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ABSTRACT

We investigate the CO excitation of normal (near-IR selected BzK) star-forming (SF) disk galaxred & using IRAM Plateau de

Bure observations of the CO[2—-1]Q3-2], and CO[5-4] transitions fdour galaxies, including VA observations of CO[1-0] for

three of them, with the aim of constraining the average state géld. By exploiting previous knowledge of the velocity range, spatial
extent, and size of the CO emission, we measure reliable line uxes with a signal-to-noisedafidor individual transitions. While

the average CO spectral line energy distribution (SLED) has a subthermal excitation similar to the Milky Way (MW) up to CO[3-2],
we show that the average CO[5-4] emission is four times stronger than assuming MW excitation. This demonstrates that there is an
additional component of more excited, denser, and possibly warmer molecular gas. The ratio of CO[5-4] tb@@vemission is

lower than in local (ultra-)luminous infradegalaxies (ULIRGs) and high-redshift dbarsting submillimeter daxies, however, and

appears to be closely correlated with the average intensity of the radiationUeldnd with the star formation surface density, but

not with the star formation eciency. The luminosity of the CO[5-4] transition isuind to be linearly correlated with the bolometric
infrared luminosity over four orders of magnitudes. For this transition, 1.5 BzK galaxies follow the same linear trend as local

spirals and (U)LIRGs and high-redshifestbursting submillimeter galaxies. The G3f] luminosity is thus empirically related to

the dense gas and might be a more convenient way to probe istaadard high-density tracers that are much fainter than CO. We

see excitation variations among our sample galaxies that can be |lmkeeitt evolutionary state and clumpiness in optical rest-frame
images. In one galaxy we see spatially resolved excitation variations, where the more highly excited part of the galaxy corresponds
to the location of massive SF clumps. This provides support to models that suggest that giant clumps are the main source of the
high-excitation CO emission in high-redshift disk-like galaxies.

Key words. galaxies: evolution — galaxies: high-redshift — galaxies: starburst — galaxies: star formation — submillimeter: galaxies

1. Introduction The increase is roughly independent of stellar mass at least for
massive galaxies in the ranges9< logM/M < 115. This

The nature of star formation in high-redshift galaxies anig the so-called main-sequence (MS) paradigm, in which star-

the physical properties of the interstellar medium (ISM) iforming galaxies de ne a tight correlation between their stel-

which it is taking place are not very well understood as ydar mass and SFR with a dispersion typically of a factor of

Empirically, we now know that most star-forming (SF) galaxtwo (Noeske et al2007 Elbaz et al.2007 2011 Daddi et al.

ies have higher speci ¢ SF rates (SSFR) at higher redshifts, 8807 200%; Pannella et a009 Karim et al.2011 Whitaker

to redshift 3 and possibly beyond (see, e.g., Sargent 2044 et al. 2012 2014 Magdis et al.201Q Rodighiero et al2011,

and Madau & Dickinsor2014 for recent compilations). This 2014 Schreiber et al2015. When studying the most lumi-

rise of SSFR appears to take place in a rather well-ordered wagus systems (e.g., selected by means of their ultra-high infrared

Article published by EDP Sciences A46, page 1 ofl9
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bolometric luminosityS Lizr(851000um), beyond 1& L at luminous tracer of molecular hydrogengkithe fuel for star for-
z = 0 or beyond 18 L atz = 2; Sargent et al2019, a mation in galaxies. The speci ¢ intensity distribution of high-
rarer kind of galaxy with more extreme sSFR is most ofteversus lowd CO is sensitive to the fgas density and temper-
found that likely is in a short-lived, possibly merging-drivenature, albeit in a somewhat degenerate way, providing insights
starburst phase. These objects are generally outliers to the M® the physical properties of the gas. Thesetive critical den-
(where, instead, disk-like systems typically live; Wuyts et asities for excitation rise from 300 cn¥® for CO[1-0], which is
2012, Salmi et al.2012 Forster-Schreiber et 82009 and ac- thus most sensitive to the total gas reservoir, including more dif-
count for a modest fraction of the global SFR density (e.duse components, to10* cm™> for CO[5-4], for example, so
10-20%; Rodighiero et aR011, Sargent et al2012 Hopkins thatJ > 1 transitions are increasingly sensitive to the denser
et al.201]). Itis important to distinguish conceptually betweestar-forming gas (e.g., Solomon & van den B&005. On the
these two kinds of galaxies (i.e., between MS and SB galaxiesytier hand, studying CO excitation properties of high-redshift
achieve a global understanding of star-forming galaxies throulgts galaxies is interesting empirically as well, as a means to fur-
cosmic time. ther understand their nature and the possible role of mergers or
When we concentrate on MS galaxies (or, almost equivatarbursts in driving their properties. It is well known locally that
lently, studying near-IR or optically selected galaxy samplegmpirically and observationally, derent CO excitation proper-
we now begin to obtain a fairly detailed empirical picture of thies characterize spiral galaxies as opposed to merging-driven
redshift evolution of some of their key physical properties, whicfultra-) luminous infrared galaxies ((U)LIRGs). The latter are
change simultaneously to the rise of their SSFRs. First, their gagch more highly excited in their high-CO transitions (Weiss
fractions appear to be rising substantially at least fom 0 et al.2007 Papadopoulos et a2012 P12 hereafter). However,
to 2, which begins from about 5-10% at= 0 to 40-50% at CO spectral line energy distributions (SLEDs) by themselves are
z = 2 for stellar masses of about a few!2® . This result has not necessarily good indicators of the nature of star formation
been obtained both from investigating CO emission lines mairiyd galaxy types. Regardless of whether they are vigorously
from the IRAM Plateau de Bure interferometer (PdBI, DaddsF disks or mergers, CO SLEDs of warm gas will be similar.
et al. 2008 201, D10 hereafter; Tacconi et &01Q 2013 It is primarily the fraction of dense to total gas that can indi-
Geach et al2011) and was con rmed by gas-mass estimatesate a SF mode (merger vs. disk; e.g., Daddi €2@L®; Zhang
obtained by converting dust masses (Magdis e2@11 2012 etal.2014, if it can be constrained by the available SLEDs. Not
Santini et al.2014 Scoville et al.2014 Magnelli et al.2013 much is observationally known about the CO excitation prop-
Genzel et al2019. Their ISM properties change as well: moserties of indisputably normal MS galaxies at high redshift. The
notably, their dust temperatures increase, which is re ected byost detailed information is available for IR-luminous systems
the increase with redshift of the average intensity of the radiatisglected either as submillimeter galaxies (SMGs; e.g., Bothwell
eld U (Magdis et al.2012 Magnelli et al.2013 Béthermin et al. 2013 Riechers et al2013 or strong lenses (Danielson
et al. 2015 Genzel et al2015. Their metal content decreaseseét al. 2011 Cox et al.2011 Combes et al2012 Scott et al.
with the metallicity at xed stellar mass declining by more thar2011, Spilker et al.2014. In a pilot study, Dannerbauer et al.
a factor of 2 towardz = 2 (Erb et al.2006 Maier et al.2014 (2009 presented CO[3-2] observations of ane 1.5 galaxy
Steidel et al2014), and with some indications of a much morgBzK-21000, further discussed in this paper) that was previ-
rapid decrease at higher redshifts (Troncoso €2Gil4. On the ously detected in CO[2—-1], nding a low CO[3-/Z]O[2-1] ra-
other hand, the ISM dust attenuation properties do not chariigefairly consistent with the Milky Way (MW). Aravena et al.
much with only a modest rise of the attenuation at xed stelld2014 presented CO[1-0] observations made with the Karl G.
mass (e.g., Pannella et 2014 Burgarella et al2013. Thisis Jansky Very Large Array (VLA) of three BzK-selected and one
justi ed by the increase of the ratio of the dust to stellar maddV-selected galaxies which, compared to CO[2-1] or CO[3-2]
(Tan et al.2014. However, the dierence between the attenuobservations of the same objects, display fairly low excitation ra-
ation of the HIl regions and the stellar continuum appears t@s. Not much more is known about the excitation properties of
be smaller than in the local Universe (Kashino eRfl13 Price MS-selected galaxies for highétransitions, that is, those most
etal.2014 Pannella et aR014. Finally, MS galaxies frorm= 0  sensitive to warm and dense gas. We aim to begin to remedy
to beyond 2 appear to de ne a nonlinear trend in the 9%Rs this with the present study with new CO[5-4] observations. This
plane (either for integrated or speci ¢ quantities in the Schmidis particularly important as the study of SLEDs up to CO[3-2]
Kennicutt relation; KS; Daddi et aR01M; Genzel et al201Q alone can be fairly degenerate in clarifying the type of underly-
Sargent et aR014), so that high-redshift galaxies, which have &g ISM conditions (e.g., Dannerbauer et2009 Papadopoulos
higher SFR, also have higher star formationoiencies (SFE et al.2014.
SFR Mga9). This wealth of empirical information still does not  There are empirical reasons to expect evolution in the
su ce to clarify the physical properties of the ISM. Studies afO spectral energy distributions (SEDs) of MS disk-like galax-
emission-line ratios suggest that the properties of the ionizifg at high redshift compared to local spirals and the MW, mostly
radiation eld are di erent atz = 2, with harder and possi- because of the previously discussed evolution in the related
bly more intense spectra (Steidel et 2014 that qualitatively physical properties. For example, the rise in SFE suggests the
agree with the observations of highas (dust is a bolomet- parallel increase of the fraction of dense versus total molecular
ric tracer and thus cannot distjuish harder from more intensegas (e.g., Daddi et a201(). The increase of the mean radia-
elds). This might a ect the kinetic temperature of the gas. Ation eld intensity U is probably directly re ected in rising gas
the same time, the gas densities might be changing, given tbmperatures. All of this would suggest the idea that CO SLEDs
higher gas fractions and possibly decreasing galaxy sizes toward not identical to the MW SLEDs at high&transition, where
higher redshifts (e.g., van der Wel et 2014). some higher level of gas excitation is probably present. This kind
One important piece of information to gain further insightf qualitative assessment agrees with theoretical predictions. For
into the ISM properties is the study of the excitation of thexample, P12 predicted stronger higlemission heated by tur-
CO emission, that is, the relative luminosity ratio of CO linebulence antbr cosmic rays in these systems with higher SFEs
with di erentrotational quantum numb@ggpe). CO is the most than local spirals. Similarly, Narayanan & Krumhol20(14
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Table 1. Observation summary table.

