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ABSTRACT

Throughanalysis of” available opticalspectrophotometric lata and radio flux density
measurcments in the literature, it is demonstrated thata gooc correlation exists het ween
the radio power and bolomet ric luminosity of the optically-selected QSOs in t he Bright
Quasar Sample (BQS) of Schmidt and Green (1 983). This correlation, noted previously
by others as a corrclation with absolute B magnitude, is shown to berobust, andto
be independent o foa variety of assumptions used in the caleulation of the bolometrie
luminosity. The corrclation is present for the entire BQS samiple, but is improvedwhen
QS0s with high values of radio-to optical flux density (radio-loud) are excluded. Using,
this correlation, radio micasu rements can ther efore bhe used to predict the holomet rie
lTuminosity of quasars even if their optical and UV continua arve not direcetly observable,

We hav e recently used VEBImicasurements of a saniple of ultraluminous infrared
galaxics 10 infer the likely existenice of radio-quict AG N deeply enshrouded in dustwithin
thehr nuclei (Lonsd ale, Smith and Lonsdale 1993).  We cmploy the radio holometric
luminosity corrclation for the BQS quasars to test whether these hyypotheti cal hu ried
AG Ncanbe energetically responsible for t he observed far-infrared Twminosities of t he
ultraluminousinfrarcdgalaxies. The ultralwmimous infrared galaxies are shown 10 follow
the same relation het ween radio core power and holornet rie hnminosity as the radio- qu et
QS0s, suggesting that b uried AG Ns can account for essentially all the observed inlraved
luminosity, and raising the possibility that any starburst which may he in progress may
not e encrgetically dominant .

The broader tmplications of the radio optical correlation in qua sars for AGN and
luminousinfraredgalaxy 1110 1015 andt 11(° use of radio astronomy asaprobe of the central
powerhousc in radio quict AGNs and luminous infra ved galaxics are brielly discussed.




1. INTRODUCTION

It has been recognized for some time (Miller, Pea-
cock and Mecade 1990, Stocke of al. 1992) that the
quasar population can be divided into two separate
groups, so-called radio-loud and radio-quict quasars,
primarily based on the ratio, R, of radio to optical
flux density. As complete quasar samples have beon
extended to greater distances and mnmbers, niore sen-
sitive tests of the apparent bimodality of the R dis
tributions have hecome possible, and the existence of
twoscparate physical classes of quasar based on radio.
loudness no longer sceins to be in question (Stocke ¢f
al. 1992, hereafter SMWEY. Further, SMWFE noted
that a strong correlation exists between radio and op
tical lnininosities for the radio quict objeets i the
BQS, the only sample which as yet cnjoys a high rate
of radio detections (Kellermamn ¢f al. 1989). Accord-
g to SMWFE, the probability of a chiance correlation
of the obscrved strength is less than 0.1%, but this
estimate is oblained without a complete treatiment
of the radio non-detections in the sample, and does
not explicitly addre
optical flux density

possible selection effects in this
mited sample. Also, the appli-
catton of a radio-quictness eriterion, which FOPFCSCHLS
a boundary of unity slope in the radio/optical Tuini-
nosity plane, comnplicates
significance.

hi this paper, we confirm the reality of this cor-
relation for the BQS quasars by independently de
riving a measure of optical/UV Tuminosity from the
spectrophiotometric data of Neugebauer of al, (1987),
using survival analysis techniques to treat the e
ence of upper limits in the radio data and co sidering
sample sclection effeets, We find that the correla.

—

sessients of corrcelation

tion is strong, and does not. depend on the method
of Tmminosity caleulation cmployed. By performing
interpolations hetween the observed optical /UV and
soft. X-rays using two diflerent methods, we demon-
strate that the radio power is correlated not only with
optical lmninosity, but with the estimated luniinosity
of the big blue bunmip (BBB) which dominates the
bolowietric Juminosity of the objects (ignoring hard
X-rays and q-rays, in which the BQS is not well ol
served).

The scarch for such a correlation, particularly in-
volving the bolometric hnninosity of the quasa
was notivated by a desire to test the hypothesis
that the wltraluminous infrared galaxics (ULTRGs)
arc powered by dust-enshronded AGNs, In a previ-

ons study (Lonsdale, Smith and Lonsdale 1993; here-
mafter LSL), we showed that a large fraction of the
ULIRGs with 1g5, > 10" "1 contain high bright-
ness temperature radio sources in their nucler, which
typically account for of order 10% of the total radio
flux density at 18cin wavelength. The median V1,131
s 1077 W Ty 1
which is comparable to the power of many radio quict
QSOs (RQQ), and much greater than the cotnpact

radio sources scen in quicscent late-type galaxies, 1

core power for the detected source

another recent result we have found strong, evidence
that the O megamaser cnission in the prototypi-
cal ultralmninous infrared galaxy, Arp 220, is domi-
scale crnission (Lonsdale of al. 1994),

nated by parsce-

This emission probably arises in a molecalar tom

surrounding an AGN, and may require a large frac-
ton of the obscrved far-infrared power (o puinp the
this result supports the picture in which
most of the far-infrared ciission of Arp 220 originates
tarburst. 11" Arp

maser, thu

i an AGN and not a circammnuclear

220 is representative and i the VLBl-scale contin.

sion from normal radio

uang sonrces represent en
yuict. quasars embedded in the dusty nuclei, we can
use the abovemcntioned relationship between RQQ
radio power and holometric Tmminosity (o estimate
the quasar power available for dust reprocessing info
the far-infrared, and compare that quantity to the
ohserved infrared Tniosity.

We are able to demonstrate that buried RQQs of
bolometric Tuminositics iniplied by our VLRI scale
flux densities are indeed capable of powe ing the en.
tire infrared Tuminosity of the ULTRGs (though the
caleulations are necessarily uncertain to roughly a lac-

tor of two, and admit the possibility of coimparable
contributions to the farinfrared i osity from an
AGN and a starburst).

