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ABSTRACT

We report newK-band, radio continuum, and CO (1-0) imaging observatiows&0um photometric obser-
vations of PDS 456, the most luminous QSO in the local unevés< 0.3). The 06” resolutionK-band image
obtained using the Keck telescope shows three compaet 16.5 (Mx ~ —21) sources at a projected distance
of ~ 10 kpc to the southwest, and the host galaxy of PDS 456 mayteeagting or merging with one or more
companions. The observations using the OVRO millimetexyalnas revealed a narrow CO (1-0) line (FWHM =
181 km s?) centered az=0.1849, and % 10°M, of molecular gas mass is inferred. Radio continuum lumigosi
is nearly an order of magnitude larger than expected frofalRsluminosity, and the radio source, unresolved by
the 2’ beam of the VLA, is dominated by the AGN activity. Our 8sth photometric observations suggest that
the cold dust content of the host galaxy is less than one h#dtecamount in Arp 220.

The analysis of the spectral energy distribution reveath B0QSO-like and a ULIRG-like nature, and the
observed IR, X-ray, and gas properties suggest that the AGiNitg dominates its luminosity. PDS 456 dis-
plays many characteristics expected of an object undeggoinansition from an ultra-luminous infrared galaxy
(ULIRG) to a classical QSO phase as proposed by Sanders, enh@uding an optical spectrum dominated
by broad emission lines, large X-ray and IR luminosity, agéacold gas/dust content, and an extremely large
Leir/Mp, ratio (= 100Ls /Mg). ULIRGs and IR QSOs form a broad continuous track in ther‘fstanation effi-
ciency” plot in the manner consistent with the ULIRG-QSOnhsition scenario, relating the evolution in the dust
processed luminosity with the available fuel (gas and deigpply. However, the location of PDS 456 is clearly
offset from the apparent track traced by the ULIRGs and IR 8®this plot. Therefore, PDS 456 appears to be
a rare, exceptional object, and the duration of the phygigatess governing its present properties must be short
compared with the length of the luminous QSO phase.

Subject headingggalaxies: active — galaxies: starburst — infrared: gakxieradio lines: galaxies — quasars:
individual (PDS 456, IRAS 08572+3915)

1. INTRODUCTION scenario.

If the same underlying physical process continues to dnige t
formation and evolution of massive galaxies and black holes
today, then evidence for such activities may still be observ
able. Citing both starburst and AGN activities along with
large molecular gas contents among the most luminous in-
{rared galaxies in the local universe, Sanders et al. (1988n
gested an evolutionary connection between ultraluminaous i
frared galaxies (ULIRGs) and QSOs. Possible formation sce-
narios for supermassive black holes inside ULIRGs have been
'suggested by several theoretical investigations (Weed:988;
Norman & Scoville 1988; Taniguchi, Ikeuchi, & Shioya 1999).
Ubiquitous presence of one or more luminous active galactic
nucleus among ULIRGs has been questioned recently (see Gen-

The remarkable similarity between cosmic star formation
history (e.g. Madau et al. 1996) and quasar evolution (e.g.
Shaver et al. 1996) suggests an intriguing possibility &ved
evolution between galaxies and massive black holes in the un
verse. This is strengthened by the observed correlatiavdeet
black hole mass and mass of host galaxy’s spheroid componen
(Magorrian et al. 1998; Ferrarese & Merritt 2000; Gebhatdt e
al. 2000). The bulk of star formation and AGN activity in the
early universe may have been driven by mergers of massive
dusty, and gas-rich galaxies (see Blain et al. 1999), anhitgie
frequency of submm continuum detections of high redshift op
tically selected QSOs (about 30%, see Omont et al. 2001; Car-
illi et al. 2001) also support the coeval formation and etiolu

1 Current address: Royal Observatory, Blackford Hill, Edirgh EH9 3HJ
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zel etal. 1998; Tacconi et al. 2002), but nevertheless & dilols ing the NIRCtools package written by D. Thompson and run

between the QSO and the ULIRG phenomenon appears to existising the Image Reduction and Analysis Facility (IRAAjhe

and deserves further investigations. fractional offsets used to combine the images were deteunin
Here, we report a detailed multi-wavelength observational from the IRAF task IMALIGN which centroids on several point

study of PDS 456 (IRAS 17254413), the most luminous  sources in the field common to all of the images. The resulting

QSO in the local universez(< 0.3), in order to shed further  rotatedK-band image is shown in Figure 1.

light on the ULIRG-QSO connection. As part of a system-

atic survey for young stellar objects at Pico dos_ Dias Obser- 2.2. 8.5 GHz and 1.2 GHz Imaging at the VLA

vatory, Torres et al. (1997) have obtained an optical spactr

of the 15th magnitude stellar object PDS 456, selected based Radio continuum image of PDS 456 at 8.5 GHz (3.6 cm)

on its bright IRAS detectionSs,m = 750 mJy, Seo.m = 930 yvavelength was obtained using the Very Large Array (VEA)

mJy). To their surprise, its optical spectrum is dominatgd b In Socorro, NM, on January 13, 1998. The observations were

broad emission lines characteristic of a QSO at a redshift of made in the D-configuration using 14 antennas in the con-

z=0.184. When corrected for extinction, its absolute B mag- tinuum mode with 100 MHz total bandwidth. The nearby

nitude of-26.7 is 30% more luminous than 3C 273, the most quasar 1736130 was observed periodically to track the in-

luminous quasar in the local universe previously known. Be- strumental gain, and 3C 286 was used for absolute flux cal-

cause it is located near the Galactic Plabe ¢-11°), confu- ibration. The data were calibrated and imaged following the

sion is a serious problem at 1Q@, and only an upper limit of standard proced_ure Wlthln the NRAO AIPS _software system.

Siooum < 1 Jy is offered by the IRAS data. Nevertheless, both The naturally weighted image has an rms noiseco£ 21 .Jy.

So5m/ Seoum = 0.81 andSeo,m/ Stogum > 0.93 suggest PDS 456 PDS 456 is detected with a peak flux density &4 0.9 mJy

is a warm IRAS source, consistent with the presence of a lu- (Psserz = (3.5+ 0.7) x 102 W Hz™)*, unresolved by the syn-

minous AGN (see de Grijp et al. 1985; Yun et al. 2001). Its thesized beam of 13x 8" (PA=-29°) in size.

