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ABSTRACT

Upper limits for the molecular gas mass of 11 high-redshift (1 < z < 4) powerful radio galaxies (HzPRGs)
are presented. These observations include some of the most sensitive extragalactic CO observations to date.
The four best-studied radio galaxies (3C 368, 4C 23.56, B2 0902 + 34, and 4C 41.17) have less than one-third
the CO luminosity of the hyperluminous infrared galaxy IRAS F10214+44724, and, assuming a Galactic
CO-to-H, ratio, they have molecular gas masses comparable to or less than the most gas-rich, ultraluminous
infrared galaxies (ULIGs) in the local (z < 0.3) universe [ie., M(H,) < 2-3 x 10'® h™2 M; Hy = 100 h km
s™! Mpc~! and g, = 0.5]. Spectral energy distributions of eight HzZPRGs show them to have UV-to-optical
luminosities ranging from a factor of ~0.1 to 1.0 that of the UV-to-optical luminosity of F10214+4724.
Recent submillimeter observations of three HZPRGs suggest that one source, 4C 41.17, may have an intense
submillimeter—to—far-infrared excess. However, IRAS observations suggest that HzZPRGs as a class are not
hyperluminous at far-infrared wavelengths. We also consider how the possibility that F10214 +4724 is a gravi-
tationally lensed galaxy affects our interpretation of the data, as well as what it may mean for gas-rich gal-

axies in general.

Subject headings: galaxies: ISM — infrared: galaxies — radio lines: galaxies

1. INTRODUCTION

Studies of low-redshift (z < 0.3) powerful radio galaxies
(LzPRGs; Pyosmue = 10**h~2 W Hz™!) have provided evi-
dence that many may be rich in gas and dust. Deep optical
imaging of a complete sample of LZPRGs led Heckman et al.
(1986) to conclude that a substantial fraction probably arise
from the collision/merger of galaxy pairs, at least one member
of which is a disk galaxy. Golombek, Miley, & Neugebauer
(1988) found that a significant fraction of LzPRGs are lumi-
nous far-infrared sources. From a study of a complete sample
of “warm” ultraluminous infrared galaxies (ULIGs), Sanders
et al. (1988) suggested that ULIGs, quasars, and powerful radio
galaxies may represent an evolutionary sequence in the merger
of gas-rich spiral galaxies. CO (1 — 0) emission and H 1 absorp-
tion (Mirabel 1989; Mirabel, Sanders, & Kazés 1989) con-
firmed the existence of dense concentrations of both atomic
and molecular gas in the nuclei of at least some LzPRGs, while
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a more extensive survey of CO emission from LzPRGs by
Mazzarella et al. (1993) indicated that rich supplies of molecu-
lar gas may indeed be ubiquitous in powerful radio-selected
galaxies detected by IRAS.

Powerful radio galaxies at z ~ 1 are also observed to have
the multicomponent structures and/or nearby companions
commonly associated with merging galaxies (e.g., Spinrad &
Djorgovski 1984a, b; Lilly & Longair 1984; Djorgovski et al.
1987). More recent observations have extended detections of
powerful radio galaxies out to redshifts z ~ 4 (see the review by
McCarthy 1993). While the nature of these high-redshift
powerful radio galaxies (HzPRGs; P osmu, = 1027872 W
Hz™!) is still controversial (e.g., McCarthy et al. 1987; Cham-
bers, Miley, & van Breugel 1987, 1990; Rigler et al. 1992;
Dunlop & Peacock 1993; Eales & Rawlings 1993), it is possible
that these objects, observed out to an epoch when the universe
was 10%-20% of its present age, are more extreme examples of
the gas-rich LzZPRGs that have been detected in CO. The most
molecular gas-rich LzPRG currently known is 4C 12.50
(=PKS 1345+ 12; z = 0.12) with M(H,) ~ 2.5 x 10'°h72 M,
(Mirabel et al. 1989).

Recently, the possibility of detecting CO emission at z > 2
has been demonstrated at several single-dish millimeter-wave
telescopes by the measurement of several CO rotational tran-
sitions in the hyperluminous infrared galaxy IRAS
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F10214+4724 at z = 2.286 (Brown & Vanden Bout 1991,
1992; Solomon, Downes, & Radford 1992a; Tsuboi & Nakai
1992). Although these lines are the weakest extragalactic CO
emission lines yet detected, their strengths have been verified
by repeated long integrations and by observations of the same
transitions with different telescopes. The observed CO line
ratios are consistent with emission from warm (7;, = 30-60
K), optically thick molecular clouds, similar to the molecular
gas in the cores of nearby luminous infrared galaxies. The
apparent CO luminosity of F10214 implies a molecular gas
mass, M(H,) ~ 10'* h~2 M, (Solomon et al. 1992a). This is
only ~4 times more molecular gas than that derived for the
most gas-rich LZPRGs (e.g., 4C 12.50). Therefore, it seems rea-
sonable that HZPRGs may have more than a factor of 4 more
molecular gas than LzPRGs, and thus we might have a reason-
able chance of detecting CO emission from HzPRGs with the
current generation of millimeter-wave telescopes.

In this paper, we extend CO observations of powerful radio
galaxies to redshifts 1-4 by observing 11 HzZPRGs with well-
determined redshifts. In § 2, we discuss how these HzPRGs
were selected. Observing procedures are presented in § 3. In § 4,
the data reduction methods are summarized, and a compari-
son of spectra for galaxies observed with more than one tele-
scope is presented. Upper limits are calculated for the CO
luminosity and H, gas mass for the 11 HzPRGs. The dis-
cussion in § 5 compares these data and the spectral energy
distributions of HzPRGs with previous data for
F10214 +4724, lower redshift ULIGs, and IRAS-selected
powerful radio galaxies. Section 6 summarizes our results.

