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ABSTRACT

We measure the dust and gas content of the three sub-m#lirgataxies (SMGs) in the GN20 proto-clusterzat 4.05 using new
IRAM Plateau de Bure interferometer (PdBl) CO(4-3) and 3.3-mm continuum observations. All these three SMGs areilyeav
dust obscured, with UV-based star formation rate (SFR)nedéis significantly smaller than the ones derived from tHerbetric
infrared (IR), consistent with the spatiaffgets revealed by HST and CO imaging. Based also on evalsatiotine specific SFR,
CO-to-H, conversion factor and gas depletion timescale, we claaflifhe three galaxies as starbursts (SBs), although witlvar
confidence for GN20.2b that might be a later stage mergingteVée place our measurements in the context of the evolartjon
properties of main sequence (MS) and SB galaxies. ULIRGs Ba% times largekL(,/Mgust and Myysy M, ratios tharz = 0 MS
galaxies, but by ~ 2 the diference appears to be blurred, probably due fi@dintial metallicity evolution. SB galaxies appear to
slowly evolve in theirLo/Maust and Myusy/ M, ratios all the way ta > 6 (consistent with rapid enrichment of SB events), while
MS galaxies rapidly increase Mqusy/ M, from z = 0 to 2 (due to gas fraction increase, compensated by a deavéasetallicities).
While no IR'submm continuum detection is available for indisputablynmal massive galaxies at> 2.5, we show that if metallicity
indeed decrease rapidly for these systens>aBl as claimed in the literature, we should expect a strongedserof theiMg,s/ M.,
consistent with recent PdBI and ALMA upper limits. We comtgithat theMy,s/ M, ratio could be a powerful tool for distinguishing
starbursts from normal galaxieszt 4.
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O 1, Introduction identified to date (e.g., Dannerbauer etlal. 2008; Daddi et al
2009a,b; | Capak etal. 2008, 2011; Schinnererletal. |2008;
1 Submillimeter (submm) and millimeter observations dfient [Coppin et all 2009: Knudsen et al. 2010: Riechers et al. 2010a
. in detecting and studying dusty, star-forming galaxies wuhe [2013; [Smoiic et al. [2011;[ Walter et &l._2012; Combes ét al.

= effect of negativeK-correction, which results in nearly constarip012; Vieira et all. 2013). The surface density of these gegax
>§ observed brightness for galaxies with same infrared (IR)iHu is found to be significantly higher than that expected froes th
e nosity over a broad range of redshifts. However, most ctirrejtetical models (e.gl, Baugh el al. 2005; Hayward &t al. 013

deep submm surveys are limited to the brightest sources af@gesting that current models of galaxy formation undstiot

submm-selected galaxies (SMGs; Blain et al. 2002), due€o e number of high-redshift starbursts.

limited spatial resolution and sensitivity of submm obsgions.

SMGs are massive, highly dust obscured galaxies with extrem

star formation rates (SFRs) of order1d,, yr~* (e.g., review by

Blain et al.l 2002; Casey etlal. 2014), and are generally thbug

to represent the progenitors of local massive ellipticdhxjas. Observations of the molecular gas in high-redshift galax-

While spectroscopic studies of SMGs originally gave a mediges reveal that while SMGs are highly gas-rich systems

redshift ofz~2.5 (Chapman et al. 2005), recent deep sutdmm (Tacconi et al. 2008), the gas fractions of these systems are

continuum and radio observations show evidence for a signifomparable to those of typical massive galaxies at similar

cant population of higher redshift massive starbursts (8Bp, epochs {40-60%;|Daddietall 2008, 2010), implying that

Dannerbauer et al. 2004; Smid et al.| 2012; Swinbank etal. SMGs have higher star formatioffieiencies (SFEs; Daddi et/al.

2013; Dowell et all 2014), extending the redshift peak belyo2010; Genzel et al. 2010). However, these results are compli

z = 3. A substantial number of > 4 SMGs have been cated by the large uncertainties associated with the CBsto-

4
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conversion factoreco [, which likely changes between nor-evolution throughout cosmic time. For galaxieszat- 3, to
mal disk galaxies and starbursts (see review by Bolatto et@ate only very few luminous SMGs have been detected in both
2013; | Carilli & Walter|2013). In the literature, an “ULIRG-dust continuum and gas emission (e.g., Dannerbauer etG8; 20
like” value of aco = 0.8 (Downes & Solomon 1998; but seeDaddi et al.| 2009a,b;_Coppin etal. 2009, 2010; Walter et al.
Papadopoulos etial. 2012 for a higher valuexgh) is widely [2012; Riechers et al. 2013), while no dust continuum degacti
adopted for SMGs due to the lack of direct measurementsewtig available for indisputably normal galaxieszat 3.5.
avalue ofuco ~ 4 is favored for Milky Way and normal galaxies.  GN20 is one of the brightest SMGs in the GOODS-N field
This carries a significant uncertainty since high redshifiGs (Pope et al. 2006), of which the redshit £ 4.055) was es-
may be dramatically dierent from local ULIRGSs, given the tablished by a serendipitous detection of its CO(4-3) emis-
more extended gas distribution andfdient physical conditions sion (Daddi et al. 2009b). Two additional SMGs, GN20.2a and
revealed in some SMGs (Riechers et al. 2011; lvisonlet all206GN20.2b, were found to lie withir-25” of GN20 (projected
Carilli & Walter [2013;| Scoville et al. 2014). Therefore, & of physical separation- 170 kpc) and have redshifts af ~
significant importance to obtain a direct calibrationgp, since 4.055:0.005. These two galaxies are separated by only a few
well-determined molecular gas masses are critical to stbdy arcseconds and hence are not spatially separated from tesch o
variations in physical properties across the galaxy pdjmriaat in existing submm images (e.g., SCUBA 8bh). Daddi et al.
high redshift. (2009b) also found 14 B-band dropouts (roughly 4) lying
Because of the extreme high specific star formation rat@ghin 25” from GN20, which corresponds to an overdensity of
(sSFRs), some of the most luminous SMGs are placed as dufo in the GOODS-N field, suggesting a massive proto-cluster
liers above the main sequence (MS) of star formation, whi€ivironment az ~ 4.05, just 1.6 Gyr after the Big Bang. Al
is a tight correlation observed between the stellar mass dhtee massive SMGs in the GN20 proto-cluster have been de-
the SFR over a broad range of redshifts (e.q., Noeske ettarted in CO emission, indicative of large amounts of mdhacu
2007; Elbaz et all_2007; Daddi et al. 2007b:_Rodighiero et glas (Daddi et al. 2009b; Carilli etlal. 2010, 2011; Hodge et al
2010, and references therein). While galaxies on the MS &@12, 2013), feeding vigorous ongoing star formation (SF&R
thought to form stars gradually with a long duty cycle antéw to ten times 100/, yr-*). The deep, high-resolution CO(2-
represent the bulk of the galaxy population, starburstshitxh 1) observations reveal a clumpy, extended gas disk41dpc
very intense and rapid star formation activity, likely @nivby in diameter) for GN20/(Hodge etlal. 2012), and extended gas
mergers (e.gl, Daddi etlal. 20(7a.b; Tacconi &t al. 20080:201eservoirs £ 5-8 kpc) for GN20.2a and GN20.2b (Hodge et al.
Elbaz et al. 2011; Rodighiero et al. 2011). Recent studiehen 2013)/ Hodge et al. (2012, 2013) have attempted to constrain
molecular gas ot > 3 Lyman break galaxies (LBGs) foundestimate of CO-to-kl conversion factor by dynamical analysis,
these galaxies to be rather deficient in CO emission for théigrivingaco of ~ 1-2 for these three galaxies. For the dust con-
star formation activity [(Magdis et al. 2012b; Tan et/al._2p13tinuum emission, however, only GN20 has been reportétkn
Similar results have also been reported for a luminous LBG $hel and (sub)mm detections (Daddi etlal. 2009b; Magdis et al.
z = 6.595 called “Himiko”, for which the 1.2 mm dust contin/2011). Here we use PACS and PdBI mm data for GN20.2a and
uum and [CII] 158um emission are much lower than predicte@N20.2b to study the dust properties of these two galaxies.
by local correlations and measured SFRs (Ouchilét al.]2m13)By combining with the molecular gas properties and dynami-
has been found that normal galaxieszat 3 are increasingly cal analysis, we aim to achieve a more comprehensive under-
metal poor, with metallicities dropping by about 0.6 dexasie standing of the nature of the massive SMGs in the GN20 proto-
pared to local galaxies of similar stellar mass (Mannucailet cluster environment. We further investigate the metaylieif-
2010;[Sommariva et Al. 2012; Troncoso éfal. 2014). This mgets on molecular gas and dust emission by comparison of CO
suggest that metallicityfeects could be a probable explanatiofiminosity-to-dust mass ratio and dust-to-stellar masie tze-
for the deficit of CO emission, since the photodissociatio@® tween normal galaxies and starbursts.
by far-UV radiation is enhanced at low metallicity (Leroyaét This paper is organized as follows. In S&dt. 2 we present the
2011;[Genzel et 4. 2012; Narayanan é{al. 2012; Bolattd et@a¢w PdBI CO(4-3) observations and the reduction of dataer t
2013). The decrease of CO emissionzin- 3 normal galax- SMGs GN20, GN20.2a, and GN20.2b. Seclibn 3 presents the re-
ies for their IR luminosity is also predicted by simulatiomigh ~ sults of CO and millimeter continuum observations, the roégh
a galaxy-formation model (Lagos ef al. 2012), a result drivaised to compute SFR, dust mass, stellar mass, metalligity, d
by the low metallicities in such objects. Similar detailéddy namical mass, and CO-tozldonversion factor. This section also
of a local metal poor star-forming galaxy, | Zw 18, concludedescribes the derived physical properties including sSSHE,
that it would be much harder than hitherto anticipated to deadio-IR correlation constraints, gas fraction, and ggdetan
tect gas and dust in high-redshift galaxies like Himiko ¢sefimescales. In Sedtl 4 we discuss the nature of GN20, GN20.2a
eral tens of days of integration with the complete ALMA; seand GN20.2b based on the physical properties of optical mor-
Fisher et al. 2014), if assuming | Zw 18 is an analog of priveiti phology, molecular gas, dust, and dynamical constraingsfv
galaxy population in the early Universe. Dust is expected ather discuss the implications for the cosmic evolution o$tdu
observed to be well mixed with gas in the interstellar mediug®ntent in galaxies in se¢f 5. Finally, we summarize owiltes
(ISM), because it is composed of metals and regulates the ifaSect[6. We adopt a cosmology with=71 km s* Mpc™,
phase abundances of the elements through accretion andadesf2v=0.3, 2,=0.7, and a Chabrier (2003) initial mass function
tion processes$ (Draine &/[i 2007). The comparison of dust afiMF) throughout the paper.
gas properties of galaxies atfidirent redshifts is thus crucial
to explore the interplay between dust, gas, and metals in tfeo
ISM, and allow us to achieve a better understanding of galaxy
We used the IRAM PdBI to observe the CO(4-3) emission in the
1 4o = My,/Li, With units of M, (K km s p2)~%, which are omit- GN20 field in the AB, C and D configurations. The AB configu-
ted from the text for brevity. Note that the contributionrfrddelium is  ration observations were pointed close to a nearbyl.5 galaxy
included in thexco estimates. and have been reported.in Daddi et al. (2009b), while the new C
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Fig. 1. CO(4-3) spectra binned in steps of 25 knt Sor GN20 (left), 50 km s* for GN20.2a (middle) and GN20.2b (right). The yellow color
indicates the velocity ranges where line emission is detecthese regions have been used to derive the integrates flike red lines show
best-fitting double Gaussian profiles to the spectra, anbltifedashed lines show the fits with a single Gaussian. Zdozities correspond to
the redshifts listed in Table 1.

