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Large Molecular Gas Reservoirs in Ancestors of
Milky Way-Mass Galaxies 9 Billion Years Ago
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The gas accretion and star-formation histories of galaxies like the
Milky Way remain an outstanding problem in ﬁStl'l]])]l}'SiCS.l': Ob-
servations show that 8 billion vears ago, the progenitors to Milky
Way-mass galaxies were forming stars 30 times faster than to-
day and predicted to be rich in molecular gas,“ in contrast with
low present-day gas fractions (<10%).*° Here we show detec-
tions of molecular gas from the CO(J=3-2) emission (rest-frame
345.8 GHz) in galaxies at redshifts z=1.2-1.3, selected to have the
stellar mass and star-formation rate of the progenitors of today’s
Milky Way-mass galaxies. The CO emission reveals large molec-
ular gas masses, comparable to or exceeding the galaxy stellar
masses, and implying most of the baryons are in cold gas, not stars.
The galaxies’ total luminosities from star formation and CO lumi-
nosities vield long gas-consumption timescales. Compared to local
spiral galaxies, the star-formation efficiency, estimated from the
ratio of total IR luminosity to CO emission, has remained nearly
constant since redshift z=1.2, despite the order of magnitude de-
crease in gas fraction, consistent with results for other galaxies at
this epu-:h."r‘m Therefore the physical processes that determine the
rate at which gas cools to form stars in distant galaxies appear to
be similar to that in local galaxies.

Studies of the distribution of stellar ages and elemental abundances
i the Milky Way and M31 conclude most of their stars formed in the
distant past, more than 7 billion years ago.'"'* This agrees with recent
work that shows star-formation in present-day galaxies with the mass of
the Milky Way peaked more than 8 billion years ago, at z>> 1, with star-
formation rates (SFRs) exceeding 30 Mg yr~ ', compared to a present
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(<10%) at redshifts z~1.*° Others predict that the gas flows from the
IGM can perturb and disrupt the formation of disk instabilities, thereby
suppressing star formation in galaxies and extending star-formation
histories. "> The first step to understand star formation mn galaxies like
the Milky Way is to measure the amount of the cold gas in their pro-
genitors at z>>1. As the gas 1s the fuel for star formation, the ratio of
the SFR to gas mass can test the physical processes in the models **

With the greatly improved sensitivity offered by the Atacama Large
Millimeter Array (ALMA), we are able now to explore the evolution
of cold molecular gas in low mass galaxies at redshifts z > 1. With
ATMA  we observed the J=3 to 2 transition of CO 1in four galaxies with
the stellar mass and SFR expected of the main progenitors to present-
day Milky Way-mass galaxies at redshafts z = 1.2 — 1.3 selected from
deep imaging by the FourStar Galaxy Evolution (ZFOURGE) survey~*
(see discussion in the Methods). Figure 1 shows the integrated emis-
sion from the CO J = 3 to 2 transition in these galaxies, where the
detections range in significance from 4.8-13.7¢ (rm.s.). The CO(3-2)
emission coincides with the spatial positions of the galaxies in Hubble
Space Telescope (HST) imaging (Figure 1); the small offsets are con-
sistent with astrometric calibrations and ALMA beam smearing. Ta-
ble 1 gives the measured properties of these galaxies. The ALMA de-
tections of CO emission probe the molecular mass in galaxies with the
stellar mass and SFRs that the main progenitor of the Milky Way was
expected to have ~8.5 billion years ago. This provides an important
extension of previous work, as the galaxies in our sample have lower
stellar masses and SFRs than have been generally possible to study at
these redshifts '’



* He sacHa cutyauma c popMmmnpoBaHMEM ANUCKOB
B raslakTukax ¢ M*~10710Mc: noTKu
XONO0AHOW aKKpeunn He aatoT SF bbicTpo
3aTYXHYTb .

* [IPOBJIEMA: aBontoumnAa XxonoaHOro ra3a Ha
/>1.