60 xm luminosity alone i’L, ~ 10'?L,, high even among the Radio continuum image of PDS 456 at 1.2 GHz (25 cm)

ultraluminous infrared galaxies in the local universe. fefiere ~ Wavelength were obtained using the VLA on July 16, 1999. The

presence of significant amount of molecular gas and assdciat Oobservations were made in the A-configuration using 27 anten

massive starburst is a strong possibility although not alirv nas in the spectral line mode with 6.25 MHz total bandwidth.

ultraluminous IRAS sources are detected in CO emission (seeThe nearby quasar 173030 was observed periodically to track

below). the instrumental gain, and 3C 286 was used for absolute flux
Given its large bolometric and IR luminosity, PDS 456 repre- calibration. The naturally weighted image has an rms ndise o

sents a particularly important object, potentially repre;iga 10 =0.26 mJy. PDS 456 is detected with a peak flux density of

critical transition between an ultraluminous infraredaygland ~~ 24+5mJy P126H2= (1.9£0.4) x 1074 W Hz™), unresolved by

a bona fideQSO with large optical/UV luminosity and broad the synthesized beam of 4 2” (PA=22) in size. The best as-

emission lines. We have investigated the nature of the hosttrometric position of PDS 456 is derived from this image, ethi

galaxy by obtaining a high resolution image using the Keck is «(J2000) = 17" 28" 19°.78 and$(J2000) =-14° 15 56!'12

telescope in th&-band where the QSO-host contrast may be With an uncertainty of less thar{'a.

the most favorable for revealing the underlying galaxy. We

have also imaged PDS 456 using the VLA in order to locate the 2.3. CO (1-0) Imaging at OVRO

non-thermal activity with subarcsecond accuracy and CO)(1— ) i

emission using the OVRO millimeter array in order to deter-  APerture synthesis CO (1-0) observations of PDS 456 were

mine whether the host galaxy contains a large amount of molec Carried out using the Owens Valley Millimeter Array between
ular gas, typical of ULIRGs. Finally, submillimeter cortinm April 2000 and May 2001. .There are six 10.4 m dlameter/tele-
measurements have also been obtained using the SCUBA cam3COPes in the array, providing a field of view of about’75
era on James Clerk Maxwell Telescope (JCMT) in order to con- (FWHM) at 100 GHz. The telescopes are equipped with SIS
strain the thermal dust spectrum and dust mass. We examind€ceivers cooled to 4 K, and typical single sideband system t

these new observational results in terms of the ULIRG-QSO PeraturesTssg were between 250 and 350 K. Baselines of 15-
evolution scenario. 115 m E-W and 15-115 m N-S were used. The total on-source

integration time was about 28 hours.

2. OBSERVATIONS The redshifted CO (1-0) line at=0.184 occurs at 97.3574
GHz. A digital correlator configured with 1204 MHz chan-
nels (12 km ') covered a total velocity range of 1440 km

Near infrared observations of PDS 456 were obtained ons™. By tuning the receivers to this frequency, the spectrome-
September 1, 2001 with the Near Infrared Camera (NIRC) on ter covers the redshift range pf£ 0.1811-0.1869. The nearby
the W. M. Keck telescope (Matthews & Soifer 1994). Obser- quasar 1736130 was observed at 20 minute intervals to track
vations were carried out using tikefilter centered at 21 um the phase and short term instrument gain. Uraiigis (120 K),
with a FWHM of 043 um. The final image was constructed Neptune Tz = 115 K), 3C 273, and 3C 454.3 were observed
from the 8 dithered images with 30 second exposure time eachfor the absolute flux calibration. The data were calibrated u
for a total exposure of 240 seconds. Seeing wé$ 8s mea- ing the standard Owens Valley array program MMA (Scoville
sured from several point sources in the field. The dithered im et al. 1992) and were mapped and analyzed using the imaging
ages were dark-subtracted, flat-fielded, and then combised u program DIFMAP (Shepherd et al. 1994) and the NRAO AIPS
2 |RAF is written and supported by the IRAF programming grotitha National Optical Astronomy Observatories (NOAO) irc$an, Arizona. NOAO is operated
by the Association of Universities for Research in Astrogd®URA), Inc. under cooperative agreement with the Natideence Foundation.
3 The National Radio Astronomy Observatory is a facility af tiational Science Foundation operated under cooperagieement by Associated Universities, Inc.
4 The quoted uncertainty in the flux density reflects the 20% ety in the transfer of the absolute flux scaling.

2.1. K-band Imaging at the Keck telescope
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software system. The uncertainty in absolute flux calibrati  and the host galaxy may have undergone a tidal interaction or
is about 20%, mainly due to the uncertainty in transferrmgt  a merger recently. Fad, = 75 km s* Mpc™?, Q, =0.3, and
calibration between the source and the flux calibrators.pthe Q) =0.7, angular distance for PDS 456zat 0.185 is 595 Mpc,

sitional accuracy of the resulting maps is better tha(’'5. and the angular separation df 8orresponds to a projected dis-
tance of 9 kpc, which is the natural size scale for the undegly
2.4. 850pm Photometry host galaxy or companions. The source count shown in Figure 2

The 850um photometry observations were conducted on Oc- suggests that the probability of a randsi 16.5 source falling
tober 26 & 29, 2002, using the submillimeter camera SCUBA Within a 3’ radius of any given position is less than 1%. The
on the James Clerk Maxwell Telescope (JCMT) in a photom- likelihood of a chance projection fdhreerandom sources of
etry mode. The 225 GHz zenith opacity was 0.1 and 0.06, re- this magnitude within 3 of PDS 456 is less than 19 There-
spectively, on those days, and high temporal resolution-mea fore, a random occurrence of three foreground or background
surements from the JCMT line-of-sight water-vapor raditene ~ sources near the position of PDS 456 is extremely unlikély. |
were used to correct for the opacity variations. The flux-cali they are at the same distance as PDS 456, thdiand abso-
bration was done using Uranus. Due to the early times in the lute magnitudeNlk) ranges between20.7 and-21.1, which
night, the atmosphere was somewhat unstable. This was comis about 4 magnitudes fainter than that of langalaxy. At-
pounded by the low elevatiofE( ~ 30°) of the source at the ~ tempts to subtract the QSO image using the PSF derived from
time of the observations. The sensitivity achieved is al2oit ~ calibration stars were not successful in revealing any dyde
mJy (o) after a total of 2 hours of integration. The data does ing structures within- 4 kpc of the QSOMk =-27.5). An L* .
not reveal any positive emission above the noise level, it t Stellar host may be present underneath the QSO image, but it
30 upper limit of 7.5 mJy at 85@m provides a useful con- ~ cannot be determined by our present data.
straint on the dust continuum spectrum and the amount of cold A faint extension to the southwest of the QSO is also vis-