2. SAMPLE SELECTION

High-redshift radio galaxies spanning a range 1 <z <4
were initially selected for observation based on the accuracy of
their published redshifts and the availability of CO lines red-
shifted to frequencies accessible by millimeter-wave telescopes.
Positions of additional unpublished HzPRGs were obtained
(K. Chambers, private communication) and their redshifts con-
firmed by infrared spectroscopy when possible (Evans &
Sanders 1995). Over the course of the survey, 15 radio galaxies
were observed, and adequate integration times (i.e., longer than
9 hr with the NRAO 12 m telescope or longer than 1 hr with the
IRAM 30 m telescope) were obtained for 11 HzPRGs. Five of
these 11 HzZPRGs have been discussed extensively in the liter-
ature, and their properties are summarized briefly below:

1. 3C 368 (z=1.132). One of the bluest radio galaxies
known and the prototypical “aligned” radio galaxy
(Chambers, Miley, & Joyce 1988). For a nearly normal galaxy,
a blue color is indicative of a young stellar population.
However, the presence of an active galactic nucleus (AGN) and
radio jets prevent us from making such a straightforward inter-
pretation of colors in this case. Based on the multicomponent
morphology of 3C 368 and the behavior of the ionized gas
velocity field, Djorgovski et al. (1987) proposed that 3C 368 is a
dissipative merger. ,

2. 3C 68.2 (z = 1.575). A very red radio galaxy (e.g., Cham-
bers & Charlot 1990). For a nearly normal galaxy, a red color
is indicative of an old stellar population. However, given the
AGN nature of 3C 68.2, the contribution of nonstellar emis-
sion to the broadband colors is uncertain.

3. MG 1019+054 (z=2.765). One of the few known
HzPRGs with depleted Lya emission. Such a depletion may be
attributable to scattering of Lya photons by dust (Dey,
Spinrad, & Dickinson 1995).

4. B2 0902+34 (z=3.397). The first radio galaxy dis-
covered at a redshift greater than 3 (Lilly 1988). Based on the
flatness of the spectral energy distribution (SED) (F, vs. 1) at V
and I band, Lilly (1988) concluded that the galaxy has a young
stellar component. The apparent rise in the SED toward K
band, which Lilly (1988) suggested may be caused by either an
old stellar population or strong [O 1] 114959 and 5007 emis-
sion lines, was confirmed by Fisenhardt & Dickinson (1992)
and Eales & Rawlings (1993) to be the result of strong [O 11]
emission lines. Indeed, the emission lines appear to be
responsible for ~90% of the K-band flux. Of all the radio
galaxies observed by Eales & Rawlings (1993) in their K-band
spectroscopic survey, B2 0902+ 34 is the best candidate for a
galaxy with a zero-age stellar population. Such a conclusion,
however, relies on the assumption that the continuum emission
is primarily from stars and not from scattered/reprocessed/
beamed nuclear light. B2 0902+ 34 is also noteworthy for
being a reported source of H 1 absorption (z = 3.3968; Uson,
Bagri, & Cornwell 1991, Briggs, Sorar, & Taramopoulos 1993).

5. 4C 41.17 (z = 3.797). The highest redshift galaxy known
at the time we began our survey. Dunlop et al. (1994) and Chini
& Kriigel (1994) have detected emission from dust in 4C 41.17
by submillimeter observations (we will discuss this further in

§5.1).

The six other HZPRGs observed in CO and discussed in this
paper are TX 0200+ 015, TX 0828 + 193, 4C 26.38, 4C 23.56,
MG 2141+ 19, and 4C 28.58, most of which are steep spectrum
radio sources (see McCarthy 1993 for a review of search tech-
niques for HZPRGs).

3. OBSERVATIONS

Table 1 summarizes basic information and a journal of
observations for the radio galaxies discussed in this paper.
Observations with each of the telescopes used in this survey are
discussed separately below.

3.1. NRAO 12m Telescope

Observations with the NRAO 12 m telescope were obtained
during six separate observing periods between 1992 December
and 1995 January. With the exception of the last observing
period, all the observing sessions were marked by a high per-
centage of exceptionally good weather. All observations were
obtained using a nutating subreflector with a chop rate of
~1.25 Hz. Data were stored as either 5 or 6 minute scans, and
a chopper wheel calibration was typically performed after
every other scan. Pointing was monitored every few hours by
observations of the planets and was estimated to be accurate to
+3"

Data were obtained with the dual polarization 3 mm SIS
receiver and two 512 x 2 MHz channel filter banks, one for
each polarization. There were problems with our initial obser-
vations that forced us to eventually discard half the data from
1992 December and to revise our method of taking data for
subsequent observing runs. Instabilities in one of the two recei-
ver polarizations occasionally produced low-level noise spikes
that, if not caught and eliminated from the data stack, would,
after smoothing, mimic narrow (~ 50-100 km s~ !) lines. Even
though the channel blocks that were thought to be affected
were eventually eliminated, we chose to throw out all the 1992
December data obtained with that polarization. We also
decided to abandon our original attempt to double the velocity
coverage of our observations by obtaining an equal amount of
integration time for each source at three frequency settings, v,
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TABLE 1
JOURNAL OF OBSERVATIONS

