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ABSTRACT

We directly detect dust emission in an optically-detected, multiply-imaged galaxy lensed by the Fron-
tier Fields cluster MACSJ0717.5+3745. We detect two images of the same galaxy at 1.1 mm with
the AzTEC camera on the Large Millimeter Telescope leaving no ambiguity in the counterpart iden-
tification. This galaxy, MACS0717_Az9, is at z > 4 and the strong lensing model (u = 7.5) allows
us to calculate an intrinsic IR luminosity of 9.7 x 101°Ls and an obscured star formation rate of
14.6 £ 4.5Mg /yr. The unobscured star formation rate from the UV is only 4.1 £ 0.3 Mg /yr which
means the total star formation rate (18.7 £ 4.5 Mg /yr) is dominated (75-80%) by the obscured com-
ponent. With an intrinsic stellar mass of only 6.9 x 10° M, MACS0717_Az9 is one of only a handful
of z > 4 galaxies at these lower masses that is detected in dust emission. This galaxy lies close to
the estimated star formation sequence at this epoch. However, it does not lie on the dust obscuration
relation (IRX-/3) for local starburst galaxies and is instead consistent with the Small Magellanic Cloud
(SMC) attenuation law. This remarkable lower mass galaxy showing signs of both low metallicity and
high dust content may challenge our picture of dust production in the early Universe.

Keywords: galaxies: evolution — galaxies: high-redshift — galaxies: star formation — infrared:

galaxies — gravitational lensing: strong — ISM: dust, extinction

1. INTRODUCTION star formation from the present day back to z ~ 8
(Madau & Dickinson 2014). However, the roughly
equal brightness of the cosmic infrared and optical back-
grounds informs us that half the light from the forma-

Over the past 20 years, surveys at rest-frame UV
wavelengths have mapped out the history of unobscured
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tion and evolution of galaxies is obscured by dust (La-
gache et al. 2005). Surveys with the Spitzer Space Tele-
scope and the Herschel Space Observatory showed that
the contribution from infrared-luminous galaxies to the
star formation rate density increases dramatically from
z = 0-2 (e.g. Caputi et al. 2007; Murphy et al. 2011a;
Magnelli et al. 2013). Beyond z ~ 3, our census of the
dust-obscured, and hence total, star formation activity
is severely incomplete.

Until recently, surveys of dust-obscured activity at
z > 3 detected only the bright ultra-luminous infrared
galaxies (ULIRGs, Lir > 10'2Ly, Casey et al. 2014).
While ULIRGs are prevalent at high redshift and many
are not extreme starbursts like their local counterparts,
they are not responsible for creating the bulk of the stars
in the Universe (Lagache et al. 2005). At z ~ 2, much of
the cosmic star formation activity is occurring in galax-
ies with Lig < 10'2L (Murphy et al. 2011a; Magnelli et
al. 2013). While these normal’ galaxies can be selected
at UV wavelengths, we have yet to directly detect most
of their star formation activity as it is obscured by dust.
The UV slope can provide an estimate of the dust extinc-
tion in the local Universe (Meurer et al. 1999); however,
this correction is uncertain at high redshift where star
formation is clumpy (Guo et al. 2015) and gas and dust
are more widely distributed across the galaxy (e.g. Ivi-
son et al. 2011).

With its exceptional sensitivity, ALMA can directly
detect dust in normal galaxies out to and beyond z ~ 3.
In ALMA Cycles 0-2, several programs have pushed be-
low the ULIRG limit, detecting dust in half a dozen
UV-selected galaxies from 2z = 4-7.5 (e.g. Capak et
al. 2015; Watson et al. 2015; Willott et al. 2015; Dunlop
et al. 2017). These studies show mixed results with some
sources having significant dust emission while others re-
main undetected (e.g. Schaerer et al. 2015; Bouwens et
al. 2016).

A complementary facility for directly detecting dust
in z > 4 galaxies is the Large Millimeter Telescope Al-
fonso Serrano (LMT, Hughes et al. 2010). With a large
aperture and fast mapping capability, the AzZTEC cam-
era (Wilson et al. 2008) on the 32m LMT can survey
dust in galaxies down to Lig ~ 6 x 10! L, regardless of
redshift due to the negative K-correction. Gravitational
lensing can be used to push even deeper. In this paper,
we present the direct detection of dust in a multiply-
imaged normal galaxy at z > 4 with AzZTEC on LMT.

Throughout this paper we assume a cosmology with

I We use “normal” to refer to typical star-forming galaxies for
their epoch; on the star formation sequence (Noeske et al. 2007),
and/or with stellar masses near the knee of the stellar mass func-
tion (Muzzin et al. 2013).

Hy = 70kms ' Mpc™!, Qu = 0.3, and Q5 = 0.7.