dust associated with the host galaxy of PDS 456. ible even in the Digitized Sky Survey and 2MASS plate im-
ages. This feature is not clearly resolved by these low res-
3. RESULTS olution images, however, and little else can be learned from

them. In an unpublishedband image obtained with the Pico
_ ) ) ~dos Dias Observatory 1.6 m telescope in 1999 by F. Jablonski
_The final co-addedK-band image of PDS 456 is shown in  ynder a good seeing condition, sources K1 and K2+K3 appear
Figure 1. The point-like QSO and the point spread function clearly resolved, and the K1 source, which appears extetoded
(PSF) of the telescope dominates the image, and three compaGyard the QSO, has&band magnitude of 18-+ 0.2 while the
sources lying about3to the southwest of the QSO are seen combined brightness of K2+K3 is 154+ 0.1 (F. Jabloski & C.
(named K1, K2, and K3). We performed aperture photometry Torres 2003, private communication). The K colors of K1
on the QSO as well as the three compact components, and th@nd K2+K3, 15+ 0.3 and 19+ 0.2 respectively, are somewhat
results are summarized in Table 1. Photometric zero-panés  redder than the ensemble average color of 2MASS galaxies,
determined using separate observations of several stastdas <J-K >=1.2, but they are consistent with that of a stellar sys-
observed at varying airmass throughoutthe night. Apedare  tem located at the redshift of the QSO when the foreground ex-
rections were made for the 5, 7, and 20 pixel radius aperturetinction (see § 4.2) and tHecorrection are taken into account.
for K1, K2+K3, and the QSO, respectively. We derkeband  |n an imaging survey of 20 nearby luminous QSOg at0.3
magnitude of B9+ 0.02 for the QSO. After subtracting the  ysing the HST, Bahcall et al. (1997) reported finding eigieo
wings of the QSO, we derivek-band magnitude of 18+0.2 panion galaxies with-band magnitude within 4 magnitudes of
for K1. K2 and K3 are approximately equal in brightness, and | - at projected distances less than 10 kpc. Other HST imaging
the combinedK-band magnitude is 16+0.1. The near-IR  stydies have also reported a high frequency of tidal taits an
photometry for the QSO reported by the Two Micron All Sky  close companions associated with the nearby luminous QSOs
Survey (2ZMASS: Skrutskie et al. 1997)ng = 1203+ 0.02, (McLeod & McLeod 2001; Dunlop et al. 2003). Therefore find-
my =1108=+0.02, andmk = 9.86+0.02 (see Table 2), in an  ing compact stellar systems surrounding PDS 456 itself is no
excellent agreement with our measurement. The absolute asynusual, but the large number and the asymmetric distabuti
trometry for theK-band image is good to only about,land are curious. The asymmetry and the clumpy appearances are
the astrometric information is improved by replacing the th  similar to the features seen around 3C 273 (Martel et al. 2003
K-band QSO centroid position with the radio centroid pogitioc gnd PKS 2349014 (Bahcall et al. 1997; McLure et al. 1999),
(82.2). and therefore these stellar clumps are also likely the resred

~The whole co-adde#(-band image is about S0y 50" in a recent accretion or a merger event. A definitive charamteri
size and includes about 90 sources brighter tian20. The  tjon of the nature of these clumps will require a more seresiti

integrated source count is shown in Figure 2. The number den-higher angular resolution imaging using the HST.

sity of sources brighter thak = 165 is abom;gtO}O per square

arcminute, and this corresponds to about objects per .

square degree, which is nearly two orders of magnitudeshigh 3.2. CO (1-0) and 100 GHz Continuum

than theK-band galaxy count in the field (e.g., see Fig. 2 by = The CO (1-0) channel maps of PDS 456 are shown in Fig-

Djorgovski et al. 1995). A natural explanation for the ele- ure 3. The naturally weighted image has a synthesized beam of

vated source count is that PDS 456 is located in the directionabout 70” x 4.8” (PA=9°). Emission features brighter than

of Galactic Center, near the Galactic Plane] at10°.4 and 6 mJy bearit (40) are seen within ‘3 of the QSO position

b=+11°2. Therefore foreground stars likely account for most marked with a cross at channels corresponding to 97.269 GHz

of the sources found in th€-band image. and 97.301 GHz. The CO (1-0) spectrum obtained at the QSO
The three compact features K1, K2, and K3 found adjacent position after smoothing to the 16 MHz (49 kritsand 64

to the QSO are very likely physically associated with PDS,456 MHz (197 km s') resolution is shown in Figure 4. The thick

3.1. K-band Image
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solid curve is a model Gaussian line profile with- 25 MHz ing the presence of a beamed radio jet in 3C 273. This part of
(77 km s FWHM = 181 km s') centered at 97.283 GHz  the SED contributes little to the total luminosity, however
(z=0.1849). The velocity integrated line flux is46+ 0.29 The SED of PDS 456 covering the far-IR through radio wave-

