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LETTER

Large Molecular Gas Reservoirs in Ancestors of
Milky Way-Mass Galaxies 9 Billion Years Ago

C. Papovich2, I. Labb&, K. Glazebrook, R. Quadrt-2, G. Bekiarié¢, M. Dickinsor?, S. L. Finkelsteifi, D. Fishet, H. Inamp-7,
R. C. Livermoré, L. Spitle®®, C. Straatmaf, K.-V. Tran'»?

Thd gas accretion and star-formation histories of galaxietike the (<10%) at redshifts~1“% Others predict that the gas flows from the
Milky Way remain an outstanding problem in astrophysics™2 Ob- IGM can perturb and disrupt the formation of disk instalelt thereby
servations show that 8 billion years ago, the progenitors tdilky — suppressing star formation in galaxies and extendingfetaration
Way-mass galaxies were forming stars 30 times faster than to histories™% The first step to understand star formation in galaxies like
day and predicted to be rich in molecular gas® in contrast with  the Milky Way is to measure the amount of the cold gas in their p
low present-day gas fractions £10%)4* Here we show detec- genitors atz>1. As the gas is the fuel for star formation, the ratio of
tions of molecular gas from the CO(/=3-2) emission (rest-frame the SFR to gas mass can test the physical processes in théstfode
345.8 GHz) in galaxies at redshifte=1.2-1.3, selected to have the  jith the greatly improved sensitivity offered by the Atacaharge
stellar mass and star-formation rate of the progenitors of bday’s  Millimeter Array (ALMA), we are able now to explore the evdilon
Milky Way-mass galaxies. The CO emission reveals large mate of cold molecular gas in low mass galaxies at redshifts 1. With
ular gas masses, comparable to or exceeding the galaxy s&ll ALMA, we observed the/=3 to 2 transition of CO in four galaxies with
masses, and implying most of the baryons are in cold gas, ndgss. the stellar mass and SFR expected of the main progenitonesemt-
The galaxies’ total luminosities from star formation and COlumi-  day Milky Way-mass galaxies at redshifts= 1.2 — 1.3 selected from
nosities yield long gas-consumption timescales. Comparéd local deep imaging by the FourStar Galaxy Evolution (ZFOURGEyey#f
spiral galaxies, the star-formation efficiency, estimatedrom the (see discussion in the Methods). Figlie 1 shows the inedmmis-
ratio of total IR luminosity to CO emission, has remained nealy  sjon from the COJ = 3 to 2 transition in these galaxies, where the
constant since redshiftz=1.2, despite the order of magnitude de- detections range in significance from 4.8—13(7m.s.). The CO(3-2)
crease in gas fraction, consistent with results for other daxies at  emission coincides with the spatial positions of the gaisikn Hubble
this epoch”2 Therefore the physical processes that determine the Space Telescope (HST) imaging (Figlte 1); the small offargscon-
rate at which gas cools to form stars in distant galaxies ap@ to  sistent with astrometric calibrations and ALMA beam smeguri Ta-
be similar to that in local galaxies. ble[ gives the measured properties of these galaxies. ThésAde-
Studies of the distribution of stellar ages and elementahdances tections of CO emission probe the molecular mass in galawitesthe
in the Milky Way and M31 conclude most of their stars formedhia stellar mass and SFRs that the main progenitor of the Milky Was
distant past, more than 7 billion years dgd< This agrees with recent expected to have-8.5 billion years ago. This provides an important
work that shows star-formation in present-day galaxieh thi¢ mass of extension of previous work, as the galaxies in our sample hawer
the Milky Way peaked more than 8 billion years aga; afl 2 with star-  stellar masses and SFRs than have been generally poss#ileloat
formation rates (SFRs) exceeding BD, yr~!, compared to a presentthese redshifts’

