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ABSTRACT

Through analysis of available optical spectrophotometric data and radio flux density measurements in the
literature, it is demonstrated that a good correlation exists between the radio power and bolometric lumi-
nosity of the optically-selected QSOs in the Bright Quasar Sample (BQS) of Schmidt & Green (1983). This
correlation, noted previously by others as a correlation with absolute B-magnitude, is shown to be robust, and
to be independent of a variety of assumptions used in the calculation of the bolometric luminosity. The corre-
lation is present for the entire BQS sample, but is improved when QSOs with high values of radio-to-optical
flux density (radio-loud) are excluded. Using this correlation, radio measurements can therefore be used to
predict the bolometric luminosity of quasars even if their optical and UV continua are not directly observable.

We have recently used VLBI meausurements of a sample of ultraluminous infrared galaxies to infer the
likely existence of radio-quiet AGNs deeply enshrouded in dust within their nuclei (Lonsdale, Smith, and
Lonsdale 1993). We employ the radio-bolometric luminosity correlation for the BQS quasars to test whether
these hypothetical buried AGNs can be energetically responsible for the observed far-infrared luminosities of
the ultraluminous infrared galaxies. The ultraluminous infrared galaxies are shown to follow the same relation
between radio core power and bolometric luminosity as the radio-quiet QSOs, suggesting that buried AGNs
can account for essentially all the observed infrared luminosity, and raising the possibility that any starburst
which may be in progress may not be energetically dominant.

The broader-‘implications of the radio-optical correlation in quasars for AGNs and luminous infrared
galaxy models and the use of radio astronomy as a probe of the central powerhouse in radio quiet AGNs and

luminous infrared galaxies are briefly discussed.

Subject headings: infrared: galaxies -— quasars: general — radio continuum: galaxies

1. INTRODUCTION

It has been recognized for some time (Miller, Peacock, &
Meade 1990, Stocke et al. 1992) that the quasar population can
be divided into two separate groups, so-called radio-foud and
radio-quiet quasars, primarily based on the ratio, R, of radio to
optical flux density. As complete quasar samples have been
extended to greater distances and numbers, more sensitive tests
of the apparent bimodality of the R distributions have become
possible, and the existence of two separate physical classes of
quasar based on radto loudness no longer seems to be in ques-
tion (Stocke et al. 1992, hereafter SMWF). Further, SMWF
noted that a strong correlation exists between radio and
optical luminosities for the radio quiet objects in the Bright
Quasar Sample (BQS; Schmidt & Green 1983), the oniy
sample which as yet enjoys a high rate of radio detections
(Kellermann et al. 1989). According to SMWF, the probability
of a chance correlation of the observed strength is less than
0.1%, but this estimate is obtained without a complete treat-
ment of the radio nondetections in the sample, and does not
explicitly address possible selection effects in this optical flux
density limited sample. Also, the application of a radio-

! Also, Infrared Processing and Analysis Center, Jet Propulsion Labor-
atory, California Institute of Technology.
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quietness criterion, which represents a boundary of unity slope
in the radio/optical luminosity plane, complicates assessments
of correlation significance.

In this paper, we confirm the reality of this correlation for
the BQS quasars by independently deriving a measure of
optical/UV luminosity from the spectrophotometric data of
Neugebauer et al. (1987), using survival analysis techniques to
treat the presence of upper limits in the radio data and con-
sidering sample selection effects. We find that the correlation is
strong, and does not depend on the method of luminosity cal-
culation employed. By performing interpolations between the
observed optical/UV and soft X-rays using two different
methods, we demonstrate that the radio power is correlated
not only with optical luminosity, but with the estimated lumi-
nosity of the big blue bump (BBB) which dominates the bolo-
metric luminosity of these objects (ignoring hard X-rays and
y-rays, in which the BQS is not wel! observed).