Source coord. 1950 z CO line Site  Date Time Tgys

a ) m/y hr K

TX 02004015 02 00 0820 01 34 4595 2.230 3—2 30m 12/94 1.2 195
3C 68.2 02 31 2482 31 21 11.2 1.575 2—-1 12m 12/92 ~ 9.3 235
4C 41.17 06 47 2079 41 34 045 3.797 4—-3 12m 12/92 7.9 185
05/94 17.5 170

10/94 208 200

4—-3 30m 10/94 29.2 250

6—5 30m 10/94 29.2 370

9—38 30m 10/94 29.2 510

TX 0828+193 08 28 0122 19 23 238 2.572 3—2 12m  06/93 16.9 190
B2 0902+34 09 02 2477 34 19 578 3.397 4—-3 12m  10/93 23.4 225
05/94  29.2 170

4—3 30m  08/94 8.9 220

12/94 7.8 190

5—4 30m 06/94 10.0 270

08/94 9.7 400

12/94 78 210

87 30m 12/94 7.8 320

MG 10194054 10 16 56.82 05 49 393 2.765 3—=2 30m 12/94 1.2 210
4C 26.38 12 29 5432 26 20 400 2.609 3—2 12m  06/93 9.4 180
3C 368 18 02 4560 11 01 13.8 1.132 2—-1 12m  10/93 31.1 250
05/94 9.9 190

2—-1 30m 06/94 7.7 290

12/94 2.3 220

4C 23.56 21 05 0096 23 19 377 2.479 32 30m 12/94 7.7 215
4—3 30m  12/94 7.7 310

7T—6 15m  10/93 11.0 330

04/94 46 335

09/94 52 480

MG 2141+19 21 41 4697 19 15 259 3.594 4—3 12m  10/94 144 190
01/95 3.1 200

4C 28.58 23 49 26.89 28 53 47.88 2.951 3—2 12m  06/93 22.0 200
05/94 18.2 185

32 30m 08/94 54 170

87 15m  10/93 8.9 400

REFERENCES—TX 0200+ 015: Rottgering 1993, Evans & Sanders 1995. 3C 68.2: McCarthy 1988. 4C 41.17: Chambers et al.
1990, Eales & Rawlings 1993. TX 0828 + 193: Rottgering 1993. B2 0902 + 34: Lilly 1988, Uson et al. 1991, Eales & Rawlings 1993.
MG 1019+ 054: Dey et al. 1995. 4C 26.38: K. Chambers, private communication. 3C 368: e.g., Djorgovski et al. 1987. 4C 23.56:
K. Chambers, private communication; Evans & Sanders 1995. MG 2141 + 19: Eales & Rawlings 1995. 4C 28.58: Miley 1992, K.

Chambers, private communication.

and v, + Av (where Av corresponded to a velocity offset of 500
km s ~1). The increased total velocity coverage (~2500 km s~ ?)
had been designed to allow for uncertainties (typically 0.1%—
0.2%) in the reported redshifts for our sources. However,
observations of a blank sky position at a fixed frequency
revealed that, although the theoretical channel-to-channel rms
was achieved in each filter bank for the longest integrations, we
could not assume that the mean level was zero. Comparison of
averaged data representing observations taken during con-
secutive 6-8 hr transits revealed that small, apparently random
DC offsets and tilts in the baseline were often present at a level
of a few x 0.1 mK. Had relatively strong (>1 mK) lines been
present in any of our sources, this method should still have
served to increase our likelihood of achieving a detection. No
such lines were detected. Instead, the large velocity shifts often
had the effect of producing rather broad, pillbox-shaped,
phantom line profiles, and we therefore decided to drop our
attempt to obtain extended velocity coverage on each source.
Even given the above precautions, with careful baseline sub-
traction, integrations of up to 8 hours showed spurious spec-

tral features in subsequent observing periods that typically dis-
appeared with longer integrations. Such ghost features, when
smoothed, mimicked ~ 150 km s~ ! emission lines. These fea-
tures are possibly attributable to receiver instabilities or low-
level systematics, as well as irregularities caused by the Sun.
Although the Sun never shone directly on the dish, averaged
scans of daytime observations were noisier than nighttime
observations, even for comparable system temperatures.

In addition to the baseline analysis, the reliability of the 12
m data was tested by observing several faint, relatively nearby
ULIGs in 1994 May and 1994 October. Published spectra exist
for all but one of these galaxies (Sanders, Scoville, & Soifer
1991). After a few hours of integration per source, the expected
peak CO line temperatures (T;,, = 3-15 mK) and line profiles
were achieved.

3.2. JCMT 15m Telescope

Observations were made with the JCMT 15 m telescope
during three observing periods between 1993 October and
1994 September. To obtain the largest velocity coverage pos-
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sible, the 1 mm SIS receiver (A2) was used together with the
newly commissioned Digital Autocorrelation Spectrometer
(DAS) in wide-band mode (750 MHz bandwidth). Because of
excess noise near the edge of the passband, the usable band-
width was only ~700 MHz, which corresponds to a total
velocity coverage of ~900 km s~ ! at 230 GHz.

