF and Maraston (1998, 2005) mod-
els. The second code fits a single model template and therefore
measures only a young stellar population component, excluding the
additional free parameter of a second older stellar population from
Schawinski et al. (2007). The single stellar population fits result
in a total stellar mass 0.75 dex lower on average. This result is not
unexpected as a younger stellar population is more luminous and
can account for the same amount of light with a smaller mass con-
tribution. Accounting for the average 0.75 offset between the two
mass measurements, the residual dispersion was just under 0.3 dex.
Therefore, each individual mass measurement is uncertain at this
minimum level. Because two stellar populations are more likely to
reside in these galaxies (Section 5.1), we quote the masses from
the two-burst model for the results in this paper acknowledging
their uncertainty. Fig. 10 shows an example stellar population fit.
The median stellar mass of a Pea in our sample ~10°° Mg and
they range from 10%* to nearly 10'%° M, indicating the Peas as a
class are significantly less massive than an L, galaxy. Galaxy mass
estimates are also included in Table 4, column 9.

4.3 Metallicity

We measure gas-phase metallicity for the Peas using [N 1] 16584 A/
[O 1] AA3726,3729 A to estimate log[O/H] + 12 (Kewley & Dopita
2002). The average Peas has a metallicity of log[O/H] + 12 ~ 8.7.
These metallicity measurements are broadly consistent with those
determined from other line ratios for which we have lower (S/N)
and fewer galaxies with measurements as well as with the location
of the Peas on the BPT plot (Fig. 6). We plot the Peas on the
mass—metallicity relation from Tremonti et al. (2004) in Fig. 11.
The lines are from Tremonti et al. (2004), enclosing 68 per cent
(dotted) and 95 per cent (dashed) of the star-forming galaxies in
the Tremonti et al. (2004) sample. Although we do not see a trend
in the Pea’s metallicity with mass, they are roughly consistent with
the mass—metallicity relation. The exception to this agreement is
for the Peas with the largest masses, which have the same low
metallicity as their lower mass counterparts and therefore lie below
the mass—metallicity relation. This is likely due to the uncertainty in
the mass determinations rather than the measurement of gas-phase
metallicity. We include metallicity in Table 4, column 8.

Overall, we find the Peas have log[O/H] + 12 ~ 8.7, subsolar
(Ze ~ 0.5) as per measurements of Grevesse & Sauval (1998)
and helioseismic measurements (Basu & Antia 2008), but near the
solar abundances of Asplund, Grevesse & Sauval (2005). These
metallicities are common in low-mass galaxies like the Peas.

4.4 Specific star formation rate

Combining the mass measurements with the star formation rates, we
find extraordinarily high specific star formation rates for the Peas.
‘Specific’ star formation rate (SSFR) refers to the star formation
rate per solar mass in units of yr~! and thus can be directly related
to the time taken to double the stellar mass of a system (1/SSFR).
In Fig. 12 we compare the Peas to the Galaxy Zoo Merger sample
(Darg et al. 2009). Major mergers are frequently sites of active star
formation, and yet the Peas are an order of magnitude higher in
specific star formation rates than this comparison sample. These
SSFRs imply doubling times between 100 Myr and ~1 Gyr. The
uniformly high star-forming rates of the Peas are not unexpected
because their selection criteria target strong emission lines. If the
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Table 4. Properties of Pea star-forming galaxies.

SDSS ID“ RA? Dec.¢ e [O ] EW¢ Lruv? SFR¢ log(O/H)+12d Stellar mass®
(J2000) (J2000) A (10%ergs™) Mg yr ™ Mp)