The search for such a correlation, particularly involving the
bolometric luminosity of the quasars, was motivated by a
desire to test the hypothesis that the ultraluminous infrared
galaxies (ULIRGs) are powered by dust-enshrouded AGNs, In
a previous study (Lonsdale, Smith, & Lonsdale 1993, hereafter
LSL), we showed that a large fraction of the ULIRGs with
Ly, > 10'1-2% Lo contain high brightness temperature radio
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sources in their nuclei, which typically account for of order
10% of the total radio flux density at 18 cm wavelength. The
median YLBI core power for the detected sources is 1022 W
Hz ™, which is comparable to the power of many radio-quiet
Q80s (RQQ), and much greater than the compact radio
sources seen in quiescent late-type galaxies. In another recent
result we have found strong evidence that the OH megamaser
emission in the prototypical ultraluminous infrared galaxy,
Arp 220, is dominated by parsec-scale emission (Lonsdale et al.
1994). This emission probably arises in a molecular torus sur-
rounding an AGN, and may require a large fraction of the
observed far-infrared power to pump the maser, thus this result
supports the picture in which most of the far-infrared emission
of Arp 220 originates in an AGN and not a circumnuclear
starburst, If Arp 220 is representative and if the VLBI-scale
continuum sources represent emission from normal radio-
quiet quasars embedded in the dusty nuclei, we can use the
abovementioned relationship between RQQ radio power and
bolometric luminosity to estimate the quasar power available
for dust reprocessing into the far-infrared, and compare that
quantity to the observed infrared luminosity.

We are able to demonstrate that buried RQQs of bolometric
luminosities implied by our VLBl-scale flux densities are
indeed capable of powering the entire infrared luminosity of
the ULIRGs (though the calculations are necessarily uncertain
to roughly a factor of 2, and admit the possibility of compara-
ble contributions to the far-infrared luminosity from an AGN
and a starburst).

In § 2 we describe the data used to establish the quasar
correlation, and in § 3 we give an account of the statistical
methods used, together with a brief discussion of possible sele-
tion and other effects in the dataset. Section 4 deals with the
application of the correlation to the ULIRG sample observed
by us with VLBI, and in § 5 we discuss the broader implica-
tions of both results, including the likelihood that both AGNs
and starbursts contribute significantly to the luminosity of
ULIRGs, and further observational tests to answer this ques-
tion.

2. THE BRIGHT QUASAR SAMPLE RADIO AND BOLOMETRIC
(INFRARED—X-RAY} DATA

2.1. The Radio Data

Kellermann et al. (1989) have observed all 114 BQS quasars
at 5 GHz. Their typical detection threshold is approximately
0.2 mJy, depending on the degree of positional coincidence
with the optical Q80Q, and the somewhat variable integration
time per source. They list measured flux densities on two differ-
ent angular scales, referring to the values from their low (~ 18")
resolution data as the total flux density, and those from their
high (~0"5) resolution observations as the core flux density.
Because the original motivation behind the present work was
to allow a comparison between the radio powers of RQQs with
those from the VLBI detections of ULIRGs, we used the core
flux densities whenever possible. The core flux densities are
also less likely to be contaminated by chance superpositions
with unassociated foreground or background radio sources.
However for completeness, and to assess the effects of different
amounts of upper limit data in the analysis, we peformed a
similar correlation analysis using the total flux densities. In
cases where the 075 resolution observations were unavailable,
we instead used the total flux density, or limit thereon, as an
upper limit to the core Aux density. SMWF note that for one

source, 1211 + 14, the flux density quoted by Kellermann et al.
is in error due to misidentification with a fainter background
quasar. We adopt the corrected value of 0.8 mJy obtained by
SMWF via a private communication from Kellermann (1989)
as an upper limit to the core flux density.

The resulting core flux density dataset comprised roughly
60% detected values, and 40% upper limits. Because of the
above manner in which these limits were assigned, they tend to
be well-mixed with the detected values, and in principle the
valuable information they contain is recovered through the use
of the techniques for survival analysis (see § 3). Although other
optically selected quasar samples have been surveyed using
sensitive radio telescopes (most notably a subset of the LBQs;
Visnovsky et al. 1992), the fraction of censored data for the
radio-quiet objects in these samples is too high to allow mean-
ingful investigation of any relationship between their radio and
optical luminosities.