Table 1. Observed and derived CO emission properties

Source R.Aco Declco Zco Zieck FWHM lcow@-3) L’CO(H)
(J2000) (J2000) (km3) @@ykms?!) (Kkms?pd)
GN20 12:37:11.91 62:22:12.1 4.05830002 4.060.02 58336 1.68:0.10 6.56¢10°
GN20.2a 12:37:08.76 62:22:01.6 4.05@80013 4.0520.007 76@180 0.65-0.08 2.710%
GN20.2b 12:37:09.68 62:22:02.2 4.036B0003 22043 0.240.04 1.06¢10%°

and D configuration observations, carried out in June 20@9 a2010). More details on the 1.2 mm observations and reductio
January-April 2013, were centered near-a4.058 LBG, which will be given in Riechers et al. (in prep.).
is located~ 16” south of GN20(Daddi et al. 2009b). Both GN20
and its companions, GN20.2a and GN20.2b, are within the pri- )
mary beam of the PdBI observations. The primary beam attendaResults and Analysis
tion (PBA) for GN20, GN20.2a,and GN20.2b are 1.29,1.44, a
1.20 in C configuration observations, and 1.27, 1.18, anfl 1.
in D configuration observations, respectively. All obséioies The CO detections of GN20, GN20.2a, and GN20.2b at var-
were tuned at a central frequency of 91.375 GHz and performieds transitions have been presented in some recent studies
in dual polarization mode with six antennas available. fer t(Daddi et all 2009b; Carilli et al. 2010, 2011; Hodge et all220
observations performed in 2013, a 3.6 GHz WIDEX correlat@013). Compared to these published work, our new deep CO(4-
was used. Further details on the observations can be foun®)mata allow us to improve the constraint on the CO redghik,
Tan et al.|(2013). density, and line width, which is a vital parameter for théege
We reduced the data with the GILDAS software packagesination of dynamic mass. In addition, we put useful coristsa
CLIC and MAPPING. After flagging bad and high phase noisen the 3 mm continuum emission for these SMGs. Table 1 sum-
data, and correcting for the PBA, the tot&leetive on-source in- marizes the observed and derived CO properties for these thr
tegration time for GN20, GN20.2a, and GN20.2b are 14.6 I8 1Dalaxies.
h, and 15.1 h, respectively. We combined the C and D configura- To measure the velocity centroid and line width of CO
tion data with published AB configuration observations tockmaemission of GN20, we fitted Gaussians to the observed spec-
imize the sensitivity. The spectra shown in Fif. 1 were etgd tra (Fig.[1), which is extracted at the fixed CO position from
from the combined UV data by using a circular Gaussian modghddi et al. |(2009b), allowing for the presence of faint unde
with a fixed full width at half maximum (FWHM) of 0.72 lying continuum. The CO(4-3) spectrum of GN20 shows clear
0.53’, 0.88" for GN20, GN20.2a, and GN20.2b (Carilli et al.evidence of double-peaked structure. A single Gaussiamw fit t
2010; Hodge et al. 2013), respectively. The CO(4-3) images the spectrum shown in Fidl 1 yields a peak flux density of
tegrating over the velocity range where emission was dedec?.13+0.14 mJy and an FWHM of 63651 km s, consistent
and the 3.3 mm maps averaging over the line-free channelsyiéth [Daddi et al. |(2009b). We also fitted the spectrum with a
the three galaxies are shown in Hi§j. 2. In order to avoid time calouble Gaussian function by fixing the FWHM in each com-
tamination from the side lobes of the bright GN20 galaxy, th@nent to the same value. The peak flux densities for the two
emission at the position of GN20 was fitted in the UV data witbtomponents are 2.38.17 mJy and 2.020.16 mJy, respec-
a circular Gaussian source model and subtracted beforée crégely. We find that the total FWHM (58836 km s*) derived
ing the images of GN20.2a and GN20.2b shown in Fidure fom a double Gaussian fitting is better constrained thah tha
The sensitivities of combined data set at the position of GNZrom a single one. The redshift derived from a double Gaussia
GN20.2a, and GN20.2b are 0.41, 0.63, and 0.52 mJy bepen is 4.0553:0.0002, consistent with the previous measurements
25 km st channel. (Daddi et al.. 2009b;_Carilli et al. 2011; Hodge etlal. 2012). A
We make use of the 1.2 mm and 2.2 mm continuum obseircular Gaussian model fit with a fixed FWHM of 0.72we
vations of the GN20 field with the PdBI. The 2.2 mm continuurnere adopt the FWHM of the CO(6-5) image measured by Car-
data of our three galaxies haven been reported in Carilli et @i et al. 2010) to the CO(4-3) image of GN20 (F[d. 2) yields a

1. CO(4-3) emission properties
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Fig. 2. PdBI maps (from left to right) of CO(4-3) line, 3.3 mm, and 2agh continuum emission for GN20 (top), GN20.2a (middle), &nR0.2b

(bottom). The CO(4-3) images are averaged over the obseeledity range of CO emission (see Fig. 1) and were cleanbkd.2Zl2 mm and
3.3 mm continuum maps were created by averaging over thédris@eemission channels and were not cleaned given thévedialow S/N. The

crosses show the positions where we extract CO spectra.lF2®Ghe contours level of CO(4-3) are shown increase bytarfa 1.5 starting at
+20-, with positive (negative) contours shown as solid (daslieds. For all the continuum maps and CO(4-3) maps of GN2araGN20.2b,
contours start at2o0- in steps of &r. Beam sizes are displayed in the lower right corner of eatgfgrated map.

velocity-integrated flux ofco = 1.68+ 0.10 Jy km s?, in line  [2011;Hodge et al. 2013), but exhibit significantly improged-
with the measurementslin Daddi et al. (2009b). sitivity and signal-to-noise (8l) ratio.
The CO(4-3) spectrum of GN20.2b has been presented in
Hodge et al.[(2013). Compared to the large uncertainty in the
For GN20.2a, the fits with a single Gaussian and two Gauige width fitted il Hodge et all (2013), our deeper CO(4-3pda

sian functions yield FWHM of 826237 km s and 762180 provide a much better constraint on the estimate of the line
km s°1, respectively. The spectrum is extracted at the fixed G@dth. Similarly, we performed Gaussian fits to the spectrum
position from Daddi et al. (2009b). We find the CO spectrum ¢Fig. 1) extracted at the fixed position of 1.2 mm emission in
GN20.2a appears to be better described by a double Gausgaf0.2b (Riechers et al., in prep.) with a single Gaussiah an
profile (Fig.[1), given the relatively low uncertainties MHM  double Gaussian functions, respectively. Both Gaussisugifie
derived from double Gaussian fitting and the rapid decreisesosimilar FWHM with value of~ 220+ 40 km s, which is
the flux at the edges of the spectrum, though there is no alearmuch smaller than GN20 and GN20.2a, and also the SMGs at
dication of double-peaked emission in the spectrum. Theréal z ~ 2 — 4 with mean FWHM of 47@80 km s*(Bothwell et al.
fit with two Gaussian functions could in principle suggestiser [2013). The Gaussian fit to the spectrum has a peak flux derisity o
the existence of a rotating component, or kinematicallyiris 1.17+0.19 mJy and a redshift of 4.0566.0003. The velocity-
components undergoing a merger within the system. We wiltegrated flux density derived from the CO(4-3) map withra ci
further discuss the possibility in the following sectiorheltwo cular Gaussian model (fixed FWHM of 0/88see Hodge et al.
components in the double Gaussian fitting have peak flux derz)13) is 0.2%0.04 Jy km st.
ties of 0.82:0.21 mJy and 0.690.22 mJy, respectively. A Gaus-  We calculate the CO(4-3) line luminosities (in K krt §¢2)
sian fit to the CO spectrum gives a redshift of 4.0808013. using the standard relation givenlby Solomon et al. (1997):
We used a circular Gaussian model with a fixed FWHM of 0.53 , 7 22 -3
(derived from CO(2-1) image in Hodge et al. 2013) to fit tff%co = 325x 10°ScoAVYp DL (1 +2) (1)
CO(4-3) map and derive a velocity-integrated flux of @608 whereScoAV is the velocity-integrated line flux in Jy knt’s
Jy km s, All the measurements derived for GN20.2a are comgys is the observed frequency in GHz aiy is the luminos-
sistent with published results (Daddi etlal. 2009b; Caetlial. ity distance in Mpc. WithLt,, ,, measured by Carilli et al.
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(2011), we find CO(4-3L0(2-1) line brightness temperature ra- T — : . . .
tios of ryz21 = 0.41, 0.36, and 0.44 for GN20, GN20.2a, and mzfr GN20 U,n=25.0

eraging the spectrum in the uv space for velocities outsfde o
CO(4-3) line emission range, we find a bright source at the po-— 1o-{
sition of GN20, and 3.3 mm continuum detections with signif- ~ ,,-=f
icance of 2.5~ and 3.3 for GN20.2a and GN20.2b (Figl 2),
respectively. The flux densities are measured by fitting €aas

S, [mJy]
3

GN20.2b, respectively. These are consistent with the metam r 1ot 7=0.9% :
(~0.48+0.10) measured for SMGs at~ 2 — 4 (Bothwelletal. = ran=1-10%
2013). C !
. 10 c

1072 Frerae ]

3.2. The infrared properties osf e ;
3.2.1. Millimeter continuum emission 1025 U :25"()
10 r GN20.2a min 1

Figure[1 shows evidence for 3.3 mm continuum emission. Av- 10‘;r z=4.051 (71;\2;63?19% 1
T

functions to the maps using sizes estimated from the CO imag-  |ef 2020 Upnin=20.0
ing and are summarized in Talgle 2. The 3.3 mm flux density of o'E z=4.056 y=3.0%
GN20 is consistent with the lowey!$ measurement reported in = = f Gean=1.777%
Daddi et al. (2009b), while for GN20.2a and GN20.2b, they are £ 1{:%

presented here for the first time. u ‘

In addition, we detect 1.2 mm emission of GN20, GN20.2a, ' f~~
and GN20.2b in PdBI maps with significanfNslevel (see LN . . . 3
Riechers et al., in prep.). Measured fluxes are in the range of 10! 107 10° 104 10°
3.3-8.5 mJy (Table 2) and are used in the remainder of the pa- A [um]

per. We also make use of 2.2 mm continuum data of these three

galaxies, which have been reported in Carilli etlal. (208n- Fig. 3. Observed mid-IR to millimeter SED of GN20, GN20.2a, and
ilar to the measure of CO(4-3) flux density, we used a circulg@N20.2b, overlaid with the best-fit Draine & Li (2007) modeEhe
Gaussian model with a fixed FWHM, same as the one used fick line is the DLO7 model consisting of one stellar congarand
CO(4-3) map, to fit the 1.2 and 2.2 mm images for each galaxyo dust components: fluse ISM and photodissociation region. Green
For a consistency check, assuming an GN20-like spectral dat-dashed and cyan dot-dashed lines show stellar compameh
ergy distribution (SED; Magdis etll. 2011), we extrapothie “PDR” component, respectively. The best-fit parametersnfildL07
flux density of 1.2 mm to 2.2 mm and 3.3 mm for GN20.2a arffodels are listed within each panel. The arrows representigper
GN20.2b, and find these predictions match with the 2.2 mm a¥a'ts:

3.3 mm flux densities derived from PdBI maps. The derived mm

flux densities for these galaxies are summarized in Tdble 2. 5 minimum intensityJmin (U is a dimensionless factor normal-
ized to the local ISM), and the rest dust grains are exposed to
power-law radiation field ranging froftd i, to Umax, associated
with photodissociation regions (PDRs). Following the prgs
Because they sample the rest-frame faistBmm bands at thetions of DLO7, we fit the mid-IR to millimeter data points for
Rayleigh-Jeans tail, the mm data have been demonstrataddo leach galaxy. For GN20, we use the updated 3.3 mm flux den-
significant impact on the derivation of far-IR propertieshagh  sity for SED fitting and find a consistent dust mass with the es-
redshift galaxies (Magdis etlal. 2012a), particularly ¢alio re- timates in_Magdis et al! (2011, 2012a). In order to more accu-
duce the uncertainties of dust mass estimates. Combinig tately derive far-IR properties, we also add 1.4 GHz measure
Spitzer IRAC, MIPS photometryl(Daddi et al. 2009b) with thements (Tablé12; Owen et al. 2014, in preparation) to the SED
Herschel PACS 100um, 160um and SPIRE 25@m photome- fitting, with the exception of GN20.2a, due to the presencof
try (for GN20.2a and GN20.2b, the 2n0n data were not used AGN (Daddi et al. 2009b). The 1.4 GHz flux density of GN20.2b
for SED fitting because the 256n photometry is blended be-measured from our new deep radio map is revised to a factor of
tween these two galaxies) and following Magdis etlal. (20,122 lower than the value reported previously (Daddi et al. 2009
we derive the dust mass of the galaxies by fitting the IR SEBorrison et al. 2010). The best-fit models along with the ob-
using the Draine & Lli|(2007, hereafter DLO7) dust models. Theerved SEDs for GN20, GN20.2a, and GN20.2b are shown in
DLO7 model describes the interstellar dust as a mixture of c&ig.[3, and the derived parameters are summarized in Table 2.
bonaceous and amorphous silicate grains, with a sizehdistri ~ The radiation field intensitiedJ) derived from the best-fit
tion mimicking the Milky Way extinction curve. The fractionmodels are 2725, 26.4'8/,, and 25.8%3_ for GN20, GN20.2a

of dust mass in the form of polycyclic aromatic hydrocarboend GN20.2b, respectively. These can be represented as dust
(PAH) grains (with< 10° carbon atoms) is parametrized by théemperatures if assuming that the dust is heated only by radi
PAH index,grany. The PAH abundance has an importafieet ation. Integrating over the best-fitting template from 8 @D@

in shaping the galaxy SED at short wavelengths. According am, we derivel g = (1.86+0.09)x 10" Ly, (8.0+0.7)x10* L,

the DLO7 model, the spectrum of a galaxy can be described bgrad (69 + 1.0) x 10*? L, for GN20, GN20.2a, and GN20.2b,
linear combination of one stellar component approximated b respectively. We find that the uncertainties of IR luminpsit
blackbody with a color temperature of 5000 K and two dust corastimates are significantly reduced by adding 1.4 GHz mea-
ponents (see Magdis et/al. 2012a). The majority (i.e-ylwith  surements. To convert the observed IR luminosities intosSSFR
0.0 < y < 0.3) of the dust grains are located in théfdse ISM we adopt & Kennicutt_(1998) conversion of SER[yr] =

and heated by a radiation field contributed by many stars witik[L ,]/10, appropriate for a_Chabrielr (2003) IMF. The SFR

3.2.2. Dust masses, dust temperatures and SFRs
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Table 2. Far-IR and (sub)mm properties of GN20, GN20.2a and GN20.2b

Source  Siogm S16qum Sosm® S12mm S22mm Saamm Siach?”  10gMaust  (U) logbr  SFRr
(mJy) (mJy) (mJy) (mJy) (mJy) (mly)  wly) (Mo) (Lo)  (Moyr™)
GN20 0.70:0.42 5.451.02 18.662.70 8.4%0.79 0.950.14 0.2290.036 66.46.6 9.720% 27.225 13.27°% 1860:90
GN20.2a 0.120.44 1.24-1.38 3.830.48 0.520.23 0.1740.071 138.%3.5 9.39_8:13 26.4{?;& 12.9@8:85 800+70
GN20.2b 0.610.46 2.25:1.48 3.250.52 0.250.16 0.1140.035 14.24.1 9.328:(% 25.8:2';’5 12.84{8:% 690+100

Notes. @ The SPIRE 250m detections for GN20.2a and GN20.2b are blended, due tatih# separation<6.8") between these two galaxies.
® JVLA 1.4GHz flux density from new deep radio measurementsg®et al., in prep.). For GN20.2b, we list flux density derifrean a circular
Gaussian fit with fixed FWHM of 0.88 The peak flux density measurement is #35% uJy. 9 GN20 also has secure detections in SPIRE 350
and 50Qum bands|(Magdis et al. 2011) and in the SCUBA @50 band|(Pope et al. 2006; Daddi et al. 2009b).

derived in this way is used for analysis in the remainder ef tlspectroscopic redshifz & 4.059+ 0.007; Daddi et al. 2009) de-
paper. rived for the optical counterpart is found to be very closé¢®
CO redshift of GN20.2a, makes it likely that the HST galaxy to
3.2.3. The Radio-IR correlation EZZengirg&i?.St of the radio position is related to the CO eoniss
The IR-radio correlation is usually quantified by the sdezl
g-parameter (Helou et al. 1385): 3.4. Stellar mass and UV-based SFR estimates

Lir >o) — log( LlAGF_'Zl). (2) The photometric information we use to measure the physical
375 102 W W Hz properties of our galaxy sample is drawn from the GOODS-N
whereL 4cH; is thek-corrected radio luminosity assumig o« multi-wavelength catalog presented in Pannella et al.4p0For
v* with @ = -0.8. Using the 1.4 GHz flux density measurethe sake of clarity we give here only a brief summary of thacat
ments (Tabl€2; Owen et al., in prep.) and the IR luminositiésg properties while referring the readef to Pannella gPai14)
derived above, we find values g&2.41+0.07, 1.72:0.05, and for a more detailed description. The extended GOODS-N cat-
2.60+0.19 for GN20, GN20.2a, and GN20.2b, respectively. Thgog is a Ks-band selected multi-wavelength catalog spanni
g values of GN20 and GN20.2b are compatible with the locab passbands from GALEX NUV to IRAC@m. PSF-matching
relation (=2.64+0.02, scatter: 0.26; Bell 2003) and galaxiegorrections have been applied to account for tiedént angular
atz ~1-2 (Sargent et al. 2010), suggesting that dust heatingréolution of the images. Aperture magnitudesdiameter) are
these two galaxies originates predominantly from star &ifom. used to sample the galaxy SED. Finally, all derived propsrti
The mid-IR observations of GN20 reveal a significant poveev-l were extrapolated to “total” masses using the ratio betviken
component, likely related to the presence of an obscured AGd¥al (FLUX_AUTO) and aperture flux in the K-band detection
(Riechers et al. 2014b). However, the infrared SED fits to GNZ’nage_ The catalog contains 53675 objects over the WIRCAM
after correcting for the AGN fraction show that the AGN conks image field of 900 arcmfrnand down to an AB magnitude of
tribution to the total IR luminosity is only15% (Riechers et al. 24,5, the 5 limiting magnitude of the image. TH&BVRI zZJHK
2014b). In contrast, GN20.2a falls below the range defined fghotometry, plus the photometry in IRAC bands are shown for
star-forming galaxies (Yun et al. 2001; Bell 2003), thetie&dly GN20, GN20.2a, and GN20.2b in Fig. 5.
low g value is suggestive of AGN activity boosting radio flux. In The stellar masses were estimated by fitting the multi-
addition, we found that the value of GN20.2a is similar to thatwavelength photometry of U- to IRAC 4.m band to
of the Cloverleaf quasar at2.55, which hosts a known radio{Bruzual & Charldt [(2003) templates using FAST (Fitting and
loud AGN (Beelen et al. 2006; Kayser etlal. 1990). Assessment of Synthetic Templates; Kriek ef al. 2009) tiinou
a y?> minimization. We fix the spectroscopic redshift as given
by the CO line identification. The IRAC 3&m measurements
were not used in the SED fitting, to avoid the possible flux con-
Figure[4 shows the CO(6-5) contours of GN20, GN20.2tmination from kk emission, which happened to fall into this
and GN20.2b with resolution of 0/8.1 kpc overlaid on band. Given that all our galaxies are actively star forming,
the HST+ACS 850z-band, the HSAWFC3 F160W-band, the adopt the templates with a constant star formation histeRH),
CHFT+WIRCam K-band, and the SpitzdRAC 3.6 um im- a large range of ages/ a Chabrier (2003) IMF, and allowing the
ages. The WFC3 images are publicly available from the CAMaetallicity to vary within a range 0£=0.2-2.5 solar. We used
DELS survey|(Grogin et al. 2011; Koekemoer et al. 2011). Fan extinction correction from Calzetti et al. (2000) with @pti-
GN20.2b, the multi-wavelength counterparts are found todse cal extinctionA,= 0-6 mag. The typical uncertainty of stellar
incident with the CO source. We note that a nearby companimass estimate is 0.2 dex. For comparison, we also assume an ex
galaxy lies~ 2” to the west of GN20.2b, which is also likelyponentially declining SFH for the modeling and find the stell
to be a B-band dropout based on the ACS images shownniiasses are on average increased by 0.05 dex for each galaxy,
Daddi et al. [(2009b). For GN20.2a, we find a significafiset while the UV-based SFRs are lowered by).5 dex. Therefore,
between CO position and optical counterpart, which hasdjre the uncertainties of stellar mass estimates resulted fiferent
been presented in_ Hodge et al. (2013) with higher resolufonassumptions of single-component SFH are relatively snaall f
CO(2-1) map. This is similar to the largéfset found between our sources. We also find that the stellar masses derivedtfrem
CO and optical counterpart for GN20_(Carilli et al. 2010); rebest-fitting model allowing a varied metallicity are not rsfiy
vealing a substantial dust obscuration over a sedl® kpc. The cantly diferent from the one assuming a solar metallicity. We

q = log(

3.3. Multiwavelength counterparts
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Fig. 4. PdBI CO(6-5)continuum contours (Carilli et &l. 2010) at resolution 3@ x 0.76” for GN20 (inset), GN20.2a and GN20.2b overlaid
on the ACS 850z-band (top left), WFC3 F160W-band (top right)RCam Ks-band (bottom left), and IRAC 3ué (bottom right) images. GN20
lies about 24 to the northeast of GN20.2a. Black and red crosses show #iegos of the 1.4 GHz counterparts (Owen et al., in prepd)aptical
counterparts of GN20, GN20.2a and GN20.2b, respectivalgt@lr levels are shown in steps ef for GN20.2a and GN20.2b and@-For GN20
starting at=30~. The beam sizes of CO(6-5) are displayed in the left corneaoh map.
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Fig. 5. Observed optical to mid-IR SED of GN20 (left), GN20.2a (m&jdand GN20.2b (right). Red circles with error bars repntshe multi-
wavelength photometry. The solid lines show the best-§jttemplates from the libraries bf Bruzual & Charlot (2003}te derived CO redshift
for each galaxy, assuming a constant SFH models with soltallicéy and using an extinction correction fram Calzedtial. (2000). We adopt
the templates with a constant SFH to derive stellar massthygfihe photometry of U- to IRAC 4,8n band.

adopt the modeling results derived by assuming a constatt Staution, due to the possible contamination in the IRAC band
for analysis in the remainder of the paper. emission from its nearby companion galaxy (see[Hig. 4), had t
For GN20.2b, the stellar masses derived from the SED fjtessibility that the optical “counterpart” is a distinctretated
ting up to K-band and to IRAC 4.,Bm band are diering by 0.2 galaxy from the CO-emitting dusty starburst galaxy. It isewmsy
dex. Given that the IRAC photometry for GN20.2b is likely ® bto disentangle this issue given the current available data.
blended with the companion source (see[Hig. 4), we adoptthe a
erage of these two estimaté8, = 1.1x 10! My, and anuncer-  We estimated the UV-based SFR with the same SED fitting
tainty of about 0.2 dex. Looking at the IRAC image of GN20.2&pproach used to derive stellar masses. However, also td avo
we find that the IRAC peak is coincident with the northeast opossible uncertainties linked to blending in the IRAC banas
tical counterpart and close to the CO peak, and thus we tae ianly consider the photometry of U- to K-bands for the mea-
account the IRAC 4.3m photometry in the SED fitting for the sure of UV-based SFR, as the observed K band corresponds to
stellar mass derivation, yielding, = 3.8 x 10'° M,. We stress the rest-frame 4000 A Balmer break. Comparing the SFR es-
that the stellar mass estimate of GN20.2a should be tredted viimated from dust-corrected UV luminosity with the one con-
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three sources are within 25-30%. For the stellar mass, excep
GNZ20.2b, the dterences are also only 20%.