587725073921409255  146.242618  —0.762639  0.3002 3128  1.04 (021) 1245 (0.52) 8.78 58 9.76
588848899919446344  195.546460  —0.087897  0.2255 8344 0.9 (0.04) 447  (022) 875 S8 9.07
587725576962244831  261.776373  59.817273  0.3472 651.5 . (--) 2498 (148 871 s 9.81
587731187273892048  351.413453 0.752012  0.2770 319.6 099  (0.06) 11.11  (0.85)  8.70 85 9.38
587731513693503653 50.687082 0745111  0.3043 282.1 1.09 (0.27) 1422 (0.80) 8.83 8 9.89
587724233716596882 22.292299 14.992956  0.2800 3540 1.53  (021) 1337  (0.72)  8.77 N 9.46
587727179006148758 45839226  —7.989791  0.1650 8860 .- (-9 872  (0.64) 8.71 80 8.75
587724241767825591 51.556792  —6.586816  0.1621 8229 ... (-9 1144  (041) 876 5289 9.48
587724240158589061 54.949128  —7.428132  0.2608 3976 200 (0.14) 2896 (1.68)  8.78 58 9.74
587726032778559604  164.319700 2535293 0.3028 3485 135  (0.14) 875  (0.57) 8.76 580 9.90
587726032253419628  191.097382 2261231  0.2395 11514 ... (--) 2524  (1.30) 870 s.2¢ 9.44
588010360138367359  130.570630 3.635203  0.2194 567.5 .. (--9) 6.60  (021) 855 §.00 9.71
587726102030451047  236.787938 3.603914 02314 8918 ... (--9) 983  (0.61) 874 88 8.96
587729155743875234  173.265848  65.228162  0.2414 4752 1.61  (0.18) 543  (024) 8.66 88 10.05
587728919520608387  212.938906  62.653138  0.2301 5290 145 (0.16) 1280 (0.47)  8.67 8 10.18
587729229297090692  234.405309  58.794575  0.2143 851.6  0.44  (0.06) 632  (0.20) 858 s 9.27
587725818034913419  235.209139  57.411652  0.2944 1733 350 (024) 1681 (1.18) 891 8o 10.31
587730774416883967  339.396081 13.613062  0.2936 438.3 . (--) 2478 (0.86) 855 so8 10.10
587730774965354630 6.716985 15460460  0.2136 7542 ... () 332 (021) 881 88 9.58
587728906099687546 117403215  33.621219  0.2733 3392 204 (026) 5883 (2.61) 8.79 881 9.85
587725550133444775  156.563375  63.552363  0.3338 9333 127 (028 376  (0.28) e - 9.05
588009371762098262  170.582224  61.912629  0.2045 960.7 040  (0.07) 559  (023) 8.70 88 8.71
588011122502336742  181.772142  61.586621  0.2620 7602 0.68  (0.13)  13.02  (0.62) e - 9.85
588011103712706632  226.616617  56.450741  0.2786 3419  1.08 (0.17) 2388 (0.93) 8.90 s 9.75
588013384341913605  141.501678  44.460044  0.1807 651.5 1.55  (0.11) 1435 (0.89) 8.62 I 9.08
587732134315425958  195.368010  51.080893  0.3479 5544 320 (026) 2317 (1.74) 8.63 882 9.53