2.2. Optical to Ultraviolet Integrations

Both previous studies in which the optical/radio correlation
was noted (Miller 1990 and SMWF) used K-corrected optical
luminosities derived from the B-magnitude. However, an
extensive database of optical, UV and X-ray information is
available in the literature, in the form of detailed optical spec-
trophotometry for most of the BQS by Neugebauer et al.
(1987), IUE measures by Sun & Malkan (1989) and X-ray
observations by Tannenbaum et al. (1986). The overall contin-
uous energy distributions of the BQS sample are excellently
summarized in Sanders et al. (1989). The intersection of the
Neugebauer et al. list of quasars and the Kellermann et al. list
comprises 97 objects. We have used, these data to calculate
integrated luminosities over well-defined rest-wavelength inter-
vals as estimates of the bolometric QSO luminosity for this
sample. This method obviates the need to perform error-prone
K-corrections, which inaccurately assume the same spectral
shape for all objects in the sample.

In addition to the spectrophotometry of Neugebauer et al.
we have included IUE observations for 29 Q8Os from Sun &
Malkan (1989). For three additional objects with JUE observa-
tions we found that the IUE spectra did not match the high-
frequency end of the Neugebauer et al. spectrophotometry well
in flux level, so these JUE spectra were not used in our integra-
tions. We believe that these discrepancies are due to a com-
bination of IUE pointing errors, aperture size differences and
flux variability (M. A. Malkan 1993, private communication).

We performed integrations over the optical to ultraviolet
wavelength range in two different ways in order to test the
sensitivity of the results to the integration method. The most
conservative method is to integrate only over that portion of
the rest frequency range for which data is available for all
QSQOs in the sample: 14.6 < log v,. < 15.0. We refer to this as
the optical or * O~ integration and the integrated luminosity
as “Lg”, (3000 to 7500 A); it utilizes the Neugebauer et al.
spectrophotometry only, i.e,, the JUE data are not included.

In a second method, which we refer to as O-UYV, we include
the IUE data, where available, to extend the coverage to higher
frequencies imposing uniform upper and lower frequency
limits, 14.5 < log v, < 15.3. This spectral range is covered by
reliable measurements for a reasonable fraction of the sample.
Interpolation between measured IUE data points or extrapo-
lation from the highest frequency IUE data point is then per-
formed for each quasar spectrum to obtain coverage over this
rest frequency range. When extrapolation was necessary, it was
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accomplished by a least-squares power-law fit to the 10 highest
frequency data points of the spectrum.

2.3. Extension to X-ray Energies

Most of the luminosity in quasars arises in the so-called big
blue bump, or BBB, which manifests itself observationally as a
rising spectrum in the blue and near-UV, and a sharply nega-
tive soft X-ray spectral index (defined in the sense S, oc v*) in
many cases (Wilkes & Elvis 1987; Canizares & White 1989).
Unfortunately the bulk of the luminosity of the BBB lies in the
unobservable far-UV. Estimation of the integrated optical-to-
X-ray luminosity of a quasar therefore requires interpolation
between measurements at optical/UV wavelengths ancl soft
X-rays to estimate the far-UV.

Among the models for the BBB are thermal accretion disk
models (Sun & Malkan 1989), synchrotron models (Burbidge,
Jones, & O'Dell 1974) optically thin free-free models (Barvainis
1993) and combinations of these (Puetter et al. 1982). The pre-
dicted spectral shape of the BBB differs somewhat between
these models. Rather than attempting to fit the BQS data with
detailed fits to these models, we used a combination of avail-
able observational constraints on the BBB shape and the
broad similaritigs between the theoretically predicted shapes to
arrive at two simple and reasonably representative methods of
estimating the integrated BBB luminosity, following Sanders et
al. (1989). The UV data of O'Brien, Gondhalekar, & Wilson
(1988) indicate that the UV continuum spectral indices
between log v = 15.2 and 154 are a function of luminosity,
ranging from —0.4 to — 1.0 for their sample, and these spectral
slopes are steeper than those of the optical/UV continuum,
which appears to have a median value of —0.2 in the BQS
{Neugebauer et-al. 1987). Steepening of the observed contin-
uum slopes due to starlight contamination in the lower lumi-
nosity objects may be present (e.g., Barvainis 1990), but for our
purposes the effects are likely to be negligible, and we will
ignore this potential effect.