day SFR of 1.20.2 Mg, yr~" for the Milky Way.* CO is the most luminous tracer of molecular hydrogéh), the
Theoretical models explain periods of high star formatienaa fuel for star formation. The CO specific intensity from tlfeto J—
result of rapid baryonic gas accretion from the intergadagtedium 1 transition,/co(s_s—1)). is @ function of both the gas density and
(IGM), which leads to high cold gas concentrations in gaaxat temperature. In high redshift galaxies, studies show thataverage
earlier times: These models predict that the gas settles into rotgxcitation of CO(3-2) is similar to that of star-forming ieags in the
tionally supported, highly turbulent disks, which fragrhéa form Milky Way,2? and we assume an integrated Rayleigh—Jeans brightness
stars™ Observations of star-forming galaxieszat1 (stellar masses, temperature line ratiogs; = Ico(s—2)/Ico(—o) X (1/3)% = 0.664°
M.>2x10"% M) show evidence for gas-rich, rotating disRS;"sup-  The total CO luminosity in the/=1 to O transition is therio =
porting these theories. However, the situation is far frattled for 3.25 x 107 ;' Icos—2) v D7 (1 + 2)~* whereveys is the fre-
lower mass {/. ~ 10" M), more common galaxies such as the prejuency (in GHz) of the CO emission in the observed frameRpds
genitors to the Milky Way. Some models predict that thesexdas the luminosity distance in Mpc. Tablé 1 displays thidCO) values.
should experience early, rapid star formation, leavingdas fractions Using lower values ofz; ~ 0.4—0.5, as indicated by some other stud-
ies of star-forming galaxies at-1-2,2%“would increase thé’ (CO)

LGeorge P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, values Sllghﬂy but not Change our conclusions.
Texas A&M University, College Station, Texas 78743, USA 2Department of Physics and Astron- . . . . . .
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Figure 1 | Images of Milky Way Progenitors at redshiftsz = 1.2 to 1.3. The top panels show the ALMA images of the redshifted £€8-2 emission for each
galaxy. The inset bar shows a scale length of 3 arcsecondgharhashed ellipse shows the size of the synthesized ALM#nbef each observation. The contours
denote the emission at 2 times the noise. The bottom panels atmbined Hubble Space Telescope images at 0.78, 1.1,.@ndri(approximately the rest-frame
U-, V-, andR-band emission). The contours denote ALMA CO(3-2) emissiith levels at 221/2, and 4 times the noise. The inset bar shows a scale length of 1
arcsecond, which corresponds to a physical scale of 8.%g8.4t these redshifts.

Table 1| Properties of Progenitors of Milky-Way-Mass Galaxiegat 1.2 — 1.3

ZFOURGE zopt®  zco® R.AS Decl? Ico@—2)° Lot Mgas' Lir? M.}

ID (deg.) (deg.) Iy kms') @A Kkms'pd) (10'° My) (10' Le) (10 M)
CDFS467 1.220 1.221 53.05850—27.85678 0.11(0.05) 1.4(0.6) 0.55(0.19) 1.5(0.1) 182
CDFS 4409 1.220 1.220 53.18124—27.76566  0.25(0.06) 3.3(0.8) 1.4 (0.4) 3.1(0.1) 17
CDFS 6497 1.215 1.215 53.04564—27.72493  0.33(0.04) 4.3(0.6) 23 (03) 2.3(0.3) 20
CDFS8193 1.326 1.326 53.07405-27.69459  0.31(0.05) 4.9(0.8) 20 (04) 2203 19

Numbers in parentheses ate uncertainties. “Redshift from optical spectroscofy.’Redshift measured from ALMA CO(3-2) data (see
Methods). “Right Ascension andDeclination (J2000).°CO(3-2) flux density.fCO luminosity, converted to the C@=1 to O transition

assuming-s;=0.662% TTotal molecular gas mass iH, (see Methods)fTotal IR luminosity from 8-100Qum (see Methods)?Stellar mass
measurements (see Methods).
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Figure 3 | The relation between the molecular gas fraction and total stllar
mass in galaxies atz = 1 — 1.5 compared to local galaxies. Here the gas

