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ABSTRACT
We present & comprehensive analysis of the rest-frame UV to near-IR spectral energy distributions

and rest-frame optical spectra of four of the brightest gravitationally lensed galaxies in the literature:
RCSGA 0327T27-132600 at = = 1.70, MS1512-cB58 at z = 2.73, SGAS J152745.1+065210 at z = 2.70
and SGAS J122651.3+2156220 at z = 2.92. This includes new Spitzer imaging for RCSGA0327 as well
ummmmmmwmiwhmﬁmmmﬁm.mm
fications of 3-4 mognitudes allow a detailed study of the stellar populations and physical conditions.
We compare star formation rates as measured from the SED fit, the He and (O I| A3727 emission
lines, and the UV+IR bolometric luminosity where 24 um photometry is . SFR estimate
from the SED fit is consistently higher than the other indicators, which suggests that the Calzetti duss
ﬁmhnhundhthﬁﬂﬂﬁmhmﬂuhmmhmmmnl~lﬂm
Hndldmih:ﬂnﬂnpwuhtinnwmm:hﬂfmuhmd stellar masses 3 'I':-:ll.'.l'I
ung ages ~ 100 Myr, little dust content E(B - V)==0.10-0.25, mﬂnuhrmlthnrltuumndﬁa-
IMH@_VT“ Compared to typical values for the galaxy population at » ~ 2, this suggests we are
lnoking st newly formed, starbursting systems that have only recently started the build-up of stellar
mass. These results constitute the first detailed, uniform analysis of & sample of the growing number

of strongly lensed galuxies known st £ ~ 2.

Subject headings: galaxios: high-redshift, strong gravitational lensing, infrared: galaxies

of known gravitationally lensed at g =1-3,
both reported from well-defined survey soarches (Bolton
el al. 20006, Cabanac et al. 2007, Hennawi et al. 2008,
Lin et al. 2009, Gladders et al. 2011 In preparation)
and from serendipitous discoveries (Allam et al. 2007;
Belokurov et al. 2007; Smail ot al, 2007). The lens-

grants access Lo high signal-to-noise

spectroscopic
son et al 1996; Teplitz et al. 2000; Siana

So far most lensing systems have been studied indi-
ﬁim;luaily. based on different rnﬂluw-up ub:rutlnm and
yais techmiques. To take advantage of the growing
number of known strongly lensed sources, it is crucial to
invest in a uniform study of their properties. In this
per we present a full analysis of multi- h
tometry and rest-frame optical spectroscopy of four of
the brightest distant lensed galaxies known to date. RC-
SGA 032727-132609 was recently discovered in tho Sec-
ond Red-Sequence Cluster Survey (Gilbank et al. 2011);
initial analysis of optical/near-IR photometry and con-
struction of a lens model for the foreground galaxy clus-

{Yee et al. 1996) and a multitude of and
data is available for this system (Elling-

al
SGAS J152745.14065219 lud SGAS .Il'.'ﬂﬁﬁl-a-t-!lﬂﬂ}l

are part of the SDSS Giant Arcs Survey (Bayliss ot al
2011); optical photometry and lens models are reported
in Koester et al. (2010). Here we prosent near-IR and
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analysis
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agnostics are discussed in §3, §4 presents the
conditions and stellar populations of the lensed

as derived from these methods. We adopt a flat cosmol-
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ogy with Qy = 0.3 and Hy = TOkms™! Mpc=t. All
magnitudes are quoted in the AB system.
1 OHSERVATTONS AND DATA REDUCTION
21. [fmaging
Optical and near-IR photometry of RCSGA0327 and
optical photometry of SGASI527 and SGAS1226 are
taken from their papers (Wuyts et

respective discovery
al. 2010; Koester et al. 2010). For ¢B58, we take opti-
cal £nd near-JR '
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- 45008 - 36008 in J - H - K, lor SGAS1527 and 3600s
- 31608 - 27008 in J - H - K, lor SGAS1226.

tained through Spitzer program 50823 (P1: M. D. Giad-
ders). A0327 was observed for 600s in all four
IRAC bands (3.6/4.5/6.8/8.0n) and 7008 in MIPS
24 um; SGAS1IH2T was observed for 30008 in all IRAC
bands and 1300s at 24 um. 6008 warm IRAC obeer-
vations of SCAS1226 at 3.6 and 4.5 um were obtained
70154 (PL: M. D. Gladders).
The data is red with the MOPEX software dis-
tributed by the Spitser Science Center (SCC) and driz-
zled to a finer pixel scale of 0"5pix~' for IRAC and
175 pin=? for MIPS.

redt-frame optical werne pub-
lished for cB58 by et al (2000) end for RC-
SGAD32T by Righy et al. (2011) We present new

We observed SCAS1527 and SCAS1226 with the NIR-
SPEC spectrograph (McLean et al. 1998) on the Keck 11
telescope on the night of 2010, February 4. The weathor

rect imaging with this camera. The targets
nodded along the slit in an AB with expo-

soures Elter time wavelength rangs
B am
SGASISIT NIRSPEC-4 1800 1.309-1.585
NIRSPEC-6 3000 1L.7TTO-L100
NIRSFEC-T 1620 2243-2.871
SCASIZN NIRSPEC-Sb 1800 1.447-1.730
NIREPEC-Th 3000 1.564-2 385

were wavelength

The A0V stars T Ser and HD 109055 were observed every
hour as telluric standards for SGAS152T and SGAS1226
respectively. Tn addition, V. Tilvi and J. Rhoads of the
Arizona State University have kindly obtained additional
spectira of SGAS1527 on 2010, September 17, with the
same setup. The AOV star HD 12021, observed 10 hr
later, is used as a telluric standard. Due to the time de-
lay, the absolute fluxing in this bandpass should not be
trusted.

Tho spectra are reduced with the nirspec_reduce pack-
age written by G. D. Becker. The data reduction, fux-
ing, and line-fitting procedures are described in Righy et
al. (2011). Solar abundances are taken from Table 1 of
Asplund et al. (2009). The reduced spectra are plotted
in Figures 2 and 3; line fluxes are reported in Thable 2.
At observed wavelengths where the Earth's atmosphere
has very little transmission, small mismatches in airmass
and precipitable water vapor (PWV) botween the tel
luric and the science target can have a large effect on the
flux calibration. To quantify this, Table 2 reports the ex-
pected 'trlmnluhujfm-chﬁmtdmh-
sion line integrated over the gaussian line width as given
in §4.1. The quoted uncertainty combines the measire
ment uncertainty in the line widths, the systematic un-
certainty in PWV and the systematic uncertainty from
& 0.1 airmass mismatch between the telluric and sclence
target. Subsequent calculations line fuxes will
take into account both the 1o fux uncertainties and the
[ractional uncertainty on the atmospheric transmission.

3. METHODS
3.1. Pholometry

The photometric analysis of the imaging data follows
the method detailed in Wuyts et al. (2010). In short, the
data are transformed to a common reference and pixel
scale and empirical, normalized point spread functions
(PSF) are created for each image. We define object aper-
tures by tracing a curve along the extended source and
convolving it with the appropriate PSF. A series of aper-
tures of increasing radial extent aro defined as lsophotes
of this copvolution. The apertures can be very much
non-circular and are described by equivalent radil based
on circular apertures that extend to the same sophotes.