587729777439801619  204.299529  —2.434842  0.2737 3992 ... (-9 8.63  (0.35) 876 88 9.94
587729777446945029  220.630713  —2.164466  0.2938 1456.6 161  (0.19) 2022 (0.80) 857 s80 8.80
587732152555864324  116.991682  23.609113  0.1552 8749 ... (-9 326 (0.07) - 9.40
587732578845786234  157.912214 7.265701  0.2525 7639 057  (0.18)  6.04  (020) 852 s 9.02
587733080270569500  163.378431  52.631353  0.2526 4182  3.61  (026) 2759 (1.09) 878 882 9.75
588207864714387604  131.975356  33.615227  0.3063 3237 1.89  (020) 2146 (0.71) 8.81 830 9.50
587735695911747673 204919632 55461137  0.2291 421 141  (0.16) 322  (0.13) 871 87 9.94
587735696987717870  213.630037  54.515587  0.2270 7737 .- (-9 404  (0.10) 858 g 8.81
587733441055359356  251.527242  31.514859  0.2907 8684 120 (0.14) 656  (0.36) e - 8.76
588017605211390138  154.513517  41.105860  0.2371 11914 088 (0.14) 883  (0.25) 8.68 87 9.82
588017114517536797  216.023868  42.279524  0.1848 13488 149  (0.12) 19.66 (1.09) 8.78 881 9.00
588017116132540589  228.535985  38.868716  0.3324 6325 177 (022) 602  (0.36) e - 8.90
588018090541842668  235.755108  34.767079  0.1875 6739 .- (-9 202 (0.05) .- - 8.76
588018090013098618  251.898063  22.783002  0.3138 5788 .- (-9 420  (049) 8.6l 878 9.27
588016878295515268  137.879799  31.457439  0.2718 4263 1.05 (0.12) 9.8  (0.37) e - 9.27
587735661007863875  139.260529  31.872384  0.3002 2197 208 (0.18) 2029 (1.51) 895 s 9.44
588016892783820948  148.712329  37.365500  0.2834 2799 090 (0.16) 842  (0.50) 8.78 e 9.67
587735663159738526  149.415718  37.702114  0.2867 2353 196  (023) 15.02  (0.63) e - 9.75
588018055114784812  220.041419  46.326930  0.3008 3044  3.17  (026) 3150 (270) 8.72 88 9.83
588018055652769997  223.648271 45482288  0.2687 4630 123 (0.13)  21.17 (2.67) 8.84 N 10.22
588017570848768137  192.144310  12.567480  0.2634 10558 130  (0.04) 1501 (0.75) 853 o 9.06
587736915687964980  241.152768 8.333082  0.3123 13883 055 (0.13) 10.64 (0.58) 875 584 9.90
587736915687375248  239.858241 8.688655  0.2970 904.8  0.66 (0.13) 344  (0.38) 8.64 8e 8.74
587738410863493299  152.987850  13.139471  0.1439 2388.3 ... (-9 799  (022) 8.64 s 8.66
587735349111947338  184.766599 15435698  0.1957 14879 ... (--9) 747  (4.83) 882 83 8.66
587738570859413642  204.867933 15278369  0.1921 1289.0 0.64 (0.06) 1881 (1.57) 8.83 820 9.96
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Table 4 — continued