We determined the flux density of each quasar at the highest
rest frequency, reliable 1T E observation, vyy. In the absence of
IUVE data, log vyy = 15.3 was adopted. If a measured flux
density at log v, = 15.3 was not available, the flux density
was extrapolated by least-squares fitting of a power law to the
10 highest frequency data points from Neugebauer et al. (1987).

We then used two interpolation methods to calculate inte-
grated optical-X-ray luminosities using the Einstein Observa-
tory observations of the BQS published by Tannenbaum et al.
(1986). The first, which we designate O-X1, employs a simple
power-law fit from log v, = log vyy to the rest frequency of
the measured 2 keV point at log v,,, = 17.68. 60 of the QS0Osin
our sample of 97 have Einstein observations; in the remaining
37 cases for which no X-ray measures are available, we used
the median power-law slope from the sources with X-ray data
for extrapolation. We regard O-X1 as a conservative lower
limit to the contribution to the total luminosity from the unob-
servable BBB. The second method, O-X2, which may yield a
more realistic estimate of the BBB luminosity, employs an
assumed S, oc v~ ! spectral shape between 10g v, = log vyy
and log v, = 16.5 (ie, flat in vf), followed by a power-law
extension from log v = 16.5 to log v = 17.78. Again, {or objects
with no measured X-ray flux, we used the median interpolated
slepe from the objects with X-ray data. It was judged that the
reliability and consistency of the available data, particularly
between the observed optical spectrophotometry and IUE
measures which most significantly affect BBB fits, did not
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Jjustify more elaborate interpolation schemes. These two inter-
polation methods are illustrated in Figure 1,

The effects of these two interpolation methods are to place
different degrees of emphasis on the shortest-wavelength mea-
surements of Neugebauer et al, (1987) and/or the TUE data.
Lo.x, is weighted more by the integrated optical luminosity,
while the Ly, is weighted more by the blue end of the
observed range. Of the two interpolations, Lg_y, more
closely reflects current knowledge of the UV continuum slopes.
In the luminosity range of primary interest for this work
{~10%° ergs s~ 1), the far-UV slope, &, = — 1, assumed in the
0-X2 interpolation is plausible, given the results of O’Brien et
al. (1988). The O-X2 interpolation also agrees well with the
predictions of the free-free model for the BBB, with a relatively
low temperature, T ~ 10° K, appropriate to AGNs with such
luminosities (Barvainis 1993). The O-X1 interpolation more
closely reflects the predicted spectral shapes from accretion
disk models {Sun & Malkan 1989). It is important to recognize
that these interpolations provide, at best, poor approximations
to the true BBB luminosity since it is only the long-wavelength
tail which is accessible to us. However, because we feel that the
integrated luminosity including the dominant BBB is a more
fundamental parameter than the optical luminosity, we expect
that our integrated luminosities will permit more sensitive sta-
tistical searches for physically meaningful relationships, More
accurate BBB luminosity determinations must await improved
space-based UV observations.

2.4, Infrared Data

Finally, we included the available mid- to far-infrared TRAS
data for the sample of 51 objects with IRAS detections from
Sanders et al. (1989) in an integrated luminosity designated
IR-X2. The available IRAS data were included in the integra-
tion using the lowest frequency (v,q,, = vig) IRAS data point as
the lower limit of integration. This integration suffers from
nonuniform integration limits. Furthermore, the correct treat-
ment of the RQQ IR emission is geometry dependent. In the
case of nonspherically symmetric dust distributions in the
RQQs (e.g., a warm, dusty nuclear torus), inclusion or omission
of the IR emission can lead to cither an under- or overestimate
of the true bolometric luminosity, because the presence of an
asymmetric dust distribution implies an anisotropic escape of
optical/UV radiation. The ratio of the mean integrated
infrared-X-ray luminosity to the mean optical-X-ray lumi-
nosity, log ({Lppx2>/{Lo.x>>) = 0.24. Given the difficulty in
interpretation and the relatively small coniribution of the
infrared, we have ignored it in the analyses that follow.