Jy km st. At a luminosity distance of 834 Mpc, this trans- lengths is modeled using the dusty starburst SED model by Yun
lates to a K mass of 9« 10°M, using the standard conversion & Carilli (2002) and is shown using a solid curve in Figure 5.
factor derived from the Galactic molecular clouds (see Yun As in QSOs 3C 273 and | Zw 1, non-thermal emission from
& Scoville 1991). This derived FHimass is on the high end the AGN dominates the short wavelength< 50um) part of
of the mass range found for PG QSOs (1x1@°M,, Evans the SED in PDS 456, but dust reprocessed AGN emission and
et al. 2001; Scoville et al. 2003) and is only slightly lesarth  light from young stars should account for the dust peak from
those of ULIRGs (2-%10'®M, using the same conversion, e.g. millimeter to FIR wavelengths (e.g. Rowan-Robinson 1995).
Solomon et al. 1997). There are no continuum detections of PDS 456, only upper lim-
The spatial resolution of the CO data is about 21 kpt5 its, between 100 GHz (30Qdm) and 2000 GHz (15pm), and
kpc, and the CO emitting structure is not expected to be sub-therefore there is only limited information to constraie ttold
stantially resolved. However, the centroids of the brigh@O gas content and cold dust properties. The turnover in the FIR
peaks in the two channel maps shown in Figure 3 are offset fromdust peak occurs at a much higher frequency, near 6000 GHz
each other by about’26 kpc). Given the low S/N of the data, (50 um), implying the dust temperature is on average much
this displacement of the peak positions may not be veryfigni higher than that in Arp 220T ~ 45 K, Scoville et al. 1991;
icant. On the other hand, the displacement of the blueshifte Yun & Carilli 2002). The model SED shown in Figure 5 is
CO peakiis in the direction of the two-band sources K2 & K3~ chosen to match the 100m measurement by Reeves et al.
(see Fig. 1). These twk-band sources are likely associated (2000) and has dust temperature of 120 K in its rest frame.
with the host of the QSO (see § 3.1), and this apparent align- This means a substantial amount of dust in the host galaxy of
ment with the CO displacement, perhaps fortuitous, addsgot PDS 456 is exposed to a significantly higher mean radiation
possibility that the molecular gas associated with PDS 48 m field and to the high energy photons originating from the AGN.
be extended over 5-10 kpc scales. The total dust mass derived from the existing SED data, assum
The data from the image sideband of the OVRO receivers ing Ty = 120 K and emissivity3 = 1.5, is 04 x 10'M, (using
are also cross-correlated to produce continuum visibdldya Eq. 3 of Yun & Scoville 1998). Both the dust mass and tem-
centered at 100.3574 GHz. The 100 GHz continuum image ob-perature are well within the range of dust properties derive
tained from these visibility data has an rms noise of 0.2 mJy for a large sample of Palomar-Green (PG) QSOs by Haas et al.
beam?, and no statistically significant source is found with the (2000, Ty = 20-120K, Mg = 10’*M,,). The effective diame-
field of view of the interferometer. From this we can place an ter for the emitting area is about 135 pc (using Eqg. 4 of Yun &
upper limit of 0.6 mJy (3) for the QSO continuum flux den-  Carilli 2002), which is similar in size to the nuclear stardtue-
sity at 100 GHz. The continuum spectral energy distributibn  gion in Arp 220 (Scoville, Yun, & Bryant 1997; Sakamoto et al.

PDS 456 is discussed in greater detail below. 1999). The strong mid-IR emission from PDS 456 and 3C 273
are indicative of abundant warm and hot dust (a few hundred to

4. DISCUSSIONS 1000 K), and this is a clear indication of an energetic AGN in
4.1. Spectral Energy Distribution of PDS 456 these objects (see Figure 10 of Yun et al. 2001). The measured

i i ) radio continuum flux density of PDS 456 is 8 times larger than
The spectral energy distribution (SED) holds information o what is expected from a starburst system with the same FIR lu-
the temperature and the physical processes involved, évenw  minosity, and this is a clear indication that a radio AGN isoal
the angular resolution of the observations are insuffictent  presentin PDS 456.
yield any structural information. In examining the ULIRG- ~ The total dust mass of PDS 456 could be potentially much
QSO connection, a comparison of the SEDs is particularly use |arger if substantial amount of coldif ~ 10-40 K) dust is
ful since the underlying physical processes and host galaxypresent. The best constraint on the cold dust content cane fr
properties can be directly compared. o our new 85¢m measurement made using the SCUBA camera
_The SED of PDS 456, shown with large squares in Figure 5, on JCMT. As shown in Figure 5, the dust continuum emission
nicely demonstrates its QSO-like and ULIRG-like natureeTh  from Arp 220 should have been detected by our observation
SEDs of the previously most luminous QSO 3C 273(.158), with S/N > 5. The 3 upper limit at 850:m shown here sug-
an IR luminous radio-quiet QSO | Zw 2£ 0.061), and the pro-  gests that the total cold dust mass of PDS 456 is less than one
totypical ULIRG Arp 220 ¢= 0.018) are shown after redshift-  half of the amount in Arp 220Ty ~ 45 K). The model SED
ing their continuum spectra = 0.185 for a direct compari-  for PDS 456 shown in Figure 5 is consistent with that of the
son. The SED data for PDS 456 are also tabulated in Table 2.Composite Starburst+QSO System | Zw 1 with estimated cold
The SED data for 3C 273, | Zw 1, and Arp 220 come from qyst mass of (+6) x 10'M, (Hughes et al. 1993; Haas et al.
the NASA Extragalactic Database (NED) and literature. The 1998; Andreani, Franceschini, & Granato 1999). More sensi-
SEDs of PDS 456 and 3C 273 are remarkably similar and aretjye submillimeter continuum measurements are neededto co
essentially identical between the far-IR (FIR) and optwabe- strain the total dust mass in PDS 456.
lengths. When corrected for extinction &f ~ 1.5, the bolo- A useful insight into the AGN contribution to the observed
metric luminosity of PDS 456 becomes about 30% larger than F|R and bolometric luminosity can be obtained by examining
that of 3C 273 (Torres et al. 1997; Simpson et al. 1999). Iden- its hard X-ray luminosity. The best-fit model spectrum foe th
tified as one of the “warm ULIRGs" that are possibly in tran- BeppoSAX measurements yields an intrinsic 2-10 keV lumi-
sition from galaxy to quasar by Sanders et al. (1988b), 3C 273 nosity of about 53 x 10* erg s (Vignali et al. 2000, after cor-

has both thermal and non-thermal emission mechanisms conrecting forH,), which is about 10% of its total FIR luminosity,
tributing to its SED (see Courvoisier 1998). The SEDs ataadi |5 =13x 10'.. If the AGN activity should account for a