The basic observing technique at the 15 m telescope was
similar to that used at the 12 m telescope. However, because
the total velocity coverage at 1 mm with the DAS in wide-band
mode is significantly less than the velocity coverage for
observations at 3 mm with the 12 m telescope, velocity offsets
at the 15 m telescope were limited to <100 km s ™. To test our
ability to measure moderately weak lines, we made a 1 hr
integration on IRAS 10173+0828, a ULIG previously
detected in CO (1 — 0) (Sanders et al. 1991). The CO (2> 1)
line width (Avpwam ~ 150 km s™!) and peak temperature
(T, ~ 14 mK) agree well with the CO (1 — 0) profile under the
reasonable assumption that the ratio of main-beam brightness
temperatures, CO (2 - 1)/(1 - 0), is ~1.0 (i.e., the gas tem-
perature is 2 30-50 K, typical of the warm gas temperatures
associated with ULIGs). However, our ability to detect much
weaker broad lines (i.e., $2 mK, and Avgyyy = 300 kms™ 1) is
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less clear. Despite careful precautions, long integrations with
the DAS revealed that the baselines of the spectra were bowed,
a condition that would make it impossible to distinguish
between a broad CO line and baseline curvature (see Rottger-
ing et al. 1995 for additional comments on baseline curvature
in JCMT spectra).

3.3. IRAM 30 m Telescope

Observations at the IRAM 30 m telescope were made during
four observing periods between 1994 June and 1994 December.
With the exception of the observations of 4C 41.17, TX
0200+ 015 and MG 1019+054, IRAM time was used to
confirm tentative CO detections from the other two telescopes.
Not only does the IRAM telescope have a larger aperture than
the other two telescopes, but it has the unique ability to
perform observations using the 3 mm, 2 mm, and 1 mm recei-
vers simultaneously. Since the best detections of CO in high-
redshift galaxies have been confirmed by observations of
several transitions, this multifrequency ability is extremely
helpful in overcoming the difficulty of searching for weak
signals because (i) compared with sequential observations of
different lines, the necessary integration is 2 or 3 times less, and

TABLE 2
CO EMISSION-LINE DATA

Source Site CO line Vy=0 Voffset AVres Trms® ScoAv Llcob M(Hz)°
(GHz) (km s™1) (km s~1) (mK) (Jy kms~1) (x10°h~2Lg) (x 101°h’2M®)
TX 02004015 30m 3—2 106.99100 0 49 1.7 <2.7 <16 <6.5
3C 68.2 12m 2—-1 89.52930 0 54 0.42 <3.7 <28 <11
4C 41.17 12m 4—-3 96.11024 0 56 0.093 <0.83 <6.2 <2.5
30m 4—-3 96.11024 0 50 0.79 <1.2 <9.5 <3.8
1100 50 0.64 <1.0 <7.8 <3.1
1750 50 1.4 <2.3 <18 <7.0
30m 6—5 144.14699 0 50 1.0 <1.7 <0.58 cee
1100 50 1.1 <1.8 <0.61
1750 50 2.2 <3.6 <1l.2
30m 9—-38 216.15852 0 36 1.8 <24 <0.36
1100 36 1.8 <23 <0.35
1750 37 8.0 <10 <1.5 e
TX 0828+193 12m 3—>2 96.80739 0 50 0.26 <2.2 <17 <6.7
B2 0902+34 12m 4—-3 104.85820 200 51 0.26 <2.2 <14 <5.7
-300 51 0.15 <1.3 <8.5 <3.4
30m 4—-3 104.85820 200 46 0.46 <0.70 <4.5 <1.8
5—4 131.06530 200 37 0.40 <0.56 <2.3 e
87 209.65240 200 38 1.8 <24 <0.39 e
MG 10194054 30m 3—2 91.84500 0 49 1.4 <2.2 <18 <7.4
4C 26.38 12m 3—-2 95.81490 0 50 0.45 <3.8 <30 <12
3C 368 12m 2—1 108.13220 100 50 0.33 <2.8 <13 <5.1
-400 50 0.23 <1.9 <8.8 <3.5
30m 2—-1 108.13220 100 50 1.3 <2.0 <9.0 <3.6
-500 50 0.86 <1l.4 <6.2 <2.5
30m 32 162.19300 0 50 1.8 <2.9 <5.8 <2.3
30m 4—-3 216.24800 0 42 2.5 <3.5 <4.0 <1.6
4C 23.56 30m 3 -2 99.39520 0 48 0.68 <1.0 <7.5 <3.0
4-3 132.52100 0 47 1.0 <1.6 <6.8 <2.7
15m 7—6 231.86311 0 39 0.86 <4.0 <0.52 e
MG 2141419 12m 4—-3 100.35716 0 54 0.24 <2.0 <14 <5.7
4C 28.58 12m 3—2 87.52113 0 48 0.23 <1.8 <17 <6.9
30m 3—2 87.52113 0 43 0.80 <1.2 <11 <4.5
15m 8 -7 233.54438 0 39 1.6 <7.1 <0.93 e

* The rms temperatures are given in terms of main-beam brightness temperature (IRAM, NRAO) and antenna temperature corrected for aperture losses JCMT).

b Assuming g, = 0.5, H, = 100 hkm s ™! Mpc™*.
© Assuming a = 4 Mg (K km s~ ! pc?) ™! (see text).
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F1G. 1..—NRAO 12 m spectra of eight HzZPRGs ranging from redshift 1 to 4. The intensity scale is main-beam brightness temperature. A linear baseline has been
subtracted from each spectrum. Vertical dashed lines mark velocities corresponding to the redshift of the indicated emission lines observed for that galaxy.
Otherwise, the zero velocity corresponds to the average redshift of emission lines observed for that galaxy. Note the “features” in the CO ( 4 — 3) spectrum of B2
0902+ 34 (at ~ +200km s~ ') and the CO (3 — 2) spectrum of 4C 28.58 (at ~ —300km s~ %),
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(ii) observing different frequencies simultaneously ensures that
the telescope pointing, among other effects, is the same for all
the lines. During the first two observing periods, we tuned both
the 3 mm and 2 mm receivers to redshifted CO lines for each
source, using one 512 x 1 MHz filter bank for each receiver.
One 512 MHz bandwidth autocorrelator per receiver also was
used as a double check. In the last two observing periods, we
also tuned the 1 mm receiver to a redshifted CO line for a given
source, switching one of the autocorrelators over for 1 mm
observations.