2. DATA
2.1. Frontier Fields Program

The Frontier Fields (FFs) program” started as a large
Hubble Space Telescope (HST) survey of low redshift
clusters in order to identify and study high redshift
background galaxies that are gravitationally lensed. In
this paper, we use the 13-band HST data, the Spitzer-
IRAC imaging from 3.6 to 8 micron, and K-band imag-
ing from Keck-MOSFIRE (program N0O97M and N135M,
PI: Marchesini, Brammer et al. 2016). The HST data
include the F435W, F606W, F814W, F105W, F125W,
F140W, and F160W images from the FF program;
the FA75W, F625W, F775W, and F850LP images from
CLASH (Postman et al. 2012); and the F275W and
F336W images from the program GO-13389 (PI: Siana).
The v2.1 UV-to-IRAC multi-wavelength photometric
catalog used in this paper was constructed following
Skelton et al. (2014). The final catalog construction
accounting for the intra-cluster light and contamination
from brightest cluster galaxies will be described in Ship-
ley et al. (2017).

Since our target is a multiply-imaged, strongly-lensed
galaxy, interpretation of its intrinsic properties will de-
pend on the lensing model. STScl has released magni-
fication maps as a function of background galaxy red-
shift for all FF clusters calculated from several indepen-
dent lensing models®. In this paper, we use the updated
lensing models from Limousin et al. (2016) and Diego
et al. (2015), and we verified that our results are ro-
bust with other lensing models from STScI (Johnson et
al. 2014; Zitrin et al. 2015). We present our results for
two different lensing models to give a sense of how the
parameters we are interested in (stellar mass, star for-
mation rate, UV slope) change under different lensing
models.

2.2. New AzTEC/LMT observations

In November and December 2014, we imaged the FF
cluster MACSJ0717.54-3745 with AzTEC during early
science with the LMT. During early science operations,
we are using the inner 32m of the eventual 50m aper-
ture’. AzTEC is a 1.1 mm bolometer array camera, with
a beam size of 8.5 arcsec (FWHM) on the 32m LMT.
Data were taken in good weather conditions (ma25¢H, =
0.05-0.12). The on-source integration time was 21.1
hours. Our map covers 25 sq. arcmin field reaching a

2 http://www.stsci.edu/hst/campaigns/frontier-fields/
3 https://archive.stsci.edu/prepds/frontier/lensmodels/
4 The LMT is transitioning to a 50m telescope in 2017.
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Figure 1. HST F160W image towards MACSJ0717 with AzTEC/LMT contours (3 and 3.50) in red. Our AzTEC map covers
a wider region than shown here. The 30 detection in the top left is unrelated to the multiply-imaged galaxy. We show the two
multiply-imaged systems: 5.1/5.2/5.3 at z > 4 (blue circles) and 12.1/12.2/12.3 at z = 1.71 (green squares). The right panel
shows a zoom-in of the millimeter detection MACS0717_Az9, which is at the bottom right of the left panel. The size of the

image is roughly equal to the FWHM of the beam.

mean RMS of 0.24 mJy (central RMS is 0.19 mJy).

The calibration and analysis of the AzTEC data fol-
low the procedure described in Wilson et al. (2008)
and Scott et al. (2008). The results on the number
counts and source properties from the full LMT FF
program”® will be presented in future papers. Here
we focus on a unique and rare source detected in our
AzTEC map (MACS0717_Az9), which is coincident with
an optically-detected, multiply-imaged lensed galaxy
(known as 5.1/5.2/5.3, Zitrin et al. 2009). This is the
only strongly-lensed, multiply-imaged system detected
in our AzTEC survey. Figure 1 left shows AzTEC con-
tours on the HST F160W image; two optical images (la-
belled 5.2 and 5.1) of the known multiply-imaged system
are detected with AzTEC (3.7 and 3.30 respectively). In
Section 3.1, we demonstrate that at least half the mil-
limeter flux detected by AzTEC must be associate with
this system. A third > 30 AzTEC detection is visible
in the top-left corner of Figure 1 left, but it is unassoci-
ated with the multiply-imaged system that is the focus
of this paper.

2.3. Robustness of millimeter detections

In order to test the robustness of MACS0717_Az9 both
as a millimeter source and as the counterpart to the
z > 4 multiply-imaged galaxy, we perform several simu-
lations. We stress that since we have prior information
on the positions of a known multiply-imaged galaxy, we

5 http://people.umass.edu/apopel /FF/

have more confidence in lower signal-to-noise detections.

First we determine the chance that our millimeter
detections (3.7 and 3.30) of the multiple-images 5.2
and 5.1 are spurious. We perform source extraction
on 3000 noise maps. As with our original source list,
we limit source extraction to regions of the map with
noise < 0.4mJy. We detect an average of 1 and 4 ran-
dom > 3.70 and > 3.30 sources respectively in the noise
maps. However, the sources we are interested in are not
at random positions and specifically we detect two com-
ponents of a previously known multiply-imaged system.
With this prior information, we find the chance of ran-
domly detecting a > 3.7¢0 source within 1 AzZTEC beam
of 5.2 and a > 30 source within 1 AzZTEC beam of 5.1
is < 0.03%. We find the same answer if we vary the
position of 5.2 and 5.1 on the map but conserve their
relative separation. Therefore, the probability that our
millimeter detection of this multiply-imaged system (5.1
and 5.2) is a spurious detection is negligible.