* The stmospheric tranamlssion 18 based on the model abscrp-
tion 7 mmgxummwm%nnw
htrp: [ fwww. gemiboni ufl:hpl'-

time of obsarvations was derived from historical
opacity datz st hitp://punco.caltech.edu/.



F1a. 1. — Finder charts showing
r-band image of SCAS152T and the Gemini GM

NIRSPEC slit for SCAS1527 (left) nnd SGAS1226 (right), both 45 x 45", The CPHT Megucam
08 i-band of SGAS1226 {(Kosster st al. 2010} are overplotted with the NIRSPEC 0.76" x

42" leongslit at position angles of 112° and 121°East of North respectively. The missing region in the i-band image of SGAS1226 s due to

the GMOB chip gap.
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Fia, 2.— NTRSPEC spectra for SGAS1527. The Auxed specira are plotted in black, with the 1o error spectrum in red. The X-axis shows
obserred wavelangth in Angstroms; the Y-axii shows observed Box in wnits of erg a™" com™™. Blue labels mark detected emission lines as

well a8 lines for which we messurs upper lim s

TanLe 2. MEASULED LINE FLUXES,

ELns 1D Aoty flux sl trans
pm 107 eng &7 em~?

SGAS1527 - Filter Nd

!oqam 1,40208 1141 0.5440.08

INelIT] 3868  1.45578 4£1 0.62£0.07
SGAS152T - Filter N6

Hp 182932 949 0.1740.08

O] 4958  1.86616 20.0£0.2 0.23+0.08

Ol1l| 5007  1.88397 18.0+0.3 0.64:£0.08
SGAS1527 - Filter NT

Ha 246925 1043 0.52:40.03
SGAS1226 - Filter N6b

jom sty — 0.6:£0.7 0.76::0.06
SGAS1226 - Filter NTh

g 1.90895 1.840.4 0.55:0,00

IOL11] 4959  .1.04697 45207 0.74£0.04

[o1m] soo7  1.98641 1344 0.67+0.03

We use the GALFIT package (version 3.0, Peng et al.
2010) to kit Sersic profiles to neighboring galaxies that fall
within the object apertures and subiract these from the
images. Accurate masking of neighboring galaxies be-
comes very important for the Spitzer data due to the ex-
tendod, non-circular PSFs of the IRAC and MIPS instro-

ments. We have found the most robust masking method
to be based on cross-convolution. This consists of con-
voiving the Spitzer data with the PSF of a chosen optical
band and similarly convolving the optical GALFIT mod-
els of neighboring sources with the relevant Spitzer PSF.
These convolved models are scaled as needed and sub-
tracted from the convolved Spitzer image.

We messure magnitudes at an eguivalent redius of
twice the FWHM of the image. The optical and near-
IR daia are aperture-corrected to an equivalent radius
of 6" based on the curve of h of the PSF reference
star. In Wuyts et al. (2010}, we convolved all optical
and near-IR images of RCSGA0327 to the spatial res-
olution of the H-band, which presents the worst seeing
over the 9 optical/near-IR bands, in order to measure
flux from the same physical region of the source in all
bands. This is not repeated here; by aperture correct-
ing final magnitudes to an equivalent radius of 6", the
total source flux in each band is measured, regardiess
prior PSF-matching. We have reanalyzed the data
RCSGA0327T without matching the PSFs and find
magnitudes consistent with the photometry reported
Wuyts et al. (2010), within the lo uncertainties. The
aperture corrections for the TRAC data are applied as
detailed in the IRAC handbook®, the correction for the
MIPS data is calculated from & Tiny Tim model of the
24 pm PSF. The MIPS photometry also requires a color
correction of -0.04 mag, as stated in the MIPS handbook!
{(mssuming f, ~ v~?). We derive limiting magnitudes for
i few non-detections In the Spitzer data: the counter-
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well 55 lines for which we mensure upper limits.

Imags of RCSGAQ327 is not detected at 5.8 and B.0 um,
and SCAS1527 is not detected at 24 um. We convolve
the image of the source in & chosen optical band with
the relevant Spitzer PSF, scale it and manually insert
it into the convolved Spitzer image at 100 random posi-
tions away from real sources. Limiting magnitudes are
determined from the scaling where SEm-nct.nr (Bertin &
Arnouts 1996) detects 90% of these mock objects at 3o,

Final magnitudes are corrected for galactic extinction
(Schlegel 1998). Photometric uncertainties include Pois-
son noise, absolute zeropoint uncertainties, uncertainties
from the Spitzer aperture corrections as detailed in the
instrument handbooks, and uncertainties from the mask-
ing of neighboring galaxies; the latter two dominate the
total uncertainty. We independently analyze the IRAC
and MIFS data for ¢B58 and find final magnitudes con-
sistent with the photometrv in Siana et al, (2008). We
choose to use uncertainties twice as large as reported
there, to take into account the influence of the halo of
the neighboring ¢D galaxy.

3.2. Spectral energy distribulion modeling

The svailable photometry fully characterizes the rest-
frame UV to oear-IR spectral energy distributions of
those galaxies, allowing us to constrain the stellar popu-
lations (stellar mass, age, extinction and star formation
rate) tkrough a comparison to stellar population synthe-
gis models. The presence of strong emission lines at rest-
frame optical wavelengths could affect the broad-band

and therefore the SED fit. From the emis-
sion line fAuxes derived [rom the rest-frame optical spec-
troscopy, we estimate the contribution of the strongest
emission lines to the H- and K,-band magnitudes 1o be
at most 5-10%, which does not have a significant effect
compared to the estimated photometrie errors. Reddy
et al. (2010) have also shown that the effect of amis-
sion lines on the best-fit age and stellar mass is further
reduced when IRAC data (which is unaffected by line
contamination at these redshifts) is incorporated.

The fitting procedure, as well as its caveats and de-
generacies, is explained in more detail in Wuyts et al,
(2010). We use Hyper: (Bolzonella et al. 2000} to per-
form SED fitting at a fixed spectroscopic redshift. Tha
newest Bruzual & Charlot population synthesis mod-

¥ hitp://ssc spitzar.caltech edu/Irac/iracinstrumenthandboak /
4 bbtp:f S spliner caltoch.edu/mips/ mipsinstromenthandbook |

in units of eg 8"