fraction is defined as the ratit/.s / (Mgas + M. ). The progenitors of Milky
Way-mass galaxies at = 1.2 — 1.3 are denoted by large, red spirals. The red
bar shows the typical statistical uncertairy30%.. Smaller, yellow circles show
Figure 2 | Star Formation Efficiency as a function of CO luminosity, other galaxies at = 1 — 1.57920 The smaller triangles show measurements
L’(CO). The star-formation efficiency is defined as the ratio of tHalttR  for Jocal (- ~ 0) galaxies with data from the literature, including COLD G5
luminosity (Lr) to L'(CO), whereL’(CO) is converted to the emission of (gray, upward triangles) and the HERA CO line excitatiorvey? (black, down-
the J=1-0 transition. Thez = 1.2 — 1.3 galaxies in our sample are shownyard triangles). The region separated by vertical dashves [shows the stellar
as large red circles. Error bars dendte uncertainties. Other small symbolsmass range of Milky Way-like galaxies at present.
denote control samples of star-forming galaxies, inclgdical spiral galaxies
(open triangles), local ultraluminous IR galaxies (ULIRGonsses,Q,g"SJ' high
redshift ¢ > 1) star-forming galaxies (cyan-filled squares), and higrshéft The inverse of the SFE is proportional to the gas consumption
submillimetre galaxies (yellow-filled diamon(}loﬂ).32 The shaded regions showtimescale, which corresponds to a range of 200 to 700 MyrHer t
the interquartile ranges of the star-formation efficienay Ibcal normal spirals galaxies in our sample. In contrast, the consumption tialescfor
and ULIRGs. ULIRGs, QSOs, and SMGs are less than 10 RfyStar-formation
in the average, main progenitor of Milky Way galaxieszatl.2—1.3

schel Space Observatory imaging covering 24-250m (see Methods). appears to be long lasting, and comparable to findings faercttar-
Table[d displays these values. They sgan=(1.5 — 2.7)x10*! L, forming disk galaxies at high redshiffs:“
(corresponding to SFRs of 15-30 yr—'). Uncertainties are-0.2 The CO luminosities imply very high molecular gas fractidos
dex (60%) and are dominated by systematics from differeimi®® IR  the galaxies in our sample at1.2—1.3, where we adopt the ratio of
model (see Methods). CO luminosity to mass if> gas (M,.s) for Galactic star-forming re-

Figure[2 shows the SFE, defined Ag:/L’(CO), as a function of gions because the SFEs are similar (see Methods). [hblts IHese
L’ (CO) for the z=1.2—1.3 galaxies in our sample compared to contréhlues. Figurél3 shows the molecular gas fractiofiss(= Mgas /
samples. With ALMA we now probe efficiently the CO luminosii (Mgas + M..)) derived from CO observations as a function of the stel-
of z > 1 star-forming galaxies a factor two lower than was possibier mass,M... While present day Milky Way-sized galaxies have low
previously. The galaxies in our sample have SFEs typicahefup- gas fractionsfz.s < 10%, the results from our sample imply that the
per range of both local spiral galaxies and more massivé;hEdshift main progenitors to these galaxieszat 1.2 — 1.3 have much higher
star-forming galaxies. In such galaxies, star-formationouss in ro- Vvalues: in three of the galaxies in our sample, the molegdarmass
tationally supported disks. In at least two of our galaxtbs, CO(3— is greater than or equal to the stellar mags{ 2 50%). This is con-
2) spectra show strongly double—peaked line profiles (setadds). Sistent with indirect gas fractions of galaxies at theseéts inferred
This and the apparent presence of spatial velocity shear Nith- from the thermal dust emissiéf=* This argues against models with
ods) observed in our analysis of the CO data suggests thaathe

CO luminosity L' (CO) [K km s7! pc? 1]

early, rapid gas consumptiéfi and favours longer lasting, feedback—

may be true for all the=1.2-1.3 galaxies in our sample. Thereforgegulated star-formatiofi

even though both the SFRs and gas fractions are substarftigher The high molecular gas fractions and SFRs ofth#&.2—1.3 galax-
in these distant galaxies, their star formation likely ascin rotating ies in our sample imply they will double their stellar masshivi the
disks, where the physical processes governing the evolofithe gas gas-consumption timescale. Thereforezatl.2 these galaxies have
appears to be similar to that of spiral galaxies in the logaierse. In most, but not all, of the fuel needed to produceie ~ 5 x 10*° M,
contrast, the SFEs of more luminous, rarer objects (ULIR@SQOs, in stars in Milky Way-mass galaxies at present (see Figurd 3¢ av-
and submillimetre galaxies [SMGs]) are significantly erdehin the erage baryon accretion rate from the IGM must exceed § yr—!
local and distant Universe. A prevailing theory is that UGR QSOs, at earlier times £>1.2) to account for the galaxies’ total stellar and
and SMGs are a result of increased gas densities from mageriga molecular masses. In constrast, the galaxies need onlyracg@0—
mergers® These conditions seem inconsistent with the galaxies in &% more baryonic mass from-1 to the present (even accounting for
sample, suggesting that major mergers are not common ainthegs losses from stellar evolution), which corresponds to amamegas ac-
main progenitors of Milky Way-mass galaxieszat1.2—1.3. cretion rate of only~1-2 Mg, yr—!. This reflects a dwindling supply