Second, we test the chance that we should detect a
multiply-imaged source given the known lensing mod-
els and a model for a background population of mil-
limeter sources. We develop 500 simulated maps using
the empirical galaxy evolution model of Bethermin et
al. (2012) for the input background millimeter galaxies
and the lensing models of MACSJ0717 from the CATS
group (Limousin et al. 2016). Here we report results us-
ing the cored mass model, and verified that there are no
measurable difference with the non-cored mass model.
We randomly populate simulated maps with millimeter
sources down to intrinsic (e.g. non-lensed) 1.1mm fluxes
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of > 0.01 mJy. Redshifts are assigned to each millimeter
source from the Bethermin et al. (2012) model. Then we
run the background population through the cluster using
the mass model in LENSTOOL (Kneib et al. 1996; Jullo
et al. 2007) to find the observed population of millime-
ter sources and ask how often the millimeter sources are
multiply-imaged. With no observed flux limit, multiple-
image systems are found in all (99.4%) of our simulated
maps, with an average of 6-7 systems per map. When we
impose an observed flux limit of 0.7mJy (i.e. > 3.50),
we find that 30% of these multiple systems have at least
one image detectable in our simulated maps. Coupled
with our estimated completeness limit of 50% at this low
flux level (Montana et al. in prep.), our simulations pre-
dict that we will detect 1 multiply-imaged system in our
AzTEC map of MACS0717. Besides MACS0717_Az9,
there are no other known multiply-imaged sources in
MACS0717 (using catalogs of known multiply-imaged
systems, e.g Limousin et al. 2016) that are individu-
ally detected in our AzTEC maps. We take the full list
of multiply-imaged sources including their magnification
values and we stack the intrinsic millimeter flux for each
multiply-imaged source. We do not find that any other
systems are detected even when averaging the individual
components in this way. Furthermore, none of the other
AzTEC detections are in regions of strong magnification.
Therefore, our simulations predict that we should detect
one multiply-imaged systems like MACS0717_Az9.

Finally, we can further test the robustness of this mil-
limeter detection by showing that the millimeter fluxes
that we measure for 5.1, 5.2 and 5.3 are consistent with
each other given their known magnifications (see Sec-
tion 3.1). The results of all three of these simulations
and tests show that we have unambiguously detected
dust emission in this multiply-imaged system.

3. ANALYSIS
3.1. Counterpart of MACS0717_Az9

Before we can discuss the nature of this millime-
ter source, we need to demonstrate that the multiply-
imaged system is the correct optical counterpart. From
our simulations (Montana et al. in prep.), we find a po-
sitional accuracy for this system of 3.1 arcsec with 90%
confidence. Within the search radius of MACS0717_Az9,
we find two multiply-imaged systems (Figure 1 right):
5.2 (z > 4) and 12.2 (z = 1.71). But our AzTEC map
also covers the other multiple images of these systems:
5.1/5.3 and 12.1/12.3 (Figure 1 left). We detect 5.1 in
our AzTEC map at 3.30. Source 5.3 has a lower mag-
nification; as a result, the measured AzTEC flux is only
140 (Table 1). Both 12.1 and 12.3 are undetected in
our AzZTEC map. In this Section, we show that the
counterpart to MACS0717_Az9 must be 5.2.

The magnifications (u) are known for all components
of systems 5 and 12 (Limousin et al. 2016; Diego et
al. 2015), and so we test if the observed fluxes of each
component are consistent with the predicted fluxes. Fig-
ure 2 left shows the observed fluxes of all three images of
system 5 as the solid circles. If we assign some fraction
F of the MACS0717_Az9 flux to 5.2 (S5.2,0bs = Sas9*F)
and the remainder of the flux to 12.2, then we can pre-
dict the flux of 5.1 and 5.3 as follows:

S5.1,pred = (55.2,0bs/M5.2) X H5.1 (1)
S5.3,pred = (55.2,0bs/15.2) X 5.3 (2)

where ps.2, ps.1 and ps.3 denote the known magnifica-
tions of 5.2, 5.1 and 5.3. The triangles and squares in
Figure 2 left show the predicted fluxes from two different
lensing models assuming F' = 1, which are remarkably
consistent with the observed fluxes of 5.1 and 5.3. If
instead we perform this calculation assuming the mil-
limeter emission comes from 12.2 (Figure 2 right), we
find that the observed fluxes of 12.1 and 12.3 are incon-
sistent with the expected fluxes under each of the two
lensing models.