Source RA Dec Transition Frequency  Obs.dates Tiy® Combined beafm rms
J2000 J2000 GHz h pJy?

BzK-4171 12:36:26.520 62:08:35.48 COJ[3-2] 140.282 /2009 12.3 50%x 32 ,PA=52 290
CO[5-4] 233.780 01-02011 115 2.8x20,PA=113 460

BzK-16000 12:36:30.114 62:14:28.29 CO[3-2] 137.057 /2089 9.8 2 x35 ,PA=48 410
CO[5-4] 228.225 04-02011 6.8 20 x22 ,PA=80 390

BzK-17999 12:37:51.827 62:15:19.90 CO[3-2] 143.246 0030 10.7 8B x34 ,PA=T75 370
CO[5-4] 238.719 05-12011 129 5 x21 ,PA=92 310

BzK-21000 12:37:10.642 62:22:34.35 CO[3%2] 136.970 05-08008 9.7 40 x31,PA=72 260
CO[5-4] 228.574  05-12009 8.7 29 x20,PA=50 490

Notes.@ The coordinates correspond to the xed positidos our CO extractions, as detailed in Sed8tl. ® Equivalent to the on-source
integration time of six antenna¥) Beam resulting from combining all available con guration and imaging with natural weighting. These are
the beams sizes displayed in Figsand4. @ Noise per beam averaged over a spectral range corresponding to 468.kPhTEhese data have
previously been presented in Dannerbauer e28i09).

suggested that the CO SLED is driven by the SFR surface dém-CO[2—1] in at least two dierent con gurations with the
sity ( ser), With galaxies with highestsgg having more excited IRAM PdBI, including an extended con guration (B afod A)
high-J components. More recently,lfy detailed very high res- that revealed resolved SF activity with the resulting data, which
olution numerical hydrodynamical simulations of higliisks allows constraining their CO[2—-1] spatial sizes (D10Jhe
have been used by Bournaud et 2015 B15 hereafter) to pre- fairly accurate CO[2—1] uxes available for these galaxies were
dict the evolution of CO excitation, con rming the expectatioran excellent starting point from which to investigate their CO ex-
for a signi cant high-excitation component beyond CO[3-2]citation properties with the follow-up of derent CO transitions.
Semi-analytic models also predict increasing CO excitation to-
wardz 2 (Popping et al2014 Lagos et al2012.

In this paper we present CO[5—4] and CO[3-2] observatioRsl: /RAM PdBI
of four BzK galaxies az = 1.5. Coupled with existing mea-
surements at CO[2-1] and COJ[1-0], they allow us to deriv&e observed our targets in the CO[3-2] (345.796 GHz rest
CO SLEDs for these objects extending to CO[5-4], study thdiame, redshifted to the 2 mm band) and CO[5-4] (576.267 GHz
excitation properties, and compare them with other physical past frame, redshifted to the 1 mm band) transitions during
rameters and with model predictions. The paper is organizedsayeral observing campaigns of the IRAM PdBI, spanning the
follows: in Sects2 and3 we present the dataset and the mea¥inter 2008 to Winter 2011 IRAM semesters (see Tabje
surements performed on our data. In Sdave discuss results All observations were obtained in compact con gurations given
on the CO SLEDs of the BzK galaxies in comparison with othéhat we were mainly interested in the total uxes for this de-
galaxy populations at low and high redshift and with theoretict#ction experiment, resulting in synthesized beams of 4eb
models. Sectio® discusses the physical constraints on the g&¥J[3-2] and 2—-3 for CO[5—4] (Tablel). All sources are ex-
density and temperature that can be obtained from our data ughegted to remain unresolved in the data at this resolution. The
large velocity gradient (LVG) modeling. We discuss our nding€0[3-2] observations of BzK-21000 were the rst to be ob-
in Sect.6, where we try to identify the main driver of CO excitatained, have been published in Dannerbauer et2809, and
tion and nd that the mean radiation eld intensity) appears are also used here. The CO[3-2] observations of all four sources
to be the best tracer together witker. We also nd that the and the CO[5-4] data of BzK-21000 were obtained with the
BzK galaxies obey a linear correlation between the CO[5-4] lprevious-generation IRAM correlator, with a total bandwidth
minosity andLr, which is also followed by other galaxy pop-of 1 GHz, while for the other three galaxies the CO[5—4] ob-
ulations. Finally, we discuss the evidence that the CO excitgervations performed since 2011 bene ted from the new Widex
tion is linked to giant clumps. We use a Chabrigd@3 IMF correlator, which has a total bandwidth of 3.6 GHz. All data
when specifying SFRs and stellar masses, and adopt a stanate taken in dual-polarization mode. The combined on-source
WMAP cosmology. time is 82 h of six-antenna equivalent time (part of the data
were taken with only ve antennas), corresponding to a total
of about 130 h of PdBI observing time when considering over-
heads. The data were reduced @alibrated using the GILDAS
The targets of our observations are four near-IR-selected galagftware package CLIC. The nalata, imaged using natural
ies with high signal-to-noise (N) detections of CO[2—1] weighting, typically have noise in the range of 250—48§ in-
taken from D10: BzK-4171, BzK-16000, BzK-17999, andegrated over 400 knP$ bandwidth, which is representative of
BzK-21000, with redshifts spanning the rangd14 < z < the line-widths of the target BzK galaxies. This corresponds to
1523 and SFRs placing them in the star-forming MS. Thefeughly 0.15 Jy km ¥ when integrated over the velocity range.
is no sign of AGN emission in these galaxies, from thEor two of the sources we slightly set the pointing of the
two Ms Chandra data, radio 1.4 GHz continuum, optical spec-
troscopySpitzelRAC colors, IRSSpitzerspectroscopy in 4171 1 The sample of D10 contains two more BzK sources that were
and 21000, and mid- to far-IR decomposition (DO7; Pope et @ahly observed in one con guration and thus have lowé £0[2-1]
2013 Daddi et al., in prep.). These galaxies have been obsendztections.

