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* Observations of CO rotational line ratios probe the physical conditions (density, tem- 20 F  El Sava e 3 ]+ We observed CO(1-0) with the Karl G. Jansky Very Large Array for most z~2-3
perature, etc.) of the molecular gas reservoirs that fuel star formation. 3 : SMGs and AGN-host galaxies with existing CO(3—2) measurements.
* Initial observations of z~2-3 submillimeter galaxies (SMGs) and AGN-host galaxies 15 gl F s K cal 1+ We successfully detected 10 galaxies and obtained upper limits for four more;
showed a systematic difference in the CO(3-2)/CO(1-0) line ratio between the two popu- . | C gl 8 ¢ & | 3 Figure 1 shows the CO(3-2)/CO(1-0) ratio for the entire sample and three of our
lations (e.g., Swinbank et al. 2010; Harris et al. 2010; Ivison et al. 2011; Riechers etal. . . %i’ M al ! o %r strongest detections are in Figure 2.
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201 1) Where SMGS haVe d multl-phase mOIGCUIar ISM that lnCIUdeS a 1a1‘g€ COld gaS Ics- é § % g; m§ ;: é % % []i %I ° We also use these Observatlons to robustly determ1ne gas masses and gas_to_dust
ervoir and AGN-host galaxies have only a warmer single-phase molecular ISM. o §+§ o |- ﬁai}é +§ K ] ratios, and to clean the Schmidt-Kennicutt relation of potential ex01tat10n biases.
* This observed dichotomy potentially supports an evolutionary connection between the 05 I+ + %+ : -k ] S VCVJ140045628 Q) -JNEEY 1;_><J_091i+@551 (@8 . 42"
two populations where an AGN phase ends rapid star formation in SMGs (via outflows . ° 5§ . Figure 2. CO(1-0) inte- S 28" fo 5 SRSMNCER S & 40"

' h lecul has been funneled b itational A P T | - R T S S grated line maps for three 2 = BLOWMOosEE S
or suppressed accretion) or the molecular gas has been funneled by gravitational torques 0.0, 55 "y > » ” > of our strongest detections. 526 So o o g a0
via mergers to a small high-excitation region near the central supermassive black hole. z Contours are multiples of 243 5o B I - 336"

Figure 1. The CO(3-2)/CO(1-0) line ratio as a function of redshift +1.50. o av, =550km s+ T TN _400 km s T . AV, =1000 km s~

» However, this dichotomy was based on a small sample (13) of well-studied galaxies.
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for the complete sample of galaxies. Black symbols are our new
detections and gray symbols are sources from the literature.
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and AGN Host Galaxies have