Next, we calculate the P-value for all values of F' from
0—1 under the hypothesis that the predicted fluxes equal
the observed fluxes:

S&l,obs - SS.I,pred ~ N(07 Ugl,obs + O-g.l,pred) (3)

2 2
55‘3,01)5 - 55‘3,p1"8d ~ N(O7 05.3,0bs + US.S,pred) (4)

where N is a normal distribution. 5.1 preq and 5.3 prea
include the uncertainties from all quantities in Equa-
tions 1 and 2; the flux measurement of 5.2, the magni-
fication of 5.2 and the magnification of 5.1 and 5.3, re-
spectively. We perform this hypothesis test for 5.1, 5.3,
12.1 and 12.3 and combine the P-values using Fisher’s
method (Fisher 1925). The combined P-value as a func-
tion of F' is plotted in Figure 3. We can reject the null
hypothesis that F' < 0.45 at a significance level of 0.05;
this means that at least half the flux of MACS0717_Az9
must be associated with 5.2. For the analysis in this
paper we assume the most likely scenario: that all
of the flux of MACS0717_Az9 is associated with 5.2
(i.e., F = 1). In Section 4.3, we discuss how our main
results are affected under the conservative assumption
that only half the millimeter flux is associated with 5.2.

3.2. Redshift

The multiple images (5.1, 5.2, 5.3) have independent
redshift estimates from blind photometric redshift cat-
alogs (Figure 4 right, see also Postman et al. 2012) and
from the lensing models (Diego et al. 2015; Limousin et
al. 2016, see also Johnson et al. 2014; Zitrin et al. 2015).
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Figure 2. Demonstration that MACS0717_Az9 is most likely associated with the multiply-imaged galaxy 5.2. (left) Red circles
show the observed 1.1 mm fluxes of the 3 multiply-imaged components; 5.1, 5.2 and 5.3, from our AzTEC maps. The dark blue
triangles and light blue squares show the predicted millimeter fluxes of 5.1 and 5.3 assuming that MACS0717_Az9 is associated
with 5.2 and applying the known lensing magnifications (Table 2) from the Limousin et al. (2016) and Diego et al. (2015) lensing
models, respectively. The error bars on the blue points include the photometric uncertainty and the magnification uncertainty.
(right) Same as the left panel but for the multiply-imaged source 12.1/12.2/12.3 showing the observed fluxes are inconsistent
with the predicted fluxes under these two different lensing models.

Table 1. Observed properties of dust emission in the multiply-imaged system 5.1/5.2/5.3 in MACSJ0717.54+-3745

1D z*  Observed Siimm® Intrinsic Siimm® Lr®
(mJy) (mJy) (10" Lo)
5.1 4.1 0.65+£0.20 0.096 £ 0.033 9.6 £4.2
5.2 (MACS0717_Az9) 4.1 0.73+0.20 0.097 + 0.029 9.7+ 3.9
5.3 4.1 0.29+0.21 0.097 £ 0.067 9.7£72
5 (average) 0.097 £+ 0.026 9.7+ 3.0
5.1 4.3 0.65+£0.20 0.144 + 0.048 14.4+6.2
5.2 (MACS0717_Az9) 4.3 0.73+0.20 0.102 + 0.032 10.2+4.2
5.3 4.3 0.29+0.21 0.112 £ 0.079 11.2+£8.5
5 (average) 0.119 £+ 0.032 11.9+ 3.8

®From the Limousin et al. (2016) non-cored lensing model (z = 4.1) and the Diego et al. (2015) lensing model (z = 4.3). For
corresponding magnifications, see Table 2.

® We measure the 1.1 mm flux at the known optical position of each multiple image to mitigate the effects of flux boosting.

¢ Errors include the uncertainty due to the magnification and the photometric uncertainty.

4 Errors include the uncertainty due to the SED template (27%, Kirkpatrick et al. 2015), the magnification and the photometric
uncertainty.

Table 2 summarizes the redshift estimates for each mul-
tiple image. As described in Section 3.3, fitting the

In this paper, we consider two redshift solutions; 1)
z = 4.140.2 from the non-cored mass model of Limousin

optical spectral energy distribution gives photometric
redshifts of ~ 4.4-4.6. The lensing models agree on a
redshift of z 2 4 for this multiply-imaged source, and
are consistent with the 3¢ limits from the photomet-
ric redshift. Treu et al. (2015) suggest a low redshift
solution of z = 0.928 for image 5.1 based on HST grism
data. However, we do not see any strong features in the
spectrum and this redshift is not compatible with the
mass models of MACSJ0717.5+3745.

et al. (2016), and 2) z = 4.3 from the lens model of Diego
et al. (2015). Table 2 lists the magnifications for each of
these solutions. While a spectroscopic redshift for this
multiply-imaged system will be important for further
studies, the uncertainty in the analysis in this paper is
less affected because of the negative K-correction, which
makes the relation between millimeter flux and luminos-
ity roughly constant between z = 1-6.
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Table 2. Redshift estimates of the multiply-imaged system 5.1/5.2/5.3 in MACSJ0717.543745