2. Observations
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CO[3-2] observations to also gather information on interestifiglescope (HST; D10). Given the lack of high spatial resolution
nearby sources (GN10 for BzK-16000; Daddi et200%; and con gurations in the new observations of CO[3-2] and CO[5-4]
the GN2BGNZ20.2ab sources close to BzK-21000; Daddi et g[Tablel), we cannot improve on those size measurements, but at
200%; Carilli et al.201Q Hodge et al2012 2013 2015 Tan the same time, the measured uxes of these higransitions are

et al.2013 20149. The sensitivity loss due to primary beam atrather insensitive to the exact Gaussian full width at half maxi-
tenuation at o-center position was minimal, only 10% at thanum used for extraction (which is always substantially smaller
position of the BzK galaxies. We corrected all measurements fbian the synthesized beam).

the ux loss. We expect that uxes are acted by systematic  To de ne the CO positions and velocity widths for the high-
calibration uncertainties at a level lower that0%, based on CO observations, we proceeded iteratively. Starting from the
well-studied and frequently observed calibrators (MWC349 piiRAM observations of CO[2-1] from D10 that already have
marily) and on the monitored eciency of PdBI antennas. Thisfairly high N and thus fairly small positional errors, we col-
is below our measurement errors. lapsed the data cube using velocity ranges de ned from CO[2-1]
to obtain single channel datasets of CO[3-2] and CO[5—4] for
each source. We tted thav data with an appropriate circular
Gaussian model with free spatial centering, determining the po-
) , ___sition and the error of the CO emission that we could compare
Three of our sources were observed in their CO[1-0] emissifihe cO[2-1] positions with theimcertainties. In all cases the
(115.271 GHz rest frame, redshifted t6.6 mm) at the VLA: high-J CO positions agreed with the old CO[2—1] ones, except
BzK-4171, BzK-16000, and BzK-21000 (Aravena et201Q o B;K-4171, in which a small oset was suggested. In that case
2014. No CO[1-0] data are available for BzK-17999. A rstob-,a ge ned a new best CO position by combining the indepen-
servational campaign was conducted with the VLA during 20Q% 1t measurements in all transitions weighted with their noise,
in the C and D con gurations using two 50 MHz channels, withe g iting in a small oset of 0.2 to the north (2 signi cance)
results published by Aravena et &201Q. The same three tar- i respect to the old CO[2-1] position, comparable to its 1

gets were re-observed with the VLA during 20102011 usinghcertainty (note that the CO contours in the top left panel of

the WIDAR correlator, which covers the expected line frequegsg 2 in D10 were slightly oset to the south with respect to the
cies with 128 2 MHz channels. The new VLA observations aigsT imaging of the galaxy; this probably is anet of noise

described in detail in Hodge et a212, and measurements foriha¢ e now correct for). We then extracted CO spectra for all
the BzK galaxies were published in Aravena et20%4. Inthis  yansitions using 25 kmS8 channels at xed spatial positions.

paper we use the combination of new and old VLA observatiofg, produced averages of the CO[2—1], CO[3-2], and CO[5-4]
to extend the CO SLEDs to the CO[1-0] transitions, perforanecira using the globall$ in each transition to determine its
ing new ux measurements for consistency with the IRAM datgyeight and inspected them to verify whether the velocity ranges
The resulting spatial resolutions were on the order of 1.5-@¢ neqin D10 were still the most accurate de nition of the spec-
(Aravena et al201Q 2014, except for BzK-21000, which bene-y5| windows. This was the case for all sources, except again for
ted f(om part of the data being taken ata higher resolution. T@ZK-4171, where we reduced the velocity range by excluding
VLA images of our targets are shown in Aravena et 2010 o channels on the blue side and one on the red side, resulting
2014. in a 12% smaller spectral range of extraction because no sign of
a signal was present at these edges when combining the three
CO transitions. By reiterating the spatial-positioning check for
BzK-4171 with the new channels, we veri ed that the procedure
had converged.

We caution here that while this procedure allows us to ex-
oit all available information to provide highest delity mea-
) ; . ements of CO SLEDs within the chosen velocity range, which
ux with assumptions on the spatial pro le. Hence, the globgk yetermined by the CO[2—1] observations primarily and also by
error connected to absolute xumeasurements can be substan-3_»]and CO[5-4] consistently, we cannot rule out that some
tially a ected by the possible ambiguity in choosing the velog " gjgnal exists in broader components that extend beyond
ity range and spatial position and extent of the source. To bujigs \elocity ranges where our measurements are obtained. Such
CO SLEDs as accurately as possible, we exploited the full $85,54 components are sometime seen in starburst-like galaxies
of information contained in the derent CO transitions that we (Riechers et aR011) and appear to be more prominent in Igw-

2.2. VLA

3. Measurements

Interferometric data are ectively 3D cubes including spatial
and velocity information. Measuringa CO ux involves integraty,,
ing the data over a certain velocity range and then extracting

observed for each source. transitions, hence could alter the total CO SLEDs. Our SLEDs
thus neglect such putative high-velocity wings if they are present
3.1. IRAM PdBI in our targets.

The nal CO spectra for all = 2,3,5 transitions for the

Consistently with the CO ux values reported in D10, alfour BzK galaxies are shown in Fid, their weighted average
CO measurements reported in this paper were extracted udfhglotted in Fig.2. We also produced images of our sources in
circular Gaussian modélgor the sources and tting the visibil- th€ CO[3-2] and CO[5-4] transitions (Fig3.and 4) using a
ities in theuv space usingivbtunder MAPPING in GILDAS, natural weighting scheme. Imeg and spectra were created af-
with xed CO sizes as given in the right panel of Fig. 4 of D1der estimating (and subtracting) the continuum level, which is
(see also Tabl@ here). These CO sizes are consistent, on aglostly relevant for CO[5-4], as described below (S8@). All

erage, with the opticadizes measured with theubble Space CO uxes and their uncertainties are reported in TébM/e also
’ computed and reportin the table CO luminosity ratios, expressed

2 A circular Gaussian model has only one additional parameter cofSR1 32 = lco[J1 J1S 1]/ Ico[J2 J2S1]x (J2/ J1)% These are
pared to a PSF model, i.e. the size FWHM, and hence is best suitedg6iuivalent to brightness temperature ratios between transition
somewhat resolved measurements with limitéd &s in our case. and J2 only in the limit of small Rayleygh-Jeans corrections

A46, page 4 ofl9



E. Daddi et al.: CO excitation im= 1.5 disk galaxies

;’ BzK—-16000 i BzK-17999

4r €054

: ‘ ]
-

I I
—1000 [4)
Velocity

!
1000

—1000 0
Velocity

—1000 0
Velocity

—1000 0
Velocity

Fig. 1. Multi-transition spectra of CO[2—-1]t¢p), CO[3-2] (niddle) and CO[5-4] botton), for each galaxy in our sample extracted by tting
circular Gaussian models convolved with the beam at the position of the galaxies in steps of 25 Kne <O[2—1] data are taken from D10, the

CO[3-2] data for BzK-21000 from Dannerbauer et 20¢9. The shaded regions correspond to th@ewy range (kept xed for all transitions of
a given galaxy), over which uxes are measured. Continuum levelsemsured in the data and constrairieom our multiwavelength modeling
have been subtracted. Zero velocity corresponds to the accurate CO[2—1] redshifts from D10.
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Fig. 2. CO spectra averaged over the CO[2-@D[3-2], and CO[5-4] transitionsf@ach galaxy, after continuunaistraction, weighted with the

SIN in each transition.

Table 2.CO ux measurements and luminosity ratios.

Source  Redshift \Pu lcopso) lcopsy lcopssz lcosss) f13 mm Ro1 Ra1 Rs1
kms!  Jykms? Jykms?t  Jykms! Jykms? mJy

4171 1.4652 600 0.1780.039 0.65: 0.08 0.76t 0.17 1.20+ 0.23 0.14+ 0.15 0.92+ 0.23 0.47+ 0.15 0.27£ 0.08

16000 1.5250 250 0.24060.027 0.46t 0.06 0.58 0.14 0.69t£ 0.16 0.44+ 0.14 0.48t 0.08 0.27£ 0.07 0.12+ 0.03

17999 1.4138 575 — 0.580.06 0.9+ 0.18 1.28+ 0.17 0.3+ 0.11

21000 1.5213 525 0.1640.026 0.66t 0.07 0.83 0.16 1.49+0.32 0.84+ 0.36 1.02+ 0.20 0.57+ 0.14 0.3t 0.10

Averagé - - 0.193+ 0.018 0.59% 0.04 0.73+0.09 1.12+0.14 - 0.76t 0.09 0.4 0.07 0.23t 0.04

Notes.® Redshifts are taken from D1 Velocity range for the ux measurement8. Average of the three BzK galaxies with all four transition
measurements (BzK-4171, 16000 and 21000). Uncertainties are standard errors of th€ r@eatinuum ux density at the rest frequency of
CO[5-4] (the CO uxes listed in this table were all corrected for the underlying continuum).

(see Sect. 2.6 in Genzel et &010. The nal extraction co- that even non-detections or lowefNSmeasurements than pre-
ordinates are listed in Table All measurements of CO[3-2] sented here would have provided meaningful constraints on the
and CO[5-4] result in at leasta N > 4, and half of them have higher excitation part of the SLED because our deep observa-
aS/N > 5. The noise structure of the data is not fully homations would comfortably have detect these transitions if they
geneous, however, and the CO maps in some cases reveal m@re thermally excited.