To test the reliability of our 30 m telescope data, we
observed the CO (3 — 2) transition of F10214 + 4724 during
the 1994 December observing period. The observations yielded
the expected peak CO line temperature (T, ~ 4 mK) and line
profile shape as previously reported by Solomon et al. (1992a).

4. RESULTS

4.1. CO Spectra

Table 2 summarizes the CO line data for our radio galaxy
observations. In the case of galaxies for which data was taken
at several widely spaced velocity offsets, we present those data

in separate spectral blocks. Separating the data in this manner
avoids the creation of DC offset-induced ghost features (see
§ 3.1) and provides data blocks with constant signal-to-noise
across each spectrum.

Figure 1 shows the spectra obtained with the 12 m telescope.
For every source, individual scans were examined to check for
sinusoids in the baselines and other irregularities. Most of the
difficulties with irregularities were encountered in the 1993
June observing period, and though obvious bad scans were
removed, low-level systematics could still be present in seem-
ingly “normal ” scans. For example, it was unclear if the line at
—300 km s~ ! in the spectrum of 4C 28.58 was a real emission
line, or an artifact resulting from such systematics. After bad
scans were removed, the rest of the scans were averaged, and
linear baselines were subtracted. For sources observed with
several small-velocity offsets, only the overlapping regions of
the scans were averaged. This, in part, accounts for the differ-
ences in velocity coverage from source to source in Figure 1
(the other factor affecting the velocity coverage is the change in
velocity coverage, Av, as a function of the observing frequency,
v; Av = ¢ Av/v, where Av = 512 MHz). Finally, we smoothed
the spectra to ~50 km s~ 1. The end result of our 12 m data

I T T T T l T T T T l
| co(3-2) 4C 23.56 |

_‘Iil T | T T T T I T T T T l
- CO(3-2) 4C 28.58

Tmb (mK}

T | T
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IIIIII]T1II Ill1llll|||

1 I | N B l ]

-

co(7-6) 4C 23.56
15m

.

1 1 I 1 1 1 l 1 1 1 i 1

-200 0 200

—-400 -200 0

Velocity (km/s)

Fig. 2—IRAM 30 m and JCMT 15 m spectra of 4C 23.56 (z = 2.479) and 4C 28.58 (z = 2.951). The intensity scale is main-beam brightness temperature (IRAM)
and antenna temperature corrected for aperture losses (JCMT). A linear baseline has been subtracted from each spectrum. Vertical dashed lines mark velocities
corresponding to the redshift of the indicated emission lines observed for 4C 23.56. For the 4C 28.58 spectra, the zero velocity corresponds to the average redshift of
emission lines observed for the galaxy. Note that the “features” in the 15 m CO (7 — 6) spectrum of 4C 23.56 and the 12 m CO (3 — 2) spectrum of 4C 28.58 are not

present in the 30 m spectra of these galaxies.
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F1G. 3—IRAM 30 m spectra of 3C 368 (z = 1.132). The intensity scale is main-beam brightness temperature. A linear baseline has been subtracted from each
spectrum. The zero velocity corresponds to the average redshift of emission lines observed for 3C 368.

reduction was that two objects, 4C 28.58 and B2 0902 + 34,
appeared to have tentative detections.

Figure 2 shows the JCMT 15 m spectra of 4C 23.56 CO
(7 - 6) data and 4C 28.58 CO (8 — 7) data smoothed to a
velocity resolution <40 km s~ !, The scans were reduced in the
same fashion as the 12 m data, but baseline curvature was
impossible to remove. The spectrum of 4C 28.58 clearly shows
a sinusoidal baseline ripple. Observations of 4C 23.56 showed
afeature at 0 km s ~! in the 1993 October observing period, but
subsequent observations did not confirm the feature. The spec-
trum in Figure 3 is an average of all three observing periods,
with the hint of the 0 km s~ ! “feature ” barely visible. The 4C
23.56 averages from the individual observing periods all had
bowed baselines.

Figures 2-5 show the IRAM 30 m spectra of the remaining
sources. As is clear in Figure 2, the tentative detections of CO
emission in 4C 23.56 and 4C 28.58 were not confirmed. Figure
4 shows the CO (4 —»3), CO (5—4), and the CO (8 »7)
spectra of B2 0902+ 34. The spectra do not confirm a line in
this source either, though the first 10 hr of integration of the
CO (5 — 4) data showed a tentative feature at +200km s~ 1.

4.2. CO Luminosity Limits
T,

Table 2 lists the root mean square temperatures, T,
achieved with a velocity resolution, Av,,, for the 11 HzZPRGs

observed. To calculate the upper limit of the CO line intensity,
Ico, we assume that the CO lines have a FWHM velocity,
Avpwum ~ 250 km s~ 1, similar to CO lines seen in local ULIGs
(e.g., Sanders et al. 1991), LzZPRGs (Mazzarella et al. 1993), and
in F10214+4724 (e.g, Solomon et al. 1992a), Using the
observed T, and Av, from Table 2, our 3 ¢ limit on I, is
given by

res

3T s AVrwam

vV AUFWHM/AUWS

Multiplying I, by the Kelvin-to-Jansky conversion for a
point source® gives the corresponding limit for Sco Av (Jy km
s™1).