ID RA DEC Limousin+16 non-cored lensing model Diego+15 lensing model SED fitting

z magnification® z° magnification® z [lo lower,1lo upper]
5.1 07:17:31.178 +437:44:48.70 4.1£0.2 6.8+1.1 4.3 4.5+ 0.6 4.48 [4.21,4.73]
5.2 07:17:30.698 +37:44:34.12 4.1£0.2 7.5£1.0 4.3 72+1.1 4.64 [4.51,4.78]
5.3 07:17:36.007 +37:46:02.64 4.1 £0.2 3.0£0.3 4.3 2.6+0.4 4.44 [4.24,4.64]

# An additional 10% uncertainty is added in quadrature to account for differential lensing (see Section 3.5).
P Uncertainties on the redshift are not provided for this lensing model.

1'0 T T 1 T T T T

0.8

0.6

P-value

04

0.2

00 1

0.0 0.2 0.4 0.6 0.8 1.0
Fraction of Az9 flux attributed to 5.2

Figure 3. P-value from testing the hypothesis that the ob-
served fluxes of 5.1/5.3 and 12.1/12.3 are consistent with the
predicted fluxes as a function of the fraction of the flux from
MACS0717_Az9 that is attributed to 5.2. The most likely
scenario is that all of the flux from MACS0717_Az9 is as-
sociated with 5.2, and we can rule out the scenario where
< 45% of the millimeter flux is coming from 5.2.

3.3. UV to near-IR properties

Measuring the UV to near-IR photometry for this
multiply-imaged system is complicated since the images
are extended (Figure 1 right) and resolve into separate
entries in our multi-wavelength catalog. We take the
weighted mean of these entries to estimate the total flux
in each band for 5.1, 5.2 and 5.3. Having three lensed im-
ages of the same galaxy provides an independent check
on the photometry.

We fit the de-magnified UV to the near-IR photome-
try using FAST (Kriek et al. 2009) adopting Bruzual &
Charlot (2003) stellar populations (BC03), a Chabrier
(2003) IMF and a delayed exponentially declining SFH
in order to determine the stellar mass. Since we find that
this galaxy lies closer to the SMC dust curve (see Section
4.1), we perform the SED fitting using SMC dust attenu-

ation and sub-solar metallicity (Z = 0.2x Z)°. The dif-
ference in stellar mass between a Chabrier and Kroupa
(2001) IMF is negligible (e.g. Speagle et al. 2014). The
uncertainty in the stellar masses include the photomet-
ric error, the uncertainty in the magnification (includ-
ing an additional 10% for differential lensing, Section
3.5) and the uncertainty in the SED fitting. The stel-
lar masses and their 68% confidence ranges are given in
Table 3. Figure 4 left shows the SED fits for the z = 4.1
lens model; given the large magnification values for each
multiple-image, the de-magnified SEDs show very good
agreement.

We also fit the de-magnified UV to the near-IR pho-
tometry using EAZY (Brammer et al. 2008) to inde-
pendently determine the photometric redshift. In the
right panel of Figure 4, we show the redshift probability
distribution for each multiple image and the average of
the three. While the redshift solutions from the lensing
models are lower, they are consistent within the +3c
limits of the photometric redshifts from the SED fitting.
A spectroscopic redshift for this multiply-imaged source
will help further refine the lensing models.

The rest-frame UV spectral slope (f, where f)
M) is calculated by fitting a power-law to the rest-
frame photometric data between the wavelength range of
1300-3000A. Prior to fitting, the lensing magnification
is removed from the photometric data and we propa-
gate the magnification uncertainty. The UV luminosity,
Ligoo = VlGOOLl,(16OOA), is determined using the fitted
value for 3. Table 3 lists these derived UV properties
corrected for magnification for each multiple image and
the average of all three.

3.4. Star formation rates

Our AzTEC detection at 1.1 mm corresponds to a rest
wavelength of < 220 um at z > 4, which probes near
the peak of the infrared dust emission. At this rest-
wavelength, we are most sensitive to the IR luminosity

6 If we instead assumed a Calzetti et al. (2000) dust attenuation
law and a range in metallicities (from sub-solar to super-solar),
the stellar masses from the best-fit SEDs are slightly larger, but
consistent within the uncertainties, than the values in Table 3.
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Figure 4. (left) Rest-frame, de-magnified optical spectral energy distribution of 5.1 (light gray), 5.2 (medium gray), 5.3 (dark
gray) and the mean of all three sources (red), assuming the redshift and magnifications from the Limousin et al. (2016) non-cored
lensing model. Given the large differences in magnification factors of the three sources, the de-magnified SEDs are remarkably
consistent. (right) Redshift probability distribution from the SED fitting for 5.1 (light gray), 5.2 (medium gray) and 5.3 (dark
gray) and for the mean (red). The Limousin et al. (2016) non-cored solution of z=4.1 (vertical dash-dot line) is consistent with

the 30 limits of the optical photometric redshift estimates.