wavelengths differ by more than 3 orders of magnitude, reflec
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substantial fraction of its FIR and bolometric luminosity)e analysis of the X-ray spectrum that requires a highly iothizie-
would expect the X-ray luminosity of the AGN to be compara- sorber withNy (warm) ~ 5 x 10?4 cm? and an additional cold
ble or larger than the FIR luminosity. While the intrinsicl@- absorber witiNy (cold) ~ 3 x 10?2 cm™ (Vignali et al. 2000).
keV luminosity does not account for the entire FIR lumingsit  However, this inference is highly model dependent.
this fraction is quite substantial, similar to other IR tigop- The CO emission from PDS 456 may instead arise primarily
tically selected QSOs and Seyfert 1 AGNs and and 2-3 ordersfrom the cold gas and dust yet undetected in continuum, rathe
of magnitudes larger than most ULIRGs and composite star-than from the circum-AGN disk traced in IR in Figure 5. The
burst+AGN systems (see Figure 6; also Risaliti et al. 2000; channel maps shown in Figure 3 suggests that the CO emit-
Levenson, Weaver, & Heckman 2001). PDS 456 stands outting region may be extended over a region 10 kpc in extent (see
even among the FIR bright QSOs aslits;xev/Lrir ratio is § 3.2). Even with the physical extent of 5-10 kpc for the CO
an order of magnitude larger than that of IR luminous QSOs emitting region, the dynamical mab,yn is still smaller than
Mrk 1014 and | Zw 1 and two orders of magnitudes larger than the H, mass inferred from the CO luminosity unless the incli-
that of a prototypical ULIRG/QSO system Mrk 231. Therefore, nation of the disk is more face-ong 30°).
the hard X-ray properties of PDS 456 is much closer to optical While the face-on geometry for the dust and gas disks in
selected luminous QSOs, and it can be strongly argued that th PDS 456 and Mrk 231 seems quite secure, a surprising re-
bolometric luminosity of PDS 456 is dominated by the AGN sult is that a general inference of a face-on geometry for nu-
activity. clear gas disks in other QSO host systemsdssupported by
) ) the observed distribution CO line widths. As demonstrated b
4.2. Geometry of the Circum-AGN Disk the discussion above, the face-on geometry requiremesgsari
Most of the warm dust responsible for the mid- and far-IR Mainly from the small observed line widths in the dynamical
emission modeled in Figure 5 has to be located within a ro- Mass calculation. However, when the histograms of observed
tationally supported circum-AGN disk surrounding the cant ~ CO line widths are compared between QSO hosts and ULIRGs
AGN in order to achieve the observed high mean temperature.@S Shown in Figure 7, QSO hosts show comparable CO line
A lower limit to the dynamical mass of the gas/dust disk sur- Widths as ULIRGs. The median CO line width for ULIRGs is

rounding the optical QSO in PDS 456 can be estimated using'arge_rl(AV ~ 300 km §) than that of QSO hosta{V ~ 250
the FIR source size derived in § 4.1 and the gas rotation speedM S°), consistent with the general expectation, but the dif-
derived from the CO line width in Figure 4. Assuming the gas ference is much smaller than expected from the viewing ge-
is in a circular rotation with rotation speed & = 90 (sin i)™ ometry con5|derat|on alone_. Furthermore, the CO line vgidth
km s at a radius of 70 pc, the resulting dynamical mass is observed in three out of nine QSO hosts are larger than 350
R vV km s (FWHM), too large to be consistent with a face-on ge-
— [ ———]%(sin ) *Me. ometry. One solution to this general problem is that theqrars
o 70 pc” 90kmy/s scale circum-AGN disk that dictates the viewing angle of the
This is far smaller than the gas mass inferred from the CO Iu- central source is not aligned with the extended gas/duistais
minosity, 9x 10°M, (see § 3.2), unless the gas disk is viewed ring traced in CO. Since only a few of these objects have been
nearly face-on with an inclination angle smaller thag 8°. imaged in CO or in dust continuum with sub-kpc resolution,
The CO-to-H conversion factor is thought to be 2-3 times  the possibility of optical AGNs viewed through gaps in a &arg
smaller than the standard Galactic value for the warm, densegcgle gas/dust ring or disk at an arbitrary inclination anmyl
clouds in circum-nuclear regions (Scoville, Yun, & Bryant through a highly warped disk cannot be ruled out. Therefore,
1997; Downes & Solomon 1998) while both andRare only  Figure 7 cautions strongly against the common assumptian of

known to a factor of two or SO.. However, these faCtOl:S alone face-on geometry for gas and dust distribution around QWC
cannot fully account for the difference between the inférre yjsible QSOs.,

molecular gas mass and the dynamical mass.

The simple fact that the optical QSO is readily visible re-
quires the line-of-sight to the QSO be mostly free of any ob- 4.3. Dusty QS0 hosts and ULIRGs
scuring material, and this also favors a face-on geometry fo  In the ULIRG-t0-QSO evolutionary scenario proposed by
the circum-AGN disk. A similar inference on the face-on na- Sanders et al. (1988a), an ultraluminous infrared galaxy is
ture and the resolution of the apparent discrepancy betweerthought to go through a warm IR source phase as observed
the derived gas mass and the dynamical mass for gas disksn PDS 456 today with large IR luminosity, warm IR color, a
within ULIRGs hosting an optical QSO (e.g. Mrk 231) has large molecular gas content, and a dust enshrouded luminous
been made previously (Bryant & Scoville 1996; Downes & AGN. In accordance with this scenario, a large number of opti
Solomon 1998). Since PDS 456 is seen through the Galacticcally selected PG quasars that are also detected by IRAS have
plane, some foreground extinction is naturally expected, a been studied in detail and are found to contain large amounts
the spectral slope between the near-IR and optical wavilleng of molecular gas (Alloin et al. 1992; Evans et al. 2001; Skevi
is indeed steeper than expected. The analysis of the optidal et al. 2003). Similarly, the majority of warm ULIRGs are also
near-IR colors, continuum spectral shape, and the Balmer li  shown to be composite objects hosting one or more luminous
ratios all consistently suggests reddening of the QSO light  AGNs and an active starburst fueled by the large moleculsr ga
Ay ~ 1.5 (see Torres etal. 1997; Simpson et al. 1999). Torres etcontent in their nuclear regions (Sanders et al. 1988b).
al. further estimate that the reddening due to the Galacti f IR luminosity and total gas/dust mass are the two key vari-
ground derived from the extinction map of Burstein & Heiles ables characterizing the ULIRG-QSO evolution. Specificall
(1982) and from the diffuse interstellar bands and Na D1liline the transition from a ULIRG to a QSO is driven by rapid con-
their spectra also suggest a foreground reddeniny,of 1.5, version of gas into stars and/or the subsequent growth oa ma
accounting forall of the reddening associated with the QSO sive black hole, followed by the dispersion of gas and dust su
light. The only result that contradicts this conclusionhgt  rounding these activities. Therefore such an evolutionage

Mayn= 1.3 x 10|
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should follow a distinct track in the plot between IR lumiitgs

of neutral and ionized gas, and we identify its proximityhe t

and the total gas mass. In particular, a dusty QSO emergingLgir/Mu, = 100Ls /Mg line in Figure 8, adjacent to tHeona
from a ULIRG phase should show the characteristic large FIR fide QSO PDS 456, as another evidence that AGN activity is

luminosity and rapidly diminishing gas content, distirghable
from ULIRGSs. If the IR-bright QSO PDS 456 is such a transi-
tion object, then it should appear in the bridging regiomsen
the areas occupied by ULIRGs and by QSOs.