SDSS 1D RA“ Dec.? et [Om] EW“ Lruv? SFR¢ log(O/H)+l2d Stellar mass®
(J2000) (J2000) &) (10Mergs™h Mgpyrh Mp)

587736940372361382  217.614622  34.154720  0.1911 586.8 031  (0.06) 392  (0.15) 9.31
587739153352229578  117.990764  16.637010  0.2647 440.1 066 (0.13) 629  (021) 865 B3I 9.96
587738947196944678  123.966679  21.939902  0.1410 15820 027 (0.03) 396 (005 855 39 8.72
587738371672178952  125.698590  22.695578  0.2163 10406 090 (0.13) 3741  (415) 8.8l 88 9.33
588017978880950451  150.556494  34.704908  0.3210 222.1 (- 443 (026) 864 582 9.58
587739408388980778  174.342249 35407413  0.1945 6472 188  (0.08) 2038 (0.91) 876 58 9.32
588017977277874181  171.657352  38.050810  0.2469 6469 156  (0.11) 2418  (0.64) 856 583 9.79
587739406242742472  178.020352  34.013853  0.3420 1095.0 () 1561  (0.91) - 8.86
587739828742389914  224.396405  22.533833  0.1488 1563.1 045 (0.06) 894  (0.29) 855 3 9.30
587739652107600089  238.041673  21.053410  0.2332 893.5 () 729 (044 868  BIS 9.90
587739721387409964  249.330431  14.651378  0.2923 452.5 D! 989  (0.17) 862 88! 9.64
587741600420003946  181.252807  26.346595  0.3427 3052 106 (0.24) 1845 (0.94) 8.8l S8 9.66
587741421099286852  126.715863  18.347732  0.2972 7744 057 (0.18) 453 (0200 875 5% 8.67
587741532770074773  133.350354  19.506280  0.2365 860.3 ¢~y 750 (041 868 504 9.37
587741817851084830  137.805603  18.518936  0.2622 3298 172 (0.16) 2617 (1.67) 889  §2 9.93
587741391573287017  145.946756  26.345161  0.2366 12.6 (- 315 (007 872 %01 10.26
587741392649781464  152.329151  29.272638  0.2219 10428 034  (0.09) 451  (0.19) 869 5% 8.55
587739648351076573  155.239428  29.624017  0.2555 3788 .- ¢(-) 617 (025 882 38 9.51
587741490367889543  158.112322  27.298680  0.1924 8409 056  (0.09) 1274 (041) 869 &2 10.02
587741532781215844  159.779860  27.472509  0.2801 1822 081 (0.11) 457  (0.22) - 9.58
587742014876745993  141.869487  17.671838  0.2883 760.7 086  (0.16) 1238  (0.36)  8.51 8.8 9.38
588023240745943289  140.705287  19.227629  0.3175 526.8 045 (0.13) 1438 (0.60) 859  §I¢ 10.48
587745243087372534  141.384863  14.053623  0.3013 14304 097 (0.13) 1873 (L.13) 873 % 9.08
587742628534026489 243276317 9.496990  0.2993 215.7 (- 1414 (072 870 38 9.65
587744874785145599  121.325174  9.425978  0.3304 534.6 () 2167  (168) - 10.24
587742013825941802  197.653081  21.804731  0.2832 2738  1.08 (0.10) 970  (0.68) 883  §% 9.27
587742062151467120  196.734804  22.694003  0.2741 8799 038 (0.12) 883  (0.32) 10.10
587741727655919734  193.761316  25.935911 03119 660.3 099 (0.13) 720  (043) 10.02

“The values presented here are from the SDSS DR7 archive.

bThe values presented here are computed from the GALEXGR4 archive Far UV fluxes using the redshifts in column 4.
“The star formation rates presented here are from the Ho line. Errors are computed from 1o flux errors. See Section 4.1.
4The metallicities shown here are calculated from the [N 11]/[O 1] ratio (Kewley & Dopita 2002). The metallicity is followed by upper (above) and lower (below)

lo errors. See Section 4.3.

“The masses are calculated following the methodology of Schawinski et al. (2007). See Section 4.2.

rates of star formation were lower, they would not be detected
as ‘green’ in the SDSS imaging. However, the SSFR we mea-
sure are unusually high for galaxies at z ~ 0.2, which typically
reach SSFR ~ 10~ yr~! at most (Brinchmann et al. 2004; Bauer
et al. 2005).

4.5 UV luminosity

The Peas are well spread throughout the 8400 deg? covered by the
SDSS and not concentrated in any of the areas covered by deep
multiwavelength surveys. However, GALEX GR4 is well matched
to SDSS in depth and area and 139 of the 251 Peas are detected
in GALEX GR4 data (Morrissey et al. 2007). For the 57 of 80
star-forming Peas with GALEX detections (S/N > 3), the median
luminosity is 3 x 10'° L. We include Lryy in Table 4, column
6. The very high UV luminosities combined with low reddening
(Section 4.1) are rare in local galaxies and are more typically found
in galaxies at higher redshift.