Our New Distribution
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0.8 B | Figure 3. Cumulative distribution of 2 Figure 5. Cumulative distribution of c 0.8 B B
s t CO(3-2)/CO(1-0) line ratio measure- r — f S, (CO(3—=2))dv [ vco (1-0) CO(3-2)/CO(1-0) line ratio measure- -2 |} |
o ments for AGN-host galaxies (blue) 3,1 — f S, (CO(1-0))dv \ vco (3—2) ments for AGN-host galaxies (blue) S
L 0.6 k- A and SMGs (red) from Swinbank et al. and SMGs (red) for our new larger "; 0.6 F il
= ot (2010), Harris et al. (2010), Ivison et e In Figures 3 and 4 we show the cumulative distribu- sample and literature detections. -% - .
c_;s [ al. (2011), and Riechers et al. (2011). tion and histogram of the 13 original CO(3—2)/CO(1—O) Some line ratlps from the lltgrature E [ ]
E04 F - ) ) ) ) i have been revised based on improved 504 2
3 I line ratio measurements (in units of brightness tem- interferometric detections, and some Q| ]
i perature, r, ) for z~2-3 SMGs and AGN-host galaxies ~ galaxies have improved classifica- i ]
0.2 - 9 clearly showing a tight cluster of SMGs near r, =0.6 tions. 0.2 7
- and AGN-host galaxies near r, =1.0. - .
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00,5 05 10 15 50 * For our expanded sample of 23 galaxies, we find that 005 05 10 15 50
fo the r, | distributions for SMGs and AGN-host galaxies o
. (Figures 5 and 6) are consistent with being drawn from .
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: E F.1gu're 4: Histogram showing the . the same parent populatlon (p>0. 2) and havmg the F.1gu're 6: Histogram showing the : E
: [ 1 AGN : distribution of CO(3-2)/CO(1-0) line ) , distribution of CO(3-2)/CO(1-0) : [ ]AGN :
6 F [ 1SMGs <  ratio measurements for AGN-host Same average r3,1 (p>0-36) even when forcmg amblgu' line ratio measurements for AGN- 6 F 1 SMGs E
1  galaxies (blue) and SMGs (red) from  ously classified galaxies into categories most in line host galaxies (blue) and SMGs (red) :
5 F 3 Swmbank'et al. (2010), Harris et al. with previous results or removing weak detections. for our new larger sample anc.i litera- 5 F 3
E J  (2010), Ivison et al. (2011), and ture detections. Some line ratios - 3
4 J  Riechersetal. (2011). Bin widths are ¢ Some galaxies have been re-classified and some line from the literature have been revised A
z ] AnT02s ratio measurements have been updated to reflect the based on improved interferometric ——_ — * ¢
: : ) ) i detections, and some galaxies have : :
3 E 3 most recent interferometric detections. improved classifications. Bin widths 3 E 3
» The disappearance of the dichotomy between these are Ar, =0.25.
2 F - . . 2 F =
: 3 galaxy classes may be caused by including sources that - 3
B 3 are not as well studied (causing incorrect classifica- 3
tions) and that some of the SMGs may have buried :
0 E— - - o E AGN (in addition to the updated line measurements R S P IS S : E
0.0 0.5 1.0 1.5 2.0 . . 0.0 0.5 1.0 15 2.0
. mentioned previously). ‘
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25 T T T T ' L L Figure 7. CO(3-2)/CO(1-0) line ratio - Figure 9. The integrated Schmidt- 14.0 ! et ' '
- m AGN, unlensed as a function of the CO(3-2) line u r e r n a s I S Kennicutt relation (the far infrared m = AGN, unlensed
- o AGN, lensed oy : o - P oo AGN, lensed _ 0
i e SMG. unlensed FWHM. Lower limits are shown in luminosity vs. CO line luminosity) for @ » SMG. unlensed FLS 3 (z=6.34)
2.0 _— o SMG: lensed - gray. We see no systematic difference our sample. We show CO(1-0) (black; | oo SMG: lensed LH—
\ between SMGs and AGN-host galax- e We also compare the CO(3_2) /CO(I—O) line upper limits in gray) and CO(3-2) 135 F OO/OO/ L _
- ies, but we do see a trend of higher tio for SMG d AGN-host oalaxi f (red) measurements for each source as ~ L S j@ | EE" '
15 _ _E-&—— _ CO excitation at lower line widths rg 10 Tor . S an -NOSt galaxics as a 1unc- well as a small number of other high- "o 4
- (slope of (2.73£1.65)x1073 (km s')™). tion of a third observed parameter. redshift systems for comparison <'E Cosmic Eye| ||