For GN20.2b, MAGPHYS provide two degenerate solutions
for the stellar mass. One is consistent with our previouwder
tion (about 16'M,) and a second one with much smaller values
up to factors of 3-5.

log (F, / mly)

3.6. The CO-to-H, conversion factor

Recently, a few attempts at the direct measurements of the
CO luminosity to B gas mass conversion factor for high red-
shift galaxies have been mainly based on dynamical model-
ing, gas-to-dust measurements, and radiative transfereimod
ing (e.g./Bolatto et al. 201.3; Carilli & Walter 2013, and eef
ences therein). A pilot study performed by Magdis etlal. (901
showed that the gas-to-dust ratio method applied to GN2fslea
to a conversion factor afco < 1.0, consistent with the dynam-
ical estimate measured by Carilli el al. (2010). Having \oiti

the dust, stellar, and dynamical masses, we use two indepéend
methods of dynamical modeling and gas-to-dust mass ra¢is-to
timateaco. To avoid the uncertainties resulting from the extrapo-

log (F, / mly)

log ( F, / mly )

Il

! 10 100 1000 10000 100000 lation from high-order CO transitions, we adopt the [0Wd=1,

A/um [observed—frame]

2) CO luminosities measured oy Carilli ef al. (2010, Z01HeT
CO luminosities are summarized in Table 3.

Fig. 6. Global UV to FIR fits to our galaxies based on MAGPHYS.

The black line is the best-fit SED and the blue line is the cpoading

unattenuated stellar emission. 3.6.1. The dynamical mass method

Assuming that our SMGs are a mix of disc-like and virialized

systems, we estimate the dynamical mass by taking the averag

v_erted from IR luminosity, we find that the IR-based SFR eﬁ’j two different estimators: the isotropic virial estimator (e.qg.,
timates are generally larger than the UV-based ones foeth‘_si)itzer 1987: Pettini et 41. 2001)

three SMGs. The ratios of SFHRSFR)y we derived are 13, 26,

and 6 for GN20, GN20.2a, and GN20.2b, respectively. As dis- 502r1)2

cussed above, the UV-based SFRs would be lowered by a fadfbn(r <r1/2) = —==— (3)
of ~3 if assuming an exponentially declining SFH, thus result i i ) )

in even higher SFR/SFRyy ratios. The extremely large valueWhereryz is the half-light radiuso= Avewp/2.35 is the one-
of SFRg/SFR,y measured in GN20.2a is indicative of hea\,”}ﬁlmensmnal velocity dispersiom{rww is the line width), and
obscured Uyoptical emission at the positions of @@dio emis- G is the gravitational constant, and the rotating disk estima
sion, in agreement with the largéfeet observed between opti-(Nerietali2003), corrected far sirfi >= 2/3 in mass:

cal and CO peaks shown in F[g. 4. As discussed in Daddi et mdyn(r < T1j2) = 6 X 10°AV2 12 (4)
(2009b), both the complex morphology and large ratio gtR _ ) ) )
derived SFRs may suggest that GN20.2a is undergoing a rhAis method has been widely applied to the dynamical mass

jor merger with a B-band dropout Companioﬂ 0_7” west to estimate for SMGs (e.g., Tacconi et al. 2008; Bothwell et al.
GN20.2a; see Fifl4). 2013;[Hodge et al. 2013). Unlike the dynamical mass traced

by HI emission line in local universe, the CO-based dynami-

cal mass represents more compact star formation region (e.g
3.5. Physical parameters from global UV to FIR SED fitting  [Solomon & Vanden Bollt 2005; de Blok & Walter 2014). Adopt-
ing the FWHM of CO(4-3) line derived from our best-fitting
double Gaussian models and the CO size measured from re-

multaneous estimates of the stellar masses, SFRs, IR lsimin Olvﬁg ﬁgj(%-l%a?w?gz; gr?;srgl'oeft glN ;g%giih'."o‘jgf it El'czigls)’
ties and dust masses using MAGPHYS (da Cunhalét al.l 20 f P yna - WIthm,2 pc i

; '8 + 0.2) x 10'* My, of GN20.2a withinry, ~ 2.5 kpc is
We use an updated version of MAGPHYS where the para "9+ 0.9) x 101 M., and of GN20.2b withiry, ~ 4 kpc
ter priors are appropriate for high-redshift galaxies (dal@ et .(2_6 . 1.0) x 101°®'M The uncertainties vvlézre estin?ated
al. 2014, in prep). This code includes a wide range of possi T P o

SFHs and dust properties, and fits the full SED consisterdgin f ased on the uncertainties on the FWHM measures. The dy-

. amical mass estimates for GN20 and GN20.2a are consistent
tSS /E)J:)/ti’g)atlhaenl;afr;f ”gyoﬁgld[[ﬂ(r&?ﬁ%)e nergy balance between t\F/%vithin uncertainties with the estimates by Carilli et al01®)

We find | | lent t with th It nd|Hodge et al.| (2012, 2013). For GN20.2b, our dynamical

_ yve Tind in géneral excelient agreement with the resullS ofy,ss estimate is better constrained than the one measured by
ta_uned from separate Uuptical and IR fitting described in Pré-hodge et al.[(20] 3), as the uncertainty in its fitted line ‘it

vious sections. In all cases the SFRs are very close to Whaté[bnﬁicantly rédu'ce(,j

ferred from the IR luminosities applying a standard Kentticu : : :
(1998) conversion. After correcting for thefidirentx values & foll(;rv(\)/ tehsétlrrggtﬁ(;[geinggzdrg?gf‘:lrog(;trlwg)dynammal modeling, we
is the dust absorption cficient) adopted in MAGPHYS and in s

the DLO7 model, the dierences of dust mass estimates for thedé(r < ry/2) = 0.5 (My + Mgag + Mgandr < r1/2) (5)

In order to verify the stability of our results and test agajpos-
sible systematicféects dfecting our modelling, we obtained si-
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Table 3. Physical properties of GN20, GN20.2a and GN20.2b

Source M, sSFR L’Co[lfo] SFE Zwpos  6epr  a@co(GDR) Mgy aco(dyn.) (aco) Mgas fgas q
(10"°My) (Gyr?Y) (10° Kkm st pd®) (lo) (10"M,) (10M,)

@) ) ©) 4 6 (© ™ 8 9) (10) (11) (12) (13) (14)

GN20 11 16.9 1604 116 8.8(9.2) 77(27) 1#8.7 18+02 1.0:0.2 1.3:0.4 21+0.6 0.66:0.12 2.4%0.05

GN20.2a 3.8 20.9 2+11 90 8.6(9.0) 106(42) 241.1 19+09 2.8:1.6 2.41.3 22+12 0.850.09 1.720.04

GN20.2b 11 6.3 B+06 238 8.9(9.2) 53(27) 2485 2,815 08+ 0.5 0.42-0.18 2.6@-0.13

Notes. Column 1: Name of the object. Column 2: Stellar mass detexdiirom synthetic template fitting of the U- to IRAC 4r&-band photometry
(without 3.6um-band), assuming a constant SFH and a Chabrier (2003) INd-typical uncertainties are 0.2 dex. For GN20.2b, thesstaibss

is estimated by taking an average of the results from SEDdittvith and without 4.5um-band. Column 3: Specific star formation rate. SSFR
= SFRM,, with SFR derived from the bolometric IR luminosity. ColumnFor GN20, the CO(1-0) luminosity is measured by Carilkkt
(2010). For GN20.2a and GN20.2b, we convert the CO(2-1)rosity measured hy Carilli etal. (2011) to CO(1-0) luminiesi by assuming
r»1=0.84 [Bothwell et dl. 2013). Column 5: SEEL /L, in units oflo=L, (K km s7* pc®)~t. Column 6: Metallicity estimated based on the
FMR (values outside the parenthesis) and mass-metal(jgtiyes in the parenthesis) relation applied to the predantelliptical galaxies. We
have corrected for the metallicity scale from KD02 to PPQ4tiie FMR by adopting the prescriptionslin Kewley & Ellisord(8). Column 7:
Gas-to-dust ratio derived from the relation of Magdis e{2012a) which relates th&spr to metallicity. The values in the parenthesis are inferred
assuming a metallicity estimated from the mass-metajfligtation of present-day elliptical galaxies, while théues outside the parenthesis are
from the FMR relation. Column 8: CO-toJ-tonversion factor in units ofl, (K km s7* pc®)~, inferred fromaco = Mgas/ Lo o) with Mgas

= Maust X depr-  Column 9: dynamical masses within the half-light radiust EN20.2b, we do not derive an estimate of dynamical mass, as
the dynamical mass estimated in this way is found to be smtilden stellar mass. Column 10: CO-tg-Ebnversion factor estimated based on
the dynamical method. Column 11: The average of CO-4@dhversion factor derived from gas-to-dust ratio methodl @gnamical modeling.
Column 12: Molecular gas mass measured f[cgg[lfm and{aco). Column 13: Molecular gas fractioffgas = Mgas/(Mgas+ M.). The uncertainties
are mainly dominated by the uncertainties in molecular gimates. Column 14: IR-radio correlation parameter.

where the dynamical mass within the half-light radius is eom Having obtained the dust masses for our sources, we need the
posed of the half of the total amount of stellar mass and gagasurements of their metallicities, for which we have kpoa
mass, and the amount of dark matter withif,. Subtract- indirect indicators. The fundamental metallicity relatig=MR)

ing the stellar mass, including a 25% dark matter contridmyti ofIMannucci et al.[(2010) that relates the metallicity toth8FR
which is a typical value adopted far~ 1 — 2 normal galaxies and M, is one of the methods that is commonly used for mea-
(Daddi et all 2010) and ~ 2 SMGs (Tacconi et al. 2008), wesuring metallicity. However, the FMR relation is valid oniyp
find @co = 1.0+ 0.2 and 28 + 1.6 for GN20 and GN20.2a, re-to z ~ 2.5, and thus we also apply the mass-metallicity rela-
spectively. The derivedco for GN20 is consistent with previoustion of present-day elliptical galaxies (e.g., Calura eP8i09),
estimates. (Carilli et al. 2010; Hodge etlal. 2012). For GI2B0. assuming that the high redshift strongly star-forming giala
the dynamical mass is found to be much smaller than our pege the progenitors of the local ellipticals, given that kuge
ferred estimate of the stellar mass, suggesting that ounadet SFR (~ 690 - 1860 M, yr~1) of our sources could be due to
may possibly significantly underestimate the dynamicalanidis a final burst of star formation triggered by a major merged an
we adopt the rotating disk estimator and make an assumpttha galaxy will eventually evolve into a massive elliptiedgth

for the extreme case that GN20.2b is composed of stellar masshanged mass and metallicity once there are no further sta
and dark matter only, the maximum inclination angle deriieed formation activities. The metallicity estimates basedtds sce-
this galaxy would be about 20close to face-on. This is con-nario and the FMR relation lead to +@g[O/H] = 8.8-9.2 for
sistent with the narrow CO line width that we observed. On tl@&N20 (agree with the valueslin Magdis etial. 2011), 8.6-9t0 fo
other hand, the alternative lower stellar mass value sugdéy GNZ20.2a, and 8.9-9.2 for GN20.2b.