To scrutinize the ULIRG-QSO evolutionary scenario further

the primary power source for IRAS 08572+3915.

The rare and unique nature of PDS 456 is further demon-
strated by the fact that the majority of the “warm ULIRGS”",
identified as possible ULIRGs in transition to a QSO phase
by Sanders et al. (1988b), are indistinguishable from other

optically selected IR QSOs, including PDS 456, are compared ULIRGs in Figure 8. Nine out of the 12 “warm ULIRGS” iden-

with ULIRGs and luminous IR galaxies (LIRGS) in a plot of
FIR luminosity Lgr) versus CO luminosityl(-o), which can

be translated into a total molecular gas mads,j using the
standard conversion relation (see Young & Scoville 1991).
This plot shown in Figure 8 is commonly referred to as the
“star formation efficiency (SFE)” plot because historigall

is used to demonstrate that IR-bright starburst systemadatre
only forming stars at high rates but also with a greater effi-

tified by Sanders et al. have been observed in CO thus far. All
nine have been detected in CO, and they are already included
as ULIRGs in Figure 8. All but one of these sources cluster to-
gether with the other ULIRGs in this figure. IRAS 08572+3915
is the one exception, and indeed it stands out from the others
with a largeLgir /My, ratio as noted already. No CO measure-
ments are available for the remaining three (IRAS 0 HX238,
IRAS 120710444, 3C 273), and we cannot rule out the possi-

ciency, producing 1-2 orders of magnitudes more luminosity bility that one or more of these three objects also have tigela
(thus more massive stars) per solar mass of molecular gas. ALrir/Mp, ratio similar to PDS 456. Regardless, we can safely

constant ratio oLgr/Mu, = 100Lg /Mg is an upper bound
to what is expected if massive star formation is primarily re
sponsible for the FIR luminosity (see Scoville & Soifer 1991

and this plot can also offer a glimpse on whether the dust ob-

conclude that objects like PDS 456 are rare, even among the
“warm ULIRGSs".

Morphological studies of QSO host galaxies have found that
not all QSO hosts display evidence of a recent merger while IR

scured powering source is massive stars or has to be a dust erdetected QSO hosts often do (see Bahcall et al. 1997; Clement

shrouded AGN. Among the 14 optically selected QSOs with
measured molecular gas contents (shown in filled circlesy, o
Mrk 1014 is found in the area of high FIR luminosity and a large

2000; Surace, Sanders, & Evans 2001). Because the size of the
accretion disk, mass accretion rate, and total gas masseequ
ment for QSO activity are relatively small, major mergers in

molecular gas mass occupied by ULIRGs (empty circles). The volving two massive gas-rich galaxies is not a necessamging

remaining 13 QSOs fall near thgr/Mp, =10 Lg /Mg line
which is characteristic of less luminous IR starburstsgses;
Sanders et al. 1991). This comparison suggestsaptatally

selected QSOs are distinct from the ULIRG population in gen-

eral, even when their host galaxies are fairly rich in molacu
gas (My, = 10°105M,).

The location of PDS 456 is distinct from most ULIRGS, less
luminous IR starbursts, and even other optically selects@®€

dient for the QSO phenomenon in general. However, given the
high probability of finding more massive black holes in more
massive progenitors (Magorrian et al. 1998; Ferrarese & Mer
ritt 2000; Gebhardt et al. 2000) involved in major mergers as
well as the theoretical possibility of forming and/or grogi
massive black holes within massive merger remnants (Weed-
man 1983; Norman & Scoville 1988; Taniguchi, Ikeuchi, & Sh-
ioya 1999), the likelihood of finding one or more massive klac

in Figure 8. The uncertainty associated with the data points holes in an object undergoing a ULIRG phase should be natu-

plotted in Figure 8 is typically about 20%, and the size of

rally quite high. To this end, a recognizable trend is expect

the error bars should be comparable or smaller than the sizein Figure 8 between ULIRGs and IR-detected QSOs. Indeed
of the symbols used. Therefore the observed scatter in thiSULIRGs (empty circles) and IR QSOs (filled circles) form a

plot reflects substantial variations in the underlying ptsls

continuous distribution in Figure 8 — IR QSOs follow a diago-

processes (see below), far in excess of the measurement unaal Lgir/Mp, ~ 20 Lo /Mg line, which connects smoothly to
certainties. PDS 456 has about 5 times more FIR luminosity the nearly vertical distribution of ULIRGs near Id, ~ 10.5.
than other IR detected PG QSOs and LIRGs with compara- If an IR-detected QSO represents a later stage of evolupien f

ble CO luminosity (molecular gas mass). In fact, it is one of
the objects showing the most extretmgr /My, (Lrir/LEo) ra-

tio, and such a highgr/My, ratio is reasonably expected if
a large fraction of the FIR luminosity arises from the iongi
radiation originating from the AGN. Another noteworthy ebj
with a similarly extremé_gr/My, ratio is IRAS 08572+3915,
which is a well-known warm ULIRG%s,m/Seo.m = 0.23 and
Ssoum/Siooum = 1.64) with a Seyfert/LINER optical spectrum

lowing the ULIRG phase, then this trend would indicate that
the post-ULIRG evolution occurs along a constapir/Mp,
line characteristic of IR bright starbursts

This observed trend between ULIRGs and IR QSOs is some-
what surprising since it is not what is predicted by the exist
ing ULIRG-QSO evolution scenarios. There is a plauséle
posteriori explanation to this trend, however. Some scatter is
seen in the distribution of the ULIRGS, LIRGs, and PG QSOs

and shows IR-excess (see Sanders et al. 1988b; Veilleux et alin Figure 8, and one can interpret this as evidence for a wide

1995; Yun et al. 2001). From the near-IR and mid-IR imag-
ing and spectroscopy, Dudley & Wynn-Williams (1997), Iman-
ishi & Dudley (2000), and Soifer et al. (2000) have argued tha
dust-obscured AGN activity is the dominant energy source fo

range of “efficiency” in converting fuel into luminosity. #dr-
natively, one can interpret that this wide range of obseteéi
ciency” reflects a range in the ratios of dust processed losain
ity contribution by AGN and starburst activity in these afife