and not the dust mass since we are not in the Rayleigh-
Jeans tail of the dust distribution (e.g. Apest > 250 pm,
Scoville et al. 2016). Given the observed faintness of
MACS0717_Az9 at 1.1mm, we do not expect to de-
tected it with Herschel (Rawle et al. 2016). In order
to determine the total IR (8-1000 pum) luminosity, Lig,
we must extrapolate using the expected SED for this
galaxy. Kirkpatrick et al. (2015) derived representa-
tive SED templates from a sample of 343 high redshift
galaxies with extensive IR data including mid-IR spec-
troscopy. We fit the intrinsic 1.1 mm flux, after correct-
ing for magnification, to the SED template for a typi-
cal high redshift star-forming galaxy (Kirkpatrick et al.
2015). The Lig of each component of system 5 for the
two lensing models are listed in Table 1.

We use the formulas from Murphy et al. (2011b) to cal-
culate the SFRs (assuming a Kroupa IMF). From Lig
and Lryv, we calculate the obscured SFRig and un-
obscured SFRyv, respectively. The total SFR is then
calculated by summing the IR and UV SFRs. All star
formation rate values are listed in Table 3. We find
that even though this galaxy has an intrinsically low
SFR, at least 75% of the star formation is obscured.
We tested our analysis with different SFR calibrations

(e.g. Calzetti 2013); the obscured fraction is only slightly
lower (65%) and our conclusions are unchanged.

3.5. Differential lensing

We are assuming that the magnifications derived from
the optical lensing maps also apply to the longer wave-
length millimeter data. For highly magnified sources,
differential lensing becomes important, where extended
and compact regions of a galaxy can be magnified by
different factors. Hezaveh et al. (2012) model the effects
of differential lensing for strongly lensed, dusty galaxies.
They find that for moderate magnifications similar to
MACS0717_Az9 (u ~ 7), the distribution of flux ratios
between the extended and compact regions of a galaxy
is peaked at 1 with a FWHM of ~ 0.25 (i.e. ~ 10% un-
certainty), suggesting that differential lensing is not a
large effect.

In this paper, our main comparison is between the un-
obscured (UV) and obscured (IR/submm) SFRs. Dusty
galaxies have been found to have similar radii of ~2 kpc
as measured in UV and (sub)mm images, while the opti-
cal sizes which trace the stellar light are more extended
(Swinbank et al. 2010; Hodge et al. 2016). However, the
UV and (sub)mm emission is not always co-spatial and
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Table 3. Derived intrinsic physical properties

b

1D z*  log(M./[Mgp]) 16004 B SFRuv ~ SFRir SFRotal fobscured®
[l lower,1o upper] (10'° L) Me/yr) (Mg/yr) (Mo /yT)
5.1 4.1 9.87[9.44,10.13] 2.03+£0.24 —-047+£039 34+£04 14.44+6.3 17.8 +£ 6.3 0.81
5.2 (MACS0717_Az9) 4.1 9.52 [9.37,9.76] 2294+0.23 —-095+0.33 3.8+£04 14.6+5.8 184+ 5.8 0.79
5.3 4.1 9.87[9.52,10.08] 295+0.44 —-0.67+£026 49+£0.7 14.64+10.8 19.54+10.8 0.75
5 (average) 9.84 [9.58,9.94] 243+£0.18 —-0.70£0.19 41+£03 14.64+45 18.7+4.5 0.78
5.1 43 10.16 [9.87,10.47] 3514029 —048+026 59405 21.6+£93 275293 0.79
5.2 (MACSO717_Az9) 4.3 .82 [9.54,9.96] 2.68+£025 —095+0.30 45404 153463 198+63 0.77
5.3 43 10.11[9.72,10.37]  3.76+£0.56 —0.59+0.31 63409 168+128 23.1+12.8 0.73
5 (average) 10.12 [9.82,10.28]  3.31+£0.23 —0.67+0.17 55+04 179457 234+57 0.76

#From the Limousin et al. (2016) non-cored lensing model (z =

corresponding magnifications, see Table 2.
b Leuy ~ 0.97 x Lwoo& for these galaxies.

b fobscurcd = SFRIR/SFRtotal

can be offset by up to an arcsec (e.g. Iono et al. 2006).
In order to quantify the range of magnifications that
might be applicable to the millimeter emission, we ex-
plore a wider area in the non-cored magnification map at
z = 4.1. For a lensing magnification of 7.5, 1 arcsecond
offset in the source plane corresponds to 2.7 in the image
plane. Within a 2.7 arcsec diameter circle around the lo-
cation of the optical lensed galaxy 5.2 (where pu = 7.5),
we find the magnification ranges from 6.0-9.2 with a
standard deviation of 0.76. Therefore, if the UV and
millimeter emission is not co-spatial and are magnified
by different amounts, this would result in an additional
uncertainty of ~ 10% in the magnification, and intrinsic
flux, we derive.

