P M B <D ATAEFEE L A F R K
A new class of extremely star-forming galaxies at z<1.0

MRERR (<) KFTREESEEENRER
S. Foucaud', S. P. Bamford®
" B EEMEE AR
> HEFETIERS

BE

REFEFH —REAZAANRLEH LT T RPN > B E AW
BEARLG —RIEZZFGHEBENGEIRHCLZ-0)BHHERFHRN 245
89 R SRR O 4R 3E KA T A8 B) F HAR T (A2 B 45 8) 8 B I 4T TR - 24
AR BHERFVZ LRI BHRTHEESF —KRER - A RFEANFFEH
WA RN FEHRREELHL A > BREMEI LN FFFH S EKI
Rl 6y 2 4 o

BHRGA A G B AR LERBERRBRA » KEFHFERP(EBIA
MERZHIEEZARFERIKET S0 EARARET MG R o BEWAEER 2K
ZRAYFERM AR FEFNOFREAMELARIBEZAZLEZZHF »
TR I RIEZE A F S AT G FNF HFHEFHEE AR S FTHAM o BH
EMEGRRHEAMN > KM TUARE LA KXFNEFRRBLFHE AR ARTALT
T 0 % B B EARAC R AR R RGP E R T R o

A new class of extremely star-forming galaxies at z<1.0
S.F oucaudl, S. P. Bamford®
! National Taiwan Normal University, Taiwan

* University of Nottingham, UK

Abstract

The detection of candidates for the first generation of galaxies in the distant
Universe is hot topic in Astronomy. Young galaxies, forming their first stars, are an
important contributor to the ionization of the gas between galaxies, as a result of their
strong Lyman-o emission. A large number of these Lyman Alpha Emitters have been
detected, at z=2 to z=8, but so far none of these correspond to the first generations of
galaxies. However, the current paradigm of galaxy formation suggests that new galaxies
are formed continuously. Therefore we should detect very young galaxies at any epoch.

I will introduce a population of extremely star-forming and low mass galaxies at
z<1.0, that we have identified using the latest generation of broad-band surveys. These

objects, called ‘Peas’, appear to be in the act of building up their stellar mass and share
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many properties with young galaxies observed in the early Universe. The Peas may be

the last remnants of a mode of star-formation common in the early Universe. Thanks to

our technique, a large number of very young galaxies will be efficiently selectable at

different epochs of the Universe, without the need for highly specialized imaging (e.g.

narrow-band) or expensive spectroscopic surveys.

425 (Keywords) : £ % (galaxy) > @44 R4 (galaxies: high-redshift) ~ £ &

#At (galaxies: evolution)

1. Introduction

The search for the first generation of galaxies
have driven studies of galaxies as distant as z~8.
Young galaxies forming their first stars produce
copious ionizing radiation, and hence strong
Lyman-o emission (Partridge & Peebles, 1967).
Selected using narrow-band filters, Lya emitters
(LAEs) are galaxies at z=2-7 with a faint ultra-
violet (UV) continuum but a prominent Lyo emi-
ssion line (e.g. Ouchi et al.,, 2009). LAEs are
mainly young galaxies in a state of formation, cha-
racterized by a substantial star-formation rate and
a low mass (e.g. Gawiser et al., 2006). However
the faint and unresolved distant LAEs (z>2) are
challenging to study in detail, therefore selecting
galaxies with comparable properties at lower
redshifts is critical to conduct detail studies.

We have identified a population of rare,
compact objects, which display extremely strong
emission lines, indicating that they are forming
stars at extremely high rates given their modest
stellar masses. These objects were initially noticed
as part of the Galaxy Zoo project (Lintott et al.,
2008), due to their strong green and compact
appearance in the Sloan Digital Sky Survey (SDSS)

colour images, which resulted in them being

named ‘Peas’ (Cardamone et al., 2009). The SDSS
Peas’ apparent green colour is a result of strong
[OIII] and HP lines, redshifted to z=0.1-0.35, and
therefore falling in the SDSS r-band. The Peas
appear to have properties that are very similar to
objects typically found at z>3 which are often
suspected of being galaxies early in the process of
formation (e.g., Pentericci et al. 2009). Further-
more, LAEs can also be strong [OIIl] emitters
(Maschietto et al. 2008). The Peas present a
possibility of studying the early stages of galaxy
formation at an accessible redshift.

The link between the SDSS Peas and LAEs at
very high redshift is circumstantial. In order to
establish a more compelling link, we require a

sample of Peas at higher redshifts (z>0.3).

2. Selecting 7=0.45-0.95 Peas
2.1 Colour selection of i-Peas and z-Peas

To extend our study of Peas to higher
redshifts, we used the DR3 of the UKIDSS-
Ultra-Deep Survey (UKIDSS-UDS, Lawrence et
al., 2007; Foucaud et al.,, 2007), which reach
depths of Kap=23.4, H,p=23.5 and J,p=23.7,

combined with very deep optical data from the
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Subaru-XMM Deep Survey (Furusawa et al.,
2008), achieving depths of Byg=28.4, V,g=27.8,
Rxp=27.7, i’ag=27.7 and z'5pg=26.7. The co-
incident area with the UDS is 0.63 deg’. The SDSS
Peas are selected by being highly luminous in »
compared to neighbouring bands. By selecting ob-
jects luminous in the i- or z-band, and using
custom-designed colour-colour selections, we have
identified peas at redshifts of z=0.45-0.7 and
z=0.7-0.95 (see Fig. 1). In addition we imposed
our candidates to be selected as "normal" low
redshift galaxies (z<1.4), using the well-known
BzK selection (Daddi et al. 2004). After a careful
visual inspection, we selected 240 i-Peas and 231
z-Peas candidates to K, 3<23. More details on our
selection will appear in Bamford et al. (in prep.)
and Foucaud et al. (in prep.).
2.2 Spectroscopic follow-up of i- and

z-Peas

In order to confirm the nature of our selected
i- and z-Pea candidates we obtained optical spec-
troscopy with the EFOSC2 instrument on the
European Southern Observatory’s New Techno-
logy Telescope. Integration times used for our
spectra vary between 20 and 45min. Details of our
observations and data reduction can be found in
Bamford et al. (in prep.).