of fresh baryonic gas. Therefore, Milky Way-mass galaxigsear to 28.
accrete most of their gas at>1.2, during the first few billion years of

history.
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METHODS

1 ZFOURGE Dataset

We selected the galaxies in our sample from the Fourstarxgala
Evolution (ZFOURGE) survéy. The main ZFOURGE survey ob-
tained very deep near-infrared imaging in five medium-bahergi
(J1, J2, J3, Hs, H;) from the FourStar instruméetiton the Mag-
ellan Baade 6.5 m telescope in the three southern fields edusy
CANDELS HST imaging®®®! The ZFOURGE catalogues combine
the FourStar images with ancillary ground-based imagipg{eing
0.3 — 2.5um), the CANDELSHST/ACS and WFC3 imaging, and
Spitzer/IRAC imaging (spanning 3.6 — 8/0n). For this study, we
selected targets from the earlier, version 2.1 ZFOURGH azlias.
These include photometric redshifts and stellar massesast from
the multiwavelength catalogues as described elseviiEr@f inter-
est here, the catalogues are complete for objects withitighitellar

Log SFR/(Mg yr™")

massedog M /Mg > 9.0 — 9.2 in the redshift rangé.0 < z < 1.5, 8.5 9.0 9.5 10.0 10.5 11.0 11.5
well below the stellar masses of the typical progenitor ofitkk§dWay- Log M / M
mass galaxy. : @

Supplementary Figure 1| SFR-stellar mass sequence for ZFOURGE galaxies
at1l.1 < z < 1.4. The shading increases with the number density of galaxies in
2 Selection of Milky-Way-Mass Galaxy Progenitors each bin. The “main sequence” of star-formation is indiddtg the dashed line,
We selected galaxies as targets for ALMA observations of tﬁ@ld htaz a st'Op_e ‘I’f fSFEt_ M, T{‘e 'arfgla_lred V\sltars indicate thtj foulr ;ources
e . selected as ICal Of maln progenitors o I ay-ma Salz = 1.2 —
CO(J::.% t02) tra_nsmon that have the_ typical stellar mass a.nd S.FRl.S observeél’\)/vith ALMA h?ereg.] The yellow Cki)r/cles)?ndicistleggbjemlith 1.0 <
progenitors to Milky Way-mass galaxiesat= 1.2 — 1.3. We identi- < 1.5 with CO detections from PHIBSE!
fied progenitors of galaxies with the present-day stellasswd a Milky
Way-mass galaxy¥.. = 5x10'° M, atz = 0)***®using abundance-
matching technique®. The progenitors to such galaxies had a median
stellar masog M../ Mg = 10.21 atz = 1.1 —1.4° These abundance

COFS 6497 — 09 Le/Lo=11.4 F (e g1o3 — Log Le/Lo=11.3

matching methods give stellar mas8.2 dex lower than those selected 10 -~ Log Lg/Le=11.2 --Log L/Lo=1 '~25
at constant co-moving number density at these redstifidore re- F /70 ~~._ ]
cent work shows that progenitors of Milky Way-mass galaxdpan 1 \/ RN

a range of stellar mass at= 1.2, with a 30th to 70th-tile range of'_| 0.1

log M = 10.05 to 10.34, and a median value consistent with the mez 2

dian abové? While observations of CO in > 1 galaxies have probed £ 10

stellar masses down tiog M./Mg > 10.4,2° these correspond to 10

the more massive progenitors of present-day Milky Way-ngggax-

ies. Our sample extends studies of the CO emission to theamedi 1

stellar mass of progenitors of present-day Milky Way gadaxi 0.1
We also selected galaxies with the typical SFRs of the Millgyw = o

mass progenitors for observations with ALMA. In our prexsonork 10 .

we used deefSpitzer and Herschel imaging to measure an average 10 100 10 100

total IR luminosity, Lix = (2.0 + 0.1) x 10'! Lg, for all Milky observed wavelength [micron]