Gaussian departures corresponding to negative peaks. However,

performing measurements over xed velocity and spatial posg-o v a

tions, largely determined from CO[2-1], can help to minimize

the impact of these e=cts given the high signi cance of the de-For the VLA data, which are the combination of datasets ob-
tection of this line in each source, that is to say, we are not chaasined with di erent correlators over the years, we did not t
ing high- noise peaks in the data cubes. We also emphasthe observations inv space to measure uxes (because this is
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cases we were able to fully cover the velocity extent of the line,
sometimes with bandwidths wider by up to 50 kit gwhich
could help alleviate problems with the possible broader CO[1-0]
components discussed in the previous section).

We then proceeded to measure CO[1-0] uxes in the re-
sulting images by tting the same circular Gaussian models as
were used for highed-CO, but this time withgalbt(Peng et al.
2010, and using the synthesized beam as the point spread func-
tion (PSF). Uncertainties were estimated by measuring the rms
of the pixel values in the images, which is appropriate for the
noise of point sources, and scaling these values up by the ra-
tio of the uxes recovered for the sources for Gaussian versus
point-like extractions, which was alwaysl5%. Our VLA ux
measurements of CO[1-0] are reported in Téble

These measurements are consistent within the errors with
those reported in Aravena et ak(Q14, but they are not ex-
actly the same and have somewhat smaller uncertainties. This
is because by using previously acquired positional, velocity, and
size information from the highei-emission, we were able to
reduce some of the uncertainties while also obtaining measure-
ments that are directly comparable with those at highexnd
also because we incorporated tiider VLA data. The total VLA

) _ o integration time on the three BzK galaxies amounts to 259 hours,
Fig. 3. Velocity-averaged maps of the CO[3-2] emission of our galafter accounting for primary-beam reduction (a large part of the

ies, using natural weighting. Contour levels statat and increase in ¢4 \as obtained for the simultaneous observation of GN20 in
steps of 1. The size and orientation of the beam is indicated in the b(ﬁ;‘
i

tom left corner. The cross in each panel is centered on the CO posit S CO[2-1] transition; Hodge et &013.
from Tablel.

3.3. Continuum subtraction and derivation of U

Given the rapidly rising dust continuum emission with fre-
quency in the Rayleigh-Jeans tail sampled by our data, higher-
CO emission lines have increasingly lower equivalent width and
require a careful continuum subtraction. This is totally negligible
for CO[1-0] and CO[2-1], marginally important for CO[3-2],
and basically only relevant for CO[5-4]. We obtained a rst es-
timate of the continuum level in the data by averaging all ve-
locity ranges outside the detected CO emission lines (T2ble
this is slightly di erent but consistent with what was reported
in Table 1 of Magdis et al2012. Only upper limits were ob-
tained at 2 mm below the CO[3-2] transitions, while some re-
sults with aS/N  2—4 were found at 1.3 mm. We then re ned
these low-8N measurements by exploiting the full IR SED in
these galaxies. We used the latest determination of the Herschel
uxes updating measurements shown in Magdis et 2010),
based on a deblending technique that will be described in forth-
coming papers (Daddietal., in prep.; Liuetal., in prep.), and t-
ted the SEDs using the models of Draine & RDQ7), following

the approach in Magdis et aR@11, 2012. Results are shown

in Fig. 5. We computed the best- tting values for the 1.3 mm
and 2.2 mm continuum ux deritges and their uncertainties
from the t (Table 3). When we compared this to the mea-

) _ _ ) surements, we found a general consistency within the errors.
Fig. 4. Same as Fig3, but for the CO[5-4] observations. ContinuuMye combined this informationt(and measurement) at 1.3 mm
emission has been subtracted here, as discussed in the text. weighting using their errors to de ne the best continuum value

for subtraction from the CO[5-4] ux. The associated uncertain-

ties are much smaller than those we obtained from the direct es-
too complex operationally) but produced images using a naithate of the continuum to either side of the CO[5-4] line in the
ural weighting scheme, based on the velocity information dBRAM data alone. At 2.2 mm we subtracted the ux predicted by
rived from IRAM, and performedix measurements directly on the t as the only available continuum estimate. This correction
the images. We were unable to exactly match the 25 Rin gs small €5%) in all cases. Even if the formal measurements
velocity channel sampling we used at IRAM (correspondirgt 2.2 mm tend to be in excess of the best- t SED (FHp.we
to 3.5-4 MHz at 45 GHz) because of the poorer spectral rea@ri ed that the SED ts are consistent within the errors also
lution of the older VLA correlator (50 MHz channels), but in alwhen stacking the four sources.
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Table 3. Far-IR SED tting results and other physical properties.

Source U log Lr/L log Mgus{ M fizgmm [MIYE  foo mm [MIY]P  log Mgiard M COFWHM 1° (o

4171 16.4+ 4.2 12.00+ 0.03 8.70+ 0.10 0.35+ 0.05 0.06+ 0.01 10.60 1.34 0.12
16000 4% 1.3 11.85£0.03 9.08t 0.10 0.52+ 0.08 0.10t 0.02 10.63 1.28 0.07
17999 13.229 12.06+0.03  8.85 0.09 0.48t 0.06 0.09t 0.02 10.59 0.75 0.11
21000 15A# 3.3 12.32£0.03 9.03t 0.09 0.66+ 0.19 0.12+ 0.04 10.89 0.72 0.18

Notes.® Fluxes predicted from the SED tting, computed at rest frequencies of CO[5-4] and COf8-Rgported from D10 Clumpiness
measured in the HST-WF@3L60Wimages (Sech.6).

103; ' ' ' ' ' ] Table 4. Average CO SLED of the (U)LIRGs from P12 that we used
10°  BzK16000 Unin=4.0 1 here.
_ o' 2z=1525 //_\ 7=2.0% E
> 3 E
EOIF e . E J leo®  lco®  Noand$
SO Y e N E 1 100 000 14
0 '&L)’P.'.; I N /E
102 i, 3 2 359 022 13
TR T E 3 711 053 14
10°F oy ‘ - i 4 124 140 6
10°F  BzK17999 UT%“‘:O;O'O E 5 122 190 0
_iotfp 7ElAIE = Lo 4 6 10.6 2.40 14
7 10 AT . 1 o . .
= ;j‘:‘ult. 3 Notes. @ Fluxes of individual galaxies have been normalised to
u 10 rﬁUL ‘ —1  CO[1-0].®) The error is the rms dispersion of individual measurements
107%0F ?..'}'K, 1 divided by the square root of the number of galaxies in the sample.
1095 e 4  © Total number of measurements available for the transition from P12.
mai ' i ' b ' ' Lacking a direct measurement, we have used an estimate based on
mgzr BaK21000 Umg:ogo k LVG modeling of the other available transitions.
— 7=3.0%

S, [mJy]
3

1o 21521~ \ =
E ','.\\Hl/ "\\' E
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these U values correspond to dust temperatures in the range
of 30-35 K for modi ed blackbody tswith ~ 1.5. The typical
uncertainties onU , given the quality of our multi-wavelength

1o* g ' ' ' § dataset, are of about 0.1 dex (20—-30%). We also show ingFig.

10°)  BzK4171 Ym0 4 target images of the HST Wide Field Camera 3 (WFC3). The
_ 10t ZTLA6S el [ 4 F160Wimaging, together with the UV rest-frame imaging (see
é: 10k Pu/' ‘\\ 4 Fig. 5in D10), reveal reasonably regular morphologies, espe-
= 10k ; “-f:'u, T T N j ciallyinthe rest frame optical, but they are characterized by mas-
A R \\/ sive clumps, which is fairly consistent with the typical clumpy

L AT T disk galaxies at high redshifts (Genzel et 2006 Bournaud

N N . . 1 etal.2008 Forster-Schreiber et &2009.