I section 2 we deseribe the data used 16 estab.
the quasar correlation, and in section 3 we

acconnt of the statistical methods used. together
witli a byief discussion of possible selection and of her
ellccts in the dataset. Section 4 deals with (he ap-
plication of the correlation to the ULIRG s
served by us with VLBI, and in section i we

iple o

“broader nuplications of hoth results, includi g the

ikelihood that both AGNs and starbursts contrilute
goilicautly to tie Tuminosity of ULIRGs. and furt her
obscrvational tests to answer this question.




2. THEBQSIK.ADIO ANI) BOLOMETRIC
(AR X-l{A>") 1) ATA

2.1. The Radio Data

Kellermam ef al. (1989) have observed all 11 4
BQS quasars at b Gliz. Their tyyical detection
threshold is approximately 0.2 inly, depending on
the degree of positional coincidence with the optical
QSO, and the somewhat variable integration time per
source. Thiey list nicasured flux densitios on two dif-
ferent angular scales, referring to the values from their
low (~ 18 arcsec) resolution data as the total flux de n-
sity, and thiose from their high (~07/5) resolution oh
servations as thie core flux density. Because the origi -
nal motivation behind thie present work was to allow
a comparison between t he radio powers of RQQs with
those fromnthe VLBl detections of 111,11/[;s, we used
the core flux densities whenever possible. The core
flux densities are alsoleshkely to be contar ninated by
chizmce superpositions with unassociated foreground
orbackgroundradiosources, 1 lowever for complete
ness, and to assess t he effects of different amnounts of
upper lmit data in the analysis, we performed a s -
ilar correlation analysis using the total flux densities.
In cases where the 07
unavailable, we instead used the total flux density,
or limit thercon, as an upper limit to the core flux
density. SMWI note that for one source, 1211-1 14,
the flux density quoted by Kellermawiv e { al. is inwer-
ror due to misidenitification with a fainter backg round
quasar, We adopt the corrected value of 0.8 mly oh-
tained by SMWIE via a private communication from

b resolution observations were

Iellerm aom (1991 as an upper Hhmit to the core flux
density.

The resulting core flux density da taset comprised
roughly 60% detected values, and 40% upper Innits.
Because of the above manner in which these limits
were assign ed, they tend to be well-mixed with the
detected andimpiliveiple the valuable in forma:
t ionthey contain is recoveredthrough t heuse of t he
techniques for survival analysis (see Section 3). Al-
thioughi othier optically-selected quasar sarnples have
heen surveyed using sensitiv ¢ radio telescopes (most
notably a subset of Che LBQS, Visnovsky of al. 1992},
the fraction of censored data for the radio quict ob-
Jeets in these sampl es is too high to allow mcaninglul

investigation of any relationslip between their radio
and optical luminositics.

2.2.  Optical to Ultraviolet Integrations

Both previous studies in which the optical/radio
correlation was noted (Miller, Peacock and Meade
1990 and SMWI') used K-corrected optical lnmmninosi-
ties derived from the B magnitude. However, an ex-
tensive database of optical, UV and X-ray infornia-
tion 1s avaitable in the literature, in the form of de-
tailed optical spectrophotometyy for most of the BQS
by Neugebaver of al, (1987), 1UE measures by Sun
and Malkan (1989) and X-ray observations by ‘l'an-
nenbanm of ol (1986). The overall continuous energy
distributions of the BQS sample are excellently sun-
marized in Sanders o al. (1980). The intersection of
the Neugebaner of ol st of quasars and the Neller-
mann ¢l al. list comprises 97 objects. We have used
these data to calenlate integrated Tuminosities over
well-defined rest-wavelength imtervals as estimates of
the bolometric QSO Tuninmosity for this saanple. This
method obviates the need to perfori error-prone K-
corrections, whicl inaccurately assuime the same spec-
tral shape for all objects in the sample,

In addition to the spectrophotometry of Neuge-
bauer of «l. we have ncluded TULL obgervations for
29 QS0s from Sun and Malkan (1989). For 3 addi-
tional objects with TUR observations we found that
the TUE spectra did not mateh the high frequency
cnd of the Neugebauer of al. spectrophotometry well
m flux level, so these TUE speetra were not. used 1
our integrations. We believe that these discrepancies
are due to a combination of TU pointing crrors, aper-
tare size differences and flux variability (Malkan 1993,
private communicationy,

We perforimed integrations over the optical to ul-
traviolet wavelength range in a two different ways in
order 1o test the sensitivity of the results to the inte-
pration method. The most conservative method s to
integrate only over that portion of the rest frequency
range for which data s available for all QSOs in the
sample: 1.6 < log v < 15.0. We refer to this as
the optical or “O7 mtegration and the itegrated lu-
vinosity as L7, (3000 A4 to 7H00.40): 10 utilizes the
Neugebaner el al. spectrophotometey only, .. the
TUE data are not included.

In a sccond method, which we reler to as O-17V,
we include the TUE data, where available, to extend
the coverage to higher frequencies imposing uniform
upper and lower frequency lints, 1405 < log v, <
1.3, This spectral range is covered by rehable mea
surements for a reasonable fraction ol the sample.