MAGPHYS for this object is compatible with the inferred dy-  With the derived metallicity, we estimate thegpr following
namical mass. Nevertheless, given all the uncertaintemfar- the relation of Magdis et all_(2012a) which relates dagr to
ence on dynamical mass ando for GN20.2b can be directly metallicity, i.e.,

obtained in this way. logscor = (10.54+ 1.0) - (0.99+ 0.12)x (12 + 1og[O/H]) (6)
The fit to this relation indicates a value fé«pr of ~ 77(27) for
3.6.2. The gas-to-dust ratio method GN20,~ 106(42) for GN20.2a, and 53(27) for GN20.2b, as-

suming a metallicity estimated based on the FMR relatiorséma
Some recent studies have revealed a tight correlation leetwenetallicity relation of present-day elliptical galaxiesyith the
the gas-to-dust ratios¢pr) and the gas-phase oxygen aburgas-to-dust ratios, we can determine Mgys and estimaterco
dance, withdgpr decreasing for more metal-rich galaxies (e.gfyom the equatiomrco = L 5/Mgas Here we have assumed that
Leroy et al. 2011| Magdis et al. 2011). Under the assumptiah high redshiftMy, > My and therefore thaMgas = My,.
that the local observedspr — Z relation is valid at high red- This assumption is based on the observed high surface densi-
shift, IMagdis et al. [(2012a) derived indirect estimatesagh ties, above the characteristic threshold for HI saturedimhthus
for a sample of star-forming galaxies at~ 2 and found that most of the gas is in molecular form (e.g., Bigiel etlal. 2008;
the variation tendency afco is in line with previous studies |Obreschkow & Rawlings 2009). The-o derived based on gas-
(Leroy et all 2011). Following the prescriptionlin Magdisa€t to-dust method are.8+ 0.7, 20+ 1.1, and 28 + 1.5 for GN20,
(2012a), we attempt to apply this approach to the three geaxGN20.2a, and GN20.2b, respectively. We note thatoeuy esti-
in our sample to estimateco. mate for GN20 is larger than previously foundiby Magdis ét al.
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(2011) with the same method, which is due to the revised es}i8. Gas fractions, depletion timescales, and the evolutionary
mates of dust and stellar mass used in our study. We cautébn th  status
thesenco estimates are systematically uncertain due to the lal

I .
uncertainties of metallicity estimates. ggbleB lists the molecular gas masses for our three galax-

ies, derived based on the averagg, inferred in Sectiorl_3]6
and the measureld.,. Combining the gas mass with the stel-
lar mass estimates, we find molecular gas fractiorfggf =
3.6.3. Comparison of the CO-to-H, conversion factor Mga¢/(Mgas + M,) = 0.66+0.12, 0.85:0.09, and 0.420.18 for
GN20, GN20.2a, and GN20.2b, respectively. These values are
comparable to other SMGsat 2—-4 (Bothwell et all 2013) and
Comparing thexco estimates summarized in Taljle 3, we fin#ligh-zmassive, gas-rich star-forming galaxies (é.g., Daddilet al
that theaco determined based on the metallicity-dependent ggg10; Tacconi et al. 201.0). Bothwell et al. (2013) compate t
to-dust ratio method are consistent within uncertaintiéth w gas fraction of SMGs to that of local LIRGs and found an in-
those measured from the dynamical modeling for each galagease of gas fraction up @~ 2 followed by a flattening to-
The averageco are 13+0.4,24+1.3,and 28+ 1.5 for GN20, ward higher redshift. This is similar to the redshift evint
GN20.2a, and GN20.2b, respectively, which are found to be heend of gas fraction revealed in normal star-forming galax
tween the typical value~0.8) determined for ULIRGs and thejes {Magdis et &l 20126; Tan ef al. 2013), despite that SMGs
value (~4) appropriate for the Milky Way. However, these valuegave typically an order of magnitude higher SFRs than nor-
might be well below the value appropriate for normal galaxienal galaxies. The 2 star formation mode (2-SFM) predictions
at those epochs, as theo of z > 4 normal galaxies could be by[Sargent et al[ (2013) have also revealed that the averse g
much higher than the Milky Way value (e.g., Genzel et al. 201#action of starbursts is only slightly lower than that ofimae-
Bolatto et al! 2013; Carilli & Walter 2013; Tan et al. 2013)eW quence galaxies.
caution that the uncertainty efo estimates derived from each  Dividing the stellar masses by the SFRs, we estimate the
method is significant. For the dynamical analysis, the main Ustellar mass building-up timescale afq ~ 59 Myr, 48 Myr,
certainties are the crude estimates of dynamical mass lmmse@nd 159 Myr for GN20, GN20.2a, and GN20.2b, respectively,
marginally resolved imaging data and the stellar mass basedf assuming that these galaxies have sustained their durren
SED fitting, which is caused by the extreme dust obscuration asFRs continuously. Similarly, assuming that the SFRs oenti
the potentially complex SFHs, while for the gas-to-dusthoét yes at the current rate and neglecting tieat of feedback, the
the large uncertainties might result from the dust model@ssl minimum time for exhausting the molecular gas reservoir can
and the uncertainty on metallicity estimate. The consetef pe given by the gas depletion timescatgss = M(H2)/SFR,
aco estimates derived from two independent approaches furthgiich we find to be~113 Myr, ~ 275 Myr, and~116 Myr for
confirm the reliability of the gas-to-dust ratio method. GN20, GN20.2a, and GN20.2b, respectively. These timescale
are relatively short than in massive, normal galaxie®.4-0.9
Gyr; e.g., Daddi et al. 2010; Tacconi et al. 2010), indiggtin
rapid star formation mode with intense burst for SMGs, prob-
ably undergoing major mergers or rapid cold accretion (e.g.
Narayanan et al. 2010; Davé et al. 2010). In addition, the ex-
tremely high gas surface density revealed in GN20.2a may in-

With the stellar masses and star formation rates derivedegbdlicate a triggering mechanism of major merger, while the sur
we estimate sSFR of 16.9 Gyy 20.9 Gyr?, and 6.3 Gyr* for face density of GN20.2b is found to be comparable to normal
GN20, GN20.2a, and GN20.2b, respectively. Both GN20 aféfr-forming galaxies (Hodge et al. 2013). If we define stesb
GN20.2a exhibit larger sSFRs with a factor-06 than the aver- Phase to be the fraction of stars have already been formed ove
age of equally massive galaxies on the SFR-Main-sequence the available gas reservoir, simply calculated/ag (Mgast+ M),
atz ~ 4 (Sargent et al. 2013), while GN20.2b shows a sSFaking these numbers at face value we would find that the rel-
excess of 2.4 (which could be larger though, in case of thedowatively young stellar age and long gas-consumption tinesca
mass MAGPHYS solution is adopted instead). The large sSFH-GN20.2a place it at an early stagel5%+9% of the way
excess for GN20 and GN20.2a, similar to the 2 — 3 SMGs, through its starburst, while GN20 and GN20.2b have experi-
have been revealed|in Daddi et al. (2009b), suggestingtthaet €Nced~35%¢14% and~60%:+35% of their starburst phase, re-
galaxies are undergoing starburst events with short dutiesy spectively. The CO excitation analysis has also revealéerdnt
likely triggered by mergers. merging states for these three galaxies, of which GN20.2b di
play lowest excitation (Carilli et al. 2010; Hodge etlal. 2p1

3.7. The specific star formation rates and star formation
efficiency

The ratio betweem,r andL¢ (i.e., SFE, in units ot (K
km s pc®)™) can be used as a measure of thiecency with 4. \What is the nature of GN20, GN20.2a and
which molecular gas is converted into stars. Given thatthe t  5n20 2p?
tal available reservoir of gas within a galaxy could be bette T
traced by low-J CO emission, we use directly observed COWe have presented multiwavelength properties of GN20,
0) luminosity or the one extrapolated from CO(2-1) observ&N20.2a and GN20.2b, including WYaftical, far-IR, and mm
tions for SFE derivation to avoid the uncertainties in thdem photometry and molecular gas content. Tdble 4 lists the ra-
lying gas excitation. We find ratios 6f90-238 for these threetios of SSFRRSFRs and SFRk/SFR,y for these three SMGs.
galaxies, comparable to those derived for other high-iiddsiThe large sSFR-excess observed for GN20 and GN20.2a sug-
SMGs (lvison et al. 201 1; Bothwell etlal. 2013), and higharth gest that these two galaxies are starbursting outliers eabov
in normal star-forming galaxies-84+12; Daddi et al. 2010), but the main sequence (Rodighiero et al. 2011; Sargentlet ak)201
slightly lower than in local ULIRGs~+250+30; Solomon et al. Although GNZ20.2b might situate within the MS scatter with
1997). sSFRsSFRys ~2.4, the large value of SFRSFR,y indicates
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Table 4. Derived properties of GN20, GN20.2a, and GN20.2b (2013), we find the observed., is in good agreement with the
prediction for all our three SMGs, indicating that the dyrnam
Source SSER SFRR o o 7puie Source sizée Yoad ics within the gas emission region is dominated by the basyon
SSFRys SFRyy '9as Thui gas ; .
My (Myr)  (kpc) (M, pc2) Given that the stellar mass of GN20.2a is the smallest onegmo
[}

these three galaxies, we infer that a large reservoir of codde
GN20 64 13 113 59 ~8 ~2400 gas dominates the dynamics of the region probed by our obser-
GN20.2a 6.3 26 275 48 ~5x3 ~3900<(sini)(aco/0.8) Vations. Thti)S is C(()jf!Si?rt]?nt V\iith thse' hfléaVin gklsétbo?ﬁcﬁ _

. emission observed in this galaxy. Similar to , the ptalsi
GN202b 24 6 116 159 ~85 ~530«(sini)(eco/0.8) properties of GN20.2a would point toward a major mergeradriv
@ _ _ stage, likely approaching the final coalescence with satista
Notes. ® Decorvolved CO(2-1) size (G?“Ss'a” FWHM).  Fromagio emission powered by an AGN, given the high gas surface
Carill etall (201D) and Hodge etlal_{2013). Average gas surface density and extreme bright radio emissibn_(Daddi &t al. 2009
density. From_Carilli et al! (2010) and Hodge et al. (2013). Hodge et all 2013). However, the complex 6ptical morphology

makes it dificult to understand the detailed physical process of
. . ) . star formation in this galaxy.

that a large fraction of UV emission from this galaxy is ob- " comparing the physical properties of GN20.2b with those of
scured, pointing also toward a population of starburst)galagnog and GN20.2a, we find that GN20.2b exhibits compara-
(Daddi et al. 2007k, 2010). For GN20 and GN20.2a, the largg, gas surface density and perhaps even distance withctespe
offsets between the CO positions and the optical counterpgeigne \Ms of the SFRMI, plane with that observed in normal
show clear evidence of extreme obscuration, consistehttivit star-forming galaxy az ~ 2. However, the optically thick UV
heavy dust extinction observed in the UV emission. In additi ¢mission and the high SFE observed in GN20.2b agree better
the high gas surface densities derived for GN20 and GN20 g, the case of a starburst. In combination with the analifsi
suggest that the star formation is dominated by the compaCl {33 the relatively old stellar age and short gastaopsion
star:formmg sites (Tab 4; Carilii etlal. 2010; Hodge E’Q‘i"l& . timescale of GN20.2b are likely to suggest that this galaxy h
2013). As dlscused in Se¢l. B.8, the gas-consumption tiMg: 4y passed its peak of star formation activity, propabk
scales (see Tabld 4) of these three SMGs are found 10 be §igx e at the decaying stage of a major merger. In additien, w
nificantly shorter than those of normal galaxies, indi@t¥ a |, ia that the line width~ 220+ 43 km s1) of GN20.2b is
more rapid star formation mode. The extreme SERED0 My m,ch narrower (by a factor 6f2.5-3.5) than those of GN20 and
yr—) and high radiation field intensity{) >25) observed for 550 24, Given the extreme obscuration offdtical emission
our SMGs would also favor the scenario of intense starburss sN20.2a and GN20.2b higher resolution and sensitivily C

as suggested by Magdis et al. (2011) (see lalso Magnelli et; i Id be highlv beneficial for th lorati f
2012a). In addition, our three SMGs appear to be dynamic I (?r%lrr:glc\;é?/uand Einé?’na){icseirr]\et#;ge s;stefng?(p oration ot gas

distinct from the normal disk galaxies, since these gataare Despite the large uncertainties associated with the above

clefarly separated from disk galaxies ir} the velocity-silene, analysis, our sample of three SMGs appears to be flieréint
which can be used as a tool to constrain the angular momemé\/rﬁlutionary stages: GN20 - a major merger undergoing final

properties of galaxies (Courteau 1997; Bouché et al. [200#. coalescence; GN20.2a - a major merger approaching final co-

low orbital angular momentum observed in our SMGs might Bf.c.once: and. GN20.2b - at the decaying stage of a merger-
caused by a recent or ongoing merger. f '

driven starburst. We consider that it could be reasonabiiedo
Two main modes are typically considered for triggeistarbursts at dierent stages in the same massive proto-cluster

ing star formation in high redshift SMGs: major mergerstructure az = 4.05, as it would be hard to expect absolute

(Narayanan et al. 2010) and secular mode with smooth magachronisation to much better than the 100 Myr timescake of

infall from the intergalactic medium and along the cosmigerger-driven starburst.

web (Dekel et all 2009; Davé etial. 2010). However, it is still

a matter of debate to identify which mode of star forma-

tion is responsible for the majority of the SMG populatior, Implications for the cosmic evolution of dust

High-resolution CO imaging of local ULIRGs and ~ 2 content in galaxies

SMGs have revealed large reservoirs of molecular gas con-

centrated in the galaxy nuclei with disturbed CO kinemat-

icsmorphologies, suggesting a merger-driven mechanisméorth The aim of this section is to study the interplay between

star formation activity (Downes & Solomon 1998; Tacconilet ametals, gas, and dust grains, and tffea of metallicity evo-