10! 102 10° 10* 10°

A [um]
) ) ) 3.4. Comparison samples of local spirals and (U)LIRGs
Fig.5. IR SEDs of our sources, tted with the models of Draine &

Li (2007, extended in the radio assuming the local radio-IR correla- .
tion. Observed wavelengths are plotted. Orange dashed and cyan doi¥@-used a representative sample of (U)LIRGs taken from from

dashed lines show separate contributions of starlight and emission fB&2, for which the contribution from star formation lig >
the di use ISM component and the PDR component, respectively. TB& 10** L . These authors did not observe CO[5-4] directly, but
stellar component is shown with a green dotted-dashed line. their sample includes sources with a measurement of CO[6-5],
sometimes including CO[4-3], and virtually always CO[3-2],
CO[2-1], and CO[1-0], see Tabde For these galaxies we used
single-component LVG models (see Séxfor more details on
These SED ts also allow us to obtain updated estimatese models) to interpolate between CO[6-5] and lowéran-
of the bolometricLir, Maust and thus mean radiation intensitysitions, but we excluded CO[1-0] and in some cases CO[2-1],
U = UPox Lir/Maust for our targets Ry = 125L /M , so  depending on the t (consistent results were found with a two-
that U is dimensionless; Draine & 12007). These quantities component LVG tting when including the loweskiransitions).
are reported in Tabld and are used in the remainder of the page visually inspected all ts and retained 14 galaxies where the
per. They agree within the uncertainties with values published|iyG tting solutions appear to unambiguously return estimates
Magdis et al.2012 (their Table 2). We recall thatJ T;‘:st for the CO[5-4] uxes. We constructed an average CO SLED
and, consistently with the ndings in Magdis et aR(Ql2, of local (U)LIRGs by averaging all available measurements of
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Fig. 6. HST WFC3 cutouts in the160Wband from public CANDELS imaging (Koekemoer et 2011; Grogin et al.2011). The cutouts are 5
on a side and are shown with logarithmic stiehg to improve the vibility of details. The bbb to the northeast of #-21000 is an unrelated
object (north is up and east to the right). For comparison, Fig. 5 in D10 shows three-cole®¥@STmaging of the galaxies.

the 14 galaxielfrom P12 and using the modeled value whenwe 29 20

lacked measurements. The average (U)LIRGs CO SLED derived
in this way is reported in Tablé. -1 } 1.5

BzK-4171 BzK-16000

"

For spiral galaxies we use archival Herschel observation
of the CO[5-4] emission in ve King sh galaxiésusing the 3 1.0

leo [Jy km/s]

SPIRE FTS spectrometer. Observations were performed in mati%- i } {
ping mode, and we used data from the central bolometer)(36~ o5 0.5 i {

that cover the nucleus and inner disk of the galaxies. Details of .

the measurements will be presed in Liu et al. (in prep.). We ool % . ool o
also used measurements from HERACLES (Leroy @09 of 0 1 2 3 4 5 0 1 2 3 4 5
CO[2-1]. We determined the aperture correction of the Hersche| Retetiono! Quontum Number Jype Rotational Quontum NUmber J e

CO[5-4] measurements using the IRAS imaging. In addition,

i i 2.0 T T 2.0 T T

\(/\é%ij;e;jng%aef&rvtre local spiral IC 342 from Rigopoulou et al. B2K—-17999 B2K-21000

— 1.5 _ 1.5

Q } T

€ €
4. Results 210 } 310 {
4.1. CO SLEDs of normal z = 1.5 galaxies £ s g £, L
The multitransition CO SLEDs of our four targets are shownin .} ool % .
Fig. 7, including CO[1-0] (except for BzK-17999), CO[2-1], ¢ 1 2 3 a1 s "o 1 2 3 4 s
CO[3—2], and CO[5—4] We also averaged the uxes for the four Rotational Quantum Number J,., Rotational Quontum Number J..,

CO transitions for the three BzK galaxies with full SLED ob-_. o . :
servations. Results are shown in Figand the uxes are listd Fig. 7. CO SLEDs for the four BzK galaxies in our sample, including

; . 2. IRAM PdBI data over CO[2—1], CO[3-2], and CO[5-4], and VLA mea-
in Table 2. When we compare this with the trend expected fQi,rements of CO[1-0] for three galaxies, based on Aravena et al.

thermally excited CO emission (red curves, normalized to thgn14. The dotted-dashed line shows the average SED for comparison,
lowestJ transition available, with uxes scaling J?), we see emphasizing excitation variations within our sample. The solid line cor-
that generally CO[2-1] is only weakly subthermally excitedesponds to a constant brightness temperature.
For two galaxies (BzK-21000 and BzK-4171) the CO[2-1] to
CO[1-0] brightness temperature raRg, (Table2) is consistent
with unity, while BzK-16000 is already signi cantly subther-
mally excited at CO[2-1]. As a result, the averdl for our
sample is 076+ 0.09, which is moderately subthermally excited
We note that this is formally consistent with the value of 0.8
that we derived in Dannerbauer et 2009 and used to correct
COJ[2-1] uxes to CO[1-0] in D10 and subsequent papers fro
our group (Daddi et aR01(; Magdis et al2011, 2012 Sargent
et al.2014 etc.).

Conversely, CO[3-2] and CO[5-4] are both signi cantl
subthermally excited in all sources. For the: 3 transition we

measure an averag®; = 0.42+ 0.07, with ranges from 0.27

to 0.57 for individual sources. It is clear that estimating the
O[1-0] ux and thus total CO luminosities af = 1.5 galax-

ies from CO[3-2] is less accurate than using CO[2—1]. The typ-

ical assumption oR3; 0.5 that is adopted in the literature

ra'acconi et al201Q 2013 Genzel et al201Q etc.) is consistent

with our data on average, however. Globally, the four sources

behave quite similarly to BzK-21000, which was rst discussed

¥n Dannerbauer et al2009 see also Aravena et 201Q 2014,

and in particular, their SLEDS from CO[2—1] to CO[3-2] closely

3 resemble the MW (Fixsen et al999. Presumably, the same

RSSO 0L, | IRASOUSSIACE | IRASOIZSELASS. hoids at COLL-0] lthough he MW data repored by e have

IRAS09326-6134-UGC5101, IRAS10562448, IRAS125465708- 2 VerY large error there (see Fig.

Mrk231, IRAS134285608-Mrk273, IRAS153272340-Arp220, Clearly, the average CO SLED deviates strongly from that
IRAS16504-0228-NGC6240, IRAS17208-0014, of the MW and other local spirals at the CO[5—4] transition: the
and IRAS2336%3604. CO[5-4] emission of the BzK galaxies is about four times higher

4 NGC 3351, NGC 3521, NGC 4736, NGC 6946 and NGC 7331. on average than what would be expected from normalizing the
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although the higher excitation of the SPT sample might also be
connected to their higher average redshift (see next sections).
There are individual SMGs with a CO excitation comparable to
that of the BzK galaxies (e.g., Riechers et2411).

4.2. Comparison to theoretical predictions of CO SLEDs

In Fig. 8 we compare the average SLED of the BzK galaxies
with several predictions for high-redshift disks from theoretical
modeling, which all agree fairly well with the data, at least in

a qualitative sense. These models correctly predict an enhance-
ment over the MW CO SLED, although complete agreement
with the average BzK data is not achieved by any model at this
stage.

P12 (blue dotted line) provide predictions for high-
BzK galaxies analogous to our sources based on simple reason-
ing and assuming a scaling of the CO excitation depending on
the SFE or equivalently the fraction of dense gas (assuming a
universal SFE per dense molecular gas mass). In their interpreta-
tion, the highd CO emission is heated by turbulence fmatos-
mic rays in the dense gas (e.g., Papadopoulos 20&¥. Their
expected SLEDs are not far from the observed one, but rise more

Fig. 8. Comparison of the average SLED of BzK galaxies to the M lplg]lytt?a}{] the data ?t t.k;ﬁ thhlghebSt trants_,ltlons._Ithstet')emsbtplaus(;-
SLED (Fixsen et al1999, the average of SMGs (Bothwell et 2013 e that full agreement wi € observations mig € obtaine
the SLED reported by Spilker et al214 is similar, but higher at PY tuning some of the free parameters for which they could only
J > 5) and the average (U)LIRGs SLED derived in this paper usirfovide guesses.
measurements from P12. All SLEDs are normalized to the CO[1-0] of More recently, Narayanan & Krumhol2@14 have devel-
the average BzK galaxy SLED, except the MW, which is normalizedped a general model for predicting CO observations over dif-
using CO[2-1]. The results from the toy model of P12 (see text) and therent transitions by combining numerical simulations and ra-
numerical simulations of B15 and Narayanan & Krumhd®14 are  (ijative transfer calculations. In their case, the overall excitation
also shown. is regulated by the star formation surface densiigg; a simi-
lar behavior is predicted by Popping et 2014. Based on the
typical s;r 1 M yrSt kpc®? for BzKs and normak = 1-2

MW SLED to theJ 3 transitions. We see CO[5—-4] ux in ex- disk galaxies (Daddi et aR01(; Genzel et al2010, we can
cess of MW expectations in all cases, although for BzK-160Q@e their predictions to compare the results with BzK galaxies
the excess is the lowest, only of a factor of two. The avefgreen line in Fig8). The Narayanan & Krumhol2014 model
ageRs; is 0.23+ 0.04, with ranges for individual sources extendeorrectly predicts enhanced CO[5-4] emission compared to the
ing from 0.12 to 0.36, or about a factor of 3. This suggests theiW (Fig. 8), although with an overall shape that is somewhat
extrapolating CO[1-0] uxes from CO[5-4] for this populationdi erent from that of the BzKs, rising steeply toward CO[4-3]
would likely lead to uncertainties of about factors of two. and resulting in too high ratios of CO[3+4€]JO[2-1]. It appears