RS I This is consistent with a spatially : . (labeled). Luminosities have not been g
i _ﬂ I extended cold gas phase that is not .'In general, we qO not find the CO line excita- corrected for magnification by gravi- 8130 F -
101 4] well-mixed with any higher excitation tion correlates with other parameters of the gal- tational lensing. - CO(1-0):
I | | ]  molecular gas phases. We expect axies, with the exception of the CO(3-2) FWHM offset = 1.45 + 1.45
i _+_ - some natural scatter about this trend F; 7 dth f . ffici slope = 1.06 +0.13
05 | + -|  due to the galaxy orientation relative (Figure 7) and the star formation efficiency - B8 CO(3-2):
- 7 . . : . 125 offset =3.01 £ 0.92 -
: —+— l \ : to our line of sight. (Figure 8; see also Yao et al. 2003). | Sope = 0.92 £ 0.05
ool vt N 1] « We use the matched CO(1-0) and CO(3-2) line A ]
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relation of potential excitation bias.
) RARRARREAS RARREAE AN RARRRARRES REALRRALEE RARALERLRE Figure 8. CO(3-2)/CO(1-0) line ratio . X Figure 10. The integrated Schmidt- A
- m AGN, unlensed {  asa function of the far infrared-to-CO » We find no significant change in the offset or Kennicutt relation (the far infrared ; ; ﬁgms iﬂggged ]
i E éﬁg 'Srr]‘lsé%%e g ] line luminosity (i.c., star formation - slope of the integrated Schmidt-Kennicutt law luminosity vs. CO line luminosity) for 13 F ¢ SMG, unlensed
2.0 [ o SMG, lensed -| efficiency). Lower limits are shown in between versions which use CO(1-0) and ver- our sample and infrared-bright galax- o o SMG, lensed _ :
I « local IR-bright galaxies ]  gray. In addition to our z~2 sample, , , ies from Yao et al. (2003), corrected - - local IR-bright galaxies ]
- -, . - we also show points for a collection sions which use CO(3_2)> whether or not we ex- for magnification by gravitational 12 OO/SS% <«i 3
15 B ! & ]  oflocal infrared-bright galaxies from clude AGN or apply magniﬁcation corrections lensing. We show CO(1-0) (black; o o)} % CO(1-0) :
T 1  Yaoetal. (2003). For both the low Fi upper limits in gray) and CO(3-2) = offset =2.44 +0.82 3
-1 ] . . . igures 9 and 10). T ]
L i . i and high-redshift galaxies we see a ( & ) (red) measurements for each source as ?—3',) 11 Sclgpe =2 0_-97 +0.09 3
- - . " . strong trend of increasing gas excita- e [f we include low-redshift infrared_brigh‘[ ga]_ well as for a small number of other ) offs(est_z )1' 94+ 0.76 1
ol ™ + i tion for higher star formation efficien- . . . high-z systems for comparison slope = 1024007 1
- - . cies. We also see that the high redshift axIes ‘(Yao ct a_l' 2003) H.l the analy31s 9f the (labeled). The solid line is the fit to e« CO(1-0); — — — =
L EB—> ]  galaxies have larger star formation Schmidt-Kennicutt relation, the slope increases just the high-redshift sample and the . Offset=-1.44+0.46 ]
0.5 [+ % - efficiencies than the low redshift significantly and the normalization changes; the dashed line includes low-redshift ggp(g_z;BE 1_0.1)5 ]
fl ] galaxies normalization is the only term which shows a galaxies. offset =—0.49 + 0.27 :
i . . . slope = 1.26 + 0.03 .
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Summary

 For our expanded sample, we find that the
CO(3-2)/CO(1-0) line ratio distributions for
SMGs and AGN-host galaxies are consistent
with being drawn from the same parent popu-
lation (p>0.2).

» We find no significant change in either the
offset or index of the integrated Schmidt-
Kennicutt relation unless we include low-redshift
infrared-bright galaxies; the offset for the com-
bined low- and high-redshift sample 1s the only
excitation-dependent parameter that we found.

« We find that the gas excitation as probed by the
CO(3-2)/CO(1-0) line ratio correlates with the
CO(3-2) line FWHM and star formation effi-

ciency, but no other galaxy properties.

» We evaluate an expanded sample of z~2-3 gal-
axies for differences in CO line excitation, in-
cluding 10 sources with new CO(1-0) detections
and four new CO(1-0) upper limits.
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