2008; Engel et al. 2010). However, the resolved CO imagifgtion on observations of galaxies, by investigating theletion

of GN20 shows ordered rotation and an extended gas distf-CO-luminosity-to-dust mass ratio and dust-to-stellassra-

bution (Carilli et al. 2010; Hodge etlal. 2012), which could btio across cosmic time for starbursts as well as for MS gakxi

suggestive of a rotating disk. On the other hand, hydrodyws placing the observations of the GN20 proto-cluster SMG

namical simulations of gas-rich mergers have shown that tinehe general context.

merger remnant gas can cool quickly and produce an extended

star-forming disk|(Springel & Hernquist 2005; Robertsoalet . ,

2006; Robertson & Bullock 2008). 5.1. The evolution of L¢.o/Maust

GN20.2a has a smaller CO size than GN20 and GN20.2b, b\ start by looking at the cosmic evolution of the dust mass
exhibits a much larger line width, implying a much deepergra to CO luminosity ratios, looking for empirical trends ang-tr
tational potential well, as CO line emission traces thekiatcs ing to understand possible expectations for the relatiotuéon
of the potential well where the molecular gas lies. Comgarirof these two quantities versus redshift, tiieeet of metallicity,
theL, between the one observed directly and the one predictattl searching for possiblefférent behaviours of MS versus SB
from the Li,,-FWHM relation discovered in_Bothwell et'al. galaxies. Figurél7 shows the evolution Igf/Mgus: with red-
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——— ———
0 z~0 spirals z~0 ULIRGs

shift for normal star-forming galaxies and starbursts. M3

galaxies, the sample available for our analysis consisis~00 1000 Fmz~05-1.5 MS galaxies ~ *z~2.3-6.3 SMGs
local group galaxies from_Leroy etlal. (2011) and individyal 4 z~14-31 lensed galaxies kz=4.050 GNZ0
detected MS galaxies at~ 0.5 andz ~ 1.5 from|Magdis et al. A * z=4.056 GN20.2b
(1+2z)

(1 +Z)7O‘62i0‘23

0.27+0.20

(2012a). We also show~ 1.4 — 3.1 lensed star-forming galax- [ L'co/Mauat
ies from|Saintonge et al. (2013), although for lensed gakaxi [ L' oo/ Maust
in general there is the possibility of a ‘lensing bia#feating 100 F

their selection (high surface brightness in the UV rest fam :
andor high intrinsic IR luminosity), so that it is not clear if
they should be considered as typical MS galaxies, oftenstime
they could be starbursts (see also Tan et al. 2013). To reducél
the possible uncertainty resulting from the assumptionxof-e
tation correction, for two of the UV-bright lensed samplésga

ies, cB58 and Cosmic Eye, we adopt the CO(1-0) luminosity
measured by Riechers et al. (2010b) instead of the one extrap
lated from CO(3-2) shown in_Saintonge et al. (2013). The dust
masses of these galaxies are derived based on the DLO7 model.
For the starburst galaxies, besides our tlree4.05 SMGs, we

add additional objects located at- 0 — 6.3 from the literature 0 2 4 6
(Downes & Solomah 1998; Coppin etlal. 2010; Gilli ellal. 2014; redshift

Cox et al.| 2011; Swinbank etlal. 2010; Riechers etal. 201 . . .
5 ‘ 2 x : : = - ¢. 7. Redshift evolution oL/.,/Mqust for MS galaxies and starbursts.
2011,12013] Capak etial. 2011; Dwek etial. 2011; Walter et@\ z ~ 0 we use the ave?gge value derived from the samples of

2012). To_be consistent with our targets, we also use DL07'm‘3L%roy etal. (2011) for the spirals (gray circle). Black smsrepre-
els to estimate dust mass for the literature sources, eXeeptsent individually detected normal star-forming galaxiesa 0.5 — 1.5

ID 141 atz = 4.24, LESS J033229.3-275619at 4.76, and (Daddi et al[ 2010; Magdis et/dl. 2012a), while the blacknigias de-
HDF850.1 atz = 5.183, for which we adopt the dust mass estirote lensed galaxies at~ 1.4 — 3.1 (Saintonge et al. 2013). The best
mates in the literature after a correction factor of 2, gitleat fit to the normal galaxies yields a relationlgff,/Maust o (1 +2)%27+020

the dust mass estimates based on a single-temperature m@glid line). In addition to GN20, GN20.2a, and GN20.2b i eam-
fied blackbody model are on average a factor8flower com- ple atz = 4.05, we also plot starbursts (grey and color stars) from the

ared to those derived using DLO7 model (Magdis &t al. 2012i¢rature as followsz ~ 0 ULIRGs [Downes & Solomon 1998); SMM

Magnel et al. 2012b). For the - 6.3 SMG (Riechers etal B e T b
= . = - 2k " (Riechers et al. 2011); at= 4. (Cox et all_2011);

2013), our DLO7 estimate dflqustis much higher than the pub- 3533559 4575619 at= 4.760 [Coppin et al. 2010: Gilli et &1 2014):

lished one, and we adopt a log-averaged value which is withiihr g50.1 atz = 5.183 [Walter et al. 201.2); AZTEC-3 at= 5.298
0.2 dex from both estimates. (Capak et al. 2011; Riechers etlal. 2010a; Dwek &t al.|2018);33 at
The best fit to the MS galaxies yields a nearly flat ratio with = 6.34 (Riechers et al. 2013). The best fit to the starburst gedaxi
redshift of Lio/Maust o (1 + 2272920 from z = 0 to 3.1, givesarelation ofo/Mausioe (1 +2)7°°*0% (dashed line).
indicating thatl;,/Mgqust remains roughly constant for normal
galaxies. The best fit to the starburst galaxies gives aoalaft
Leo/Maustoc (1+2)7%62:023 The GN20, GN20.2a and GN20.2bBased on these derivations, the ratid @f,/Mqust should not re-
galaxies agree well with the general SB trend. Local ULIRGHly depend strongly on metallicity (hence neither on atefhass
have a mean ratio dff.,/Maus higher than normal galaxies bynor on redshift), for massive galaxies.
factors of 3—4, but the higher redshift starburst galaxtesis One might wonder if this expectation would change if the
consistenl¢,/Maust With normal galaxies. These result do nometallicity of massive galaxies in the high redshift Uns@was
change substantially, regardless of whether we includietieed substantially lower. Recent studies of dwarf galaxies raug
galaxies in the normal galaxy sample or in the starburst #mpgested that bothco anddspr could rise more rapidly at metal-
We now attempt a simple interpretation of these trends-stdicities < 10 times smaller than solar (e.g., witlho « Z7>4 in
ing from the MS galaxies. We recall that botf, and Mqys; Schruba et al. 2012). Studies of gas-to-dust mass ratiascaf |
are intimately related to the gas mass, Wity, = Mu,/aco galaxies over a large metallicity range reveal a broken powe
and Mgust = Mgag/dcpr, respectively. Therefore, the ratio oflaw relqtion betweedspr and metallicity (Rémy-Ruyer et al.
Lo/Maust €an be expressed a@gpr/eco, provided that most 2014; Fisher et al. 20114), with a steeper slopeZ(®) for dwarf
of the gas contained in the region where the CO and IR lgalaxies with metallicities lower than 8.0. Also in this case,
minosity arise is molecular. As discussed in Secfion_8.6®e ratio ofLi,/Magust would remain roughly constant as normal
H, is thought to dominate the gas mass of normal massis@r forming galaxies with higher metallicity, i.e., theigaof
M, > 10'°M, galaxies at low and high redshift, based on thie.o/Maust changes little with metallicity and thus cosmic time.
large molecular gas fraction observed in highdS galaxies Of course, the ratio could instead decrease substantiakiyy
(Daddi et al 2010;_Tacconi etlal. 2010) and the theoretical &egime in which the molecular to total hydrogen fraction was
guments (e.g., Obreschkow & Rawlihgs 2009; Bournaudlet ahibstantially smaller than unity.
2011;/Lagos et al. 2011). It has been found that the gas4b-du Focusing now on the SB galaxies, we already noted that
mass ratio is metallicity dependent with a relationsghr o the local ULIRGs show comparatively larde /Mqust than
Z~! for normal galaxies (see Leroy et al. 201.1; Sandstrom|et tlat of normal galaxies of similar metallicity (see also .Fig
2013). Meanwhile, studies of CO-tosHonversion factor have of IMagdis et all 2012a). It is interesting to try to interptieis
shown thataco also scales with metallicity on average @s empirical finding. As the ULIRGs are most likely,Hlomi-
Z! for metallicities not much below /B solar (see review nated, this might be reconnected to either a lasggk andor a
by |Bolatto et all 2013; Genzel et/al. 2012; Sargent et al. R01Bweraco than normal galaxies, at fixed metallicities (i.e., stellar

oc
oc

CO/Mdust

10
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masses). In Fig. 5 of Magdis et al. (2012a), the local ULIR@s an the evolution of metallicity (or, at fixed stellar mass, thé
shown with on average loweico than the one derived based oimass-metallicity relation).

theaco—Z relation defined by normal galaxies, while the gas-to-
dust mass ratios follow the local trend. Note that the miettiéls

T
z~0 ULIRGs

F T
derived in that study for ULIRGs are based on optical emissio i 22:?,2 stacks * 2~2.3-6.3 SMGs
lines, and might be a biased estimate as they might be not very | gZTo800 Gl Fu=4.005 GN=0
sensible to the most obscured regions. * 7=4.056 GN20.2
As for the possible decline of the. ,/Mqustratio of SBs with 107! A Mguor/M, o (1+2)051=0% % E
redshifts, we suspect that it might be in part spurious. b, fa : ,% ]
the local ULIRGs are more extreme starbursts than highhitids . [ t I P

ones, having fisets from the MS of order of 10-30, while for <
example GN20 and GN20.2a have only six times higher SFR >~y _2
than MS galaxies of similar masses. Matched samples in terms 2 10 ;
of the distance to the MS would be required to investigate the =
possible diferential redshift evolution in the properties of SB
galaxies.

All'in all, these results suggest that the ratio of CO luminos 1073 F M,=5x10" [M,]
ity to dust mass remains approximately constant througintos ;

N

\
universally valid FMR

time, albeit with larger ratio for starburst galaxieszat 0. A e M7 relation !
decline in metallicity could fiect both quantities strongly, but Mapo =05 % Z xMgoe |

in the same way at first approximation. Hence, similarly t® th e
scenarios briefly sketched lin Tan et al. (2013) for the eiahut 0 2 4 6

of the CO luminosity at high re_dshift (as for examp_le meagure redshift

respect to the average CO luminosity at fixed SFR 2 sam- ) ) ] .
ples), in the case of rapidly declining metallicity in thestint Fig. 8. Evolution of Mgus/ M, as a function of redshift. 'I_'he gray circle
Universe the dust mass of galaxies would be also substgntigfPresents the averaged value of local normal galaxies thensam-
affected (and therefore their bolometric IR luminosities)tha Ple oflda Cunha et all (2010a), while black solid circles espnt the

N | his i . detail ; . stacking results at ~1 andz ~2. The light blue and blue solid cir-
next section we explore this issue in more detall, agaimgyo g represent “LBG-1" and “Himiko”, which are star-forngigalaxies

distinguish MS and SB galaxies. at z=5.300 andz=6.595, respectively. The black solid line shows the
expected evolution oMy,e/M,. with redshift based on the relation ob-
. served in the local universélgus: ~ 0.5 x Mgas X Z. Predictions for
5.2. The observed evolution of Maus/ M« the redshift-evolution oMgus/M, of MS galaxies are shown for the

To guide the understanding of what could regulate the eiesiut case of an universally valid FMBroken FMRevolving M, — Z rela-
of dust masses to high redshift, and to clarify respect tactvhition atz >3 (redorangggreen lines; the > 2.5 extrapolations shown
physical properties of the galaxies the dust masses Sh(ﬂ,lld'rdeored dashed lines are observationally-unconstdirehe shaded

. ) L .. region shows the range dfly,sy/ M, ratio beyondz = 2.5 predicted
compared to assess their behaviour, it is useful to conaggin by our models. All measurements for normal galaxies andigtieds

the definition of(SGDR’,’rlewriting it in a more f:onvenient form pave been normalized to a common mass scal,of 5 x 101 M.

