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Abstract

Molecular gas is the raw material for star formation and hence a crucial

factor in galactic evolution. Ultraluminous infrared galaxies emit the bulk of
their power in the far infrared, show disturbed morphologies indicative of recent
mergers, and rival QSOs in their bolometric luminosities, but are more numerous
in the local universe. Although they are as rich in molecular gas as the most gas
rich normal spiral galaxies, they have elevated ratios of infrared luminosity to
molecular mass that suggest they are undergoing bursts of very rapid and efficient
star formation. A survey of HCN(1—0) emission from ten ultraluminous and
normal galaxies shows far infrared emission correlates better with the amount of
dense, n(H,) > 10* cm™3, molecular gas than with the total amount of molecular
gas. The star formation efficiency appears to depend on the fraction of the
molecular gas reservoir at high density.
The galaxy IRAS 1021444724 at z = 2.286 is perhaps the most luminous ob ject
in the universe. Observations of its CO(6—5), CO(4—3), and CO(3 —2) lines
indicate this galaxy has as much molecular gas as the total mass of the Milky
Way. The molecular gas in 1021444724 is both warmer and denser than that in
the Galaxy and the normal gas to dust ratio suggests the abundances are nearly
Solar. In the Milky Way, CO(6—5) is only observed in regions of high-mass
star formation, so its presence in 1021444724 implies the occurance of active
star formation there. A map of the CO(3 —2) emission with 2.3” resolution
shows a small source slightly extended EW with a deconvolved size of (10 x 4) &
4h~Ykpc. The mass of molecular gas is comparable to the dynamical mass. This
extraordinary primeval galaxy appears to have most of its mass in molecular gas
and to be undergoing an extreme starburst that is generating metals with close
to Solar abundances.

1 Dense Molecular Gas in Ultraluminous Galaxies

Rivalling QSOs in emitted power, ultraluminous infrared galaxies (Lpir > 5x10M 22 Lg;
Ho = 100h kms~ Mpc™!, go = 0.5) are three times more common in the local universe
(2 < 0.3) (Sanders et al. 1988). Almost all show disturbed optical morpholgy: dou-
ble nuclei, tidal bridges and tails, or other signs of mergers or interactions(Melnick
& Miralbel 1990). Rich in molecular gas, they typically contain > 5 x 10°27? My of
Hy(Sanders et al. 1986). Although some normal spiral galaxies are equally gas rich,
e.g. NGC 3147 (Solomon & Sage 1988), ultraluminous galaxies have Lgir /Lo ratios 30
times higher than do normal galaxies of the same mass (Sanders et al. 1986; Solomon &
Sage 1988) What powers ultraluminous galaxies, obscured black holes in active nuclei
or rapid bursts of star formation?

Molecular gas is the raw material for star formation and hence a crucial factor in
galactic evolution. The CO(1 — 0) line traces gas at n(H;) < 10° cm™2 and indicates the
total Hy mass in a galaxy. In ultraluminous galaxies, far IR radiation, emitted by dust
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Figure 1: For both ultraluminous (solid
circles) and more normal (open circles)
galaxies, FIR and HCN(1—0) luminos-
ity are well correlated (Solomon, Downes,
& Radford 1992a). The upper scale indi-
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Figure 2: The tight correlation between

LFIR/LCO and LHCN/LCO suggests the
star formation efliciency of galaxies de-
pends on the fraction of available molec-
ular gas in a dense phase (Solomon,

cates the mass of high density molecular
gas, n(lly) =~ 10" e,
Ho = 75kms™ Mpc™2.

Downes, & Radford 1992a).  While
Lyen/Leo is dimensionless, Le/Loo is
measured in Lg (K kms™! pc?)~1.

In this IMigure,

stars. The Lgir/M(H;) ratio measures, then, the star formation rate per mass of gas,
or the star formation efficiency. Why is this efficiency so much higher in ultraluminous
galaxies than in normal gas rich spiral galaxies? Does another parameter besides the
amount of {uel control star formation in galaxies? In the Milky Way most of the H, is in
low density giant molecular cloud envelopes. Massive stars form, however, not in those
envelopes, but in dense cloud cores, objects like M 17, W51, etc. Although CO traces
most of the H, mass, it does not necessarily trace the regions of active star formation
where the gas density is more than ten times higher than average. Dense molecular
gas is better indicated by the HCN(1— 0) line, which traces gas at n(Hz) ~ 10! cm™3.