Interpolation between measured TUE data points or
extrapolation from tlie highest frequency 1UY data
point is then perforined for cach guasar spectrum (o
obtain coverage over this rest frequency range. When
extrapolation was necessary, it was accommplished by a
least squares power-law fit to the 10 highest frequency
data points of the spectruim,

2.3.  DExtension to X-ray Encrgics

Most of the lainosity in quasars arises intheso
cadledbigblue 111111)), or BBB, which manifests jt.
sc1f observationally as a rising spectruny in the blue
andancar-UV, and a sharply negative soft X -ray spee-
tral index (defined in the sense S, o p) Iy
cases (W ilkes and Elvis 1987, Canizares and White

1989). Urifortu n ately the bulk of the huninosity of

the BBB lies inthe unobservable fa r-UV. ¥ stinma -
tion of the integrated optical-to- X-ray Iuminosity of a
qua sar therefore requires interpolation be tween mea-
surcmentsatoptical /UV wavelengths and soft  x-rays
to estimate the far- 1V,

Avniong the models for the BBB are thermal acere-
tion disk models (Sun and Malkan 1989), synchrotron
wodels (Burbidge, Jones and O °Dell 1074) optically
t hin free-free iodels (Barvainis 1 993) and combina -
tions of these (Puet ter ¢l al. 1 982). I'] e predicted
spectral shape of the BBB differs some whiat between
these models. Rather than attempting to fit the BQS
data with & ctailed fits to these m odel s, we used a
cotnbination of avail able observational constraints on
the BBB shape and the broad stinitarities between the
theoretically predicted shapes to arrive at two shuple
and reasonably representative methods of estimating
the integrated BB Jnminosity, following Sz naders ¢f
al. (1989). The UV data of O '"Bricn, Gondhalckar
and Wilson (1988) indicate that the UV continuum
spect ral indices between log v = 152 and 1hdare
a function of lnminosity, ranging from - (.4 to - 1 .0
for their sample, and these spectral slopes are steeper
th anthose of the optical/UV continuun, which ap-
pears Lo hiave  a edian value of - 0.2 in the BQS
(Neugebauer v/ al. 1 987). Steepening of the ob-
ser ved continuum slopes due to stavlight contamin a.
tion in the lower Tuminosity objects may he p resent
(e.g. Barvainis 1990), but for our purposes the effects
are likely to be negligible, and we will ignore this po
tent ial eflect

We determined the flux density of cach quasar at
the highest rest frequency, reliable TUE obscrvation,
ryv. Inthe absence of 1UL data, log gy = 15,8 was

adopted. If a measured flux density at log 1,4 = 1H.3
was not available, the flux density was extrapolated
by Jeast-squares fitling of a power-law to the 10 high-
est frequency data points from Neugebauer of al.
(T987).

We then used two interpolation nmicthods 10 caleu-
late mtegrated optical X-ra y Tuminosities using the
Linstcin Obscrvatory observations of the BQS pub-
lished by Tannenbaum ol al. (F986). The first, whicl
w e designate O-X1, employs a siinple power- Jaw fit
fromlogu, .12 log 1y to the rest frequency of the
measured 2 keV pomt at logr, 4o 17.68. 60 of the
QSOs inour sample of 97 have Iinstein observations;
in the remaining 37 ca ses for which no X- ray nee -
Sill'(, h are avatlable, we used the median 1yO\VY (1-id\\
slope from the sonarees with Xere vy dita for extra po
fation. Weregard ¢)-.1"1 as a conservative |ower linit
to the contribution to the total laminosity fromn the
unobscrvable BB, The sccond method, O-X2, which
may yield a more realistic estiin ate o f the BBB lun-
nosity, ¢ naploys an assumed S, oc -V spectral shape
hetween Jog veee ¢ 2 log gy and log e, = 16.5 (i.c.
flat i f,, ), folloy ved by a power- law extension from
log v = 16. 5 to log v = 1778, Agaiu, for objects
with no measored X-ray flux, we v sed the median i
terpolated slope from the objects with Xeray deta.
It was judged that the relialility and consistency of
the available data, particularly hetween the observed
optical spectrophotometry and JUE mcasures which
most sig nificantly afllect BBB fits, didunot justily more
clabor-atemterpolationsehicmes. [0 iw, twolnterpo
Iation methods ave illustra ted in Figure 1.

The effects of these two interpolation methods
are to place different degrees of cmphasis on the
shortest-wavelength incasurements of Nengebauer f
al. (1987) and/or the TUE data. Loy s weighted
more by the integrated optical Tominosity, while the
Lo xv» 18 weighted more by the blue end of the ob.
served range. O the two interpolations, L xo more
closely reflects current knowledge of the UV contin
wum slopes, T the Tuminosity range ol primary inter-
est for this work («~ 107erg s 1), the far- UV slope,
a2 = L assumed i the O-N2 interpolation is plan-
sible, given the results of O'Brien, Gondhialekar and
Wilson (1988). The O-X2 interpolation also agrees
well with the predictions of the free-free model for the
BRB, with a relatively low temperature, 1~ 107K,
appropriate 1o AGNs with such lumninositios {Bar-
vais 1998). The O-X1 interpolation more closely
reflects the predicted spectral shapes from aceretion




disk noodels (Sun and Malkan 1 989). 1t is impor-
tatit to recognize that these interpolations provide, at
best, poor approximations to the (rue BBR lwninos-
ity since it is only the long-wavelength tail which is
accessible to 11s. However, because we feel that the
integrated Tuminosity including the doninant BBB
i s amore fundmnental parain cter than the optical
lumninosity, we eXpeet (hat our integrated huninosi-
ties will permitinore sensitive statistical scarches for
physically meaninglul relationships. More accurate
BBB Iuminesity determinations must await nnproved
space-hased UV observat ions.,

2.4. Infrared Data

Finally, we included the available mid to Tar-mfrared
IRAS data for the sample of b1 objects with 1R AS
detections from Sanders et al. (1989) in an inte-
grated luminosity designated IR- X2, The available
IR AS data were included in the integration using the
lowest fro squency (o = Vi) TRAS data point as
the lower Timit of integration. T'his integration suf-
fers from non-untform integration Rmits. Parther-
more, the correct treatment of the RQQ IR emission
is geo metry dependent 1 the case of non-spherically
synmnetric dust distributions in the RQQs (c.g. a
warin, dusty nuclear tor us) , inclusion or omission
of the 1 R emission can lead to cither an unider- or
overestimate of' the true bolometric huninosity, be-
cau se the p resence of an asyminetrie dust distribu-
tion implics an anisotropic escape of optical /UV ra-
diation. The ratio of the naca nintegrated infrared
X-ray luminosity to the mean optical X-ray Tuiminos
iy log (< Ly x2 > 1 < Looxe >) = 0.24. Given the
dilliculty in interpretation and the relatively siall
contribution of the in frared, we have ignored it in the
analyses th at follow,