Table ! summarizes the five different integrated luminosities,
along with the monchromatic radio power at 6 cm emitted
wavelength. Column (1) lists the QSO coordinate name,
column (2) gives the redshift, columns (3) and (4) give the start
and end rest frequencies of the Neugebauer et al. spectrophoto-
metric measurements, columns (5) and (6) give the optical and
optical-ultraviolet integrated Iluminosities calculated as
described in the text above, column (7) gives vy, the highest
rest-frequency UV point, columns (8) and (9) give the optical-
X-ray luminosities, calculated as described in § 2.3, column (10)
gives the infrared-X-ray luminosity for those BQS QSOs with
IRAS detections, column (11) gives the lowest rest frequency
IRAS detection, vy, and columns (12) and (13) give the total
and core radio power, respectively, from Kellermann et al. All
quantities are computed for a standard Friedmann cosmo-
logical model with Hy = 75 km s~' Mpc™! and g, = 0. We
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TABLE 1
BRIGHT QUASAR SAMPLE
QSO 7 10g Vrest log log log log log log log log log
optical data Lo  Lowv wwv Loxi Lo_xa Lipxe vik  Proa  Poore
start  stop {6cm) (6cm)
(1) (2) (3) (1) (5) (6) (7) (8) (9) (10) (11) (12) {13)