 Habntoaenuna: CO(3-2) (ALMA) + HST
imaging+L_IR (8-1000 um (Spitzer+Hershel)
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Figure 1 | Images of Milky Way Progenitors at redshifts z = 1.2 to 1.3. The top panels show the ALMA images of the redshifted CO J=3-2 emission for each
galaxy. The inset bar shows a scale length of 3 arcseconds. and the hashed ellipse shows the size of the synthesized ALMA beam of each observation. The contours
denote the emission at 2 times the noise. The bottom panels show combined Hubble Space Telescope images at 0.78. 1.1, and 1.6 um (approximately the rest-frame
-, V—. and R—band emission). The contours denote ALMA CO(3-2) emission with levels at 2. 21/2. and 4 times the noise. The inset bar shows a scale length of 1
arcsecond. which corresponds to a physical scale of 8.3-8.4 kpc at these redshifts.
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Supplementary Figure 4 | CO(3-2) maps of two galaxies with velocity shear: spatial offsets in their velocity components. The contours show the CO(3—
sion from the blue-shifted (approaching) and red-shifted (receding) emission. The contours are overdrawn on the HST/WFC3 F160W images from CANDELS.
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Figure 2
L'(CO).

| Star Formation Efficiency as a function of CO luminosity,
The star-formation efficiency is defined as the ratio of the total IR
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Figure 3 | The relation between the molecular gas fraction and total stella
mass in galaxies at z = 1 — 1.5 compared to local galaxies. Here the ga
fraction is defined as the ratio Mgae/(Mgas + M. ). The progenitors of Milk
Way-mass galaxies at = = 1.2 — 1.3 are denoted by large. red spirals. The re
bar shows the typical statistical uncertainty, /~230%.. Smaller. yellow circles shox
other galaxies at = = 1 — 1.5.”%!% The smaller triangles show measurement
for local (z ~ 0) galaxies with data from the literature. including COLD GASS
(gray. upward triangles) and the HERA CO line excitation survey® (black, down
ward triangles). The region separated by vertical dashed lines shows the stelle

luminosity (Lr) to L'(CO). where L'(CO) is converted to the emission of mass range of Milky Way-like galaxies at present.

the J=1-0 transition. The z 1.2 — 1.3 galaxies i our sample are shown
as large red circles. Error bars denote 1o uncertainties. Other small symbols
denote control samples of star-forming galaxies. including local spiral galaxies
(open triangles). local ultraluminous IR galaxies (ULIRGS: crosses).”?! high
redshift (z > 1) star-forming galaxies (cyan-filled squares). and high redshift
submillimetre galaxies (yellow-filled diamonds).!%3? The shaded regions show
the interquartile ranges of the star-formation efficiency for local normal spirals
and ULIRGs.

Bpema ncuepnanmna CO-rasa — 200-700 Myr
(Mano otTanyaeTca oT COBPEMEHHbIX FaflakTUK)



BbiBOAbI

* Bbicokaa M_molgas/(M_molgas+M*)>0.5 Ha
z~1 - npoTMB Moaenu ¢ bbICTPbIM Pacxogom
rasa Ha SF n TpebyeT akkpeuumn ~>6 Ms/yr.

e 3a Bpems oT z=1 ao z=0 6bapmoHHaA macca
ra1IakTUK morna Bbipactn anwb Ha 30 — 50%,

yemy cootBetcTByeT SFR~1-2Ms/yr (akkpeuus
3HauYUTeNbHa TObKO nNepBble HecK. Mapa net
NCTOPUMN).

ToHKOe MecTO: HAaCKO/IbKO BepeH ¢paKTop KoHBepcumu?
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1 INTRODUCTION

The nature of stellar and gaseous spiral arms in galactic discs has
hean ctiidied abnnit S0 veare and 1¢ ct1ll heino dicencead activaly Tn

Evolution, Ehime University, Matsuyama, Ehime 790-8577, Japan

ABSTRACT

Theoretical studies on the response of interstellar gas to a gravitational potential disc with a
quasi-stationary spiral arm pattern suggest that the gas experiences a sudden compression due
to standing shock waves at spiral arms. This mechanism, called a galactic shock wave, predicts
that gas spiral arms move from downstream to upstream of stellar arms with increasing radius
inside a corotation radius. In order to investigate if this mechanism is at work in the grand-
design spiral galaxy M51, we have measured azimuthal offsets between the peaks of stellar
mass and gas mass distributions in its two spiral arms. The stellar mass distribution is created
by the spatially resolved spectral energy distribution fitting to optical and near infrared images,
while the gas mass distribution 1s obtaimned by ligh-resolution CO and HI data. For the mmer
region (r < 150”), we find that one arm is consistent with the galactic shock while the other
is not. For the outer region, results are less certain due to the narrower range of offset values,
the weakness of stellar arms, and the smaller number of successful offset measurements. The
results suggest that the nature of two inner spiral arms are different, which is likely due to an
interaction with the companion galaxy.