In a sample of ten galaxies surveyed with the IRAM 30 m telescope (Solomon, Downes,
& Radford 1992a), ultraluminous galaxies have much stronger HCN(1— 0) lines than
normal galaxies (Figure 1). In absolute terms, Mrk 231, the most luminous galaxy in
the local universe, has an HCN(1— 0) line luminosity larger than the CO(1 — 0) lumi-
nosity of the Milky Way, while in relative terms, Mrk 231 has Lco/Luycn ~ 4 whereas
Lco/Lucen =~ 100 in the Galaxy. For the whole sample, FIR luminosity correlates bet-
ter with HCN(1 — 0) luminosity than with CO(1 — 0) luminosity. Over a range of 50 in
Lrir/Lco, the range in Lrir/Lucn is only three. When normalized by the CO(1— 0)
luminosity, there is a very tight correlation between Lyen/Lco and Lrr/Lco (Figure

2). The Lyen/Lco ratio indicales the fraction of the total Hy mass that has a densily
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Figure 3: FIR and submm continuum spectrum of 10214+4724. The sum of an 80 K
dust spectrum and a 300K black body (solid curve) fits the measurements while an
80 K black body (dashed curve) would produce too much long wavelength radiation
(Downes et al. 1992).

galaxy, ultraluminous or not, the star formation efficiency, measured by Lrir/Lco,
depends on how much of the total molecular gas is in a dense phase.

In the most luminous galaxies in the sample, Mrk 231 and Arp 220, the mass of high
density gas exceeds 5 x 10°h~2 Mg, and accounts for roughly half the total gas reservoir.
In the Milky Way and other normal galaxies, on the other hand, only a small fraction
of the gas is sufficiently dense to form high mass stars. The bulk of the molecular gas
in the ultraluminous galaxies is, therefore, more similar to that in active star-forming
cloud cores than that in the envelopes of GMCs. In our Galaxy, O stars form in massive
cloud cores with high density gas and they will form under similar circumstances in
ultraluminous galaxies as well. The large masses of high density gas implied by the
strength of their HCN(1 —0) lines indicate ultraluminous galaxies are extraordinary
star forming environments and suggest star formation is their principal power source.
These galaxies are evolving rapidly under conditions reminiscent of those when galaxies
formed.

2 Warm Molecular Gas in a High Redshift Galaxy

With a total luminosity near 10'*A~2 L, the faint IRAS galaxy 1021444724 at z =
2.286 is as luminous as the strongest QSOs and 20 times more powerful than other
known ultraluminous infrared galaxies (Rowan-Robinson et al. 1991) It may be a
primeval galaxy in an early evolutionary stage. ls this galaxy powered by star for-
mation or by an active nucleus?

Submillimeter continuum emission from 1021444724 was observed at 450 and 800 pm
with the JCMT (Clements et al. 1992) and at 1.2mm with the IRAM 30 m telescope

e e e % ~——



IRAS 10214+4724

Co(3-2)

Observed Frequency (GHz)

105.3 105.1 105.3 105.1
_l [ 7Tr‘l*i LR R I (] | ] l—l L LR TL‘_1 1 rl L B B ' | L) lTl' | B! l | I L )
— B —
o —__ Bure T 12m -
FE IT (1991)
120 — = T -
100 N NMA ++ .
I [Ll T i
80| il R ﬂ M
I T J'|- i
—~ - 45 m __—_
>\ 60 :’ } 1 —71
] B —L ]
SN, 1 1IL I -
~ 40 a 17 - ]
N F Bl “ i 4 U1L| ]
- 30 m [ | __]
20 [" ‘II' T -
I M, T z = 2.286 T
O J LLJ u T :
h 1 12m |
_zotI 30m T (1993)
: nfrrnLLLy i j
—40 e —UHIHL‘i.
LI l 1 L1 1 l 1 [ | 1 ] 4
-500 0 500 —-500 0 500

Velocity Offset (km s™%)

Figure 4: Spectra of CO(3—2) emission at z = 2.286 from IRAS 1021444724 ob-

served with the NRAO 12m telescope at 16 MHz

resolution in 1991 (Brown & Vanden

Bout 1991) and 1993, the IRAM 30 m telescope at 16 MHz resolution (upper Brown &

Vanden Bout 1992b; lower Solomon, Downes, &

Radford 19921)

, the Nobeyama 45m

telescope at 10.5 MHz resolution (Tsuboi & Nakai 1992), the Nobeyama Millimeter Ar-
ray at 32.5 MHz resolution (Kawabe et al. 1992; Sakamoto et al. 1992), and the IRAM

interferometer (Bure) at 50 MHz resolution (Radford, Brown, & Vanden Bout 1993)

The +10 error bars represent the per channel un

certainty in each spectrum.
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Figure 5: Spectra of CO(6—5), CO(4 —3), and CO(3 — 2) emission at z = 2.286 from
1021444724 observed with the IRAM 30 m telescope (Brown & Vanden Bout 1992b;
Solomon, Downes, & Radford 1992b).

of 175 um (rest frame). For a v? dust emissivity law, the dust temperature is 80 + 10 K
and the dust mass (Downes et al. 1992) is 2 x 108472 M.