The luminosity distance for a source at a given redshift, z, is,

Dy = cHg'q5°[290 + (@0 — 1)/290z + 1 — (k™" Mpc),

where g, is the deceleration parameter (=0.5 for a critical
density universe) and H, = 100 & (km s~ ! Mpc™!). Given our
estimated intensity upper limit, Sco Av, we can calculate the

Ico < (K kms™1).

3 Kelvin-to-Jansky conversion factors: NRAO 12 m, 252 Jy K~! (P.
Jewell, private communication); JCMT 15 m, 15.6 Jy K~! (Matthews 1992);
IRAM 30 m, 4.6-4.9 Jy K~ ! (Guelin, Kramer, & Wild 1995).
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FiG. 4—IRAM 30 m spectra of 4C 41.17 (z = 3.797) and B2 0902 + 34 (z = 3.397). The intensity scale is main-beam brightness temperature. A linear baseline has
been subtracted from each spectrum. Vertical dashed lines mark velocities corresponding to the redshift of the indicated emission lines observed for that galaxy. Note
that the “feature” in the 12 m CO (4 — 3) spectrum of B2 0902 + 34 is not present in the 30 m spectrum.

CO luminosity of a source at redshift z,
c? _3
co = (m)sco AvD{(1 +2)7°,

where c is the speed of light, k is the Boltzmann constant, and
Vops 18 the observed frequency. In terms of useful units, L¢q for
the CO (J — J — 1) rotational transition can be written as
ScoAv D}
Jy km s~ /\ Mpc?

Lo =24 x 103< )12(1 +2)7!

x(h 2K kms™*! pc?),

where (K km s ') can be expressed simply as (L).

Table 2 lists the Lo upper limits of the 11 HzPRGs
observed. We have assumed that CO rotational transitions up
to CO (4 — 3) have approximately the same brightness tem-
perature. This assumption is based on previously published
multitransition CO analyses of F10214 44724, and the fact
that the cosmic microwave background at these redshifts con-
tributes to populating the lower CO levels, Tegy = 2.7(1 + 2) K
(e.g., Solomon et al. 1992a; Solomon, Radford, & Downes
1992b). A plot of Lo versus redshift for the 11 HzPRGs,
F10214 + 4724, the lensed quasar H1413+ 135, and several

low-redshift IRAS galaxies is presented in Figure 6. In the
cases of all but two of the 11 observed radio galaxies, upper
limits less than the Lgo of F10214 +4724 were observed. For
3C 368, 4C 23.56, B2 0902 + 34, and 4C 41.17, upper limits less
than one-third the L¢, of F10214+4724 were reached. The
upper limits on L, for these four HZPRGs are similar to the
values of Lo measured for the most gas-rich ULIGs in the
local universe (e.g., IRAS 14348 — 1447, 4C 12.50) but are still
2-3 times higher that the value of L, observed for Arp 220.

4.3. H, Masses

The upper limits on H, masses implied by the observed
limits on L, can be determined by making the reasonable
assumption that the CO emission is optically thick and ther-
malized and that it originates in gravitationally bound molecu-
lar clouds. For molecular gas in gravitationally bound clouds,
the ratio of the H, mass and the CO luminosity is given by
o = M(H,)/Ligo oc [n(H,)]?/T, Mg (K km s~ ! pc?)~!, where
n(H,) and T, are the density and brightness temperature for the
appropriate CO transition (e.g., Sanders & Scoville 1987,
Solomon et al. 1992a). Multitransition CO surveys of molecu-
lar clouds in the Milky Way (e.g., Sanders et al. 1993), and in
nearby starburst galaxies (e.g., Giisten et al. 1993) have shown
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that hotter clouds tend to be denser such that the density and transition CO analysis of F10214+4724 (Solomon et al.
temperature dependencies tend to cancel each other. The 1992a). Figure 6 shows that the upper limits for M(H,) in the
variation in the value of « is less than a factor of 2 for a wide 11 HzRGs range from 2 to 11 x 10'°h~2 M,

range of gas kinetic temperature, gas densities, and CO abun-

dance. We adopt a value of 4 My (K km s™* pc?)~! for a, 5. DISCUSSION

which is similar to the value determined for the bulk of the Our nondetection of CO emission in all the observed
molecular gas in the disk of the Milky Way (c.f,, Scoville & HzPRGs is somewhat surprising. In particular, the CO lumi-
Sanders 1987), as well as the value determined from a multi- nosities of the four HZPRGs with the most sensitive upper
10 :_—I I T T T T | T T 1 7T I l_‘_‘ 10 ___l T | LI B | l T T T l—r =
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FiG. 5—IRAM 30 m spectra of TX 0200+ 015 and MG 1019 +054. The intensity scale is main-beam brightness temperature. A linear baseline has been
subtracted from each spectrum. The zero velocity corresponds to the average redshift of emission lines observed for that galaxy.
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FiG. 6—Plot of CO luminosity and H, mass vs. redshift for the 11
HzPRG:s discussed in this paper, in addition to F10214 +4724, the Cloverleaf
Quasar (H1413 + 135), the Milky Way, 3C 48 (Scoville et al. 1993), and several
low-redshift ULIGs and IRAS-selected powerful radio galaxies [g, = 0.5,
Hy,=100 hkm s™! Mpc™', a =4 Mg (K km s™! pc?)~!]. The upper limit
molecular gas masses determined for 3C 368, 4C 23.56, B2 0902 + 34, and 4C
41.17 indicate that these galaxies have molecular gas masses comparable to or
less than IR 14348 — 1447 and 4C 12.50. Note there is evidence that the appar-
ently high L., [and thus M(H,)] of F10214 + 4724 and H 1413 + 135 is caused
by lensing.