Way-mass progenitor galaxies in this redshift and stellassmange in Supplementary Figure 2| IR Spectral Energy Distribution Model Fits to the

ZFOURGE? This corresponds to a SER 21 4 2 M, yr—l. far-IR data. The yellow squares show tf8pitzer 24 xm, andHerschel 70, 100,

In summary, we used the following criteria to select tardets and 160u.m flux densities measured for each object. Error bard arancertain-
Ys g ties. Downward triangles indica upper limits for sources detected with S/N

1
—log Le/Lo=11.2 3
COFS 467 o9 (& o=il-d

—Log Le/L
COFS 4409 _ 29 |/

ol ool 3ol o ufy

4
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sood 1o

ALMA: . . < 3 at that wavelength. The curves show model fits for the Riele¥ (solid
1. Photometric redshift,.1 < z < 1.4; lines) and Chary & EIb&? (dot-dashed lines), which bracket the range of values
2. Stellar mass;-0.15 < log M./Mg — 10.2 < +0.15; for total IR luminosity,L1g .

3. SFR,—0.15 < log SFR/Mg yr~* — 1.3 < +0.15;
4. measured spectroscopic redshift.
The restrictions on photometric redshift, stellar massl, 8RR select Supplementary Table 1: Summary of Far-IR Flux Densities
galaxies with stellar mass and SFR within 0.15 dex (i.e.hwid0%)

of the expected median values of the progenitors to Milky Weass _ ZFOURGE ID: 467 4409 6497 8193
galaxies. F, (24pm): 53(4) 113 (5) 103(12) 71(12)
The final selection criteria requires that the galaxies lzeneglshift F,(70pm): <12 <0.9 o <14
measured from spectroscopy. This ensures that the redsiifiracy F,(100pm): 1.1(0.2) 1.2(0.2) 1.3(0.3) 1.0(0.3)

is sufficient for the redshifted CO(3-2) emission line td fathin the F,(160pm): <2.0 26(0.3) <17 <21

frequency range of an ALMA spectral window. While the ZFOURG ) . .
\24 t Numbers in parentheses dre uncertainties. 24m flux densities are

hotometric redshifts are good {/(1 < 1%, these are not . . o . i
P g Y1 +2) o in units of uJy. All other flux densities are in units of mJy, wherady

sufficient for this purpose. RN o6 1 o L
Of the 24,690 galaxies in the full ZFOURGE catalogue, 3%fatl 107" mJy, and 1 mJy 30~ erg s cm™= Hz™". Upper limits are
a.

the first three selection criteria. At the time of our propdeaALMA
for cycle 2 observations (2013 December), 7 galaxies sadisfil our



Supplementary Table 2: Summary of ALMA observations

ZFOURGE Obs.Dates PMV T, Frequency Range Combined Béam FWHM® ot s,

ID® (mm)  (min) (GHz2) (kmsY)  (mJybeam?)

CDFS 467 (8769) 2015 Apr7 3.2 373  1409-1566 35 x 173, PA.=—74.T 240 (120) 0.42

CDFS 4400 (19996) 2015 Apr7 3.6  37.3 140.9-156.6 274 x 174, PA. =—85.8° 440 (150) 0.42

CDFS 6497 (24956) 2015 May 2 1.0 37.8 141.3-156.9 277 x 173, P.A. =—-77.9>% 310 (50% 0.33
2015 May 2 1.5 37.8 141.3-156.9

CDFS 8193 (28279) 2015Apr6 4.6 418 1345-1495 28 x 174, PA. =_8L.7 54 (16) 0.48

2Source ID in the previous ZFOURGE v2.1 proprietary cata@sgused to select targets for ALMA. The numbers in parenthase the
ZFOURGE source ID in the public v3.4 catalogi&$Estimated precipitable water vapouiOn-source integration time!FWHM and ori-
entation of cleaned beam (numbers in parenthesesanndertainties). These are displayed graphically in figure The FWHM of the
CO(3-2) line in the measured spectrufiR.M.S. noise per channel measured in primary-beam cotetzte. eFor this object, the beam size,
FWHM, and noise are measured from the combined, 2-epocketata