The extraordinary detection (Brown & Vanden Bout 1991) of CO(3 — 2) line emission
from 1021444724 indicates this galaxy has as much molecular gas as the total mass of
a large spiral galaxy (Solomon, Radford, & Downes 1992). There has been, however,
some uncertainty about the true line flux. While the flux measured originally with the
NRAO 12m telescope is 21 £ 5Jy kms™! (Brown & Vanden Bout 1991), the weighted
average of subsequent measurements with other telescopes, 4 + 1Jykms™?, is five
times less (Figure 4). Furthermore, a new spectrum obtained with the NRAO 12m
telescope in 1993 June shows a component with a redshift, width, and flux consistent
with the measurements from other telescopes. Although there is a positive velocity
line wing in this spectrum, this might be merely a baseline swell. There remains little,
if any, evidence for proposed explanations of the flux discrepancy between the original
and subsequent measurements (Brown & Vanden Bout 1992b; Kawabe et al. 1992;
Sakamoto et al. 1992; Tsuboi & Nakai 1992) that had invoked additional sources, not
coincident with the optical and radio (cm) source.
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Figure 6: IRAM interferometer map of CO(3— 2) emission from 10214+4724 at z =
2.2858 integrated over +143kms™!. Contour interval is 1 mJy (Radford, Brown, &
Vanden Bout 1993).

Both CO(4—3) (Brown & Vanden Bout 1992b) and CO(6 — 5) (Solomon, Downes, &
Radford 1992b) have been detected in 10214+4724 (Figure 5). In the Milky Way the
warm dense gas required for significant excitation of CO(J = 6) is found only in molecu-
lar cloud cores near sites of massive star formation (Jaffe et al. 1989). The measured line
ratios in 1021444724, CO(6—5)/CO(3—2) = 0.6 + 0.2 and CO(d —3)/CO(3—2) =
0.840.2, are considerably higher than overall values for the Milky Way. An LVG radia-
tive transfer calculation shows these ratios are both consistent with n(H,) &~ 5000 cm=3
and Tyin = 501 (Solomon, Downes, & Radford 1992b). This calculation predicts
CO(3—2)/CO(1—0) = 0.9 (this ratio is 0.24 in the Galaxy) and M(H;)/Lco =
4 Mg (Kkms™! pc?)~?. Because the temperature of the Cosmic Background Radiation
(CBR) should increase as (1+z), gas at z = 2 will always have CO(3—2)/CO(1 —-0) >
0.5, even if the density is quite iow. The CO(3— 2) line flux observed with the IRAM
30 m telescope then implies M (H,) = 1 x 10" Mg, in 102144+4724. The gas to dust mass
ratio, 500, is quite normal and suggests the metal abundance is already approximately
Solar (Downes et al. 1992).

The distribution of CO in 1021444724 has been mapped with the Noybeyama (Kawabe
et al. 1992; Sakamoto et al. 1992), Owens Valley (Brown, Vanden Bout, & Wooten
1993), and IRAM (Radford, Brown, & Vanden Bout 1993) interferometers. The IRAM
map (Figure 6), with 2.3” resolution, shows a small source coincident with the Ha
(Clements et al. 1993; Soifer et al. 1992) and extended 8.4 GHz continuum emission
(Lawrence et al. 1992). The ratio of the intrinsic CO(3 — 2) brightness temperature
derived from the observed line ratios and a radiative transfer calculation, 40 K, and the
peak rest frame brightness temperatures measured in the channel maps, 0.7 K, indicates
about 1.7% of the synthesized beam area is occupied by radiating gas. A completely
filled source of equivalent luminosity would be 0.3” in diameter. Despite this low filling
factor and the large apparent size of the CO(3 — 2) emission region, the average surface
density, 2500 Mg pc~2, is ten times higher than for Galactic giant molecular clouds
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Figure 7: Predicted intensity of CO(1—0) through CO(6—5) line emission from
sources of the same luminosity but different redshifts if observed with the IRAM 30 m
telescope in the 3 mm atmospheric window (85-115 GHz). The square symbol indicates
the observed CO(3 — 2) intensity of IRAS 102144+4724. Here go = 0.5; if go = 0.05 the
results are. similiar, although somewhat less favorable for high redshifts. This assumes
the intrinsic brightness temperatures are the same for all lines. If the high J lines are
not thermalized, they will be, of course, weaker. For this telescope and wavelength,
there are 4.5 Jy K~1.

(Solomon et al. 1987). In two channels 143kms™!

apart, there is a predominantly
E-W shift of 1.4"” between the positions of maximum emission. After deconvolving the
beam, the source size in the integrated map is (2.5 x 1”)+1" [(10 x 4)+4h~  kpc]. This
size scale is characteristic of an entire galaxy, rather than just its nucleus. The velocity
gradient implied by the E-W shift suggests the molecular gas is distributed in a rotating
structure and the apparent dimensions and aspect ratio further suggest this structure
is mostly edge on. For an edge on system with a velocity width of 240kms™! and
a characteristic dimension of 6-10h~! kpc, the dynamical mass is 8-13 x 10'1°A~! My,

which is consistent with the H, mass determined {rom the line flux.