5 COMPARISON WITH OTHER SAMPLES
OF GALAXIES

5.1 Blue compact dwarfs

Blue compact dwarfs are a subset of the local dwarf population,
first identified by Zwicky (1965) as star-like field galaxies on Palo-
mar Sky Survey Plates. They are characterized by compact, gas-
rich regions of high star formation rates (Papaderos et al. 2002;
Vaduvescu, McCall & Richer 2007), often lying inside an older stel-
lar population of larger spatial extent containing a significant mass
contribution of the galaxy as a whole (Loose & Thuan 1986; Kunth,
Maurogordato & Vigroux 1988; Papaderos et al. 1996; Aloisi et al.
2007). They are generally low metallicity (7.12 < 12 4 log(O/H) <
8.4), evolved, gas-rich dwarfs undergoing recurrent starburst activ-
ity (Loose & Thuan 1986; Papaderos et al. 1996, 2008; Gil de
Paz & Madore 2005). As a class blue compact dwarfs cover a wide
range in absolute magnitude and are often subclassified by size
(ultracompact blue dwarfs) or luminosity (luminous blue compact
galaxies).
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Figure 9. The histograms of Ha/Hp (top) and the colour excess E(B —
V) (bottom) as determined from the Balmer decrement. This distribution
indicates that the line-emitting regions of star-forming Peas are not highly
reddened, particularly compared to more typical star-forming or starburst
galaxies.

Ultracompact blue dwarf galaxies are the smallest of the blue
compact dwarfs with physical diameters less than 1kpc and low
masses (~10’-10° M; Corbin et al. 2006). Typically an order
of magnitude less luminous than other brightest cluster galaxies
(BCGs), their optical spectra can be dominated by very strong
emission lines (Guseva et al. 2004; Corbin et al. 2006) and they
can contain substantial amounts of internal dust [e.g. E(B — V) ~
0.28; Corbin & Vacca 2002]. Like other low-mass galaxies, ultra-
blue compact dwarfs have very low metallicities, yet they still lie
on an extrapolation of the Tremonti et al. (2004) mass—metallicity
relation (Corbin et al. 2006). These galaxies can show asymmetric
morphologies with multiple subclumps of active star-forming re-
gions (Corbin & Vacca 2002; Corbin et al. 2006). While their light
is dominated by the compact, young (~1-10 Myr) stellar popula-
tion, their stellar mass is dominated by an older, evolved (~10 Gyr)
population. As a population, these galaxies tend to reside within
voids (Corbin et al. 2006).

At the other end of the blue compact dwarf category, luminous
blue compact galaxies are the most luminous members with Mp <
—17.5. They are more massive than their ultracompact counterparts,
with average masses near 5 x 10° M@ (Guzmadn et al. 2003). As one
might expect from a class of more massive galaxies, their metal-
licities are on average higher than the ultrablue compact dwarfs
(7.7 < 12 + log(O/H) < 8.4; Guseva et al. 2004; Hoyos et al.
2007). However, like their ultracompact blue dwarf counterparts,
luminous blue compact galaxies show compact prominent regions
of star formation, often with disturbed morphologies (Bergvall &
Johansson 1985) and star formation rates typically ranging from 1
to 5Mg yr~'. Underlying these young, star-forming regions, older
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stellar populations with the colours and stellar profiles of older,
massive ellipticals are detected in NIR imaging (Bergvall & Ostlin
2002). Examples of luminous blue compact galaxies are found at
intermediate redshifts (Guzman et al. 1997; Phillips et al. 1997;
Hoyos et al. 2004) and may contribute up to 50 per cent of the
star formation rate density in the Universe at z = 1 (Guzman et al.
1997).

Because both the Peas and blue compact dwarf galaxies contain
strong emission lines originating in compact regions of star forma-
tion, we investigated their potential overlap as a class. Although the
Peas are similar in morphology, environment and physical size to the
z =0 ultrablue compact dwarfs, they appear to be a different class of
galaxies. The Peas have significantly higher metallicities, typically
more than 0.5Z compared to 0.02Z¢, for the ultracompact blue
dwarfs. Additionally, the stellar masses of the Peas are on average
~10%3 M, roughly an order of magnitude larger than similar mea-
surements of ultracompact blue dwarfs (Corbin et al. 2006). While
ultracompact blue dwarfs are found near z ~ 0, the Peas are detected
at 0.113 < z <0.36, meaning they have several Gyr to grow and fur-
ther increase their metallicity before reaching z = 0, increasing the
disparity in the measured masses and metallicities. In contrast, the
largest of the blue compact dwarfs, luminous blue compact galaxies
have stellar masses and metallicities that match the measured val-
ues for the Peas. The luminosities of the Peas are easily as bright as
this class of galaxies, with median Mz ~ —20. Additionally, stud-
ies of low-metallicity SDSS objects like blue compact dwarfs find
that they lie in the same location on the BPT plot shown in Fig. 6
(Izotov et al. 2006) and [O ] 5007/Hp line ratios for a sample of
four luminous compact blue galaxies measured with Space Tele-
scope Imaging Spectrograph (STIS) [log([Om]A5007 A/HB) ~
0.5; Hoyos et al. 2004] are similar to those we find here (Fig. 6).
Studies of the Peas at NIR wavelengths could potentially reveal
older stellar populations, like those found in luminous blue com-
pact galaxies. These older stellar populations could reveal additional
stellar mass and potentially larger radii. Therefore, the Peas could
potentially be classified as part of the heterogeneous luminous blue
compact galaxies category.