selection criteria (including having a published spedatopsc redshift the data sample well the Wein side of the thermal emissianctin-
in the literature?® From these, we selected four objects offering sonséraints on the IR luminosity are quite robust. Supplenvgriigure[2
contrast in SFR (spanning nearly 0.3 dex). For the analydisis Let- shows the fits using the Chary & Elbaz and Rieke et al. médets,
ter, we rederived stellar masses and uncertainties usi®f#Awith which bracket the range of values. The slight differencedRispec-
an extended stellar population library (including a broadetallicity tral energy distribution shape lead to systematicallyedéht IR lu-
range of0.2 — 1.0 Z and a finer grid spacing of star-formation histominosities, wherelir, from the Rieke et al. templates are higher by
ries) compared to the one used for the ZFOURGE catalcguBisese A(log Lir) = 0.1-0.2 dex. We have also calculated IR luminosi-
stellar masses and 68% likelihood range are listed in Tdbéad are ties ignoring data where objects are detectedt, but this produces
consistent with those in the v2.1 and v3.4 ZFOURGE catalegue  changes in the IR luminosities by15% in most cases. We therefore
All four galaxies selected for ALMA observations have pndjgss adopt theL;g from the fits to the Rieke et al. models to all the IR data,
characteristic of the typical properties of progenitoratdlilky Way- which we report in Table 1. If we instead adopt the resultsiftbe fits
mass galaxy at = 1.2—1.3. Supplementary Figufé 1 shows the SFRte the Chary & Elbaz models, the star-formation efficien¢®EESs)
stellar mass relation for galaxies from ZFOURGE wiith < z < 1.4. would decline, and gas consumption timescales would iseréa the
Galaxies with the stellar mass and and SFR of the Milky Wagsna: = 1.2 — 1.3 galaxies in our sample studied here. This would bring
progenitors lie on the star-forming “main sequenteind this includes the SFEs further in line with local spiral galaxies, strévagiing that
the four galaxies we observed with ALMA. Therefore, theyrespond conclusion.
to a typical star-forming galaxy at these redshifts. Presistudies of The total IR luminosities for the=1.2—1.3 galaxies in our sample
CO emission in galaxies at these redshifts have been lirtitéigher spanLr=(1.5 — 3.2)x 10" L, as listed in Table 1. In these galax-
SFRs 230 M, yr~') and/or stellar massed{, >2.5x10'° Mo )0 ies, most of the bolometric emission from star formationristeed in
As illustrated in Supplementary Figurk 1, the observatimfsur sam- the thermal IR. In constrast, we measure that the rest-fldmgun-
ple with ALMA provide an important extension compared toyiwas corrected for dust extinction) contributes only 4-6% to tibiml SFR
studies. Furthermore, previous studies required up to 26fintegra- implied by the Lir in these galaxies. This is consistent with mean
tion with IRAM PdBlI to detect galaxies at these mass and SFR4IXY  values measured in local luminous IR galaxigs.
Our ALMA observations required onkg40 min, demonstrating the ef-

ficacy of ALMA for this science. 4 ALMA Observations and Data Reduction
_ N Our Cycle 2 ALMA observations were taken between 2015 April 6
3 Far-IR data and IR Luminosities and 2015 May 2 in Band 4 with 36 antennas in the C34-2 configurat

The ZFOURGE fields include imaging at far—IR wavelengthsfrowhich provided a maximum baseline of 348.5 m. For each sowee
Spitzer/MIPS (24 .m), Herschel/PACS (70, 100, and 160m). Fluxes configured ALMA to observe in four spectral windows, 1.8753b&r
are measured in these data using source detections basemolo{p window, and spanning frequencies 134.48 to 156.90 GHz (diépg
cations of sources iHIST/WFC3 F160W (1.6um) data using meth- on the expected frequency of the CO[3-2] transition for esmtlrce).
ods identical to those described elsewt€r& We measured flux un- We centered the CO(3-2) line in one of the spectral windowsras
certainties and evaluated source completeness througinsixe ar- ing the optical spectroscopic redshift from the literafir@he ALMA
tificial object simulations, following the same procedudiscussed integrations ranged between 37.3 to 41.8 min on source. Gurees
elsewher@>¢ The 24-16Qum flux densities for the four objects stud{ZFOURGE CDFS 6497) was erroneously observed twice, and re-
ied here are listed in Table S1. (Note that one source, ZFOEIRDFS ceived double the exposure time. The other spectral wingmoke
4409, has no coverage by PACS /7). the continuum of the line. Flux, phase, and band-pass edtits were