The outstanding property of 1021444724 is its Lrir/Lco ratio, 3000 Lg (K km s~ pc?)~!,
which is ten times greater than that of other ultraluminous galaxies. If star formation
powers this galaxy, then a short starburst of primarily high mass stars in required. The
energy available from nuclear burning in 10!! M, of stars indicates star formation can
only maintain the luminosity of 1021444724 for =~ 107 yr. For a burst of formation of
10 to 100 Mg, stars, the necessary formation rate is =~ 3000 h~2 Mg yr~!, about 5000
times the rate in the Milky Way. A starburst of this magnitude will rapidly enrich the
interstellar medium in heavy elements.

3 Further Prospects
Because of the Jarge redshift of IRAS 10214447624, it’s possible to observe several

submillimeter spectral lines from the ground that are normally impossible or at least
very difficult. The (2;; — 2o2) line of para water has been detected with the IRAM




30 m telescope (Encrenaz et al. 1993; Casoli et al. 1994) The 3P, =3P, and 3P, =3P,
fine structure lines of neutral atomic carbon have been observed with the NRAO 12m
and IRAM 30 m telescopes (Brown & Vanden Bout 1992a). These observations remain,
however, unconfirmed and controversial.

Because of the difference between angular size distance and luminosity distance (Wein-
berg 1972), spectral lines from high redshift objects are somewhat easier to observe
than was first expected (Solomon, Radford, & Downes 1992; Solomon, Downes, & Rad-
ford 1992b). Furthermore, for observations in a particular atmospheric window, the
CO rotational ladder is convenient since the redshift where a line leaves the lower edge
of the band is roughly the same redshift where the next higher transition enters the
upper edge of the band. Both because of the increase in the temperature of the CBR
with redshift and because we have detected CO(6 —5) emission from 1021444724, we
expect CO lines up to J = 6 should have roughly the same intrinsic brightness temper-
atures. [or objects with the same luminosity as 1021444724 but at diflerent redshifts,
the predicted CO line intensities are alinost constant for any z > 1 (Figure 7). Current
millimeler wave telescopes can detect molecular gas in objects as distant as any known
in the Universe.

The observations with the 30 m and 12m telescopes were done with Phil Solomon and
Dennis Downes and the interferometery with Bob Brown and Paul Vanden Bout.

References:

Brown, R. L., & Vanden Bout, P. A. 1991, AJ 102, 1956

Brown, R. L., & Vanden Bout, P. A. 1992, ApJ 397, L11

Brown, R. L., & Vanden Bout, P. A. 1992, ApJ 397. L19

Brown, R. L., Vanden Bout, P. A., & Wooten, H. A. 1993, private communication
Casoli, F., Gerin, M., Encrenaz, P. J., & Combes, F. 1994, A& A, submitted Clements,
D. L., et al. 1992, MNRAS 256, 35P

Clements, D. L., et al. 1993, MNRAS in press

Downes, D., et al. 1992, ApJ 398, L25

Encrenaz, P. J., et al. 1993, A& A, 273, 119

Jaffe, D. T., el al. 1989, ApJ 344, 265

Kawabe, R., Sakamoto, K., Ishizuki, S.. & Ishiguro, M. 1992, ApJ 397, L23
Lawrence, A., et al. 1992, MNRAS 260. 28

Melnick, J., & Mirabel, 1. F. 1990, A&A 231, L19

Radford, S. J. E., Brown, R. L., & Vanden Bout, P. A. 1993, A&A 271, L71
Rowan-Robinson, M., et al. 1991, Nature 351, 719

Sanders, D. B., et al. 1986, ApJ 305, L45

Sanders, D. B., et al. 1988, ApJ 325, 74

Sakamoto, K., Ishizuki, S., Kawabe, R., & Ishiguro, M. 1992, ApJ 397, L27
Soifer, B. T., et al. 1992, ApJ 399, L55

Solomon, P. M., Downes, D., & Radford, S. J. E. 1992, ApJ 387, L55
Solomon, P. M., Downes, D., & Radford, S. J. E. 1992, ApJ 398, L29
Solomon, P. M., Radford, S. J. E., & Downes, D. 1992, Nature 356, 318
Solomon, P. M., Rivolo, A. R., Barrett, J., & Yahil, A. 1987, ApJ 319, 730
Solomon, P. M., & Sage, L. J. 1988, ApJ 334, 613

Tsuboi, M., & Nakai, N. 1992, PASJ 44, 1241

Weinberg, S. 1972, Gravitation and Cosmology (Wiley: New York)