Given these two tests of the effects of differential lens-
ing, we conservatively propagate an additional uncer-
tainty of 10% in the lensing magnification factors, which
is the best we can do until we are able to spatially resolve
the dust emission with ALMA.

4. DISCUSSION

We have detected dust emission in a strongly-lensed,
multiply-imaged galaxy at z > 4. The high magnifica-
tion (u = 7.5) predicts that MACS0717_Az9 has an in-
trinsic Lig < 10! L (SFRigr = 14.6 M, /yr). Previous
detections of dust in multiple images of lensed galax-
ies have been limited to ULIRGs at z < 3 (Borys et
al. 2004; Sheth et al. 2014; Kneib et al. 2015). There
are very few galaxies at z > 4 at the low luminosities of
MACS0717_Az9 that have been detected in dust emis-
sion (e.g. Capak et al. 2015; Schaerer et al. 2015; Wat-
son et al. 2015; Willott et al. 2015), and MACS0717_Az9
provides a unique opportunity to probe the star forma-
tion and dust properties in a typical galaxy at this early
epoch.

4.1) and the Diego et al.

(2015) lensing model (z = 4.3). For

4.1. IRX-B

UV surveys rely on the UV slope, 8, and its depen-
dence on Lyvy to estimate the dust extinction since IR
observations are typically not deep enough. The mea-
sured value of § for MACS0717_Az9 is high relative
to the distribution of 8 found for UV-selected galax-
ies of similar luminosity at z ~ 4 (Bouwens et al. 2012:
Bmean = —2.01, 0 = 0.27, see also Bouwens et al. 2016);
this means that Lyv alone would underestimate the IR
luminosity by an order of magnitude.

In Figure 5, we plot the IRX-3 relation, which com-
pares the ratio of Lig/Lyy to the UV slope 8. The
solid curve is the established relationship for local star-
burst galaxies (Meurer et al. 1999) where z ~ 2 massive
UV-selected galaxies are also found (Reddy et al. 2012).
The dotted curve shows the milder dust extinction found
in the SMC (Pettini et al. 1998). Capak et al. (2015)
found UV-selected galaxies at z ~ 5 to be closer to this
SMC dust curve (see also Murphy et al. 2011a; Lee et
al. 2012). Recently, Bouwens et al. (2016) found that
sub-L* galaxies also show lower values of IRX, even be-
low the SMC. MACS0717_Az9 is shown as the red and
orange stars, which are closer to the SMC dust curve
than the Meurer relation, even though the dust-obscured
emission dominates the SFR.

A lower value in IRX-f relative to the starburst rela-
tion is usually interpreted to suggest a lower metallicity.
It may seem unusual for such a dust-obscured galaxy
(75-80% of star formation is obscured) to have a lower
metallicity. Schneider et al. (2016) recently found signif-
icant dust emission in a local, metal-poor dwarf galaxy.
By comparing to models of chemical evolution, they con-
clude that dust content may depend more on the density
of the interstellar medium (ISM) than the metallicity,
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Figure 5. IRX-3 plot showing the relations for local starburst galaxies (solid curve, Meurer et al. 1999) and the SMC (dotted
curve, Pettini et al. 1998). We show MACS0717_Az9 for the z = 4.1 and z = 4.3 lens models as the red and orange stars,
respectively. Even though 75-80% of the star formation is coming out in the infrared, we find that MACS0717_Az9 is consistent
with the SMC dust curve, similar to the Capak et al. (2015) z ~ 5 UV-selected galaxies (blue triangles).

and that in-situ grain growth should be especially im-
portant in the early Universe. Future observations of
lines sensitive to the ISM density and metallicity such
as CO, [CII] and HCN in MACS0717_Az9 can be used
to test this idea.

4.2. Galazxy star formation sequence

At a given epoch, the tight relationship between the
star formation rate and stellar mass implies that most
normal star-forming galaxies are undergoing steady
growth (e.g. Noeske et al. 2007; Daddi et al. 2007). The
stellar mass of MACSO0717_Az9 is well below the esti-
mated knee in the stellar mass function at z ~ 4 (Muzzin
et al. 2013). In order to determine if MACS0717_Az9
is a normal galaxy for this epoch, we compare the po-
sition of this galaxy to the estimated extrapolation of
the star formation sequence. In Figure 6, we plot the
star formation sequence at z = 3-4 from Tomczak et
al. (2016). The z ~ 5 star-forming galaxies detected in
submm continuum with ALMA by Capak et al. (2015)
and the extreme submillimeter galaxy, GN20 (Pope et
al. 2006; Riechers et al. 2014; Tan et al. 2014), are shown
for comparison.