Key words: galaxies: individual (MS51 or NGC5194) — galaxies: spiral — galaxies: structure

ral potential. is called galactic shock wave theory. In the case of
tightly wound stellar spiral arms. Woodward (1975) presented that
the galactic shocks appear within a few 100 Myr. This result sug-



TeopeTnyeckmne npeackasaHms.

MHOroyncneHHbIU NONbITKU HAUTU PaanNyC
KOpOTauuKn NO a3uMyTa/IbHOMY CABUTY MeXKAyY
rasom u SF (no H\alpha)

OueHKn Rcor no pa3Hbim paboTam:
2.1, 2.9, 5. 1.5"; coBcem HeET KopoTauuu.



* B HacToALwWwen paboue:

* A) paccmaTpuBaeTcca CABUT MEXKAY
MAKCMMYMOM MOBEPXHOCTHOW NAOTHOCTU
3Be3/ (ncnonb3ysa SED, opt+IR) n ra3za (CO+HI).

* b) oTaenbHO paccmaTtpuBatoTca arm 1, arm 2,
BHelWHWe U BHYTPEeHHMe BEeTBU
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Figure 1. Smoothed and regridded images of Xy (left) and X, (right) of M51. The coordinates are right ascension and declination (J2000). and the unit 1
colour scale is [Ma/pc?] for both images.
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Figure 2. Phase diagrams of Xy (left) and Zg,, (right) of M51. Each image is normalized by its azimuthal average at each radius in order to emphasize the
spiral arm structure. Thin dashed contours indicate the arm definition by Egusa et al. (2013). while thick solid contours indicate new definition adopted in this
paper (see §2.4).
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Figure 3. Azimuthal profiles of £y (top) and Xstar (bottom) at a radial bin of

= 76" —80". The vertical axis is in arbitrary unit. Arrows indicate the posi-
tion of identified peaks and blue dashed vertical lines indicate the boundary
of arm regions at this radius. Fitted gaussian profiles are presented by red
dashed-dotted lines.



Stellar Peaks
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Figure 4. Location of gas (top) and stellar (bottom) spiral arms by different methods. Red circles and black triangles are peaks of azimuthal profiles within the
arm regions. Blue dot-dashed lines are logarithmic spiral arms fitted to these peaks. Gray crosses indicate peak positions from the gaussian fit. Thin horizontal
bars indicate the width (+¢) of a fitted gaussian profile. Thick bars indicate the uncertainty of the peak but they are generally too small to be visible in this
plot. Gauss-fit peaks outside the arm regions are excluded.
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Results

matched offsets (PF)
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BbiBOAbI.

e 1nAa BHELWHUX BETBEN AaHHble HEHaAEeXHbl. [TpAMbIX
CBMAETE/IbCTB BOJIHbI NJ1IOTHOCTU HET.

[1na BHYTPEHHUX BETBEMN:

* BetBb 1 (HE NOKa3bIBAaeT BO/IHOBbIX CBOUCTB, XOTA
Egusa et al. (2009) Hawnn CO-Ha offsets
cooTBeTcTBYOWMUN t = 7.1£0.5 Myr,. lNony4yaeTcs,
OTHOCUTENIbHOE ABUMKEHME ra3a U 3Be34 eCTb, yAapHan
BOJIHA €CTb, HO NOCTOAHHOWM YITOBOW CKOPOCTU Y
CTPYKTYpb! HET. MeaneHHaa 3aKkpyTKa.

* BeTtBb 2 (K CNYTHUKY) MOKA3bIBAET BCE NPU3HAKM BOJIHbI
NAOTHOCTM C paanycom KopoTaumm 150” (6 Knc).