Teable 1 summarizes the five different integrated
Imminosities, along with the monochivomatic radio
power at Gem emitted wavelengt b, Colvnnn (1) lists
the QSO coordinate name, col umn (23 gives the red-
shilt, colonms (3) & (4), give the startand end rest
frequencies, of the Neugebauer o al. spectrophoto
metric measuremients, coluinms (b) and (6) give the
oplical and optical: ultraviolet integrated Tuninosi-
ties cale ulated as desceribed in the text above, coluimm

(7) gives vy, the highest rest-Tfrequency UV point,
colunms (8) & (9) give the optical X-ray luminositics,
cal culated as deseribed in §2.3, column (10) gives the
infrared X-ray luminosity for 11 jose BQS QSOs with
IR AS detections, colmnmn (1 1) gives the lowest rest

frequency 1RAS detection, 17y, and columns (12) and
(13) give the total and core radio power, respecet ively,
fromKellermanun etal. Al guantities are computed
for a standard Friecdmann cosmological model wit h
Ho=7h 1'2)/ s- "Mpe-tand g, = 0. We performed
stz tistical tests using these various integrated hami-

nosities, as summarized i Table 2,

3. STATISTICAL AN ALYSISOF THE BQS
SAMPLE

The presence of radio upper limits in this sample
dictates the use of the techmques of Survival Analy-
sis (e.g. Isobe, Peigelson and Nelson 1986, and refer-
ences therein), This dataset s well-matehed to such
technigues which perform best when censoring (-
its) in the data are randomly distributed, because the
radio flux-density Hmits correspond to a wide range
of radio powers, whitelr are well mixed with values for
detected objeets, For this reason we primmanly investi-
gate the presence of the correlation between radia and
ntegrated optical data in the Taninosity-haninosity
plane rather than the flux-flux plane. Since there is a
very high completeness of optical observations of this
radio-selected sample (97/114 = 85%), Wiere is little
concern that use of the lutninosity-luininosity plane
will introduce a spurious distance-related correlation;
hiowever ta verify this we hiave checked the veality of
the results by also perforiming the statistical tests in
the flux-flux planc, The Tnminosity-lummnosity corre-
lation statistics ave presented here, bot the flux-flox
resitits are in all cases comparable.

We first examine the relationship ‘between vadio
power and integrated luminosity for the BQS. A nuin-
ber of stadies have examined this relationship for
the BQS (Miller, Peacock and Neade 1990; SNAVE),
particularly with a view toward determining whether
there is a troe binwodality between vadio-quiet and
radio-loud QSO populations. Figure 2a shows the
relationship between tolal icm radio power, a0,
within the 187 VLA beam of Kellermann of al. and
mlegrated optical lmminosity, Lo, Tor the BQS san-
ple as described above, This relation is most diveetly
comparable to the previous studies. Pigures 26, 2
and 2d show the same relationship using the intle-
graled oplical UV luminosidy, Lo gy, and the 1wo
methods of caleulating the wdegrated oplical X-vay
Laanosily, Lo xy and Loy o, vespectively, The rela-
tionships are quite similar; Lo vy 18 on average about
0.4 dex hagher than Lo gy and Lo xo 18 on average




about 0.2 dex higher yet.

Figure 3 shows the relationship between Gem 1a-
dio core power, Peare, and integrated Tuminosity as
i Figure 25 in this case we have employed the total
Gein power as an wpper imil for those objects withont
high resolution radio observations. In cach diagram
there are 97 QSOs plotted with 16 and 40 upper T
its on the total and core power, respectively. The
apparcnt correlation between radio power and optical
Tuninosity scen by other investigators is evident, as is
the apparent radio-loud/radio quiet separation in the
diagram. Because the definition of “radio-loudncss”
is as yet imprecise, and diflerent samples appear to
show different sensitivities depending upon whether
a definition s made in terms of radio power (Miller,
Peacock and Meade 1990) or radio-to-optical flux den-
sity ratio (SMWI), we have opted to consider the sig-
nificance of a putative radio-optical correlation on the
entire sample without imposing such distinetion.

The distributions in Figures 2 and 3 miay be seen to
be comparable; in §4 we will be principally concerned
with the relationship between radio core power and
wmdegraled liminosily; therefore we will discuss in de-
tail the statistical test results for Figure 3d - Do
vs Lo xo, which we believe may be the best esti-
mator of bolometric luminosity - but the results for
Figures 2 and 8 arve in all cases comparable, with a
somewhat higher level of significance for the relations
i terms of Py (Figure 2) due to the fewer npper
Hinits in the distribution.

We have employed two correlation {ests from the
ASURY Software Package (provided to IPAC by 1.
Feigelson and 1. Isobe) for Survival Analysis of con-
sored data: Cox’s Nazard Test (parametric, assuni-
g a Gaussian crror distribution) and the General-
ized Kendall's Tau (BN, nonparametric) Test, with
cquivalent results. For the data in Piguve 3d, {or ex-
ample, the Cox-Hazard Test finds a positive corre-
Jation with a % = 37.25 for 1 degree of frecdom,
and botl tests find the likelihood that the pavainetors
arc uncorrelated to be less than 10771 This result is
gquite robust, with comparable or better significance
level for all delinitions of integrated huminosity and for
both core and total radio power. Similarly, we have
repeated the tests for a variety of Friedinann cosmolo-
gics (ho = 0.0 1.0:Q20 = 0- 1; A = 0) with negligible
ellect on the level of statistical significance. We note
that this correlation also exists in the relationship be-
tween radio aud optical flux-density; in this case, how-

ever, the application of the above statistical nethods

is questionable because the censoring, applied in the
forin of a near-uniforin 0.25 iy sensitivity limit, is
1101 randominradio flux-density. Althiough there is
relatively little difference in the signifie ance of the ve

sult among the estimators of Tuminosity, the spgall.
est dispersion is for Lg, the optical huninosity, whicli
i's fully micasurc:d for all objects v the sample. W e
beheve that it is likely that we artifictally inject dis

persion into the sample by the assumptions in our
mt erpola tion/ex trapolatiottincthods, The diffevence
insignificance between the 120 and e, relations
s entirely explained by the relatively Targer nwuniher
of limits to the radio core- power,