We acquired 22 spectra of our brightest i- and
z- Peas and 20 of them have been confirmed to be
in the expected redshift range 0.45< z <0.95 (i.e.
~90% success). Fig. 2 shows an example of our
confirmed Pea. All our confirmed Peas display
very high emission line luminosities in [OII]A3727

and [OIIJA5007, while ~60% present HB and

[OIII]A4959. Finally strong [NellI]A3868 and Hy

emissions are detected for ~25% of our Peas.

3. Properties of z=0.45-0.95 Peas
3.1 Emission line diagnostics

Thanks to the good resolution of our spectra
and their high S/N ratio we could probe several
indices of ionisation or oxygen abundance based
on line ratio (O3, or Ry;). These ionisation para-
meters are very high, indicating a very high star-
formation rate and probably a low metallicity.
Measurments indicate a metallicity probably half-
solar, comparable to the r-Peas.

The star-formation rates inferred for our
galaxies are high, and a first estimation gives
SFR=1-60Moyr'1. However, we have to take into
account for the extinction by dust that plays a huge
role in our evaluation from optical wavebands.
Extinction corrections can be estimated roughly by
equating the star-formation rates as measured with
[OII] and HP lines. This method is quite uncertain;
a better estimate uses the Balmer decrement, but
that would require additional observations of the
Ho emission line). However, after correction we
Rates to be:

estimate the Star-Formation

SFRc=20-700M jyr".

3.2 A bit extreme or extremely extreme?
Using a simple conversion of the near-

infrared luminosity of our galaxies we estimated

their stellar masses to be between 4x10° M, and

3x10' M _, which correspond to the lower mass

o)
range sampled by LAEs.
While the Peas mainly present SFRs similar

to normal LAEs, the most extreme ones have SFRs
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similar to Ultra-Luminous InfraRed Galaxies
(ULIRGs) at any redshift (SFR~200-300M yr" -
e.g. Sanders & Mirabel, 1996; Daddi et al., 2005).
The specific star-formation rates and stellar masses
of our Peas are shown in Fig. 3. These objects are
extreme compared to the normal galaxy population,
are more extreme than the r-Peas, but share the
locus of LAEs at high redshift in this diagram.
This raises some questions regarding the
nature of our Peas. With such SFRs, these objects
would double their stellar mass on a dynamical
time, and thus may be galaxies in the early stages
of their formation. However such an extreme
star-formation is expected to be limited to a short
time scale, as it should lead to very strong winds
that could potentially disrupt the galaxies. Finally
the mechanisms at the origin of the burst are
unknown. Peas are compact, but the HST images
of r-Peas reveal disturbed morphologies. Our Peas
are also frequently in pair or multiple systems,
which could indicate a recent or on-going merging

history, as is observed for ULIRGs.

4. Conclusions

We have identified a population of very young
extremely star-forming galaxies at z<l. Using
simple colour-colour techniques a large number of
these objects can be selected. Optical spectro-
scopic follow-up reveals very strong emission lines,
inferring a rather low metallicity and a very high
star-formation rate (~400M_yr). Using photo-
metric estimation, the stellar masses of these
objects are rather low (~10" M,). These galaxies
share characteristics with high redshift galaxies,

making them probably the last remnants of a mode
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of star formation common in the early Universe.
However to better constrain their character-
ristics, near-infrared observations are required to
provide measurements of Ha and [NII] emission
lines, to determine the fraction of AGN and star-
burst galaxies amongst these populations, provide
robust star-formation rate measurements, extinct-
tion corrections and metallicities for these objects.
This will provide us with better insights regarding
the age of the galaxy, and definitively prove if
these Peas are truly like their high-redshift homo-

logues.
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Fig. 1: Colour selections of our i-Peas (left panel) and z-peas (right panel), highlighted in blue. The red line shows our selection
criterion. The green dotted lines represent the contours of the distribution of artificially redshifted r-Peas in our colour-colour
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Fig. 2: Exemple of spectrum of our Peas from ESO-NTT EFOSC2, ordered by redshift. The 1D (black line) and 2D (image)
spectrum are shown. The red shading indicates the +1-sigma uncertainty on the 1D spectrum. The expected positions of
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Fig. 3: Specific star formation rate versus stellar mass for our i- and z-Peas (large symbols), compared with a sample of local
galaxies from the SDSS catalogue (small, gray points). Red triangles and blue circles indicate SFRs derived from Hp and
[OI1], respectively. Open circle and triangles are from the original SFR estimates. Filled symbols have been corrected for
extinction. The error bars represent the uncertainty on the emission line luminosity measurement. The light green area
corresponds to the locus of r-Peas (Cardamone et al., 2009) and the light grey area (top left corner) highlights the locus of

LAEs in such a diagram (Ouchi et al., 2009).
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