In all cases, the IR flux densities and flux uncemlso obtained. Supplementary Table 2 provides detailstabewbser-
tainties that we measure for our sources are consisteations for each source.
with other published valugg® available on the WWW We reduced the data with CASA (Common Astronomy Software
(http:/lirsa.ipac.caltech.edu/data/Herschel/PEP). many cases, Application$4) version 4.5.0-REL with the calibration script supplied
our measured flux densities at #fn and 160um have S/N<3. While by the National Radio Astronomy Observatory (NRAO). We tham
formally undetected, we include this information in our lgs&s as the cleaning algorithm with natural weighting. For the gpavindow
it provides important constraints on the total IR emissimnT these containing the CO(3-2) line, we reduced the data with chianofe25
galaxies. km s™! and 75 km s with a cell size of0”2. The angular sizes of

To measure total IR luminosities;r , we fit models of the IR spec- the cleaned beam FWHM are given in Table S2, and this celigizs

tral energy distributic“*>*to the flux densities in Table S1. Becausé—7 cells along the semi-minor axis of the beam.
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Supplementary Figure 3| Spectra of CO(3-2) for thelogM .. / M ~ 10.2 galaxies at redshiftz = 1.2 to 1.3.In each panel, the spectra are shown in 25 krh s
channels. For objects ZFOURGE 467 and 4409, the heavied-bpectra are in 75 kn'$ channels to improve S/N. The yellow-shaded regions indicaannels
where postive emission is detected at the expected locatithe line. In each panel, the velocity is measured reldativine expected location of the line from the
optical spectroscopic redshift. There are two fits to eacl(32@) line. The green line shows a model with a single Ganssiae red line shows a model with two

Gaussians.

We also attempted to measure the continuum for each galaxyy Velocity Shear in CO Emission

cleaning and combining the spectral windows excluding nblnex-
pected to have CO emission. We failed to detect any signdleofon-
tinuum; we also therefore made no correction for the contimtio the
CO line fluxes.

Supplementary figuifd 3 shows the spectra of the LGE2) emis-
sion for the four galaxies. For each galaxy, there is pasiiwmission in
the channels at the expected location of the CO(3-2) lineletermine
the peak of emission we fit the spectra with models using sireyhd
double-Gaussians. The velocity offsets between the CChifedsd
redshift from the optical spectroscopy range frerfi0 to +100 km
st This is consistent with uncertainties in the redshift nieesients.

Our analysis of the spectra of the CO(3-2) emission in the fou

z = 1.2 — 1.3 galaxies in our sample in Supplementary figlie 3
shows that in many cases a double—Gaussian model fits bejter-r
duce the data than the single—Gaussian models. This isstensivith
the expected signature of rotation. Further evidence cdmes ob-
servations of velocity shear in the galaxies: some galsstiesv spa-
tial variations in their velocity components. For three lod galaxies
with the strongest emission, (ZFOURGE CDFS 4409, 6497, pi@3
measured total CO(3-2) intensity maps separately from llaarels
blueward (approaching) and redward (receding) relatitbéoselocity
with the minimum emission between the peaks. Two of thesaxgesd
(ZFOURGE 6497 and 8193) show velocity shear (in the thiréctthe

We created total intensity maps of the CO(3-2) lines in eastgnal-to—noise is too low to centroid robustly the two safgcom-

galaxy by combining the channels showing positive emissi@und
the expected position of each line.
(velocity) and second moment (velocity dispersion) mapsttaly
galaxy gas dynamics. From the primary-beam-correcteal, ittensity
maps, we measured integrated flux densities for the CO(8a&ition,

ponents). Supplementary figilre 4 shows there are spatsatsfin the

We also created first mbmeentroids of the emission in the red and blue component&setgalax-

ies. While the beam size precludes accurate modelling ofetarity
shear, the spatial variations are consistent with rotation

Taken together, the CO spectra and spatial separation daipghe

Icos—2), for each galaxy in our sample using the two-dimensiongfoaching and receding velocity components provide resslerevi-

profile fitting tool in CASA. These are presented in TdHle I Enge

dence for rotation in the = 1.2 — 1.3 galaxies in our sample. While

from Ico(3-2)=0.11-0.33 Jy km's'. While the S/N of the integrated the presence of double-peaked velocity structures in thesgstra

values in Tablgll range from 2.3-7.7, the detection sigmiiegmea-
sured from the peak of the emission) is much higher, whereSthe
ranges from 4.8 to 13.7.