We have also employed Jlincar regression analysis
(parametric BM Method, also fromn the ASURV Pack-
age) to fit power-Taw relations of the form, log 11 (Gem) -
a-logl - b

Table 2 gives the complete set of statistical ye
sults for the Radio Power  lutegrated Luminosity
Correlations for the three scts of tests: Cox-az ard,
BHIK, and EMNcethod. (D11111111 ] histsthe caleulated
itegratec ! luminosity estimators, separated into 1he
three sanples (BQS, BQS*, and BQS - ULIRG) as
deseribed 1 the 1o xt below. Along the line giving the
sample identification are nmnmbers denoting the sam -
ple size/tinnber of limits inthe sample, Columus (2)
and (3) give the value of 7 caleal ated by the Clox-
Hi wzard corvelation test for Tot al 6am Radio Power
and Core Radio Power, respectively, Columuns (1) &
(H), simitlarly, givethevaluesof Kendall’'s 7 ascaler -
lated by the BUHK Correlation “17(s1, Columms (6).(7),
and (8), give the values of the slope, “a”(d o,). the
intercept, “Eh" (< o), and standard deviation of the
regression, 05 4y for the Total Radio Power vs. Inte -
grated Luminosity relations, respectively, and columns
(9 (1 1) give the same data for the Core Power vs -
tegrated Luniinosity Relations. Stat istical results for
the combined BQS™ ) ULT RG s: unple are given only
for the Core Power analysis, sinee the s the only
potentially meaningful physical relationship, T all
cases except one the probability, estimated by the
Cox-HNazard and BHK tests, isless than 10- P thatthe
datacould core flroil) un correlated quimtities. The
lone exception is the g, wvs. Lo relation for the
combinedsinnple, for which the probability is about
3% as caleulated by Cox- Hazard, and 0.1% as « sti-
mated by BHK that the data are un correlated.,

We must, of course, be concerned with selection
effects i the BQ S si unple. For exaniple, SNWH,
discuss the possibility that the BQS 1y he inconn-




plete in the redshift interval, 0.6 <z 1.0, due to “red-
dening” of the QSO U - I8 color by the presence
of Mg I and Te 11 cmission features in the B3-hand
over that redshift range. In Figure 4, we show the
6 cm Radio Core Power as a function of ntegrated
optical- X-ray luminosily, Lo. yo, for the BQS san-
ple, restricted to QSOs with redshift, z < 0.6, and, in
this case, to radio-quict ohjects (radio-optical flux-
density ratio, log It < 1, from Kellermann ¢l al.).
This saniple, which we designate “BOS, was con-
structed as a matceh to the Ultraluminous 1R Galaxy
sample deseribed in §4 and also to climinate the POs-

sible selection imposed by the above eflect.  Visual
Inspection suggests a tighter relationship, in particu-
lar due to the exclusion of radio-loud QSOs, but the
relatively larger fraction of radio lmits decreases the
significance of the result. In this case there are 61
objects with 29 limits and 2 = 29,1 (Cox’s Haz-
ard "Test), with both tests estimating a likelihood loss
than 1077 that the parameters are wurclated. The
ston fit by

solid line in Figure 4 is the linecar regr
I'M Method givenin Table 2. (Regression analysis by
regression method is

non-parametrie, Buckley-Jamn
mdistinguishable.)

4. EMBEDDED QUASARS N ULTRAL J.
MINOUS 1R GALAXIES

LSE performed an 18 cin VLB survey of 31 ULIRGs
taken from the high resolution 8.44 Survey Gliz by
Condon e al. (1991, CHY'T) of the 40 most luminous
members (L, > 107120 1,0) of the Bright Galaxy
Sample (BGS) of Soifer ¢t al. (1989). The BGS is a
607an-limited sample (Seopm > 5.4Jy). Our selection
criterion for the 31 galaxies observed with VILBI was
that the object should have suflicient flux on the scale
of the 0725 VLA beani to be potentially detectable by
the mnost sensitive VLB systems. LSI found that 17
of the 31 galaxics surveyed with VLBI showed high-
brightness temperature cimission, with 7, > 10° K
and structure on scales of 5-150 mas. The VLBI ob.
servations thus cover over 7% of the cornplete GOz
flux and FPIR honinosity-linited sample of Condon ct,
al., resulting in 43% 18 cnr detections and 35% limits
to the I8 cmi core flux density and laminosity. The
O sources ehiminated from the CHY'T sainple are well
mixed in L g and simply fail to meet onr VLB fluy
density observability eriterion due to large distance.
there is no apparent reason 1o suspeet that the se-
lection might strongly influence the correlations de-
seribed below.

I acsimilar way to the BQS quasars, we have com.
pared the radio power of the ULIRGs (o their esti.
iated bolometric lnminosity, T'he radio power at {
anis estimated Trom the measured 18 e power in
order to allow a direct comnparison 10 the observations
of the BQS by Kellermann of al, (1989). The 18 ¢m
powers were derived from the maximum correlatoed
flux densitics on baselines of projected lengtl > 10%A
{sce LKL for details); 17 of the 31 ULIRGs we
tected by this criterion. The correction to 6 enn was
done assuming a power law spectrum and the 1.49.
8.44 GHz spectral index, a4 derived by CHY'I and
listed by LSL. Since these spectral indices were mea-

“de-

sured on significantly larger spatial scales than {he

VLBI emission, they may not he appropriate for our

purposes, therefore as an alternative we also derived

the corrections assuing a fixed spectral mdex, a: 0.5
(Jo o7 ) for all sources, following Wellerimann of al,
(1989). On the other haud, if free-free optical deptls
are large at Gem, as suggested by CHY'T and con-

firmed by LSL, then the observed a1 will provide a
hetter estimate of the true Gen core flnx density, The
cllcet of these different choices for the spectral index
was found to he negligible. We note that the the A
dependence of the free-free absorption cross-section
implies that the high frequency radio continunm is un.

obscured, even if there is significant absorption neat
DHGHz.