We tentatively conclude that the Peas form a different class of
galaxies than ultrablue compact dwarfs, but they are similar to
the most luminous members of the blue compact dwarfs category,
luminous blue compact galaxies.

5.2 Local UV-luminous galaxies

Heckman et al. (2005) defined a sample of 215 UVLGs from the
SDSS spectroscopic galaxy sample (DR3) and GALEX (GR1) with
luminosities Lryy > 2 x 10" L. We have 139 Peas with GALEX
detections (S/N > 3), 44 of which meet Heckman et al. (2005)
criteria (Lpyy > 2 x 10'° L,z < 0.3 and SDSS pipeline spectral
type identified as galaxy. Since GR4+DR?7 cover a much larger area
than GR1+DR3, we find only four overlapping sources between
the Peas and the UVLG sample (Hoopes et al. 2007). However,
we note that none of the other 211 UVLGs falls into the SDSS
colour-selection wedge of the Peas.

The Peas selection includes many UVLGs, but does not uncover
the same population of galaxies as a selection based on UV lumi-
nosity. To illustrate this in Fig. 13, we compare the [Om] EW, as
measured by the SDSS pipeline, for the galaxy sample described in
Section 2.1 and the Heckman et al. (2005) UVLG sample to that
of the Peas. Unsurprisingly, due to their selection, the Peas have
much larger EW measurements than either the UVLG sample or
the 10000 galaxies matched to the Peas’ g-band-magnitude and
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redshift distributions (Section 2.1). The Pea [O mi] EWSs are due to
the combination of both very high star formation rates and the faint
continuum. The Peas form a sample of objects selected to have
large [Om] EWs, many of which also have large UV luminosi-
ties. As the UVLGs are currently one of the best local samples of
galaxies analogous to high-redshift Lyman-break galaxies (LBGs;
Hoopes et al. 2007), we now look into the comparison between the
Peas and high-redshift galaxy samples.

10_85'

10_9;'

SFR/M_,(year™)

107"

b o II
8 9 10 11
log Mass [M_ ]

Figure 12. Specific star formation rate versus mass for the Peas (pur-
ple diamonds) and the Galaxy Zoo Mergers sample (black points). The
Peas have low masses typical of dwarf galaxies and much higher spe-
cific star formation rates compared to the merging galaxies. The dashed
line shows a constant star formation rate of 10M¢ yr~!. Most of the
Peas had SFRs between 3 and 30 Mg yr~! and hence follow this line
closely.

5.3 UV-luminous high-redshift galaxies

Peas are sites of extreme star formation in the local Universe. They
are both very compact and have low stellar masses, yet they have
enormous star formation rates, as shown by their emission lines and
their UV luminosity. This sample of galaxies is quite distinct from
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typical z ~ O star-forming galaxies, i.e. blue spiral galaxies or dusty
irregulars (Kennicutt 1998). Therefore, we look at the properties
of higher redshift galaxies where the bulk of the star formation in
the Universe is occurring (Lilly et al. 1996; Madau et al. 1996;
Reddy&& Steidel 2009).