First, we find that MACS0717_Az9 (red and orange

stars for two redshift solutions) is consistent with the
estimated star formation sequence for this epoch, and
that this galaxy resides in a region that is relatively
unexplored in the infrared. Given the error bars on
MACS0717_Az9 and the uncertainty in the star forma-
tion sequence at these low masses, we do not claim
MACS0717_Az9 is below the star formation sequence
but we can confidently say that the source is not an
extreme starburst galaxy like GN20.

Second, we show that even though this is a normal
star-forming galaxy, its SFR is dominated by the ob-
scured component (SFRg is at least 75% of the total
SFR). This underscores the importance of accurately
including this obscured component when accounting for
the global SFRD, even at these high redshifts and lower
stellar masses, and stresses the need for deep and wide
IR /submm surveys.

Two recent papers that surveyed the Hubble Ultra
Deep Field with ALMA seem to suggest a smaller num-
ber of high redshift galaxies detected in dust emission
than expected (Dunlop et al. 2017; Bouwens et al. 2016).
Without lensing, a galaxy like MACS0717_Az9 would
not have been detected at the depth of the Dunlop
et al. (2017) ALMA map. The one z > 3.5 galaxy
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Figure 6. The star formation sequence at z = 3-4 from

Tomczak et al. (2016, solid circles show where the data are
mass-complete while open circles are incomplete measure-
ments); the shaded region shows the =10 best-fit relation to
these data. We show the UV (unobscured), IR (obscured)
and total SFRs for MACS0717_Az9 as the red and orange
symbols for z = 4.1 and z = 4.3, respectively (Table 3). Er-
ror bars are plotted only for the total SFR points for clarity.
We overplot the Capak et al. (2015) UV-selected galaxies
that are detected in the submm continuum and the intrinsi-
cally luminous submillimeter galaxy GN20 (Pope et al. 2006;
Riechers et al. 2014; Tan et al. 2014). All measurements are
based on a Chabrier or Kroupa IMF which give similar values
for SFR and stellar mass (Speagle et al. 2014).

detected in the Dunlop et al. (2017) observations has
a slightly lower stellar mass (4 x 10°Mg) and higher
SFRig = 37Mg/yr than MACS0717_Az9, but is sim-
ilarly dominated by the dust-obscured star formation
(fobscurea = 0.94). The high levels of dust obscuration
observed in a handful of normal galaxies at z > 4 sug-
gests that we cannot easily rule out the importance of
dust emission in galaxies at z > 4.

4.3. What if 5.2 only has half the millimeter flux?

In the previous sections, we assumed that all of the
millimeter flux from MACS0717_Az9 is associated with
5.2 since that is the most likely result from our statisti-
cal analysis (Figure 3). Here we explore how our results
are affected if only half the flux of MACS0717_Az9 is as-
sociated with 5.2. If the millimeter flux is half what we
assumed in Table 1, then Lig = 4.9 x 10° L, SFRig =
7.3Mg/yr, SFRtotal = 11.4 Mg /yr and fopscurea = 0.64,

assuming the z = 4.1 lens model. Under this assump-
tion, the obscured SFR is slightly lower, but the total
SFR is still dominated by the dust-obscured contribu-
tion. This places MACS0717_Az9 even lower on both
the star formation sequence (Figure 6) and the IRX-3
plot (Figure 5). Therefore, the results and implications
discussed in this paper are unchanged. Future observa-
tions with ALMA will confirm how much millimeter flux
is associated with this multiply-imaged source.

5. SUMMARY

We have directly detected dust emission in an intrin-
sically lower-luminosity (Lir = 9.7 x 101°Lgy) galaxy
at z > 4 with AzTEC on the LMT. Currently, this is
the only star forming galaxy at such a low luminosity
(sub-LIRG) where multiple images are detected in dust
emission. While the SNRs of the individual images are
modest, the false detection rate for randomly detecting
two multiple images of a known system at the correct
flux ratio given the known magnifications is negligible.
We calculate the unobscured SFR from the UV and the
obscured SFR from the IR and calculate a total intrin-
sic SFR of 18.7 Mg /yr, 75-80% of which is obscured.
MACS0717_Az9 is a normal star-forming galaxy with an
intrinsic stellar mass of 6.9 x 10°Mg, and is consistent
with the estimated star formation sequence at z ~ 4.
The dust obscuration in MACS0717_Az9 appears to be
more like that of the SMC than local starburst galaxies.
While we might expect lower metallicities for a lower
mass galaxy 1.5 Gyrs after the Big Bang (Rémy-Ruyer
et al. 2015), our rest-frame IR observations find a signifi-
cant dust component. Further observations to constrain
the conditions of the the gas and dust in MACS0717_Az9
and future surveys with the 50m LMT (observational
limit of Lig ~ 10! L) will help constrain the buildup
of metals and dust in early galaxy evolution.
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