IRAS 08572+3915. On the other hand, the failure to detect Among the optically visible QSOs, as radiation pressure and

hard X-ray emissionlp-1oev < 4.4 x 10*! erg s, Risaliti
et al. 2000) or an unresolved VLBI radio source (Smith et al.
1998) challenges the AGN interpretation. Both X-ray and ra-

winds clear out gas and dust from the immediate surroundings
and reveal the optical AGN, the geometrical cross-sectimh a
the solid angle for dust heating by the AGN decrease rapidly

dio signatures of an AGN can be obscured by a large column(see Downes & Solomon 1998), and the AGN contribution to
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the FIR luminosity diminishes quickly to the level where the
underlying massive star formation again dominates the &R |
minosity. In this scenario, a nearly vertical upturn in the-d
tribution of ULIRGS neaico ~ 109 K km s pc® represents
ubiquitous presence of luminous AGNs among ULIRGS, pro-
viding a broad range of additional luminosity. Arp 220, whic
is thought to be powered mostly by an intense starburstahus
pears in the lower half of the ULIRG distribution while Mrk 23

other of the few well studied “IR-excess” objects, NGC 4418,
has a high SFE dfg|gr/My, =69Ls /Mg (log My, =9.17, log
Lrir=1101, Sanders etal. 1991) and is indeed thought to host
a dust-enshrouded AGN (see Spoon et al. 2001).

The unusually high.rir /My ratio observed for objects like
PDS 456 and IRAS 08572+3915 may have a different explana-
tion, unrelated to the ULIRG-QSO evolution scenario. What-
ever the process, it has to account for both the large IR lagiin

and Mrk 1014, both hosting luminous AGNSs, appear near the ity and the large dust/gas content simultaneously. Theipauc

top of the vertical ULIRG distribution where the elevated G
contribution to the bolometric luminosity becomes sigmifit
Relatively little overlap between the two populations segjg
that the transition is quite rapid.

As noted earlier, PDS 456 and IRAS 08572+3915 are clearly
displaced from ULIRGs and IR QSOs in Figure 8, and they rep-

resent an interesting challenge to the above ULIRG-QSQuevol
tionary scenario. One possible explanation is that thegetsh
follow a slightly different evolutionary path. Startingitially

as a ULIRG with one or more luminous AGNs (e.g. Mrk 231,
Mrk 1014), one possible evolutionary path they might foliew

of objects with the extremkgr/My> ratio of PDS 456 sug-
gests that it also has to be a rare process, and its duratish mu
be quite short compared with the length of the luminous phase
for QSOs.

5. SUMMARY

We report a new, detailed multi-wavelength observational
study of PDS 456, the most luminous QSO in the local universe
(z<0.3). The 06” resolutionK-band image obtained using the
Keck telescope shows three compagt ~ 16.5 (Mx ~ —21)

a rapid exhaustion of the gas reservoir via a yet unknown mech sources located- 10 kpc southwest of the QSO, but little de-

anism, retaining only the compact, dense, and warm circum-

AGN dust cocoon —i.e., evolving nearly horizontally to teé |
in Figure 8. This evolutionary scenario is qualitativelyngar
to what was proposed by Sanders et al. (1988a) although littl

tail on the host galaxy is revealed. The near-IR color ofghes
objects are consistent with their being at the same redasift
PDS 456. These imaging results suggest that the host galaxy
of PDS 456 may be interacting or merging with one or more

detailed descriptions were offered by these authors. Few ob companions.

jects are found along this possible evolutionary track, &,

and this is not likely a commonly followed evolutionary path
An alternative explanation is that objects like PDS 456 rep-

resent a brief transient phase of highly elevated FIR eonissi

Observations using the OVRO millimeter array has revealed
a narrow CO (1-0) lineq = 77 km s'; FWHM = 181 km
s centered az = 0.1849. The narrow line width is consis-
tent with a face-on geometry for the circum-AGN gas disk as

in the ULIRG-QSO evolution. One possible scenario is a mo- also suggested by the optically visible QSO. A total Hass

mentary obscuration of the AGN by a episodic inflow of gas
and dust, resulting in brief periods of dust coverage withrge
solid angle and brief increases in FIR luminosity by a factor

of 9 x 10°M,, is inferred for the host galaxy from the CO lu-
minosity. The most accurate astrometry of the QSO is derived
with subarcsecond accuracy using the new high resolutiof VL

a few to ten. Such an event would materialize in Figure 8 as acontinuum image at 1.2 GHz, and new radio continuum and
vertical upward displacement anywhere along the nomirai ev Millimeter continuum measurements are L_Jsed to constrain th
lutionary track. The rarity of objects like PDS 456 suggéisés ~ 1ong wavelength SED of PDS 456. The eight times larger ra-
this period is brief compared with the duration of the IR QSO dio continuum flux density than expected from the radio-FIR

phase. Numerical simulations of major mergers involving tw
gas-rich disk galaxies (e.g. Barnes & Hernquist 1996; Mi&os

Hernquist 1996) have shown that a large fraction of gas can be

concentrated into the central 100 pc of the post-mergempote
tial, fueling luminous starbursts seen in the centers ofR{E&$.

correlation is a clear indication that a radio AGN is predant
PDS 456.

Our 850u:m photometric observations of PDS 456 using the
SCUBA camera on JCMT did not produce a detection at the
level of 7.5 mJy (3). On the other hand, this upper limit is

These simulations also show that the gas inflow, which can sufficient to rule out an Arp220-like host with copious ambun

last over several hundred million years after the mergerbea
lumpy, predicting a significant variation in the gas arricate
over the entire duration of merger that can last up to a hillio
years. If a luminous AGN is already present, then this epésod
nature of the gas (and dust) inflow would predict a highly-vari

of cold dust for PDS 456. The total amount of cold dust present
in the host system does not exceed about one half of the dust
presentin Arp 220.

The SEDs of PDS 456, | Zw 1, and 3C 273 are remark-
ably similar between optical and FIR wavelengths, inclgdin

able obscuration of the central AGN — the crossing time for a the pronounced mid-IR enhancement which is a well known

large gas/dust clump should be much shorterl (" years)
than the galaxy merger time scale. In this scenario, objiets

characteristic of AGNs (de Grijp et al. 1985; Yun et al. 2001)
At the same time, the SED between FIR and radio wavelengths

PDS 456 and IRAS 08572+3915 are thus seen at a special mols similar to that of an ultraluminous galaxy Arp 220, sugges

ment in their ULIRG-QSO evolution, rather than being a crit-
ical transition phase as considered in § 1. Another importan
consequence of this scenario is that it predicts a rare btihdi
class of FIR sources withggr/My, ~ 100Ls /Mg, spanning
perhaps the entire range b g andMp,. A small number of
“IR-excess” objects (characterized by a high FIR-to-rétlim
density ratio) identified by Yun et al. (2001) among the IRAS
detected galaxies may indeed represent this rare popul#®

mentioned already, IRAS 08572+3915 is such an object. An-

ing a dual QSO-like and ULIRG-like nature. The observed FIR,
X-ray, and CO properties of PDS 456 suggest that the AGN ac-
tivity dominates its luminosity.