Various colour-selection techniques have been developed for se-
lecting samples of high-redshift galaxies, including the Lyman-
break dropout technique, which selects z ~ 3 galaxies by
identifying U-band dropouts in deep imaging (e.g. Steidel et al.
2003), and Ly emission selection, which uses narrow-band imag-
ing to select galaxies at various redshifts due to the excess emis-
sion of Lya compared to the neighbouring continuum (Cowie &
Hu 1998; Thommes et al. 1998; Kudritzki et al. 2000; Steidel
et al. 2000). Both techniques return a similar population of galax-
ies, but Ly emitters are characterized by a fainter continuum and
stronger EWs in their emission lines (Giavalisco 2002). Although
both selection techniques have different biases, the galaxies show-
ing Lya in emission tend to be smaller and younger on average
(Finkelstein et al. 2007; Gawiser et al. 2007). UV-luminous high-
redshift galaxies, like Lya emitters and LBGs, are characterized
by a high UV luminosity and a relatively low obscuration by dust
(Venemans et al. 2005; Gawiser et al. 2006). They are starburst
galaxies with strong blue continua dominated by young, massive
stars (Giavalisco 2002). These techniques have been extended to
other redshifts out to z ~ 6, using different photometric bands to
select dropout galaxies (e.g. Ouchi et al. 2001; Stanway, Bunker &
McMahon 2003; Giavalisco et al. 2004; Kakazu, Cowie & Hu 2007).
In a broad sense, the Peas are an application of a Lya-like selection
technique at much lower redshift and targeting the [O 11] emission
line.

UV-luminous high-redshift galaxies are similar in size to the Peas,
with half light radii <2 kpc (Giavalisco et al. 1996; Pascarelle et al.
1998; Bremer et al. 2004). Many of these high-redshift galaxies
show disturbed morphologies (Lotz et al. 2006; Ravindranath et al.
2006), like those seen in the HST images of the star-forming Peas in
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Fig. 7. In LBGs, rest-frame EWs of [O m1] can reach up to hundreds
of A (Pettini et al. 2001), although most are much lower. For Ly«
emitters, most are selected to have EW of Lya > 20A and can
range up to ~240 A or more (Gawiser et al. 2006; Gronwall et al.
2007). In this way, the Peas are more like Ly emitters, selected
for their strong emission lines, and the subset of LBGs with large
emission lines. Reddening measures of LBGs are low, similar to
those we measure for the Peas, E(B — V) < 0.2 (Giavalisco 2002;
Shapley et al. 2003). The Ly« line is also easily suppressed by
dust, making Ly emitters similarly low in dust (Gawiser et al.
2006). Additionally they have high star formation rates of a few to
tens of solar masses per year (Barmby et al. 2004; Lehmer et al.
2005; Coppin et al. 2007; Carilli et al. 2008; Mannucci et al. 2009;
Pentericci et al. 2009), again similar to what we measure for the
Peas. Peas are similar to UV-luminous high-redshift galaxies in
size, morphology, large emission lines, reddening and star formation
rate.

Masses measured for high-redshift UVLGs are slightly larger
than those for the average Pea, ~10°~10"" M, (Barmby et al. 2004;
Coppin et al. 2007; Mannucci et al. 2009; Pentericci et al. 2009;
Yabe et al. 2009). In terms of SSFR versus mass, Lyo emitters
lie just below the 10M@ yr™' line (Fig. 12, dashed line; Castro
Cerdn et al. 2006; Gawiser et al. 2006). While LBGs range from
10 to 100M@ yr™', at masses below 10°° they are preferen-
tially near 100 M yr~! (Shapley et al. 2001; Barmby et al. 2004;
Castro Cer6n et al. 2006). Metallicities of LBGs are typically mea-
sured near 10-50 per cent solar (Pettini et al. 2001; Mannucci
et al. 2009), significantly lower than that of the lower redshift
Peas. This is not surprising since the Peas have had significantly
longer to enrich their gas. Finally, LBGs are known to be strongly
clustered and found in the densest regions (Giavalisco 2002) in
contrast to the Peas. The peas are found in lower density regions,
have lower masses and smaller specific star formation rates than
the UVLGs found at high redshift. The smaller mass and lower
density environment of the Peas is consistent with a picture of
downsizing (Cowie et al. 1996; Thomas et al. 2005) where smaller
present day galaxies form their stars at later times in lower density
environments.