<log Lins > 11.67  12.09 12.54 12.74 12.98

00034158 0.45 14.29 1513 12.21 12.64 15.30 13.17 13.39 e cas 26.20 25.80
00074106 0.09 13.51 15.01 11.06 11.50 15.30 12.11 12.28 12.38 12.74 24.71 24.38
00264129 0.14 13.53 15.01 11.37 11.81 15.30 12.30 12.51 e ces 23.32 21.92
00434039 (.38 14.27 15.11 11.84 12.16 15.50 12.32 12.41 22.91 <22.091
00444030 0.62 14.34 15.18 12.22 12.61 15.30 13.00 13.18 25.58 25.32
00494171 0.06 13.94 15.00 10.29 10.69 15.30 11.33 11.46 .- B 21.71 21.73
00524251 0.15 13.53 15.01 11.37 11.82 15.30 12.34 12.53 12.61 12.76 22.56 22.45
01174213 1.49 13.87 15.37 13.21 13.61 15.37 15.18 14.92 s fae 24.31 <24.31
01574001 0.18 13.54 15.01 11.27 11.72 15.30 12.15 12.44 12.82 12.54 23.65 23.49
08044761 0.10 13.51 15.01 11.38 12.01 15.30 12.55 12.87 12.91 12.74 22.68 22.29
08384770 0.13 13.53 15.01 10.99 '11.43 15.30 11.86 12.16 12.28 12.53 <21.72 <21.72
08444349 0.06 13.50 15.00 10.79 11.11 15.44 11.38 11.52 11.72 12.50 21.40 < 21.31
09234201 0.19 13.98 15.01 11.37 11.91 15.30 12.36 12.69 o s 22,28 <22.28
09464301 1.22 14.47 15.25 12.94 13.33 15.72 13.63 13.69 cee e <23.95 < 23.95
0947 4+396 0.21 14.21 1505 11.13 11.55 15.30 11.95 12.17 12.54 12.56 22.44 22.33
0953+414 0.24 14.00 15.06 11.77 12.19 15.42 12.67 12.87 A e 23.37 <23.37
10014051 0.16 14.19 15.00 11.08 11.52 15.30 11.96 12.19 12.31 12.76 22.63 <22.13
10044130 0.24 13.57 15.06 11.83 12.12 15.43 12.34 12.46 12.68 12.79 25.74 24.52
10084133 1.28 14.49 15.32 12.90 13.37 15.50 13.83 13.99 14.48 13.44 <23.45 <23.45
1011-040 0.06 14.15 14.99 10.53 10,98 15.30 11.30 11.68 11.84 12.72 21.27 21.3%
10124008 0.18  14.20 15.01 11.30 11.73 15.30 12.17 12.41 v s 22.86 22.72
1048-090 0.34 14.26 15.10 11.81 12.29 15.30 12.81 13.01 26.26 "25.15
10484342 0.17 14.20 15.01 11.04 11.45 15.30 11.84 12.07 - . <22.04 <22.04
1049-005 0.36 14,26 15.10 11.85 12.29 15.30 12.75 12.99 13.24 12.83 23.14 < 22.86
11004772 0.31 14.03 15.09 11.86 12.28 15.30 12.81 12,99 13.05 12.82 26.16 25.22
1103-006 0.42 14.28 15.12 11.86 12.28 15.54 12.57 12.68 13.22 12.85 26.31 25.51
11144445 0.14 13.97 15.01 11.03 11.36 15.44 11.49 11.55 12.10 12.76 21.97 21.93
11154080 1.72 14.56 15.37 13.30 13.73 15.78 14.11 14.14° cee e <24.31 <24.31
11154407 0.15 14.19 15.01 10.92 11.32 15.30 11.73 11.96 22.17 <22.009
11164215 0.18 13.98 15.01 11.74 12.19 15.30 12.62 12.86 ce- .- 23.26 23.10
11194120 0.05 13.49 14.99 10.42 10.80¢ 15.30 11.23 11.45 11.64 12.50 21.65 <21.07
11214422 0.23 14.22 15.06 11.21 11.59 15.30 11.93 12.14 < 22.3% <22.30
1126—-041 0.06 13.93 14.99 10.68 11.17 15.30 11.52 11.93 12.06 12.50 21.56 «<21.25
11484549 0.97 14.42 15.25 12.88 13.26 15.30 13.69 - 13.82 | 14.26 12.77 24.55 24,31
11514117 0.18 14.20 15.01 11.09 11.50 15.30 11.90 12.i3 <2211 <22.11
12024281 0.17 13.54 15.01 10.92 11.32 15.43 11.91 11.97 12.23 12.54 22.67 22.56
12064459 1.16 14.46 15.30 13.02 13.39 15.30 13.78 14.00 14.57 13.03 <24.14 <24.14
12114143 0.09 13.51 15.00 11.35 11.75 15.42 12.27 12.41 12.50 12.51 22.06 <22.06
12164069 0.33 14.25 15.09 11.96 12.26 15.30 12.59 12.73 - - 24.00 24.09
12224228 2.05 14.61 15.45 13.51 13.87 15.58 14.22 14.31 an “e 26.35 26.31
12264023 .16 13.54 15.01 12.32 12.76 15.30 13.30 13.47 13.57 12.54 2728 26.52
12294204 0.06 13.50 15.00 10.71 11.23 15.30 11.79 12.08 12.14 12.73 21.73 21.38
12414176 1.27 14.49 15.32 13.22 13.54 15.32 13.90 14.10 nes e 27.00 26.85
12444026 0.05 14,15 14.99 10.14 10.39 15.37 10.83 10.88 11.25 12.72 21.57 21.33
12474267 2.04 14.61 15.45 13.62 14.02 15.68 14.39 14.47 “ae aee 25.27 25.14
12484401 1.03 14.44 15.26 12.71 13.08 15.30 13.46 13.68 14.36 13.01 <23.68 <23.66
12544047 1.02 14.44 15.25 12.71 13.10 15.58 13.30 13.36 fes fee 23.94 «23.94
12594593 0.47 14.30 15.14 12.17 12.56 15.54 12.98 13.12 <23.11 «23.11
1302~102 0.29 14.24 15.08 12.12 12.64 15.30 13.13 13.42 26.15 26,15
13074085 0.15 13,53 15.01 11.33 11.64 15.32 12.09 12.22 22,24 <22.24
13094355 0.18 14.20 15.01 11.31 11.67 15.30 12.02 12.23 24.58 24.56
1310-108 0.04 14.14 14,98 10.01 10.52 15.30 11.06 11.32 20.79 <2077
13294412 1.93 14.60 15.44 12.90 13.33 15.62 13.84 13.97 24.60 24.51
13334176 0.55 14.32 15.16 12.14 12.52 15.30 12.91 13.13 e e 25.28 25.36
13384416 1.22 14.48 15.32 12.81 13.24 15.32 13.72 13.96 14.37 13.42 <23.99 <23.99
13514236 0.06 14.15 14.99 10.29 10.56 15.30 10.79 10.96 11.71 12.50 21.49 <21.17
13514640 0.09 13.51 15.01 11.12 11.50 15.30 11.75 12.08 12.29 12.51 23.30 23.48
13524183 0.16 1419 15.01 11.14 11.58 15.30 12.06 12.24 22.11 <2211
13524011 1.12 14.46 15.25 12.77 13.22 15.30 13.70 13.95 <23.78 <23.78
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