L L. -

- NIREPEC spectrs for SGAS1236. The fluxed spectra are plotted in hhﬁ,whhthllnu'mrmuminmd. The X-axis shows
ohferved wavelength in Angstroms; the Y-axis shows observed fox

em~?, Blue labels mark detocted emission lines na

els {CBO7, kindly made mwailable by the authors - see
Bruzual & Charlot %Mﬂ.’i}] are used, with a Chabrier ini-
tial mass function (Chabrier 2003) and a Calzetti dust
extinction law (Calzetti et al. 2000). To reduce the num-
ber of degrees of freedom and accompanying degenera-
cles, we fix the metallicity at 0.4 Zg for all 4 sources,
consistent with the abundances indicated by rest-frame
optical spectroscopy (see §4.1). SED templates in the
literature most often use constant star formation mod-
els or exponentially declining models - SFR ~ ¢ %/7 -
with & wide range of values for the e-folding time 7. The
current SFR reported by the SED fitting procedure de-
pends sirongly on the assumed star formation history.
Other stellar population parameters like dust extinction,
age and even stellar mass can be influenced as well; they
allwmktngethurmpmdumthunbmrmdSEDmﬂm
merous degeneracies and trade-offu exist. The range of
SFHs allowed in the SED fit is therefore not an arbritrary
choice. Exponentially declining models assume that we
observe the galaxy at its minimum SFR, which is not nec-
essarily justified for star-forming galaxies at 2~2. Maras-
ton et al. (2010) explore inverted r-models where the
star formation rate rises exponentially with time - SFR
~ ¢*/7 . and find a significant improvement in the re-
production of stellar population parameters for a sample
of mock star-forming galaxies at z ~ 2. For this sam-
ple of lensed galaxies, we choose to limit ourselves to &
constant star formation history (CSF) as a reasonable
average over the galaxy's lifetime and a compromise be-
tween exponentially declining and rising SFHs. Erb et al.
(2006c) also find the current SFR to be an adequate rep-
resentation of the past average SFR for their sample of
UV-selected galaxies at z ~ 2. Additionally, CSF models
allow p more robust comparison to other SFR indicators
discussed in §3.4, for which the conversions from luminos-
ity are generally based on constant star formation stellar
population models.

Now that we have fully defined the input SED models,
wa heve to consider the allowed range of stellar popula-
tion parameters, specifically the stellar age. The domi-
nant emission of O and B stars in the observed SED of a
star-forming galaxy can cause the inferred stellar pop-
ulation parameters (o be luminosity-weighted towards
very young models, with unrealistically high SFRs and
low stellar masses, An often used measure to avold this



luminosity-weighted bias restricts the age of the stellar
popalation to be larger than the ical timescale of
the galaxy (Wuyts et al. 2007; Maraston et al. 2010,
Reddy ot al. 2010). From velocity dispersion and sive
meesurements of z ~ 2 LBGs, this is Inferred to be
~ TO0Myr (Erb et al. 2006c). We illustrate this bias
with histograms of the best-fit ages and star formation
rates reported for L000 mock realizations of the observed
SELs consistent with the photometric uncertainties (Fig-
ure 4}, There is a clear bimodality of very young models
(< T0Myr) and moderately older modﬁ'!ﬂ (70-200 Myr),
which is correlated with a bimodaslity in the SFR, where
the young models require a much higher current SFR
to build up a similar stellar moass. Restricting the age
to be jarger than the dynamical timescale avoids this
class of unphysically young stellar populations with ex-
trems SFRa. For cB58, only very young models (ages <
20 My} are found for the mock SEDs, due to the lack
of a significant Balmer break between the J and H-band
photometry from Eili et al. (1996). This was also
found by Siana et al. {2008), who report » best fit age
of 9.5*4] Myr. However, when the ago is restricted to
= T0 Myr, more than 80 % of the mock SEDs retum
a besi-fit model with x* < 5.0, which is not unreason-
able. We will also show in §4.4 that the exireme SFRls
which accompany very young best-fit models for ¢B58
(300-600 Mgz yr=! as can be from Figure 4) com-
plelelr disagree with the other SFR indicators,

A further argument in favor of the age restriction
comes from the metallicity. When the metallicity is al-
lowed to vary between 0.2%5, 0.4%5 and Z, the SED
fitting procedure favors a metallicity of 0.2Z4; flor all
4 palaxies, lower than indicated by observations of the
rest-frame optical spectra W'hmtheagam forced Lo be
> T0Myr, a metallicity of 0.4 Z; is favored, consistent
with tie results from rest-frame optical spectroscopy.

Restricting the age of the stellar population limits the
sensitivity of the SED fit to the most recently formed
stars (on < TOMyr timescales) and returns more phys-
ically meaningful stellar population parameters. A re-
lated issue is the presence of an old underlying stel-
lar population (1-2Gyr timescales), which can contain
the majority of & galaxy's stellar mass without emitting
enough light to be detected in the observed SED at rest-
frame UV and optical wavelengths, The avallability of
IRAC data at rest-frame near-IR wavelengths greatly in-
creases the leverage, but some comtribution of old stars
cannot be ruled out from single component SED fitting.
Full-scale multi-component SED ftting can address the
presence of older steliar populations, but it introduces
additional degrees of freedom (the number, relative tim-
ing and relative strength of the different star formation
episodes), which the data fail to constrain uniquely. We
can set &1 upper limit on the contribution of an old stellar
population to the total stellar mass of the galaxies with
the extreme case of a2 very young model. minimally red-
dened to match the UV spectral slope, combined with
& maximally old underlying model (Daddi et al. 2004,
Shapley =t al. 2005, Wuyts et al. 2010). Specifically,
we scale a 10Myr CSF model to the observed r-band
magnitude, subiract this model from the observed SED,
and scale the maximally old model (¢ = 3Gyr for RC-
SGA0327 and ¢ = 2Gyr for SGAS1527, SGAS1226 and
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for 1000 mock SEDs consistent wi hotometri

tim. A clear bimodality can be seen. Thshadadrmuhwthn
best-fit SED modals with ages < 70 Myt, which correspond exclu-
givaly to the high SFR solutions. This part of parameter epace is
aliminated when the ago is restricied to > T0 Myr.

cB58) to match the residual magnitude at 3.6 um. In
this scenario, the stellar mass is largely dominated by the
older steliar population, but we find it to be al maximum
a factor of 1.7 higher than the single-component mass for
al! sources (we have correcied the mass of the older stellar
population for the mass returned to the ISM by super-
novaa, this is negligible for ages ~10-100 Myt (Renzini &
Ciotti 1903)). This places a conservative constraint on
the maximum contribution of old stellar populations to
the total stellar mass in these galaxies.

3.3. Reddening diagnostics

The presence of dust in galaxies causes reddening
Since the stars and the ionized gas are not necessarily
found in the same locations within a galaxy, the stel-
lar light and the nebular emission lines may not experi-
ence the same reddening. In local star-forming galaxies,
Calzetii et al. (1994) found the reddening of the nebu-
lar lines to be a factor of ~ 2 higher than the reddening



of the stellar continuum. At z ~ 2, the same effect has
beea seen for some star-forming galaxies, both lensed and
non-lensed (Forster Schreiber et al. 2009; Finkelstein et
al. 2009; Bian et al. 2010), but other galacies show no
reddening difference between the stars and ionized gas
(Er? et al. 2006c; Hainline et al. 2009).

The SED fitting procedure reports E{(B—V),, the red-
dening of the stellar light. We add the subscript to differ-
entiste with the reddening experienced by the galaxy's
ionized gas, which we will denote as E(B - V'),. This
reddzning can be derived from the Balmer decrement,
the ratio of the Ha to HE flux. We assume an intrinsic
Balmer decrement of 2.85, obtained for recombination
case B, eloctron density n. < 10 em® and temperature
T ~ 10* K (Osterbrock 1989). When no measure of the
Balmer decrement is aveilable, we use the emplrical rels-
tion between a galaxy's stellar mass and its gus reddening
derivad at z ~ 0.1 from the Stripe 82 subsample of the
Sloar Digital Sky Survey (Eq. 9, Gilbank et al. 2010).
This G10 relation has an unecertainty of ~ 0.2 dex on
E(B — V), at the relevant stellar masses °. This em-
piricel relation has not been verified directly at higher
redshift, afthough agreements with 24 pm emission have
been found at z ~ 1 (Gilbank et al. 2010), but it is clearly
preferable 1o assuming an intrinsic Balmer decrement.