Understanding the evolution of starburst galaxies over cosmic
time is central to understanding the build up of stars in galaxies. At
high redshift (1.9 < z < 3.4), UVLGs are responsible for the for-
mation of a large fraction (~40 per cent) of the present day stellar
mass (Reddy & Steidel 2009). Therefore, the Peas are potentially the
remnants of a mode of star formation that was common in the early
Universe. If that is the case, then the Peas are an ideal laboratory
for understanding this mode of star formation, as their continuum
properties are easily accessible with large ground-based telescopes.
Additionally, their low redshifts allow optical and NIR telescopes
to investigate potential underlying older stellar mass components.
High-redshift galaxies are both small and faint, even at HST res-
olution, but the galaxies at z ~ 0.1-0.3 can be imaged at higher
physical resolution (Overzier et al. 2008). Studies of the morpholo-
gies of low dust, high star-forming galaxies in the local Universe
can lend insight to the processes occurring at higher redshift where
the morphologies cannot be as finely resolved. The X-ray luminosi-
ties of known LBGs are ~10*' ergs™!, accessible at z ~ 0.2 with
snapshots from Chandra (Hornschemeier et al. 2008), allowing for
studies of their star formation rates at X-ray wavelengths. The Peas
may be the last remnants of a mode of star formation common in
the early Universe, and therefore an excellent laboratory for under-
standing that mode.
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6 SUMMARY

We investigated a class of galaxies, known as Peas, discovered by the
Galaxy Zoo project. These galaxies are characterized by a distinctly
green colour in gri imaging arising from a very large [O ] EW.

(i) 251 Peas were collected from the SDSS spectroscopic data
base based on a colour selection in the redshift range 0.112 < z <
0.360.

(ii) The Peas are unresolved in SDSS imaging, placing an upper
limit on their physical radius of approximately 5 kpc.

(iii) The median environmental density around the Peas is less
than two-thirds of that around normal galaxies.

(iv) The BPT spectral line diagnostic reveals that the majority
of the Peas are star-forming galaxies, some of which show patchy
morphology in HST imaging.

(v) We uncover eight new NLS1s from the SDSS archive. They
lie below the M—o relation, similar to other samples of NLS1s.

(vi) From a sample of 80 star-forming galaxies with high S/N
spectral measurements, we find that the Peas have very large star
formation rates (up to 30 M yr™"), low stellar mass (~10%° M),
low metallicity (log[O/H] + 12 ~ 8.7) and large UV luminosities
(~3 x 10" Lg).

(vii) The Peas form a different class of galaxies than ultrablue
compact dwarfs, but may be similar to the most luminous members
of the blue compact dwarfs category. Luminous blue compact galax-
ies are similar to the Peas in their masses, morphologies, metallici-
ties, luminosities and redshifts. It would be interesting to study the
Peas at NIR wavelengths to see if they have older underlying stellar
populations like those found in luminous blue compact galaxies.

(viii) The Peas share properties similar to local UV-selected sam-
ples in Sloan, but uncover a different population with more extreme
EWs of [O 1] emission line.

(ix) The Peas are similar to UV-luminous high-redshift galax-
ies such as LBGs and Lya emitters. However, these high-redshift
galaxies are higher in mass, lower in metallicity and found in the
densest regions. The smaller mass and lower density environment
of the Peas is consistent with a picture of downsizing, where smaller
present day galaxies form their stars at later times in lower density
environments. If the underlying processes occurring in the Peas are
similar to that found in the UV-luminous high-redshift galaxies, the
Peas may be the last remnants of a mode of star formation common
in the early Universe.
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