limits (3C 368, 4C 23.56, B2 0902 + 34, and 4C 41.17) are either
comparable to or less than that of the most gas-rich LzZPRGs
previously detected in CO (e.g., 4C 12.50); this despite the fact
that HZPRGs have radio luminosities typically a factor of 10—
1000 larger than the radio luminosities of LzPRGs detected in
CO. We believe that our reported upper limits (3 ¢) on L, for
HzPRGs are, if anything, conservative, and that it is unlikely
that CO luminosities above these limits have escaped detec-
tion. The two most likely ways to “hide” such emission,
through extremely broad line widths or emission that falls
outside the observed spectrometer passband, seem to be ruled
out in the current observations. In particular, the CO line
widths in the observed HzPRGs would have to be systemati-
cally larger (e.g., Avpwpm > 750 km s ™! than any extragalactic
CO line width measured to date, and the CO line centroid
would have to differ by more than ~500 km s~ ! from the
redshifts determined from the narrow optical and near-infrared
emission lines. For low-redshift objects detected in CO, the
centroid of the CO emission is always within a few hundred km
s~ ! of the redshift determined from the narrow emission lines,
and we feel confident that this is the case for the HZPRGs.

The bulk of the radio emission in HzPRGs originates in
their powerful extended radio lobes (i.e., FR II sources), and
our CO observations suggest that the radio lobe emission is
not directly related to the molecular gas content of these
objects. A similar conclusion was reached by Mazzarella et al.
(1993) from observations of LzZPRGs. In particular, all the CO
detections of powerful radio galaxies to date are of either core-
dominated or FR I sources. A correlation between L¢, and
radio power was found to exist for sources with radio power,
P08 Mz less than ~1025 W Hz ™!, whereas the upper limits
on L¢q for stronger radio sources (FR II) are actually consis-
tent with no increase, or even a decrease in CO luminosity. For
example, in the nearest FR II source, the classic powerful radio
galaxy Cygnus A (z = 0.058), the upper limit on the CO lumi-
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nosity is one-tenth that of the most gas-rich LzPRG, 4C 12.50,
despite the fact that the radio power of Cygnus A is ~100
times larger than for 4C 12.50. However, Mazzarella et al.
(1993) did find that the correlation between L, (8-1000
um)/Lco and L, (8-1000 um), that has been observed for lower
luminosity infrared galaxies, ULIGs, and infrared-selected
quasi-stellar objects (QSOs), also appears to hold for LZPRGs.
This would suggest that a more meaningful way to compare
our CO observations of HZPRGs with LzPRGs would be to
compare the ratio L;,/Lq in these objects.

5.1. Spectral Energy Distributions for HzPRGs

Figure 7 presents SEDs for eight HzPRGs, three of which
were observed in CO. These eight objects are among the
HzPRGs for which the largest amount of published photo-
metric data are currently available. Also shown for comparison
are the SEDs for the “hyperluminous” infrared galaxy
F10214 + 4724, and the LzPRG with the highest observed CO
luminosity, 4C 12.50. These SEDs show the following: (1)
There is no current evidence that any of the HZPRGs emit a
substantial fraction of their bolometric luminosity at far-
infrared/submillimeter wavelengths (~10-1000 um), and in
particular that these objects contain substantial amounts of
cool dust. Except for the detection of 4C 41.17 at 800 um and
an upper limit for 6C 1232+39 at 800 um, submillimeter
observations for the remaining objects are nonexistent. Until
sensitive submillimeter observations can be obtained, it is
impossible to tell whether the spectral index of the sub-
millimeter emission from HzPRGs has a slope steep enough to
be consistent with thermal emission from dust. Also, IRAS
observations only resulted in upper limits and thus are useless
in determining the shape of the far-infrared emission. For four
of the eight HZPRGs, the IRAS data can be used to at least
rule out the possibility that these objects are as luminous as
F10214. (2) In contrast to the far-infrared/submillimeter data,
all the HzZPRGs have been detected at optical-to-UV wave-
lengths. The optical-to-UV spectra are diverse, but they all
appear to exceed the luminosity of local powerful radio gal-
axies (e.g., 4C 12.50). The strongest optical-to-UV source, 6C
1232439, has a spectrum nearly identical to IRAS
F10214 +4724. Eales et al. (1993) have suggested that the struc-
tural differences observed in multiwavelength imaging of 6C
1232+ 39 are caused by dust, consistent with the UV-to-
optical slope of the galaxy. The presence of dust in radio gal-
axies may account for the dramatic decrease in luminosity
toward smaller wavelengths seen in most SEDs of HzPRGs.
However, the interpretation of emission at these wavelengths is
somewhat controversial (see McCarthy 1993); it is not clear
what percentage of the broadband measurements are caused
by emission line contamination, or what percentage of the
luminosity is stellar or scattered/beamed/reprocessed nuclear
light.