34, Star formation rate dingnostics

A galaxy's star formaiion rate can be estimeted from
sevaral different indicators, the most common of which
are the UV continuum emission, sometimes combined
with the infrared emission from dust grains heated by ab-
sorbed UV photons, and the nebular emission lines from
the ionized gas. Rest-frame UV luminosity is straight-
forward to messure at £ ~ 2, but the conversion to a
SFR dapends on the galaxy's stellar population and the
luminesity requires a large correction for dust obscura-
tion. Dust corrections can be avoided by Including the
palaxy's infrared emission, which traces the stellar light
absorbed by dust grains, such that the combined UV and
IR luminosity capiures the total balometric output from
young stars,

Rest-frame optical emission line indicators require a
smaller dust correction than the UV continuwum, but need
to be extrapolated from the regions of the galaxy sampled
by the spectroscopic aperture. These aperture correc-
tions are especially important for lensed galaxies, where
the arcs are often too extonded to be covered by the
alit and & precise magnification model is required to ex-
trapolate the observed line emission to the total intrinsic
emission of the galaxy. Additionally, in the presence of
strong stellar population gradients, the observed region
might not be representative of the galaxy 23 a whole,

Star formation fromn UV luminosily

Star formation rates based on the UV continuum are
easy to obtain &t z ~ 2. T'wo or more broadband mag-
nitudes =4 rest-frame UV wavelengths suffice to measure
the UV luminosity and io estimate the dust correction
from the UV speciral slope, as established by Meurer
et al. (1999) for local starburst galaxies (based on the

b Gilbark et al, (2010) use the K
Chabrier IMF with Tog(M. )onab = |1

IMF, we convert to the
H‘}“ﬂm — {004

Calzett] extinction law). However, this method involves
considerable uncertainties. The conversion between UV
luminosity and SFR depends strongly on the assumed
stellar population model, mostly its age and star forma-
tion history, causing an uncertainty of at least 0.3 dex
in the calibration (Kennicutt 1998). Additionally, esti-
mates of the dust content based on the UV speciral slope
suffer from the degeneracy between a galaxy's dust con-
tent, its metallicity and the age of its stellar population,
where more dust, more metals or older stars will similarly
cause a redder spectral slope. The avallability of a spec-
troseopic measurement of the metallicity, combined with
multi-mwieni.h SED fitting with coverage of the
gensitive 4000A break addresses both problems by fully
characterizing the galaxy's stellar population, including
reliable independent estimates of the dust content, metal-
licity and age. For these roasons, we will only use the
SFR reported by the SED fit In our final comparison of
SFR, indicators in §4.4. However, since multi-wavelength
photometry extending redward of the 4000A break is not
straightforward to obtain and metallicity messurements
become increasingly uncertain for palaxies at = > 1, we
also quantily how reliabiy we can estimate the dust ex-
tinction from the UV spectral slope in §4.2,
Star formation from infrared emission.

An independent estimate of the dust extinction can
be obtained from a galaxy's infrared luminosity. Dust
grains will re-radiate the absorbed UV emission at in
frared wavelengths, such that & galaxy’s combined UV
and IR luminosity is & good proxy for the total bolomet-
ric output from its newly formed stars. One caveat is the
contribution to the infrared emission from dust heated by
old stars, We can reasonably assume {his contribution to
be negligible for this sample of galaxies, where the ob-
served SEDs are best fitted by young stellar populations
and we found strics limits on the presence of older stars
{see §3.2). We use the SFR conversion from Bell et al.
(2005)®, which is derived for a ~100 Myt old stellar pop-
ulu.ti;} with constant star formation.

R - i

W =224 x 107*(Lig + 1.9L1p00)erg 572 (1)
Lig is the total infrared luminsosity (5-1000um) and
Lygpp = vl so0. The factor 1.9 accounts for the spec-
tral slope of the stellar population, such that 1.9L4800
includes all the UV emission.

L g is preferably evalusted from sufficient infrared and
submillimeter data to capture the bulk of the bolometric
energy output of the infrared SED. Unfortunately, data
at these longer wavelengths is hard to obtain, especially
for sources at higher redshift, due to confusion noise and
sensitivity limitations. For this sample, 24 pm data exist
for RCSGA(327, cB58 and SGAS1527. cB58 has ad-
ditionally beon detected at 70pum (Slana ot al. 2008),
850 um (van der Werf et al. 2001) and 1200 um (Baker
ot al. 2001). Much work has been done to calibrate Lig
from observed 24 um photometry, which traces the mid-
IR region (6-12um) for galaxies at z ~ 2. This wave-
length range is dominated by polycyelic aromatic hydro-
carbon (PAH) features, which are stochastically hested

® Bell et al (2008) use the Krou

IMF, wa convert to the
Chabrier IMF with SFRop,, = 088

Fﬂ“mp..



by single UV photons. Recent studies have shown that
the physical conditions in star-forming galaxies at z ~ 2
are similar to those in local star-forming galaxdes of sig-
nificantly lower infrared luminosity (Papovich et al. 2007,
Righy et al. 2008; Rujopakarn et al. 2011a), such that
when local infrared SEDs are used to extrapolate the
obeerved 24 pm emission of z ~ 2 galaxies, Lig will be
overpredicied by factors of 5-10. This is commonly re-
ferred to as the mid-TR excess and has been confirmed by
recent Herschel rosults (Elbez et al. 2010; Nordon et al.
2010). We nvoid this bias by using a new preseription for
Lir. based on the local IR SED templates from Ricke et
al. (2009}, adapted to = ~ 2 by accounting for the chang-
ing physical conditions of higher redshift star-forming re-
glons (Rujopakarn et al. 2011b). This prescription has a
systematic uncertainty of 0.1 dex.

Star formation from nebulor emission lines.

The luminosity of the He recombination line is directly
coupled to the incident number of Lyman continuum
photons produced by young stars, and hence is propor-
tional to the SFR. Star formation rates derived from dust
corrected Flo emission are generally seen as robust and
often used as a comparison and/or calibrator for other
indicators (e.g. Gilbank et al. 2010, Reddy et al. 2010).
When the Ho line is redshifted out of the optical win-
dow, the [0 11] A3727 emission line is commanly used as
an indicator of star formation. The luminosity of forbid-
den lines is not directly coupled to the number of lonizing
photans, since the excitatlon depends on the abundance
and jcnization state of the gas. Gilbank et al. (2010)
derived a correction for these effects by
Ech;bratmg [O 11} SFRs against dust-corrected Ho SFRa

ly.