Globally, the BzK galaxies have CO SLEDs that are less etivat the CO SLED of BzK galaxies has an unexpected shape,
cited than those of local (U)LIRGs. On average, P12 (U)LIRGairly atand MW-like up to CO[3-2] and rising quite rapidly af-
have a ratio of CO[3-2CO[2-1]> 0.8 for their sample, com- terwards, giving peculiarly high ratios of CO[5—4] (or CO[4-3])
pared to 0.52 in our case. Similarly, we nd that starburstintp CO[3-2] (the agreement with a MW shape upJte= 3 is
local (U)LIRGs have ux ratios of CO[5—-4C0O[2-1] higher by correctly anticipated by P12).
a factor of 1.8. Finally, we compare our results with the predictions of

Comparing these results to SMGs, for which Ivison et aCO SLEDs for highz disk galaxies by B15, based on very high
(2011 reportedRs; = 0.55+ 0.05 and Bothwell et al.2013 resolution AMR numerical simulations. In this case, the mod-
Rs1 = 0.52+ 0.09, we see that the normal MS galaxies atls also predict a more highly enhanced CO[5-4] emission than
z = 15 appear to have somewhat less excited CO SLEDw the MW, although the discrepancy here is that the expected
(R31 = 0.42 + 0.07). Similarly, Bothwell et al. 2013 re- SLED is less excited than observed, with exped®ed 0.14.
portedRs; = 0.32 % 0.05, which is also higher than our aver-In the B15 simulations the highi-excitation component of the
age value (23 £ 0.04), while the spectrum obtained by SpilkeiCO SLED is mainly attributed to the giant clumps, while the
et al. 019 of gravitationally lensed sources discovered withest of the diuse SF in the galaxy contribute a laexcita-
the South Pole Telescope (SPT) has even higher ratios, implytian component. In this respect, the CO excitation is lower than
that the ux ratios of CO[5-41CO[1-0] for SMGs are higher by observed because the gas fract®omnderestimated compared to
40% or more on average. This is con rmed by the comparisdhe real galaxies, because a lower gas fraction will result in fewer
of the global SED in Fig8, which shows a higher excitation forand less massive clumps in the galaxies (see Salmi 20aR
the SMGs at] 3. We note from Fig8 that, in comparison, Bournaud et al2012 2011). The low gas fraction arises because
the CO SLED of SMGs is intermediate in excitation strength bé&he simulations start with a (reasonable) gas fraction 5%
tween that of local (U)LIRGs and= 1.5 BzKs. This supports (albeit this is for the total gas, the molecular gas fraction might
the notion that SMGs are not purely SBs, but probably a fair mbe even lower), but given the lack of gas accretion in the simula-
of MS and SB populations (see, e.g., Rodighiero eR@ll]), tions during the lifetime of the galaxy, the gas fraction decreases
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and is less optimal. Another explanation for the loRer in the di use gas, and its particularly high temperature (100 K for
models might be that resolution ects bias the computation ofn = 3300 cn¥® in a CO[5-4] luminosity weighted average of
CO[5-4] emission low (B15). In any case, B15 successfully prdie molecular gas in B15 — an estimate which might still re-
dicted a di erence in the CO SLED between local (U)LIRGs anthin some contamination from dise gas) is key in driving its
high-z disks, which qualitatively agrees with the observations.strongly peaked shape toward CO[5—4]. Their predicted values
Overall, the model of B15 provides too little ux in all are reasonably consistent within the range of acceptable values
lines above CO[1-0] (or, equivalently, too strong CO[1-0] emi$rom our modeling, although our constraints, are not very
sion), while the model of Narayanan & Krumholz predicts atringent and the B15 predicted density is on the low-side of the
SLED shape dierent from the data. The P12 model provideacceptable values for the high excitation component.
too much ux atJ 3 but performs somewhat better that the In Fig. 10we show particular LVG solutions obtained by t-
other models. When we examine individual sources rather thiémg the data with reasonablé values, which were chosen to
the average SLED, we see that the BzK galaxy with the higheisplay a peak of the low-excitation componendat 2 and at
CO excitation (BzK-21000) is consistent with the expectatiors 5 (left panel) orJ 7 (right panel) for the high-excitation
of P12. The highd transitions of the galaxy with the lowest ex-component. Representative density and kinetic temperature val-
citation, BzK-16000, are even less excited than the signi cantlyes for the adopted solutions are shown in the gure caption.
subthermal excitation predicted by the simulations of B15.  This kind of behavior, as in the left panel of Fig0, with an
overall peak of the CO SLED not far from CO[5-4], might be ex-
pected from the simulations of B15 and Narayanan & Krumholz
5. LVG modeling (2014. The calculations of P12 would suggest a peak at even
higher-J, similar to the warmest among local LIRGs (e.g., Lu
Large velocity gradient (LVG) modeling is a classical tool foet al.2014.
studying CO SLEDs and gaining insights into the physical prop- LVG modelling can be used to estimate the molecular gas
erties of the gas, including their kinetic temperature and densifass of the CO-emitting galaxies, basically exploiting the con-
(Tkin; N; Goldreich & Kwan1974 Scoville & Solomon1974. straints on the gas densities. This requires critical assumptions
We followed the approach described in Weiss et aDQ{), on key physical parameters, however, which enter the calcula-
Dannerbauer et al2009 and Carilli et al. 2010, using the tion of the CO SLEDs at various luminosities for a given gas
collision rates from Flower2001) with an ortho-to-para ratio mass, namely: the disk scale height (or turbulence velocity of the
of 3 and a CO abundance per velocity gradient of [C®]= medium) and the CO abundance per velocity gradient. Hence -
1 x 10°° pc (km $1)51. We computed model grids using an aphal estimates are highly unceirtaas direct constraints on this
propriate value of the CMB temperature for 1.5 and varying parameters are not very accurate. We veri ed that by using plau-
the density over 18-1¢F cm>3 and Ty, over 5 to 100 K. sible estimates for these parameters, we can match the gas mass
Single-component models are inadequate for tting thestimates of about 5-8 10'° M that are typically inferred
whole SLED of the BzK galaxies, as is obvious from the brod@r these galaxies using dynamical methods (D10), or convert-
shape with a fairly at ux level from CO[2—1] to CO[5-4]. ing from dust mass estimates (Magdis et24l11, 2012, or as-
This is true for the composite SLED and also for individugguming a local metallicity scaling for theco conversion factor
sources, except for BzK-17999, which can be formally t by 4Sargent et al2014. Moreover, typical LVG solutions suggest
single component, but probably only as a result of the lack #fat a non-negligible fraction of the total gas mass resides in the
CO[1-0] constraints. On the other hand, two-component mod&rore excited component, in some cases, this reaches half of the
are highly degenerate, and adei variety of acceptable solu-total gas. This is consistent with the predictions of B15.
tions can be found. This is at least in part due to the intrinsic
degeneracies of this type of modeling, where increasing déh-Interpretation and discussion
sity or temperature acts the SLEDs in the same way at Iea_séll_ What is the main driver of CO excitation?
to rst order, but also because measured uxes continue to risé
all the way to CO[5-4], and we have no evidence of where bg/e have shown that CO[5-4] emission inside normal MS galax-
yond this transition the SLED begins to decrease. In Bige ies atz = 1.5 is substantially excited. This result is markedly dif-
show a map of 2 values as a function of the density and temerent from what is seen in local spirals and the MW. There are
perature, separately for a low-excitation and a high-excitatia@mumber of reasons why this could be expected, as anticipated
two-component t. It appears that a MW-like low-excitationin the introduction to this paper: the rising dust temperature in
component with log/cm®®  2-3 and moderate temperaturdVS galaxies as re ected by the) parameter (e.g., Magdis et al.
Twn  20-30 K, which is similar to the dust temperature 2012, the higher fraction of dense gas and SFE (e.g., Daddi
these galaxies (Magdis et @012 Sect.3.3), together with a et al. 201M), the harder ionizing radiation eld (Steidel et al.
denser antbr warmer component can t the data well. OtheR014, the probably higher average gas density. Similarly, mod-
and di erent viable solutions exist as well, obviously, but goodls appear to suggest dirent alternatives as the driver of higher
2 regions appear to constrain the density of the two componeaigitation gas in higlz-BzK galaxies: the SFE (P12), therr
more stringently, with the low-excitation component preferrinfNarayanan & Krumhol2014 or the warm and dense gas in
log n > 3 and the high-excitation component havingiog 3.5, the clumps (B15). It is therefore relevant to try to gain insights
at least when the solutions are limited By, < 100 K, as we into the di erent possibilities using our observations. We have
have assumed. Allowing for temperatures substantially highssllected measurements of the CO[5&1D[2—-1] ux ratios of
than 100 K in the high-excitation component would reduce tharious relevant galaxy populatis from the literature and from
lower limit on its density, as can be guessed from the trendspublicly available observations. As anticipated in Sdcfor lo-
Fig. 9 (top right panel). cal starbursts we nd an average ux ratio of CO[54@D[2-1]
Overall, these results are consistent with the simulations @ff 3.5 with an error on average of 0.09 dex inferred from the
B15, who suggested that the high-excitation component (maimispersion of the (U)LIRG measements, while folocal spirals
related to the giant clumps) is denser but also warmer than the nd an average ratio of 0.7 with an error of 0.05 dex.
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Fig. 9. Total 2 maps versus temperature and density for the t of the BzK average CO SLED with two components (a low-excitation and a
high-excitation component, the latter de ned to peak at highehe color scale re ects the? level: blue and light green regions correspond to
acceptable ts. For a choice of variables in each panel, the minimtim computed by marginalizing over the other two free parameters.