5.2. Is F10214 + 4724 a Gravitationally Lensed Galaxy?

There is now increasing evidence that IRAS F10214 44724
is a gravitationally lensed galaxy (Elston et al. 1994; Soifer et
al. 1995; Trentham 1995; Graham & Liu 1995; Broadhurst &
Lehar 1995; Serjeant et al. 1995; Close et al. 1995). If
F10214 +4724 is lensed, radiation from the galaxy would be
amplified, causing an overestimation in such measured quan-
tities as the infrared and CO luminosity (and thus the H,
mass). It is worth noting here that the only other confirmed
detection of CO emission at z > 2 is of the lensed quasar
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H1413 + 135 (the “Cloverleaf”) at z = 2.556 (Barvainis et al.
1994). If the amplification factor for these two objects is larger
than ~4 and ~8, respectively, then both these objects have
intrinsic CO luminosities less than the most luminous CO
sources observed locally (z < 0.3).

Our search for CO in HzPRGs was strongly motivated by
the similarities of ULIGs and powerful radio galaxies at low
redshift and the success of detecting CO emission from
F10214 +4724 at z = 2.286. Since we used the CO luminosity
of F10214 + 4724 as a calibration of what to expect for gas-rich
galaxies at high redshift, convincing proof that F10214 44724
is a lensed galaxy would mean that we have undertaken our
survey of HZPRGs with the false expectation that sources with
intrinsic CO luminosities as strong as the observed Lo of
F10214 + 4724 actually exist.

Two conclusions relevant to this survey can be made based
on the assumption that F10214+4724 is a lens. First,
F10214 + 4724 may be no different from ULIGs we see locally.
Indeed, the amount of molecular gas measured in the most
gas-rich, local galaxies may be the largest amount of H, gas
that exists in galaxies at any epoch. Second, our lack of success
in detecting CO gas in HZPRGs may mean that the similarities
between ULIGs and powerful radio galaxies observed at low
redshift (see § 1) hold for galaxies at high redshift. Active gal-
axies at redshifts of 2 or 3 may be no different than those
observed at z ~ 0. On the basis of radio power, redshift, and
morphology, it can be argued that powerful HZPRGs are at an
earlier evolutionary stage than local radio galaxies. However,
the space density of powerful radio galaxies is low enough that
the probability of finding one locally is low, and the observed
morphologies may be affected by scattered/beamed/
reprocessed nuclear light and line emission contamination
(McCarthy, Elston, & Eisenhardt 1992; Eisenhardt & Dick-
inson 1992; Eales & Rawlings 1993, 1995).

5.3. Implications of the Current Limits on Lo in HzPRGs

There are several possible explanations why the HzPRGs,
which are believed to be the progenitors of giant elliptical
galaxies, were not detected in CO: (1) The redshift at which
most of the stars in present day galaxies formed may be greater
than 4. Thus, if the central engine is fueled by the same material
as the starburst, these HZPRGs may be at the end of the initial
starburst/AGN phase, or the AGN activity may simply be the
result of a recent merger event. (2) An amount of molecular gas
equivalent to the stellar mass of a present day elliptical galaxy
may be distributed among many smaller, star-forming galaxies
that eventually merge to form present day galaxies. This is
feasible, given that merger rates must have been higher in the
past. (3) The duration a galaxy can have in excess of 2—
3 x 10'° h~2 M, of molecular gas may be very brief. Thus, the
probability of observing a galaxy in such a gas-rich state is low.
(4) The universe may not have closure density. If the density of
the universe is less than closure density, the scale of the uni-
verse is larger. The effect is most dramatic at higher redshifts;
the upper limit estimate of Lcg (and thus H, mass) in 4C 41.17
may be up to a factor of 4 larger (i.e., the empty universe
cosmology, g, = 0).

6. SUMMARY

In this paper, CO observations of 11 high-redshift radio
galaxies have been presented. Compiled published photometry
of eight of the best-studied HZPRGs were also presented for
comparison with IRAS F10214 +4724. The following conclu-
sions are drawn:

1. For nine out of the 11 HzPRGs observed, we achieved
upper M(H,) mass limits less than the H, mass of the hyper-
luminous source F10214 +4724 (z = 2.286). For the galaxies
3C 368, 4C 23.56, B2 0902+ 34, and 4C 41.17, upper M(H,)
limits less than a third of the gas mass of F10214+4724 and
comparable to the gas mass of the most gas-rich, local galaxies
were achieved.

2. Currently available UV-to-radio SEDs of HZPRGs show
them to have UV-to-optical luminosities ranging from a factor
of ~0.1 to 1.0 that of the UV-to-optical luminosity of
F102144+4724. In the case of 4C 41.17, there is possible evi-
dence for “excess” emission at ~200 um (object rest frame;
Chini & Kriigel 1994, Dunlop et al. 1994), consistent with
thermal emission from dust. However, the IRAS nondetections
of all known HzPRGs indicate that HZPRGs as a class are not
hyperluminous at infrared wavelengths.

3. Our survey was strongly motivated by the successful
detection of CO emission in F10214 44724 and the possibility
that F10214 + 4724 may be a radio-quiet analog of HzPRGs.
The nondetections of CO emission in HzZPRGs are consistent
with recent evidence that F10214 +4724 is a gravitationally
lensed galaxy; if the lensing factor is greater than 4, the intrin-
sic Leo of F10214 +4724 would be undetectable by available
millimeter-wave telescopes.

Our search for CO emission in HzZPRGs would appear to
have pushed current single-dish millimeter-wave telescopes
close to their practical limits. Given the upper M(H,) limits of
our four best-studied radio galaxies and the integration times
required to achieve such limits, follow-up observations may
have to wait for the availability of much larger apertures or
much more sensitive millimeter-wave telescope arrays.
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