We use the convarsions from Ly, and Lip 1y to SFR
from Kennicutt (1998)7. The reddening of the nebular
gns E(B - V), as derived in §3.3 is used to correct for
extinction. For (O ], we also present values of the cor-
rected (O T} SFR following Gilbank et al. (2010)%. The
size of this correction s relatively small over the mass
range of the galaxies,

4. RESULTS

4.1. Physical conditions from rest-frame optical
spectroscopy

Analysis of the nebular emission lines from rest-frame
optical spectroscopy may allow constraints to he placed
on extinction, redshift, velocity width, electron density,
ionization parameter and metallicity of galaxies, The
results for SGASI527 and SGAS1226 from the spectra
presented in §2.2 are summarized below.

s Ertinction
We detect two Balmer lines for SGAS1527, Her and
HE, in two diffarent filters. Unfortunately, because
the N7 observation lacks a contemporary telluric
standard, we do not trust the relative fluxing be-
tween He and HS to measure the reddening. H~
is not covered, and H§ is lost to & skyline. For

T Kennlcutt (1908) uses the Salpeter IMF, we convert to the
Chabeler IMF with SFRgyp = 1.7 SFRopab-

8 Gilbank et al. (2010) use the Kroupa IMF, we comvert to the
Chabirior IMF with SFRCuan = 0.88 SPRK roupa-

7

SGAS1226 we detect only one Balmer line, H3. Hy
and Hé were covered by the Nirspec-5b filter, but
the lines were not detected. Ha is not accessible
from the ground. Thus, we are not able to reli-
ablv measure an extinction from the Balmer lines
for either galaxy.

Redshifi

We fit the mebular redshift of SGAS1527 using
the following emission lines: [Ne TLI] A3869, HS,
[O III] A4959,5007 and Ho. The derived red-
shift ls z = 2.76105 £+ 0.0002. The nebular red-
shift of SGAS1226 i5 derived from the emission
lines of HE and [O 1] A4950,5007 and yields
z = 20257 + 0.0004. Both redshifis are slightly
higher than those reported in Koester ot al. (2010),
which were based on absorption features. The pres-
ence of galaxy outflows of ~ 200 km/s rest-frame
can explain these offsets. The emission line red-
shifts measured here should serve as the systemic
redshifts, since one expects the H 11 regions to be
at rest with respect to the stars.

Velocity Width
We measure velocity widths of bright lines, and
compare them to the Instrumental resolution as
measured from Argon lamp exposures (see Righy
et al. (2011) for more details). Fits to the
O IT1] A4959,5007 and He lines of SGAS1527 result
ag=47+ 4 kms~'. For SGAS1226, o = 100+
s~ is derived from the [0 III] A4959,5007
liny HA and the [O II) A3727 doublet do not
inform this analysis, since HB ia too weak for a
useful measurement of its linewidih, and since the
|0 I1) A3727 doublet Is not sufficiently resolved for
a non-degenerate fit. These values are consistent
with the broad range of o ~ 40 —200 km s~* found
at £~ 2 —3 (Erb et al. 2006b).

T

=
by

Electron density

Righy et al (2011) derived an elsctron density
from a two-component fit to the flux ratio of the
[O 1| A3727 doublet of RCSGAD327. We have at-
tempted this same procedure for SGAS1527 and
SGAS1226, but the lower siznal-to-noise of the
spectra leads to ambiguous fitting results. In
SGASB1527, the line profile appears to have two
components, but fitting it as such returns unphysi-
cally narrow linewidths - half the instrumental res-
olution at this wavelength. The source of the prob-
lem may be the sky line that falls on the bluer
line of the doublet, As a resuit, we cannot si-
multaneously determine both the doublet ratio and
the velocity dispersion o in the [O IT] A3727 dou-
blet. Instead, we vary o within the range permit-
ted by the fit to the [O ITI) A4959,5007 lines, At-
ting a doublet ratio each value. This results
in & fux ratio [{3727/3729) = 1.03 +0.2. Using
the TRAF task stadas.analysis. nebular temden, our
measurement corresponds to an electron density
ne = 4005250 cm=? at T, = 10* K. Following a
similar procedure for SGAS1226, we find & flux ra-
tio of ((3727/3720) = 0.59 + 0.1, This corresponds
to the low-density limit for T, = 10 K.



R’civ{.utll (2011) found a tight constraimt ol m, =
m*' =¥ (at T, = 10* K) for RCSGA0327.

mh-ﬂntsfrnmthulimstmfm
mcmmcmkllwnbnmdlmm
[mmhﬂitmll]hm]u;wﬂl
range of n, = 600 — 5000 cm™3, with large uncer-
tainties for individual measurements. Thess con-
strainis are remarkably higher than the low elec-
tron densities found for RCSGAD327, SGAS1527
and SCASI226, which lie closer to the typical den-
sities of local H I1 regions, n, ~ 100cm™? (eg
Zaritsky et al. 1994).

The inverse relation between electron density and
size of the H [ regions found locally (Kim &
Koo 2001) that local H IT regions with
g ~ 100cm™* should have diamoters of ~ 8pe.
If this relation holds at £ ~ 2, n, ~ 300cm™? ns
measured on average for RCSGAD327, SGAS1527
MSUASIHEMNMM“W
of ~ 3pe, while ng ~ 1000cm™=* as an average for
the Clone, the Cosmic Horseshoe and JOOO0+2234
implies H 11 regions as small as 1 pc. However, the
uncertainiies on the electron density measurements
of these latter sources aro ; rost-frame optical
apectra of similar quality o what we present in this
paper and have published for RCSGA0327 (Righy
et al. 2011) is needed for a larger sample of indi-
vidual star-forming galaxies at z ~ 2.

s lonization parameler
Figure 1 of Kewley & Dopita (2002) iliustrates the
wnfﬂuﬂuuﬁhd[ﬂﬂl}hmw[ﬂﬂ}lﬂm
a8 a diagnostic of the jonization
ing an axygen abundance of 20-40% solar (on the
Asplund system), Equation 12 of Kﬂlurlr.boﬁ
(2002) ¥ yields an ionization of logl =
=29 w0 =27 for SGASI527 and logll = -28
to —2.0 Jor 8GAS1226. This assumes no extine-
tion; an extinction correction lowers the inferred
log U. These results increase the number of lensed
galaxies for which this diagnostic is measured from
to six. Mmtndlnmgluui{ﬂll}
all have very similar jonization
as

free abundance indicator. Unfortunately, thetnd
shift of SGASI226 is too high for these lines 1o be
visible in the pear-IR windows. The lines are cov-
ered in SGAS1527, though [N II] is not detected,
limiting us to an upper Umit on the oxygen abun-
dence. We simultancously fit Ha and the two [N IT

" Kewley & Dopi he abundances from Anders &
Grevesss {1 988); ﬂminmmﬂﬂll (2006),

that is allowed to vary within the range
above. The 30 upper limit is log ({N TI} A6583/Ha)
< ~0.65, which io an oxygen abun-
dance of 12 + log(O/H) < 8.5 and a metallicity of
< T0% of solar on the Asplund et al. (2009) scale.
The lo upper limit on the axygen abundance is

solar.
The Ne302 index, the ratio of AJBGO to
Dﬂlﬂﬂ?l:ﬂhﬂﬂ free

4.2. Stellar population parameiers
The steliar populations of the lensed galaxies are con-
strained by the rest-frame UV to near-IR spectral energy
distributions. Figure 5 shows the best-fit SEDs for the
are and counter-image of RCSGAN327, cB5A, SGAS1527
and SGAS1226 at rest-frame wavelengths, We have In-
vestigated whether the small discrepancy betwoen the
and the best-fit SED model that can be seen
for RCSGA0327, cB58 and SGAS1226 around the 4000A
break can be significantly reduced by allowing exponen-
tially declining SFHs. We find that this ls not the case
for ¢cB58 and SGASI226. For these galaxies the discrop-
ancy is due to & tension between our minimum age con-
straint of 7T0Myr (well motivated in §3.2) and the lack
of a significant 4000A break in the observed photometry.
For RCSGAD327, SED models with an e-folding time of
r=1ﬂ—50!ﬂrprwideumpmudlntnlhnph;mmtry
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Rest-frama wavelength [um]