The bolometric luminosity of the ULITRGs was sim-
ply taken to be the infrarcd lutinosity, as derived by
Soifer o al. (1989). This Iummosity inchudes a holo
1onover the entive infrared

metrie correcetion for en
(1 1000g0m0) region and assmines isotropic cmission.
Unlike the RQQs, the ULIRGs emit the vast

ity (typically over 90%) of their total power in the

farv-infrared wavelength region. There is strong, evi-

1) O~

dence for dense concentrations of inolecular gas within
the central few liundred parsees of these objecets, with
extremely large optical depths such that essentially

the UV and optical energy generated within (1

region is cffectively absorbed and re-radiated at far
mifrared wavelengths (¢.f. Scoville 1992).

We have plotted in Figure 5 the VILBI core power
as a function of FIR Tuminosity for the Ultralumi.
nous Infrared Galaxies. For direct conparison, we
nft-Timited O-X2
mtegrated huminosity vs. [, data for the HOS
from Figure 4. As deseribed in Smith, Lonsdale and
Lonsdale (1994), there is not a statistically significant
corrclation between the VEBI core power and FIR T

also replot in this figure the red




minosity for the ULTRG s alone (3% : s371), but the
ULIRG’s clearly fall along a sitnilar relationship to
the low redshift, radio-quict BQS QSOs. All houglh)
weareholaware of survival tests for the similarity of
th cse two distributions we have used the above corre-

lation/regressiontests 011 the combined BQS/ULTRG
data sct (92 objects; 32 limits) to test the shnilar
ity of the relationship. 1In this case, inclusion of the
111,11 {(; sanpleimproves thesignificance of theresult:
x?222.0 -, 25.7 when compared with the pure BQS
sample. A regression it to the combimed data sel is
virtually indistingnishable from the fit to the BQS"
saruple shown in Figure 4, The result, using Lo x1
is virtually identical;y the results for other estinators
of integrated Iuminosity have somewhat poorer sig-
nificance, because the ULIRG and BQS distributions
follow relations displaced in Tuminosity, that is, we
needthe v111.re, optical X-ray luminosity of the puta

tive AGN to power @ Luminous FIR Galaxy at con -
parable radio core power.

5, D ISCUSSION

A crucial aspect of this result is the utility of ra-
dio measarements as a tracer of the POWer output of
the central engine. Despite the fact that the inte-
grated radio lmminosity of the average 1/( 3(.), from,
say, 10 MUz to 10GHz is 10°% thmes Jower tha n the
bolometric lnminosity of the quasar, this ratio is ve-
markably constanta cross the RQQ population. \ (>
have illustrated this utitity inthe case of hypotheti-
cal RQQs buried inside ultraluminons 1R galaxies, hut
there is amore general class of applications for this
result. The total power outputof AG N iS frequently
subjeet to greatuncertainty, due to unknown obser -
ration and unknown amsotropy of the cmission due
to relativistic b caning and /or non-spherical obscura-
tion. Potentially, the intensity of the em-wavelength
radio emission in the radio guict AGN case may avoid
these pitTalls, and serve as a unigue diagnostic of these
obscuration and anisotropic cffect s, Oplical depths
to cim-wavelenigth radiation are usually negligible
circtnmmuclear gala ctic environments, even for the ex-
tremely comn pact ULIRGs. I radio bolometric huni-
nosity relation holds across the radio-guict seg iment of
the extragalactic zoo ol active nuclel, and if the RQQ
radio cmission is isotropic (which we as yet have no
reason to doubt ), sensitive radio flux de ns ity mea-
swrements may become the tool of choice to establish
arguably the mostimportant paranmeter of” an AGN,
s Juminosity. Tn ca ses w here dust andl gas are preva-

leut (e .g. Sy2 obscuring tori), radio observations nray
he our only p robe of the nuclcus,

The fact ot this correlation is surprising, given
the cevidently disparate wechani sms for the produc-
tion of radio and optical/UV cmission i vadio quiet
quasars. The recent demonstration by 1, onsd al © and
Barvainmis (1994) that the radio emmission inradio- guiet
AG Nefrequently displays high (non-thermal) brigh -
ness te miperatures strongly suggests that t he ernission
i< due to synchrot ron radiation, as in radio loud ob-
Jeets. By contrast, most of the bolometric luminos
ity in RQQs appears to be the rinal in nature, even
though there is heated debate regarding the Jocation
of the ther mally ¢mitting material . 1tis far from elear
w hy radiation enatted by completely different mech-
amsins, and possibly from quite different regions of
the AGN, should be so closely related.