(e.g., Leroy et &l. 2011; Magdis et/al. 2012a): The star symbols indicate starbursts, same as i Fig. 7. [Eiok Hot-
dashed line is the best fit to the starbursts with a relatidd @fy/M, «
(1+ 2)0.5h0,35'

Maust~ 0.5X Z X Mgas @)

In Fig.[8 we show measurementshfi s/ M, for MS and SB

. ) 0 .
This uses a rough estimate of 50% for the fraction of metals laxies at dferent redshifts, normalized to a stellar mass »f 5

in dust, as on average 1% of the gas is incorporated in dustilig . ; .
the local universe, while solar metallicity @f=0.02 means that g Mo, using the scaling discussed above. We show average val-

2% of the gas is in metals. A similar value of the dust-to-tetg<> forz ~ 0 spiral galaxies (da Cunha efial. 20110a) and stacked

ratio (~0.5) was found by studies of extinction and metal CO;%T;Ll)aST%Z Jselo?na?ér; gsr;%mlggg?glaglsiiéll\;lﬁ gﬂlge?‘itn?;s
umn densities for a sample gfray burst afterglows and quasal o g b b y

~ v should be representative of the typical behaviour of MS>gala
1‘[())_re;g_round absorbers at= 0.1 _.6'_3 (Zafar & Watson 2013). ies, independently on object-to-object fluctuations. Restud-
ividing by stellar mass we obtain: . ; ;
ies of nearby galaxies of thé¢erschel Reference Survey derive a
Maus/Mx ~ 05X Z X (Mgag/M,) (8) Mausy/M,. of 3.5x103 atz ~ 0 (Cortese et al. 201 2; Ciesla et al.
2014), in good agreement with our estimate for SDSS galax-
which shows that the dust to stellar mass ratio depends on ig (da Cunha et al. 2010a). For typical MS galaxies, the-dust
metallicity and the gas fraction in the galaxy, and is expetd to-stellar mass ratio rises by a factor of few fram= 0 to 2
be only weakly dependent on stellar mass at fixed redshift f@monsistent with the findings bf Scoville etlal. 2014; Sairgiral.
MS galaxies (scaling likev;%3° based on the dependencies a2014). Similar trends have also been revealed for large lesmp
Z and Mga/M, discussed by Magdis et al. 2012a). Instead, af Herschel-ATLAS galaxies atz < 0.5 (Dunne et all_2011).
fixed stellar mass, the expected redshift evolutiorMgis/M, ~ Given that the lensed star-forming galaxies are intrinisi¢aint
can be simply computed starting from the observed cosmic ewvdth low stellar massNl, < 10'° M) and probably not repre-
lution of the SSFR in MS galaxies (see e.qg., Fig. 19 in Sargesgntative of massive galaxies at those epochs, we did not com
et al. 2013) and converting the SFR into gas masses using plaee the dust-to-stellar ratio of these galaxies with MSaxal
Schmidt-Kennicutt law (S-K; SFR M12; see e.g., Daddi et al. ies, although some lensed galaxieszat 1.5 — 3 are shown
2010b; Genzel et al. 2010; Sargent et al. 2013). The remaintte have similarMqy,s/M, ratio to local star-forming galaxies
of the redshift evolution of th&y,sy/ M, ratio is thus contained (Sklias et all 2014). For the SB galaxies we plot the same sam-
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ple as in Fig[V(Coppin et &l. 2010; Gilli et/al. 2014; Cox et a(e.g.| Daddi et al. 2010; Magdis etlal. 2012a; Tacconi etCl02
2011; Swinbank et al. 2010; Riechers et al. 2010a, 2011,;202813), which strongly overpowers for the metallicity denemnt.
Capak et all 2011; Dwek etial. 2011; Walter etial. 2012). The However, while the exact evolution of average metallicity
dust to stellar mass ratio of SB galaxies is found to be fairtf massive galaxies a > 3 is still in debate and therefore
flat with redshift, with the best fitting trend beildqusy/ M, o« highly uncertain, there are observational claims suggggtiat
(1+2)°%51£035 (see Fig[B), indicative of still substantial metal enthings might change quite drastically at these high retsH#v-
richment at higher redshifts in these systems up to at lea€i. idence for rapid metallicity evolution & > 3 has been pro-
The dispersion of the residuals from the fit is larger thantwhposed by studies af ~ 3.5 LBGs (e.g.| Maiolino et al. 2008;
expected from the measurement uncertainties, indicatitmoni IMannucci et al.. 2010; _Sommariva ef al. 2012; Troncosolet al.
sic dispersion of at least a factor of two in the propertiethef [2014), suggesting that the metallicity of massig > 10'°M,

SB population. Again, the GN20 proto-cluster galaxies behagalaxies might be decreasing fast, and the FMR no more valid
similarly to the rest of the SBs. over those redshift ranges (FId. 9-left). It is not clearhiése

No dust mass measurements exist for indisputably normZéasurements might be unrepresentative for tymcal3 mas-
MS galaxies az > 3 (an attempt to study the evolution ofSV€ galaxles, as they might be blaseq downin reddenm@éhen
MausyM, at 3 < z < 4 by stacking of normal MS galaxies will " metallicity) due to the UV-selection of the spectrosaopi

be presented in an upcoming paper by Béthermin et al. 208@MPples (s€e Zahid et al. 2013b). Moreover, these obsemai

in prep.). However, the recent ALMA observations of Himikotlaims are in contrast with what is predicted by some thewatet

a star-forming Lye selected galaxy az = 6.595 with SFR (e.9., Finlator & Davie 2008) or heuristic (e.g., Lilly eti@D13)

~ 100 My yr-t and M, ~ 1.5x10% M., reveal a significant models. Given the substantial uncertainties, for now weneg
deficit of dust content and [CII] 158n emission[(Quchi et al. the range of scenarios as all plausible, and we explore hitpar
2013), which is more than 30 times weaker than the one pH@r the implications within a reasonable range going froe t
dicted by local correlations. With the 1.2 mm flux limit meaS@se of stable metallicity of massive galaxieg at 3 (equiva-
sured in_Ouchi et all (2013), we estimate a dust mass assu to non evolution in the FMR) up to the case in which the
a radiation fieldJ to an appropriate value fora= 6.6 normal Claim for rapid metaliicity decrease (e.g., Troncoso €palld)
galaxy by extrapolating the relation ¢} o (1+2)%15 derived IS COrrect and representative for the whole population-of3.5
inMagdis et al.[(2012a). This upper limit in dust mass, cedpl 98/axies. The latter scenario can be computed either asgumi

with the substantial stellar mass of a few!d®4, in the sys- & broken FMR framework, or parametrized in terms of the ob-
tem (Ouchi et dll 2013) implies Blqus/M, ratio that is more served evolution of the mass-metallicity relation. Forc¢hse of

than an order of magnitude lower than the trend defined by @&roken FMR, we interpolate linearly with redshift the nfieta

SB galaxies az > 5. Analogously, we estimate a dust mass oy drop of 0.6 dex reporte_d in_ Mannucci et al. (2010) between
a z=5.300 star-forming LBG called ‘LBG-1’ based on the 1.6 = 2.5 andz = 3.3 and continue this trend to e>_<trapo|ate bgyond
mm flux limit observed with the ALMA[(Riechers etlal. 20:L4a£ = 3.3. Similarly, we apply linear interpolatigextrapolation
and measure the stellar mass by fitting stellar populatiod-m@€tweenz = 2.2 andz = 3 based on thél, - Z relation of
els to the rest-frame ultraviolet-optical photometry (Glapt al. Sommariva etall (2012), Troncoso et al. (2014),land Zahadl et
2011). We find an upper limit ofgusyM, of 6.5x10°3 for this (2013a) for the case of evolvingl, - Z. relation. In F|gur¢:]9-
galaxy, significantly lower than the SB galaxies at the sarhight, we further plot the model predictions of the,-Z relation

epoch. These resuits are qualitatively similar to the recbger- PE€Weerz = 0 andz = 5 (color coded) for the above thredfer-
vations toward two LBGs a >3 reporting a deficiency in CO ent cases. For the scenarios involving the FMR, the SFR which

emission, supporting the scenario of a rapid decline in tieta Was used to compute the metallicity at a given stellar mass is
ity (Tan et a‘.p2p013).g P the SFR of the average MS galaxy. These plots illustrate how

the mass-metallicity relation evolves with redshift und@rious

hypothesis. For the case of an universally valid FMR, we find
5.3. A crucial ingredient: metallicity evolution in the distant that the tracks az > 3 are almost identical (Fig] 9-right), with

Universe no indication of evolution of thevl, — Z relation abovez ~3,

which is due to the fact that a plateau or slow rise is obseirved
We discuss in the following all these empirical findings. Waets the evolution of sSSFR a>3. For the case of accelerated metal-
first with an attempt to interpret the behaviour of MS galaxieliCity evolution atz > 2.5, the gas metallicity decreases rapidly
and to predict their properties at> 3 where observations arewith redshift.
very scarce. Following the derivation of Hd. 8 and the discus
sion above, together with the sSFR(z) evolution as infeergd
in Sargent et al. (2013), the crucially needed ingredierthés
evolution of metallicity for a given mass range (e.g., witdi0 Using again Eq[I8, we convert thefldirent scenarios for the
<logM, /M, < 11). We thus briefly review here the current unevolution of metallicity into related cosmic evolution dfiet
derstanding for the evolution in metallicity of massiveayaés Mg,s/M, ratio for normal star-forming galaxies witM, =
through cosmic time. There are clearly two regimes that @an Bx10'° M, (Fig. [8). The expected evolution trend of the
emphasized: above or bel@w 2.5- 3. Fromz = 0to 2.5 there Mgusy/My ratio derived directly from Eq]8 is shown in the
is only a modest, factor of two or less decrease in the meitglli black solid line. The metallicity is estimated based on tieat
of massive galaxies (e.g., Erb etlal. 2006; Tremonti et 80420 measurements of the mass-metallicity relation from optioa
Zahid et al. 2013a, many others), see [Flg. 9-left. Recemt- stweys (Tremonti et al. 2004; Savaglio etlal. 2005; Erb &t ale20
ies on metal content of galaxies have also shown that galaxid¢aiolino et al.l 2008) az < 3.3 and the extrapolation beyond
up toz ~2.5 follow the FMR defined locally with smooth vari-higher redshift, while the ratio d#lyas/M, is computed from the
ations (Mannucci et al. 2010). The factor of a few increase observed cosmic evolution of the SSFR and of the integrated S
Maust/ M« for normal galaxies up ta = 2 (Fig.[8) is thus under- K relation (Sargent et &l. 2013). The colored lines show the e
stood following EqlB in term of the rapid increase of gastfat lution trends predicted based on the above three scenamios f

5.4. Interpreting the evolution of Myysy/ M«
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Fig. 9. Left: the redshift evolution of the metallicity (normalized tolar) of a star-forming galaxy wittM, = 5x10'° M, for the case of an
universally valid FMR broken FMR evolving M, — Z relation atz > 2.5 (dashegsolid/grey lines; thez > 3.3 extrapolations are observationally
unconstrained)Right: the mass-metallicity relation betweenr- 0 and 5 for the three cases represented with same line styladfze left panel.
Lines are colour-coded according to the redshift.