Fia. 5.— Best fit steilar distributions for the are (fop)
and coanter-image (bottom) of AO32T, A58, SGASL62T and
SCAS1226 derived from age-restricted C3F models. The dashed
Wnlin-uhwthnlmmwdﬁ?ﬂﬂuﬁrbmhﬂammd

counter-image of RCSGAQ32T when using an exponentially declin-
ing SFH with time r=10-60 Myr. Photomstry datapoints
are overplotted with 1o errorbars.

on the lensing magnification. Based on WFC3/HST
images, Sharon et al. (2011) (in preparation} report &
magnification factor of 3.040.2 for the counter-image of
RCSGA0327 and an average magnification of 25.1+3.2
across the glant arc. Koester et al. {2010) report mag-
nification limits of < 15 for SGAS1527 and > 40 for
SGAS1226. cB58 is magnified by & factor of 30, with an
estimated uncertainty of 30% (Seitz et al. 1998). The
magniication uncertainties are included in the reported
uncertainties for the steliar mass and SFR.

The stellar populations of all four lensed galaxies are
remarkably similar and can be characterized on average
with an age ~ 110 My, reddening E(B — V), ~ 017,
SFR ~ 65Mg yr~! and stellar mass ~ 5.5 x 107 Mg.
Compared to representative samples of [['V-selected star-
forming galaxies at z ~ 2—3 (Shapley et al. 2001; Erb et
al. 2006b; Mannucei et al. 2009; Reddy et al. 2010}, these
lensed galaxies represent young, starbursting systems
with low stellar masses, they have only re-
cently begun building their stellar population. The same
conclusion is reached from & comparison of the UV lumi-
nosity and stellar mass to the characteristic lominosity
and stellar mass of comparabie galaxies atl z ~ 2-3. Us-
ing the characteristic luminosity from Oesch et al. (2010)
at = 1.65—2.0 for a comparison to RCSGA0327 and the
results from Reddy & Steidel (2009) at z = 2.7 —~ 3.4 for
a comparison to cB38, SGAS1527 and SGAS1IZ26, we
find an average brightness of ~ 2.6 L,. The stellar mass
of the sample lies at ~ 0.08 M3,., when comparing Lo
the characteristic stellar mass found by Marchesini et al.
(2009) at z ~ 2~ 3.

‘We now revisit the issue raised in §3.4 of how reliahly
one can estimate the dust extinction E{B - V), from
the UV spectral slope alone. This is relevant for galaies
at z > 1, where the photometric and spectroscopic data
requirec to fully characterize the galaxy’s stellar popula-
tion through SED fitting becomes hard to obtain. We use

the UV color of the galaxies, derived from the filters that
best match the rest-frame 1600A-2300A window, to mea-
sure the UV spectral slope 8 (fi ~ A?). The
E{B-V), derived from 3 and the relation esiablished by
Meurer ot al. (1998) for local starburst galaxies is consis-
tently & factor of 1.25-2.0 lower than the value reported
by the SED fit. This underestimates the dust-corrected
SFR of the galaxies by factors of 2-3.5.

We investigate the origin of this discrepancy by es
tablishing the relation between § and E(B — V), for
mfrm:hlim CBO7 models. For a range of values
E(B - V), = [0,0.3] we redden each SED mode! with
the Calzetti dust extinction law and measure the UV
spectral slope based on the same fllters available to us
for each of the four gelaxies in the sample (specifically
B and r for RCSGA0327, V and T for ¢cB58, v and z
for SGAS1527 and r and i for SGAS1226). Since 7 de-
pends somehat on the exact wavelength window used,
this results in four slightly different relations between f
and E(B ~ V'), for each SED model. Figure 6 shows the
Meurer relation in red, offset from the E(B — V), values
reported from the SED ft (black datapoints). The rela-
tions between § and E{B — V), for a solar metallicity,
500 Myt old CSF model and a 100 Myr old CSF model
with a metallicity of Zg and 0.4 Z5 are shown in cyan,
blue and green respectively. The 100 Myr, 0.4 Z5, CSF
mode] is representative of the average stellar population
of the galaxies, and can be seen to agree with the best-
fit values for E(B — V), from the SED ft. The lower
metallicity accounts for much of the discrepancy with
the Meurer relation: a 0.4 Z; SED model is intrinsically
iess red than a solar metallicity SED mode! and thus re-
quires a larger dust correction to match the same UV
spectral slope. In general, this highlights the danger of
blindly adopting the Meurer relation to dust-correct the
UV continuum emission of high redshift gulaodes, with-
out additional information on the age and metallicity of
the stellar populations.

0.30
0.25

0.20

-24 -22 —=2.0 -1; ~16 -14 —12 -1.0

FiG. 6.— The relstion batween the UV spectral slope 5 and the
E(E — V)s. The local relaiion established by Meurer st

al. (1999) is shown in red. The biack datapoints

best- (B = V), from the SED fit. The relations we darived for

the SED models are shown in cyan, blue and green, The 100 Myr,

0.4 2z, CSF mode! is representative of the svearage stellar populs-

ton of the gnlaxies and agrees with the results from the 8ED &t.
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Tamm 3. STELLAR FOPULATION PARAMETERS.

sLTCE Apr E(B-V)y log(M.Mgz) SFR
(Myr) Mg yr=t)

RCSCAO0IIT-A 138+13 0.1540.035 9.85340.06 T1+13

ROSGADEZT-C 143443  0.10:0.04 9.76:+0.05 52%15

cBs8 Titls 03540055 2 9.6040.14 BaE2T
SGAS1527 126431 D.153006 >5352+0.04 >TLi18
SGABIZ 8xdl 0204005 <O54E007T <48L15

Tanie 4. EXTINCTION ESTIMATES.
_—— =

source E(B - V), E{B-—VI:“"'"" EB-V)y"
RCEGAOIIT-A  0.15+0.035 0. 20:20.19 0313018
RCSGADNT-C  0.10+0.04 v 0352017
cH5& 0.254-0.065 011+0.10 (0.040.12
SGA31827 0164006 ves 0240, 14
SCAS1226 0.2040.05 0.1520.08

anLmdmm from the SED ft
R-ﬁhl.n;dthmh:’hr“::‘&mmhhnﬂﬂmr

Gﬂmnl:

Reddaning of tha nebular based on the stellar
m—udn-lmllvﬂllh-nknd,{!ﬂ!mm

4.3. Reddening

We report the reddening of the stellar light, E(8-V),
and the reddening of the ionized gas, E(B ~ V), in Ta-
ble 4. These measures of red are lmportant to
reliably correct the SFR indicators for dust extinetion.
E(B - V), is taken from the SED fit, E(B - V), is es-
timated the stellar mass following the local G10
relation (Glilbank et al. 2010, see §3.3). For the giant arc
of RCEGAODJ2T and for ¢B58, a moasurement of the gas
reddening can also be made from the Balmer decrement
(Rigby et al. 2011; Teplitz et al. 2000) and the indepen-

4.4. Star Formation Rates

We heve outlined 4 different SFR indicators in §3.4
based on the SED fit, the total bolometric luminosity
and the Ha and [O II] A3727 emission lines. The SFR
result, from the SED fit is reported in §4.2, after belng
porrected for the lensing magnification (25.1 £ 3.2 for
RCSGA(327-A, 3.0 £ 0.2 for RCSGA0327-C, 30 £ 0 for
cB58, < 15 for SGAS152T and > 40 for SGAS1226). We
summarize the de-lensed UV and IR luminosities of the

galaxies (correcied using the same magnification factors)
in Table 5 and use Equation 1 to derive the SFR from
the bolometric luminosity.