The bimmodality of the distribution of radio to opti-
cal flux density ratios deseribed above is an nmportant
ctue to this puzzle. The distribution of R, the radio
10 optical ratio, for the radio loud population is ex-
tremely broad, covering several orders of magnitude,
T'his (list ributionis statistically dramnatically different
from the well-defined peak shown by the RQ quasars.
Pither the i, component luminosities have a sharply
truncated distribution near the R /RQ boundary at
log 1= 1.0, as suggest ed by SMW P or this hroad
distribution extends well into the ran ge of the radio
quict quasars, The evidence from the BQS s that
fow i f any quasars he below log '~ 1 (Keller-
15 el al. 1989), This strongly sugy ests that atwo
conpone ntodel for quasar radio ennission is appro
priate. The first, ancl better known component would
he the one responsible for the radio emission from
radioJoud quasars, identificdwith a paasce-scalerel-
ativis tic JeUaced with synclivotron plas ma. W'e will
refer to this as the R componenit. T'he second com-
pon ent, which we dub the RQ camponent, wiay bhe
present e all qua sars; hut W il tld be swarp ed by the
more powerful R1, component in radio joud objc ers.
Only whenthe RL componentwas extremelyweak (11
absentwould the flux density of this h ypothetical RQ
conpou cut he measurable s the tominosity of the
RQ radio component which correlates well with the
bolometric lmmmosity of the quasar in this pictiure.
Alternately, a switch mechanisi must operate which
scelects between the R1 (c.g. relativistic JeU) anech -
nisin at high Rand RQ ([f). non-rel ativistic wind)
cmnission il foy 110 2= 0. W confine our discussion
heretothe RQY o111 ponen”



Unfortunately, we have very limited observational
information with which to infer the properties of this
RQ component. The results of Lonisdale and Barvai-
nis (1904) suggest, but do not Prove, that th e com -
ponient has ascale size of less t han a few parsces.
Spectralinformation onthe component is alinostnon-
existent, the most extensive work to date being that
of Autonueei and Barvainis (1988) who demonst rated
th at spectral indices exhibit a wide range ina sinall
heterogene ous sanple of RQQs. They (1KW atten-
tionto the occasional presence of flat spectraathigh
frequencies, speculating that suelr emission may be
thermal in origin. T'o our k nowledge, no polarization
information is avail able. Because of sensitivity cor -
siderations, it is difficult to observe objects which, in
the above two component picture, we are confident
are dominated by the RQ cornp onent. C onsequently,
eve nthe above tentative imferences are subject to the
possibility of substantial contamination frorm a w-cak
R1 component. Until new data are available, we are
reduced to speculation on the possible nature of this
RQ component, knowing only that it may bhe com-
pact, and that its power is highly corvelated with the
bolometric lunminosity of the quasar,

Once possibility is that the RQ component is in-
deedcompact, and that it is due to synchrotron ra
diation. Inmany astrophysical contexts, synch rotron
radio emission occurs as a result of electron aceeler-
ationinshocks, an d we can speenlate th at the me-
chianical energy neeCssary to drive the accelerating
shocks originates from thie radiation pressure of the
central source, thus producimg the observed correla-
tion with bolometric lnminosity. Aviother possibility,
mentioned by Antonnceci and Barvainis (1988) is that
the emission is not comp act, and represents the low-
f’r(;(]u(\n('y tail Of a ('(‘lllvl'}l”y» heated thernmal con upo-
nent. Forthis 10 be the case, the VLBl detections ot
Lonsdale and Barvainis (1994) would have to be due
to a contaminating RL coruponent. Detailed spectyal
and polarization information on a se unple of RQQs
is required o address hese various possibiliti es, and
will he reported elsewhere.,

\Wre have used this correlation to investigate t he
hypothesis that the ULTRGs in our sample contain
eimbedded AGNs. If the VEBL-scale radio emission
from ULIRGs originates in normal radio guict AG N,
t he amplied bolometric lurninosity, reprocessed by cir-
cunmmuclear dust into the 1R, s roughly equal to the
observed FIR Tuminosity with an uncertainty of ovder
a factor o two. This result lends considerable support
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to the notion that the most comipact, highest Tmininos

ity IR gala xies are powered in large part by a huried
AGN, and provides room for doubt that a major parl
of the Tumminosity s supplied by a starburst. Any
model which in vokes a nucleair starburst as the encor-
getically dominant component st inelude the pos

tulate (hill the VEBL-scale eiission comes from sorne
thing other than a normal RQQ, specifically some-
thing with a ratio of radio to bolometric lominosity
signtficantly higher than that of RQQs. Candidates
might include clusters of nltraluminous radio super-
novae (butsee LSL for observational evidence severely
constraining suelra 1110 1( '1), andanornalouslyradio
lo ud AGNs, then properties preswtnably modified by
the dense medivm in whieh they must be em bedded.

Animportantquestion to resolve concernstheor -
gin of the intermediate-scale radio emission from the
ULITRGs. Only ~10% Of the total 1.6 Gz radio enis
ston was Lypically de tectad inour V LB experitnent.,
The remaining ~90% originates on larger size scales,
(.05 to 0.5 arescconds, or typically a few hun dred par-
sces, and hias a characteristic brightness temperature
of 10310107 K (see 1S T, (11 )727). W'e cannotreasor -
ably attribute this enssion to nermal RQQs, heeause
the mpli ed bolometric Tnminositios W ould he exces
sive, moving the ULTRG s well ofl the relationship
for the R QQs in Pigure 4. Funda mental Iy, the ques
tion is "Wy does the core radio emission follow the
ROQ radi o/op tical relation desceri bed above, while
the intermediate scale enssion {(corrected by ¢ 1V'F
for putative - f extinetion, sce hGlow)rotighly follows
theradio infrared relation for mormal mfraved -bright
palaxies?”

CHY'T attribute this few 100 parsce scale enns
sion to com pact starbursts, and explain the flatiess
of t heradio spectra of many objeets by free-free als-
sorption i the dense interstellar medinm which has
been inferred to exist on these size sCales from inter-
ferometrie molecular line studies (eg. Scoville 1992)
inthe ULTRGs. <1 hey also explain the siguificant de-
part ures of several objects fram the well establisled,
o xcellent correlation be tween global IR and radio
flux for galaxies (Helou, Sotler and Rowan- Robinson
1986), by sucly absorption. Thisisanappealing (0 x-
planationforthe fow 1007 PAYSCCgealc radio cnission,
and, if it s corr ect, we deduce that the contribution
of the starburst to the tot al FIR Tuminosity for the
objects iy our saniple is roughly comparable to the
contribution from (he hypothetical buried AG N,

Lo this picture the question arises as to why the



starbwrst and AG N Juiniinosities should be conipara-
ble i1 our smmple, an d whywedonot have many
objects in which either the starburst or the AGN
dominates? We specnlate that st arburst -dominated
objects may indeed exist within the CHY'T sample,
since LSL observed only the most compact 31 objects
out of the CHY' P sample of 40 and the remaining
9 less compact objects may be the hest candidates
for being starlhurst -donmnated, The lack of AGN-
dominated objects may indicate that there is some
sort of physical link b etween t1ie starburst and the
AGN inthese dust enshrouded objects; ¢g. the size
of the starburst controls the fuel rate to the nu cleus
or the POwer of the AGN controls the size of the star-
burst it triggers.