In Fig. 11 we compare the average CO[5/AD[2—-1] of with a metallicity dependentco for local spirals and dynam-
these three key populations to their averdde, SFE and spr.  ically derived o for local ULIRGS, while for BzK galaxies
The U values for the four BzK galaxies were updated in thithey are derived by concordant estimates based on CO lumi-
work and are shown in TabBwith their error bars. For the spiral nosities and dust mass measurements. Values are constrained to
galaxies we tted their IR SEDs using the models of Draine & Lwithin typical ranges less than a factor of 2, but we adopted a
(2007 to the photometry provided by the King sh project (Daldarger error for ULIRGs to account for the substantial spread in
etal.2012, in analogy to the procedures used for the BzK galathe population. The = 1.5 BzK galaxies have a SFE only twice
ies (see Magdis et 2011, 2012. We use here and in the follow- higher than local spirals, which is consistent with the small tilt of
ing only objects for whichU could be measured, which limitsthe KS relation for MS galaxies, while (U)LIRGs have about ten
the sample to six objects in total. For the (U)LIRGs we used thienes the SFE of BzK galaxies. We note that the avetagen
averageU value of 35 from Magdis et al2012 and da Cunha the (U)LIRG sample used here is consistent with the average de-
et al. 010 because individual measurements are available faved in Sargent et al2014. For sgr we used sizes measured
only three galaxies U = 325, 24.6 and 52.8 for IRAS10565, by Leroy et al. 00§ for spirals, for (U)LIRGs we used mea-
IRAS17208 and IRAS12112, returning an average that is alsorements from Kennicutl 99, Scoville (1994, and Downes
very close to the adopted value for this smaller subsample). &Solomon (998, and for BzK galaxies we used the optical
estimate typical values for the SFE, we adopted the values sizes (D10, Tabl8).
ported in Sargent et al2014. The adopted values, reported in It is quite instructive to compare the three panels of Eiy.
the gure, depend on our current understanding of the detern@ood correlations of the ratio CO[5+4€J0[2—1] are found for
nation of total gas masses. This is based on CO measureméinds U parameter (left panel) and thesrr. However, local
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Fig. 10. Examples of LVG ts to the average CO SLEDs of BzK galaxies. These particular solutions (among the large suite of acceptable one:s
were chosen to have a cold component peaking at2 and a warmer and denser component peakinp at5 (left pane) and atd 7 (right

pane). The captions show details of the physical parameters of each solution. Solutions peaking af lbig¥ieusly exist and can also t the

data well.
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Fig. 11. Comparison of the average CO[5/2D[2-1] ratio to the average radiation eld intensityJ(, left pane}), the star formation eciency
(SFE,center panél and the star formation surface densitygg; right pane), for local spirals (blue), local (U)LIRGs (green), ané 1.5 normal
MS galaxies (black). The best- tting trend (dashed line) in ligfé panelis given in Eqg. L), while the relation in theight panel(dotted line) is
given in Eq. B). The cyan trendsight pane) show the predictions of Narayanan & KrumhoR0(@4) based on their Eq. (19) and Tables 2 and 3,
while in red we show the B15 simulation results.

spirals andz = 1.5 MS galaxies have similar SFEs (cente6.2. A sublinear correlation of CO excitation with U

panel), so thatitis di cult to explain the stronger CO[5-4] emis-

sion in BzK galaxies only with their higher SFE, also comparédle explore the correlation between the ratio of CO[3—4]
to the location of (U)LIRGs, for example. The correlation becO[2—-1] and U in more detail in Fig12, where we now show
tween CO excitation andsgr agrees fairly well with predic- individual measurements for spiral galaxies and BzK-galaxies.
tions of the model by Narayanan & Krumhol2Q14 and also We also add here a sample of SMGs for whith has been
displays a trend similar to the predictions of B15. measured by Magdis et al2@12 and that are classi ed as
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10 LR T T T T metallicity of typical SF galaxies decreases by over a factor of
two fromz = 0 to 2 (see, e.g., Erb et &006 Steidel et al.
2014 Maier et al.2014 Zahid et al2014 Valentino et al2015.

i 2=0 <ULIRGs> L7 ] However, metallicity probably only plays an indirect role: as a
7 result of lower gas-do-dust ratios and reduced shielding, it af-
‘ fects the intensity and hardnesgloé radiation eld (and in par-

. ticular U ). The stronger radiation eld (manifesting as higher
dust temperatures) then probably directlyeats the CO excita-

4 tion. Basically, high U values and thus higher CO excitation
than in local spirals are derideeither because of the large SFE
e as in the (U)LIRGs, or becausethfe combined role of SFE and

. Z (as in highz MS galaxies).

Thermalized ratio e

M83

BzK z=1.5

Ico[s4]/1co[21]

6.3. Dependences on the SFR surface density

We also provide some further information on the relation be-
. local spirals tween the CO[5—4C0O[2-1] ratio and sgr. The trend reported
i - P 1 inFig. 11 (right panel, dotted line) scales as

1 ol 1 | 1 |Og ICO[5§4]/ ICO[ZSI] = 026X |Og( SFR) + 0271 (2)

1 10 100 _ _ ) % x .
<U> with  ser in the usual units oM yrSt kpc? . The correlation

) _ _ . between CO excitation andsgr agrees qualitatively with the
Fig. 12_. Ratio of CO[5-4] to CO[2—_1] ux versus the average rad'at'o'bredictions of the model of Narayanan & Krumho20(4, but
intensity U for the four BzK galaxies. They are compared to the M heir calculations for s;r 1 (as in BzK galaxies) results in a

and a sample of local spirals from King sh (Dale et 2012 observed - . .
with HerschelFTS (Liu et al., in prep.), to the average of (U)LlRGSCO SLED that is somewnhat derent in shape than that of the

from P12 and the M83 starburst (Wu et 2015, and to starburst-like 2verage BzK galaxy. In FidL1 (right panel, cyan line) we ex-
SMGs. The horizontal line shows the limiting ux ratio of CO[5-4] toPliCitly report the prediction for the dependence of the ratio of
CO[2-1] expected for a constant brightness temperature. The dask&a[5—4JCO[2—-1] on srr, which appears to compare nicely to
line shows the best- tting trend to the data (E))( the trend reported in Eq3J.

Therefore, it appears thatgr can be used as a good tracer

starburst galaxies. (We recall that general SMG samples arejf CO excitation, at least in our sample including local spirals

; Md (U)LIRGs and high redshift disks. This is not surprising,
;se;cgatl ZrObF?c?(lj)i/grr?ilgreg eePSa(EnStl)lle)s .?:] é\gg ?nncellrfjsé SGBN%%Ia;(C-) ; given the results in the previous sections coupled with the well

: - established correlation between dust temperature (Ue),and
which the CO measurements are taken from Carilli et28110), .
SMM-J2135 (cosmic eye) from Danielson et 22007, and _SFR (Chanial et al2007 Hwang et al201Q Elbaz et al2011J).

HSLW-01, for which we take CO pasurements from Scott et aI.EXp“C'th& W't_hm our sample the correlation okrrWith U s
(201)). The latter two are lensed sources, and we used de_lenggaerve as.

luminosities for this work. We also added the low-luminosityog U = 0.41x log( srg) + 1.08 ©)
starburst M83, taking the measurements from Wu et24119.

We still used an averagdé) value for the (U)LIRGs becausewhich con rms the idea that “compactness”, equivalent g,

there are too few individual measurements. The data are bestan be also seen as a key parameter driving the physical proper-
by the relation ties of galaxies (Elbaz et @011 Rujopakarn et akR017).