The emission line luminosities of SGAS1527 and
SGAS1226 are derived from the observed fluxes reported
in Table 2. As can be spen in F 1, the NIRSPEC slit
covers the whole source for jes, 80 we can use
the total magnifications of < 15 for SGAS1627 and > 40
for SGAS1226 to calculate the de-lensed luminosities,
without additional aperture corrections. Since no mea-
surement of Ha exists for either pource (we don't trust
the fluxing of SGAS152T due to a time delay with the ob-
servation of the telluric star and for SGAS1226 Ha falls
outside the observable window due to its redshift
we use HF and the extinction E(H - V),
thunldhrmmfoﬂmmgthlﬂlﬂmlmim (see § 4.3) to
estimate Lyr,. For cBSS, the Ha and (O 11] A3727 lumi-
nosities published by Teplitz et al. (2000) are used and
corrected for a total magnification of 30 £ 9, For RC-
SGAD327, we use the emission line measurements from
Righy et al. (2011). Sharon et al. (2011, in preparation)
ification of 42.2 & 5.5 for the

Balmer decrement to estimate Ly,. For all galaxies, de-
lensed Hee and [O 1] A3727 luminosities are summarized
in Table 5 and the resulting SFRs are dust-corrocted us-
ing the Calzetti extinction law and E(B—V), from § 4.3.

Thndlﬁurml:ﬂi‘]lindhtmmm in Table 6

that the counter-image is o more or less uniformly mag-
nified image of the source plane galaxy. The giani arc
on the other hand consists of threo merged images of the
source galaxy and depending on the location with re-
spect to the lensing caustic, different regions within the

trnmpiull}fhmhteaimnlmmd]nﬁmufthl
galaxy in the source plane, which consists of o few highly
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TabLE &, DE-LENSED LUMINOSITIES,

soures Lasoa Lim Lia Lio 1
0¥ erg s~ 10%ergs=? 10Megs™! 10¥erga—
RCSCADIZT-A 4.3:+0.6 B.A1-3.9 5441.4* 334040
RCSGADIIT-C §.140.5 24+1.3 —rs sas
cBSB 2.14-0.7 49432 264080 2 640.80
BCASI5IT 03404 ~37T41LT >uMiEd 48400
SQAS1226 <2001 <11:048 <17203

*Righy ot al. (2011) - corrected for &n avernge magnific
luminosities are derived from the area of the giant arc targeted for

source plane (Sharon et &l. 2011, in preparation), and are not valid

Y Topiita st al. (2000)

mud’ﬂ‘z:kh-ﬂuulwlﬂdh}rﬂmmﬂu (@011, tnprﬂpint:on:- These

W h'uulal-mt-un.

small region of the galaxy in the

“SGAS152T was not detected at 24 um, Lhe reported luminoalty repregents a 3 upper limit, corrected for a lower limit on the magnification

of <15

“He 1= derived from HA and the Balmer decrement &5 derivod from the stellar mass through the G10 relstion (Gilbank et al. 2010}

TaBLE 6. STan FORMATION RATES.

BOALTDE H.F'ﬂgl:u SF.Ru"H‘Tj'R SFR". -SF.H[G I-'J HFREED—.S'MG'
ROSCADR2T-A L1l 3Tz0 44417 48221 37468
RCSGA0327-C 6215 2744 ‘ea es 307
cH&8 Bad27 P e L4 0+14 38+14
SGAS162T >TI4£16 ~31+£4% >112470 >66429 3044
SCAS1226 <48+ 15 <T343 <M LB 18452

*Thess SFRa are derived from the srea of the giant arc targeted for

which tramslates into a smail mgion of the galaxy in

m
the pource plans (Sharon et &l 2011, in preparation), and are not valid for the whole galaxy.
bsgAg1527 mmtdﬂmduMpm the reported luminoaity represents & 3o npper limit, corrected for a lower limit on the oiagnification

of < 15

magnified individual star-forming complexes. The SFRs
measured for this area from the Ha and [O 1I] A3727
emissicn lines are not valid for the whole galaxy and we
do not include them in our overall comparison of SFR in-
dicators. A fature paper will constrain the Ha luminosity
of the source galaxy from rest-frame optical spectroscopy
aof the counter-image.

T ]
?:;{ %*,

Fig, 7.— Comparison of SFR indicators
mﬂtuhmmﬂmﬁtﬂlﬂmhwﬂm“
Gilbark et al. (2010}, The SFR derived from the SED lif.hmrmn

larger than the other indicators, which suggests that the Calzotii
extinction |aw overpredicts the dust correction for the IV [uminoes-
ity, Tho results from an SED fit with the stesper BMO extinetion
law are shown as gray circles.

Figura T shows & general trend where the BFR derived
from the SED fit is overall larger than the other indica-
tors (except for SGAS1527). This suggests that the SED
fit, and thus the dust-corrected UV continuum emission,
overpredicts the star formation rate. A similar result was
found for young LBGs (age < 100 Myr) at £ ~ 2 (Reddy
et al. 2010}, and for cB58 and the Cosmic Eye (Siana el
al. 2009). These authors have suggested that the Calzetti
extinction law ia not & good representation of the dust
pgeometry in young LBGs at z ~ 2 and will significantly
overpredict the dust extinction.

The infiuence of the shape of the extinction law on the
dust extinction is commonly illustrated with the Meurer-
plot (Meurer et al. 1999), plotting the UV speciral slope
Bfs ~ Ja'ﬂ:l versus the ratlo of IR to UV luminosity,
which serves as a parametrization of the dust extinc-
tion®!. On this plot, a steeper extinction law results in
comparatively more absorption of photons at blue wave-
lenghts and thus a redder UV apectral slope 8 for the
same extinction. For local starbursts, plotted as little
black crosses in Figure 8, the Calzetti extinction law is
the best it (Meurer ot al. 1999). Reddy et al. (2010)
have shown at z ~ 2, the Calzetti law remains valid
for star-forming galaxies with ages > 100 Myr. Howewver,
the younger LBGs n their sample, as well as cB58 and
the Cosmic Eye, ali tend to lie below the Calzetti curve,
showing less extinction than would be derived from the
UV spectral slope. For these sources, the steeper extine-

11 Meurer et al. (1999) define this relation for Ly, g, integrated

from 40 to 120 pm, where Lrg = 1.T3 % Lgygp based on the cali-
bration by Calsettl et al. (2000).
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tion lew derived for the Small Magellanic Cloud (SMC,
Prevot et al. 1984) seems (o be a better fit, We can add
datepoints for the arc and counter-image of RC3IGA0327,
for SGAS1527 and for our re-analysis of cB58 to this plot.
Due to the relatively blue spectral slopes of RCSGAQO327
and SGAS1527, these galaxies have limited leverage to
distinguish between the different extinction laws.