A 11 alternative explanation of the few 100 parsce
scale radio cimission is that it originates fron syii-
chrotron plasma well mixed with the dense moleculan
g,y i the CHYE iequre, but that star formation
is not required to produce thig plasma and thatitul
timately originates instead from the obscured AGN
A s discussed above in the context of possible origins
for the RQ component in AG Ns, the central AG N
power sourcein a ULTRG could convert a chavacteris
tic proportion of its hnminosity to mechanical energy,
which drives particle-a cecleratingshocksinto the sur-
rounding dense interstellar medivmm. “The resalting ra-
dio ennssion would be qualitatively indistinguishable
fron n starbu rsi-related emission using curr ent data.
While suely a mechanisin is clearly plausible, we nust
then explain wliy the free-free corrected radio flux
densities from the ULTRG s conform to the stan dard
ria{/rt((lio correlation. This corrclation is normally
explained in terins of the hink with massive stars,
The number and size of these stars determine both
the encrgy mput for dust heating via photospheric
UV radiation, arid the supernova-driven e norgy in-
put for synchrotron plasma via shocks. We instead
spec ulate that the ratio of IIR-t o radio luminosity
is determined by the fundamental propertios of the
dusty gas. We suggest that the input of radiative and
miechanical energy 1o this material, by massive stars
or a central AG N, leads to a characteristic radio/FIR
spectral cnergy distribution that deprends Little on the
details of t hie energy source.

If this picture is correct, it is possible that any
starburst that is 1 progross inthese objects may he
encrgetically insignificant Thie galiixies could then be
viewed as youthful AGNs, normal in all respects ex-
cept for the presence of a dense circimmnuclear shroud
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of dusty and nOHlec ular material. "T'his shroud is
heated and shocked by the AGN| and criits copious
IR and radio emission in proportions characteristic
of dusty gas clouds, This picture is comnpatible with
our recent vesult that thie Ol megamiser in Avp 220
is located on pe scalcs, probably ina dusty molee -
lar torus surronnding the AG N and that most of the
observed in frared power must have originated i o
very near t he torus to provide a sullicient reservoir1o
putnp the maser (Lonsdale et al. 19{)71).

Althoughwe have conclidedfromthic analysis 1)1(-
sented n this paper that itis quite possii) 1 for a
dust-enshrouded RQQ to power the infrared cmission
from the ULIRG g, we have not, of course, proved ¢ g
an RQQ docs power {he eussion. I the question s
appraached from the opposite direction and one asks
whether thiere is sufficient power Ina nu clear st il -
burst to p ower the observed far- infraved Tuminosity
thiewwa similar conclusion is reachied: the observed nu-
clear radio continuun and Hovluminositios appear 1o
be consistent with a starburst mterpretation of the
far- infrared cmission, after suitable extinetion correc-
tion at Ila, without requiring the presence of anaddi -
tional AGN energy sonrce (CHY'T Armus, Heekiman
and Milex 19 89), but this does not p rov e that an AGN
does not contribute to the ¢ nussion.

The definitive ohservational test with which to try
to discriming e betwecn these possibilities would be
to map the radio enission in detal on size seales inter.
mediate between cutr rent VEBI dat a and the CHANTE
8.4 GHz VI A Jiages.
referenced imaging wit It the VEBA are currently un
derway. \ (¢ can speculate that an AGN ori gin for
the intermediate scale radio cmnission would lead to

Initial attempts atplhiase -

a more centrally condenised brightness distribution,
corresponding to a central concentration of mechani.
cal ¢11¢ "2y density, andperhaps o asyinnnetricnon -
spher ical geometry. 1o particutar we might expeet
structure similar to th at of SeyTert gida xie s such as
NGOHH S (Wrobel TUG0), which shows a bipolar ap.
pearance without high collimation.

We wish 1(, thank Dave Sanders for discussions
about thie Sanders ef al. ( 1989) comprehensive work
0 1 1
which motivated our attempts to imvestigate b olomet.
1ic hnninosity correlatio ps, Matt Malkan for provid-
ing us with TUL spectra from St and Malkan (1989)
and John Stocke for providing clarification on the
work of SMWE W o thank ananon ymous yeferee for

continuurdistribupions of BQS quasars
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Figure 2: The Total 6cm Radio Power vs Integrated Luminosity for the 97 BQS quasarsin our sample. a) Pr,yq vs. Optical Luminosity (log
Vrest = 14.6- 15.0)as defined in the text. b) Pryq vs. Optical-UV Luminosity (log v,e.s = 14.5 — 1.5.3). C) Proear vs. Optical-X-ray Luminosity
(log Vreet = 14.6 - 17.8) calculated by method #1.d) Pryq vs. Optical-X-ray Luminosity calculated by method #2.
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3QS (Z < 0.6; log R < 1.0) — 6cmRcdio Core Power vs. integrated Luminosity (O-X2)

[{e)
A

N ‘ ‘

Core
24

N
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Figure 4: The 6cm Radio Core Power vs Integrated Optical-X-ray Luminosity for a subsample of the BQS(z < 0.6;log R < 1.0). The straight line
is a regression ft by EM Method:log Pcore = 1.07- log Lo-x2 -L 8.85.
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