Iog |co[5g4]/ |co[2§1] = 0.60x Iog us 0.38, (1)
. . -~ R
with a formal uncertainty in the slope of 0.07 and a dispersi06r'14' A linear correlation between L CO[5-4] and Li?

in the residual of only 0.11 dex (a 30% accuracy in predict-he availability of CO[5-4] measements for normal galax-
ing the ratio of CO[5-4CO[2-1] based onU ). The relation ies atz 1.5 prompts us to re-assess the correlation between
is thus substantially sublinear. We estimate that for the ratio 60 luminosities and.r using such a transition. We recall that
CO[5-4JCO[1-0] the correlation withU would steepen to a the rst observations of lond CO in MS galaxies az  1-2
slope of 0.7 (because of the systematically risiRg from spi- (Daddi et al2008 201Q Tacconi et al2010 allowed the insight
rals to BzK galaxies to (U)LIRGS), but would remain sublineathat such objects have SFRs similar to (U)LIRGs but ratios of
A similar correlation between the ratio of highto low-J CO L CO[1-0]Lr on average three times higher. The substantially
and U was found by Wu et al.2015 for resolved SF regions higher ratio of CO[5-4CO[2-1] in (U)LIRGs suggests that
in NGC253. Itis quite interesting to recall that following Magdist CO[5-4] one might nd similar ratios of CO[1-0JLr for
etal. 012, we can expectthat)  SFHEZ for our sources. (U)LIRGs and BzK galaxies. We show the correlation between
Therefore U can be directly related to SFE in this analysid. CO[5—-4] and_r in Fig. 13using the galaxy samples discussed
However, as discussed earlier in this section, the SFE of logalthe previous section, but exploiting individual measurements
spirals and BzK galaxies is quite similar and cannot justify theere for (U)LIRGs from P12, as opposed to only considering
di erentlevels of CO excitation. Hence we conclude that metan average value, as in Fifj2. We also bene t for this analy-
licity (Z) di erences probably account for an important part ais from an enlarged sample of 16 additional SMGs taken from
the di erence in excitation between local spirals and 1.5 the compilation of Carilli & Walter 2013, and we used the full
BzK galaxies. Although we do not have direct metallicity estisample of (U)LIRGs (selected withr > 10*'3L ; 40 objectsin
mates at hand for our targets, we recall that at xed mass thddition to the P12 sample) witderschelSPIREFTS archive
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L B L B L B L B way that is insensitive of whether the star formation occurs in a
3 quiescent disk or inside a violentarger. If this is the case, then
A CO[5-4] could be used as a more @ent and accessible tracer
of the dense gas than standard molecules such as HCN or HCO,
which also scale basically linearly withr, but are intrinsi-
cally 10-20 times fainter and harder to observe (Gao & Solomon
2004,b; Gao et aR007°. At the same time, given its fairly high
frequency, CO[5—4] can be observed with reasonably high, sub-
arcsec spatial resolution with both ALMA and IRAM PdBI. We
caution, however, that the critical density of CO[5-4] is an order
of magnitude lower than that of HCN (Carilli & Walt&013.
Strictly speaking, these are not equivalent as tracers. In addition,
CO[5-4] has an excitation temperature &3 K, which is much
higher than lowd HCN transitions. As such, the loddines of
these molecules are cleareaders of density because they do
not require the medium to be both warm and dense; we will still
need HCN[1-0] or other dense gas tracers at [1-0] to obtain the
total dense gas including the much colder component that will be
T T missed by highd CO lines. We do not know, moreover, whether
106109 101 101t 1012 101 Lo EQ. @) manifests a direct connection between CO[5-4] bd
L /L or if both CO[5—4]_ and__.R are drlven.ln S|m.|Iar ways by some
wee other parameter, in which case their spatial distribution inside
Fig. 13.Correlation of the CO[5-4] line luminosity with the bolometricgalaxies might dier. Evidence from local galaxies suggests that
IR luminosity (Lr; 8-1000um) of our four BzK galaxies ax = 1.5. CO[5-4] emission witfTy;, > 50 K, as favored by our LVG mod-
When we include the sample of galaxies from Fig.(solid symbols) eling, might not be excited by the photodissociation region, but
and additional SMGs and (U)LIRGs (crosses; see text), we observengyre |ikely by mechanical heating from shocks (e.g., Rosenberg
virtually Ilnegr c_orrelatlon _between the Iu_mlnosmes (solid line, whiley al.2014 Meijerink et al.2013, which most likely are driven
thte gaSTed “Betlhs the ”OT”r:'”ear b, Spa”/“l'_“g att’.OUtffg]“rSr?(ers |°f M3gy winds connected to the SF regions. Future comparisons of
nituae along botn axes. e aver & ratio orthe bz alax- : . . .
ies is cons?stent with the averaeg‘;%%([)i‘s‘ghelﬁatio of local (U)ElRGS J?'gh spatial r_esolutlon maps of CO[S._A'] W'th.HCN’ for exam-
high-z starbursting SMGs. ple, are required to clarify whether this is a viable approach or
not, that is, to clarify if CO[5—4] can be used as a high- delity
tracer of the star-forming gas.
data that will be presented in Liu et al. (in prep.). Quite strik-
ingly, the formal best- tting relation has a slope 0P6 + 0.04
and it is thus indistinguishable from the linear trend
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6.5. Implications for gas- and dust-scaling laws

. In the previous sections we have presented evidence for the ex-
log Leopssa) = logLir/ L S2.52 (4) istence of correlations between CO excitation add (Eq. (1))
3 and betweer g and CO[5—4] luminosity, followed by galaxies

(for L CO in the usual units of K km™3 pc®), with a dispersion at 0 < z < 1.5, regardless of whether they are MS or starburst
in the residual of 0.24 dex, which is remarkable for a relatiosystems (we also included some highe8B systems, but no
spanning four orders of magnitude along either axis. We noted» 2 MS galaxies). Here we combine these two empirical trends
particular that for BzK galaxies and P12 (U)LIRGs we nd fullyand examine the resulting implications. If the relation between
consistent luminosity ratios #2.36+ 0.05 andS2.34+ 0.08, CO[5-4]JCO[1-0] and U were linear, given Eq.4) and that
respectively (we quote the error on the averages, and values &fe  Lir/ Myuss this would implyL CO[1-0fMgust  cONstant.
in the units of Eq. 4)). Both populations have somewhat higheHowever, we nd that the relation is sublinear, with a slope of
ratios than the average, while spirals h&&67 + 0.13, which about = 0.7, which leads to
is somewhat lower and &cted by the strong outlier NGC 6946. & &
We are limited, however, by sm{lll numbergstatistics, and withl%g(L COIIS0YMaus) (1S ) xlog U ()
the current uncertainties, we cannot detect signi canedences This relation supports an accounting for the 3-5 times higher
among the various populations. A similar conclusion aboutratio of L CO[1-0fMqyust observed for (U)LIRGs compared to
seemingly linear slope betwe&nCO[5-4] andLir between lo- local starbursts (Magdis et @012 Tan et al.2014) given that
cal (U)LIRGs and highe SMGs is also presented in Greve et alU)LIRGs have ten times highet than spirals, although the
(2014, although the novelty here is that we can situate the ndneasured dierence is not fully accounted for. Given the ob-
mal MS galaxies ar = 1.5 in this relation and that we alsoserved redshift evolution olJ for MS galaxies (Magdis et al.
include local spirals (see also Liu et al., in prep.). 2012 Béthermin et al2015, this relation also predicts a mod-

The basically linear correlation betwebrCO[5-4] andLg ~ €st rise of the ratio with redshift(1 + 2%4>°%, consistent with
is di erent from ndings for lowdJ CO, where considering all the empirical constraint of Tan et akq14, who found a trend
galaxies together yields a trend more consistent with a slogealing as (¥ z 020:027,
of 1.7 (e.g., see the classical work of Solomon & van der Bothe note, however, that Garcia-Burillo et & emphasized that
2005.) or, vv_hen distinguishing SB _and MS ga[ax@s, Ser)araEG)LIRGs Have a syétematically higher ratio lg%ato HCp:N luminos-
relations with slopes of 1.2 and dérent normalizations (€.g., ity by about a factor of two than normal galaxies and suggested a
Sargent et al2014. This suggests that CO[5-4] could behavgjightly nonlinear correlation between HCN ahg. In our case, the
as atracer of the star-forming gas, meaning that the gas is degsifparison of. CO[5-4] luminosities between BzK galaxies and local
enough to be directly related to the amount of stars formed, if)LIRGs has the advantage of being made for very sintilavalues.
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