25T

Pk o

-0.5 00 05

-25 =20 -15 -L.D

Fic. §.— Dhst attenuation, parsmeterized as the retio betwesn
IR and UV lhominosity, versus rest-fraune UV spectral slope 3. The
meesuriments of local starburst galiotes are plotted s little bilack
crosses. The beet-fil relation corres 1o the Calsotti dust ex-
tinction lew (Meurer et al. 19099), steepar SMC extinction law
I8 also shown. The red detapoints for cB58 and the Cosmic Eye ars
taken from Siana et al. (2008) and Siana ot al. (2009) respectively.
Tb-mhhulyhim-uenuulﬂw-ﬂﬂ(ﬁﬂ.ﬁﬂﬂ?mdﬂﬁhﬁim
have limitsd leverage to distinguish betwoon the differant extine
tion laws,

We lLave repeated the SED fitting with the steeper
SMC ectinction law, With the exception of cB58, the
best-fit SED can not be distinguished from the result
obtained with the Caleetti law in terms of the redueed
x> of the fit. The improved fit for cB38 was also reported
by Siara et al. (2008). The derived SFRs are lower by
a factor of 1.3-2 compared to the Calzetti extinction law
and therefore in closer general agreement to the other
SFR indicators (gray circles in Figure 7). With the SMC
law, the stollar mass is consistent with previous results,
but the best-fit ages are higher by a factor of ~ 2 and
there is no sub-population of very young extreme star-
bursts, which makes the age restriction to older than
T0 Myr unnecessary.

5. SUMMARY

This paper presents a uniform analysis of rest-frame
UV to near-IR spectral energy distributions and rest-
frame optical spectra for a sample of four of the bright-
eat lensed galaxies at z ~ 2. Given the limitations of
current facilities, such extensive data collection and de-
tailed analysis of stellar populations and physical condi-
tions would not be possible for individual galaxies at this
redshift without the magnification induced by gravita-
tional levging. SED fits to the rest-frame UV to near-IR
photometry result in very uniform stellar population pa-

rameters across the sample, which we can characterize as
young, bright, starbursting systems with little dust con-
tent and low stellar masses. We derive a strict limit on
the presence of an older stellar population. Restricting
the age of the stellar population to be larger than the
dynamical timescale of 70 Myr during the SED fitting
is necessary to avoid extreme young starburst models
and to obtain metallicities consistent with those found
from the rest-frame optical 8 . When the lo-
cal Meurer relation (Meurer et al. 1999) is used (o es-
timate the dust correction from the UV spoctral alope,
E{B-V), is underestimated by factors of 1.25-2, leading
to underestimates of the dusi-correcied UV continunm
SFR by factors of 2-3.5. This is largely due to the lower
metallicity (0.4 Zg) of the galaxies. This result cautions
the use of the Meurer relation without further charac-
terization of & galaxy's stellar population and motivates
efforts to measure metallicities for larger samples of both
lensed and field galaxies at z ~ 2,

We present SFR estimates based on the SED fit,
the UV+IR bolometric luminosity and the Ha and
[O 11} A3727 emission lines. The SED fit with the default
Calzetti extinction law reports a SFR estimate that is
congistently higher than the other indicators, Similar re-
sults were found for ¢B58 and the Cosmic Eye (Siana et
al. 2009). This suggests that the Calzetti extinction law
is too flat for young ster-forming galaxies at z ~ 2 and
therefore overpredicts the dust exlinetion. In the diag-
nostic Meurer plot, the gelaxies' spectral slopes are un-
fortunately too blue to differentiate between the Calzetti
law and the steeper SMC extinetion law, SED fitting
with the SMC law returns SFRs lower by a factor of 1.3-
2, bringing this method into general agreement with the
pther SFR indicators, within the 1o uncertainties. These
results are a first attempt to compare the common SFRU
indicators in detail for individual galaxies at z ~ 2; the
comparison would clearly benefit from a larger sample of
galaxies,

We thank the referce for useful comments and sugges-
tions that helped improve the quality and presentation
of the paper. We are grateful to Vithal Tilvi and James
Rhoads for additional observations of SGAS1527 with
NIRSPEC. We thank Wiphu Rujopakarn and George
Rieke for sharing their new conversions between 24 um
emission and IR luminosity for high redshift galasies
in advance of publication. We thank Brian Siana for
helpful discussions. EW acknowledges support from
the Carnegie-Brinson Predoctoral Fellowship. Data pre-
sented in this paper were partly obtained at the W.M.
Keck Observatory from telescope time allocated to the
Nationa! Aeronautics and Space Administration through
the scientific partnership with the California Institute of
Technology and the University of California. The Ob-
servatory was made possible by the generous Anancial
support of the W.AL Keck Foundation. We acknowledge
the very significant cultural role and reverence that the
summit of Mauna Kea has always had within the indige
nous Haweilan community,. We are most fortunate to
have the opportunity to conduct observations from this
mountain.

REFERENCES

Adelberger, K. L, Steidal, C. C., Shapley, A, E., Humt, M. ., Erb,
D. K., Recdy, N. A. & Pettini, M, 2004, ApJ, 607, 236

Allam, S. 8., Tuckar, D, L., Lin, 4., Dichl, H. T., Annis, J., Bucklay-
Goer, E. J., & Frieman, J. A. 2007, ApJ, 662, L51



HREHEN ST R I
L i A e uwmmmammwmm w i I
fa Lif g dqiitiakg gl :
i WW r - iged umm .m ; < mw g m “mwm“ i wmw
J5r mwmmm id e 00 B | B daes ey et
I Sfess] i il sl @ ety Gy Rl
wu%ﬁﬁ Eﬁﬁmﬁmmﬁﬁuﬁ?mmmwm
il i hmmMMwmwimw umwmumWWJm i &imWMﬁﬂMmmN“mw w e
Do gegnens 453007 2isnaadaniigtdigs xwmm g alm - M
i1 mmﬁ%ﬁﬁﬁtwrﬁmwmﬁmwamwm

A. 1., & Scott, P. 2009, Muourer, G. R-, Heckman,

g2 19t 33 I{§f fiff & 4
HESt SE LTI BT
HERE N R
HYERH d it g ihan i oo
@ 32 29 [Pqd 2098 S d, g mﬁ.mn.m@wwmm § gedlisn mmmmm
mmm--MMMMw&wmn - m mﬂmmnmmm%mm ge:
£, MMHWHMMMNM1mw i m“mmNWMijm i *immx Yt mmhmprmjmmjmm

e e Ty R RLE 2 Gonoagaidd SRl i
[ ittt s s ieidRE Rty
S . nﬂ“hmmumgzm 24 il hu,nh,uhpcwn
R mm m wm bzl e