As discussed in the next section, the ALMA spectra in Supplg-

mentary figurd B show evidence for complex velocities, exdep

ZFOURGE CDFS 467, where the data quality is lower. The spectr

of this object does show tentative, weak emission to the bide of
the systemic redshift (at velocities400 to—200 km s!). However,
the integrated emission from these channels is not signtfibaving a

S/N of ~2.0 at the peak. When the emission from the blue-side ch

nels is summed with that on the red side (where the objectécti),
it lowers the overall significance of the detection from 4&t0. We
therefore do not include this emission in the analysis of tbject.
However, including it would increase the CO luminosity byaatbr of
1.6, making it more consistent with the other objects in tragle.

could be expected for merging systems, we consider thigelgplfor
two reasons. First, thelST morphologies of the galaxies in our sam-
ple (see FigurEl1l) show no indications of double nuclei, Whiould
be expected if a merger was responsible for the CO velogitgtstre.
econd, the galaxies in our sample lie on the “main-sequefdbe

cations of merger—induced starbursts on their star-faonafficien-
cies,Lir/L’ (CO) (Figure[2). Direct confirmation of rotation in these
galaxies would require higher spatial resolution kinemdtta which
is possible from ALMA in larger configurations, but requicemnsider-
iy more exposure time.

6 Molecular Gas mass from CO emission
The observed CO luminosity is proportional to the total colulec-

ular gas massi/z.s. At the temperatures and pressures of the ISM in

SFR-M., relation (Supplementary figufd 1), and they show no indi-
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Supplementary Figure 4| CO(3-2) maps of two galaxies with velocity shear: spatial éets in their velocity components The contours show the CO(3-2) emis-
sion from the blue-shifted (approaching) and red-shifted€ding) emission. The contours are overdrawn on the HEUSW160W images from CAN DELZ!

our galaxies, we expect that most of the gas exists in the aulale
phase®
baryons in the gas phase. The constant of proportionality ¢as-
mass—to-light ratioyxco, is given by

aco = Mgas/L' (CO). 1)

Based on theLir/L’'(CO) ratios, the conditions in the=1.2-1.3
galaxies in our sample appear similar to normal star-fogmagions
and star-forming disk galaxies, which show valuesveb ~ 4 Mg
(Kkm s~
cluding a correction for heliurf® The CO—-to—-molecular gas conver-
sion factor isa=4.3 Mg (K km s=! pc?)~! for star-forming regions

38.

in the Galaxy and in “normal” star-forming galax{®The galaxies in 4%

our sample havér/L’(CO) ratios consistent with other normal star-
forming galaxies (see figufd 2). We therefore adept, = 3.6 Mg
(K km s™! pc®)~* found to apply to normal star-forming (more mas-
sive) galaxies at these redshifts, and contains a calioratncertainty
of 22%

There is evidence that the CO—to—molecular gas ratio), varies

with metallicity, Z, where the values in the discussion above corrés.

spond to Solar values;=Z. Theoretical work predicts thatco o
7705 2158 while empirical measurements at redshifts> 1 suggest 4
a possmle steeper relationco o« Z712 to 271859 If the galax-

ies in our ALMA sample haveZ < Z, one may expect an increases7.

in aco. Work on the stellar-mass—metallicith{*—2) relation at
0.9 < z < 1.3 shows that star-forming galaxies in the mass range
of our sample should have metallicities between 0.6-2,#%* This

implies a highervco (and higher gas masses) by at most a factor @$.

~2. This would correspond to even more dramatic evolutiohéngas
fraction fromz ~ 1.3 to the present for Milky-way mass galaxies. Fog,
this reason, we adopt the (more conservative) CO-to-mlalegas ra-
tio for Solar metallicity,aco = 3.6 My (K km s7! pc®)~?, as stated
in the discussion above.

52.

7 Conventions

Throughout, we assume a Chabrier initial mass funéfiovhen
deriving stellar masses and SFRs. For all cosmologicabtailons,
we assumé,, = 0.3, Qx = 0.7, andHy = 70 km s~ Mpc*1 con-
sistent with the recent constraints from Pla¥{cknd the local distance
scale®
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