the evolution of metallicity at fixed stellar masM(=5x10° [Bouwens et al. 2012). However it might well be that the gas-
Mo; see Fig[®), with dust mass converted from the gas massstellar mass ratio is actually rapidly rising at- 3 even if
computed similarly as above and assuming that the l&gst— not seen by the sSFR (e.g., Dekel & Krumholz 2013). The lat-
metallicity relation I(Leroy et al. 20171; Magdis et al. 2012& ter case would imply a decrease of star formatiffitciency and
valid at high redshift. We find the predictions based on thedeviation from the S-K law.
three realisations are basically undistinguishable up t&.5,
with an increase evolution dfly,s/ M, with redshift. For galax- We finish this discussion section with some consideration on
ies beyondz ~2.5, however, the universally valid FMR wouldthe behaviour of the SB galaxies. The local ULIRGs taken from
predict a mild increase dfly,s/ My, while a rapid decline is ex- the sample of da Cunha et al. (2010b) show substantiallyehigh
pected for the case of accelerated evolution. The shadémhregnean dust-to-stellar mass ratio than tharz ef 0 disk galaxies,
in Fig.[8 shows the predicted range Mify,sy/M, ratio beyond over a comparable stellar mass range, suggesting that #vey h
z=2.5, emphasizing how uncertain the situation is. more dust or more metals (or probably both as dust grains form
However, from Fig[B we find that thMaus/M, ratios of from t_he avgilable metals in the ISM) than normal star forgnin
LBG-1 and Himiko are significantly lower than the predictiog@laxies at fixed stellar mass. The dust-to-stellar magssrde-
from the universally valid FMR, consistent with the prettiot "ved for the SBs in our sample ranges between 0.01 and 0.09
assuming a rapid decline in metallicityat 3. Unless there are With mean value of 0.04, in agreement with M@lff/M* ratios
something special with LBG-1 and Himiko, these two galaxiéd Z > 1 SMGs measured by Rowlands et al. (2014). Starburst
observations appear to support scenarios with declininglme 9/axies appear to saturate théfgus/M, ratios at a value of

licities for massive galaxies, at least in the early Unieers fewx107%, which is unlikely to be a coincidence. This corre
sponds to the solar to few times solar metallicities of massi

The scenarios with declining high-redshiftmetallici'gyum elliptical galaxies, into which these objects might be eiraj
produce a broad peak of dust to stellar mass content in @8laXince the gects of the undergoing merger event has faded. If
overatz> 1 and up to 3 (or maybe higher, should a decline hags 1hing, the dust to stellar mass ratios for SBs might digtua
pen at earlier redshifts) that would allow one to termzhe 2 i, creae towards high redshifts, meaning that even in tHg ea
range as thepoch of dusty galaxies, which would occur roughly yniverse SBs were substantially metal rich, pointing tatsahe

at the same time as the peak in the SFRD. Recent studies, @by of rapid metal enrichment in the starburst phase. Gtudi
the IR to UV luminosity density ratio versus redshift depct f the origin of dust in galaxies using chemical evolutiondno
similar_situation, with a broad ~ 2 peak characterising theg|s found that, excepting asymptotic giant branch stansersu
ratio (Cucciafl .et.a.l. 2012, Burggrella et@al. 2013). Thenerps novae and grain growth could be significant sources of dust to
to be a very similar behaviour in the dust-to-stellar masi® ra, oy nt for the high dust masses observed in star-burstsig s
and the average dust attenuation in galaxies, at le@st1@.5, ems at high redshiff (Rowlands ei al. 2014; Michalowskilet a
which could somewhat support again the scenarios withmecbn1 04 b, Direct evidence for the supernova to be a primary
ing metallicities at high redshifts. source of dust in the early Universe has been found by ALMA
We finally spend some words of caution noticing that, agagbservations of Supernova 1987A, of which a remarkablyelarg
following Eq.[8, a diferent evolution of gas-to-stellar mass radust mass is revealed to be concentrated at the center @fithe r
tio than what assumed here, could compensate in principle emant (Indebetouw et al, 2014).
lutionary trends in metallicity and influence the dust-tellar
mass ratio evolution. Current studies show no direct e\didexf All of these suggest that the measuremertigfsy M, could
further increase of gas fractionat3 (e.g., Magdis et al. 2012b; be a very powerful mean for distinguishing starbursts fram n
Carilli & Walter [2013; Sargent et al. 2013; Tan etlal. 2013)d a mal galaxies at > 4, during the phase of early metal enrichment
the sSFRs are revealed not to be rapidly rising as well (e.qustarburst galaxies.
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6. Summary excess, older stellar age, and lower CO excitation. All ¢hes
Eroperties suggest that GN20.2b is probably observed at a de
We have presented results from deep IRAM PdBI CO(4-3) a Qying stage of a major merger, while GN20 and GN20.2a are

1.2-2.2-3.3 mm continuum observations of the GN20 prot@e|y 1o undergo and approach the final coalescence wignisg
cluster az = 4.05. The improved CO spectral profile of GN20g;4purst respectively.

GN20.2a, and GN20.2b allow us to measure the line width more g \ye compile a variety of archival data of normal galax-

accurately and further constrain the dynamical mass. Gembjeg and starbursts in order to investigate ttec of metallicity
ing with the ancillary multiwavelength photometry in theste eyo)ytion on observations of galaxies across the cosmie.tim
frame UV, optlcal, and IR, we determine the st_ellar masses r normal galaxies, the ratio bf./Maystis found to be almost
dust properties of these three sub-mm galaxies (SMGs). Wilnstant fronz = 0 to 3.1. And the same appear to be the case
the measured stellar masses, dynamical masses, CO lumingginigh-z starbursts, implying that both the CO and dustsemi
ties, dust masses, and indirect metallicity estimatesywegred gion could be fiected in the same way by the metals in the ISM.
the value of conversion facteto in each of the three SMGs, us- 7 '\wg calculate simple models for the dust emission of nor-
ing the dynamical modeling and the gas-to-dust ratio methog}, 5| galaxies based on their properties and find a rapid deerea
Combining with literature data of normal galaxies and siests ¢ st emission foz > 3 normal galaxies at a given stellar
from local to high redshift, we discuss théext of metallicity 555 if metallicities indeed decrease rapidly for thesexjes.
evolution on observations of dust and gas emission of ge8axirne model predictions are well-matched to the measurenagnts
across cosmic time. The main results and implications are su, _ 2.5, with a trend of increasinglausyM, with redshift. While
marized as follows: _ _ . no dust detection is available for indisputably normal gas

1. All three SMGs are now detected in CO(4-3) with higheyondz = 2.5, the model based on the assumption of fast
SN ratios. The FWHM of the spectra derived from double Gaugsetallicity evolution predicts a sharp decline of dust esiais
sian fits are 58836 km s, 760:180 km s°, and 22@43  for normal galaxies at > 2.5. In contrast, the starburst galaxies
km s for GN20, GN20.2a, and GN20.2b, respectively. WitBhow an increase dflgus/M, at high redshift, providing evi-
Lcow g derived from our study and, ;) measured by gence for rapid early metal enrichment in these systems. The
Carill et al. (2011), we find CO(4-3FO(2-1) line ratio 0~0.4  different behaviours of normal galaxies lead to a significantly
for these three SMGs, which is consistent with the mean rafiver My,s/M, compared to starbursts at- 4, implying that
(~0.48:0.10) measured for SMGs at~ 2-4 (Bothwell etal. the comparison oMgysy/M, ratio could also be used as a pow-
2013). erful tool for distinguishing starbursts from normal gasxat

2. We report 3.3 mm continuum detections in GN20.2a and- 4.
GN20.2b for the first time, and use continuum measurement . . . ,
at 1.2 and 2.2 mm (Carilli et al. 2010; Riechers et al. 2014, ?ﬁiﬁnf)&ﬁgmf sﬂ;ﬁoﬁfg’gkbvy“afN2;‘;,325"(2rgﬁig;y“ﬁ‘;”&giﬁﬂ?;ﬁ;y“aﬁ;}“
prep.). The dust masses measured from the far-IR SED fittikeg(Spain). The authors thank Raphaél Gobat for assistaftbethe SED fit-
are 21 - 52 x 10° Me. The IR-to-radio luminosity ratios for ting of LBG-1, and we thank the anonymous referee for usefoirments and

— - suggestions which greatly improved this manuscript. EID,., and M.T.S. ac-
GN20 (g=2.41+0.05) and GN20.2bg=2.60:0.13) are found to knowledge the support of the ERC- StG UPGAL 240039 and ANRHD3C-

be comparable to the local valued.6), while GN20.2a shows agggg grants. Q.T. was supported by CAS and CNRS, and ppisiafiported by
relatively low value =1.72+0.04), suggesting that this galaxythe NSFC grant #11173059, #11390373, and the CAS grant #2DEIDOO.
is radio-excess with large amounts of radio emission liley-
ered by an AGN (see also Daddi et al. 2009).

3. We find that the value afco inferred from gas-to-dust
ratio method is consistent with the one derived based onythe
namical mass for each galaxy. Theo derived for these three Baugh, C. M., Lacey, C. G., Frenk, C. S,, et al. 2005, MNRAS;, 3391
SMGs (1.3-2.8M,, (K km sl pCZ)_l) are found to be consistentBeﬁ'e”v A., Cox, P., Benford, D. J., et al. 2006, ApJ, 642, 694
with the typical value determine_d for local ULIRGS, t_)ut nﬁghggiéf';" Eggﬁﬁ‘_’f@?&?gf etal. 2008, AJ, 136, 2846
be well below the value appropriate for normal galaxiesmt Si lain, A. W., Smail, 1., lvison, R. J., Kneib, J.-P., & Frayeb. T. 2002,
ilar redshifts. The high gas fractior40%-80%) of these three  Phys. Rep., 369, 111

M —4. re foun mparabl M _4 Bolatto, A. D., Wolfire, M., & Leroy, A. K. 2013, ARA&A, 51, 207
SMGs atz=4.05 are found to be comparable to SMGe-22 Bothwell, M. S., Small, |., Chapman, S. C., et al. 2013, MNRAZ9, 3047

and high redshift normal galaxies. Bouché, N., Cresci, G., Davies, R., et al. 2007, ApJ, 671, 303

4. Our study clearly distinguishes GN20, GN20.2a (argburnaud, F., Chapon, D., Teyssier, R., et al. 2011, ApJ, #30
likely GN20.2b) as starbursts from normal star-formingagal Bouwens, R. J., llingworth, G. D., Oesch, P. A., et al. 204@), 754, 83
ies by comparing observed physical properties betweerethﬁ&’zua'v G. & Charlot, S. 2003, MNRAS, 344, 1000

laxi For GN20 and GN20.2a. the large SSFER-exc urgarella, D., Buat, V., Gruppioni, C., etal 2013, A&A,H8A70
galaxies. Fo £d, g > ) ra, F., Pipino, A., Chiappini, C., Matteucci, F., & M, R. 2009, A&A,
(sSFRsSFRys ~ 6) compared to the normal galaxies at sim- 504, 373
ilar epochs place these SMGs as outliers above the main Gazetti, D., Armus, L., Bohlin, R. C., et al. 2000, ApJ, 5882
quence. The extremely large value of S&/BFRyy for GN20 &apak, P., Carili, C. L., Lee, N., et al. 2008, ApJ, 681, L53

d GN20.2 . ith the | b co Capak, P. L., Riechers, D., Scoville, N. Z., et al. 2011, Kgtd70, 233
and ( .2a are consistent with the lardgeset between CO cyijjj ‘c. L., Daddi, E., Riechers, D., et al. 2010, ApJ, 71407
positions and optical counterparts (see Eig. 4), suggges#iiat cCarilli, C. L., Hodge, J., Walter, F., et al. 2011, ApJ, 7383L
the UV/optical emission is heavily obscured beyond opticall§arili, C. L. & Walter, F. 2013, ARA&A, 51, 105 _
thick dust. Although GN20.2b situates within the MS scatt f§¥givi4$‘lf5a§fya”a”‘ D.. & Cooray, A. 2014, Phys. Rep.press
with SSFRsSFRys ~ 2.4, both the large value of SERSFRuv  chaprier. 6. 2003, PASP, 115, 763
(~ 6) and short gas-consumption time-scale$16 Myr) sug- Chapman, S. C., Blain, A. W., Smai, I., & Ivison, R. J. 200504622, 772
gest that this galaxy could also be a starburst. Ciesla, L., Boquien, M., Boselli, A, et al. 2014, A&A, 565128

5. We find that these three SMGs are likely to experience dggg"pbiﬁsk':'éﬁfx’c'\f]é pRn?\;ere'sT' g . Sertnaalill 2|01ezt' eﬁ&zAdf(’)SBl\'/nI:ﬁ:e AST L103

ferent evolutionary stages of starburst activity. Comgamth coppin, K. E. K., Small, I., Alexander, D. M., et al. 2009, MNR, 395, 1905
GN20 and GN20.2a, GN20.2b displays relatively smaller sSFBortese, L., Ciesla, L., Boselli, A., et al. 2012, A&A, 54052
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