While a face-on geometry for the dust and gas disks in
PDS 456 and Mrk 231 seems quite secure, a surprising new re-
sult is that a broad inference of a face-on geometry for raucle
gas disks among QSO host systemisassupported by the ob-
served distribution CO line widths. Among the small numtfer o
ULIRGs and PG QSOs examined, QSO hosts show comparable
CO line widths as ULIRGs, and the possibility of optical AGNs
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viewed through gaps in a large scale gas/dust ring or disk at a X-ray luminosity. The continuous distribution of ULIRGsdn
arbitrary inclination angle cannot be ruled out. We conelud IR QSOs in the “star formation efficiency” plot (Figure 8) is
that a face-on geometry for gas and dust distribution aroapad ~ broadly consistent with a ULIRG-QSO evolution scenaria an
tically visible QSOs, as expected from the AGN “unification” the FIR emission associated with the IR QSOs are dominated
scheme, may be an over-simplification. by the underlying starburst under this scenario. PDS 458lgle
PDS 456 and IRAS 08572+3915 are two objects with an deviates from the observed ULIRG-QSO trend in this plot. The
extremely largegjr/My, ratio, ~ 100 L /Mg, which is the paucity of PDS456-like objects in the local universe stigng
upper bound of what can be reasonably expected from a dustuggests that PDS 456 is a rare, exceptional object, andithe d
enshrouded starburst. A comparison of the gas mass-tb-ligh ration of the physical process governing its propertiestrbas
ratio clearly shows that optically selected IR QSOs areruist short compared with the length of the luminous QSO phase.
from the ULIRG population in general, even when their host
galaxies are fairly rich in molecular gaslg, = 10°%1%5M,,).
Relatively little overlap between the two populations sestg The authors are grateful to J. Lowenthal for his assistance
that the transition is quite rapid. A continuous track fodne Wwith the initial examination of the KecK-band imaging data.
by ULIRGs and IR QSOs in the “star formation efficiency” The authors also thank the Keck Observatory staff who made
plot (Figure 8) suggests a transition in the luminosity dent  theK-band observations possible. This publication makes use
bution by dust obscured AGN from a starburst, in the context of data products from the Two Micron All Sky Survey, which
of the ULIRG-QSO evolution scenario. We further infer that is a joint project of the University of Massachusetts and the
the FIR luminosity of the IR QSOs is mostly dominated by Infrared Processing and Analysis Center/California tosdiof
the underlying starburst activity under the ULIRG-QSO evo- Technology, funded by the National Aeronautics and Space Ad
lution scenario. We also propose that objects like PDS 456 ministration and the National Science Foundation. This re-
represent a special transient phase in the ULIRG-QSO evolu-search has made use of the NASA/IPAC Extragalactic Database
tion scenario where the central AGN is momentarily obscured (NED) which is operated by the Jet Propulsion Laboratory, Ca
by an episodic inflow of gas and dust. As a consequence, weifornia Institute of Technology, under contract with thetidaal
predict a rare but distinct population of dust obscured AGNs Aeronautics and Space Administration. Support for thiskwor
with Lgir/Mp, > 100L /Mg, covering an entire range of FIR ~ was provided in part by a grant from the K. T. and E. L. Norris
luminosity. Foundation and NSF grant AST 99-81546. N. Reddy was sup-
In summary, PDS 456, the most luminous QSO in the local ported by the National Science Foundation Graduate Researc
universe, does not possess the FIR and gas propertiesteonsis Fellowship. The JCMT is operated by the Joint Astronomy
with the ULIRG-QSO evolution scenario proposed by Sanders Centre, on behalf of the UK Particle Physics and Astronomy
et al. (1988b) despite its ULIRG-like FIR and CO luminosity Research Council, the Netherlands Organisation for Stient
and classical QSO signatures of broad emission lines agd lar Research, and the National Research Council of Canada.

REFERENCES

Alloin, D., Barvainis, R., Gordon, M. A., Antonucci, R. R.1892, A&A, 265,
429

Andreani, P., Franceschini, A., Granato, G. 1999, MNRAS, 3®1

Bahcall, J. N., Kirhakos, S., Saxe, D. H., Schneider, D. B719\pJ, 479, 642

Barnes, J. E., & Hernquist, L. 1996, ApJ, 471, 115

Blain, A. W., Jameson, A., Smalil, |., Longair, M. S., Kneib;PJ, Ivison, R.
1999 MNRAS, 309, 715

Bryant, P. M., Scoville, N. Z. 1996, ApJ, 457, 678

Burstein, D., & Heiles, C. 1982, AJ, 87, 1165

Carilli, C. L., Bertoldi, F., Omont, A., Cox, P., McMahon, B., & Isaak, K.
2001, AJ, 122, 1679

Clements, D. L. 2000, MNRAS, 311, 833

Condon, J. J., Cotton, W. D., Greison, E. W.,, Yin, Q. F., Bere A, et al.
1998, AJ, 115, 1693

Courvoisier, T. J.-L. 1998, A&ARv, 9, 1

de Grijp, M. H. K., Miley, G. K., Lub, J., de Jong, T. 1985, Ne#u314, 240

Djorgovski, S., Soifer, B. T., Pahre, M. A., Larkin, J. E., 8mJ. D., et al.
1995, ApJ, 438, L13

Downes, D., & Solomon, P. M. 1998, ApJ, 507, 615

Dudley, C. C., & Wynn-Williams, C. G. 1997, ApJ, 488, 720

Dunlop, J. S., McLure, R. J., Kukula, M. J., Baum, S. A., O'D€aP., Hughes,
D. H. 2003, MNRAS, 340, 1095

Evans, A. S., Frayer, D. T., Surace, J. A, Sanders, D. B. 2001121, 1893

Ferrarese, L., & Merritt, D. 2000, ApJ, 539, L9

Gebhardt, K., Kormendy, J., Ho, L. C., Bender, R., Bower, {&le2000, ApJ,
539, L13

Genzel, R., Lutz, D., Sturm, E., Egami, E., Kunze, D. et a8 #pJ, 498, 579

Haas, M., Chini, R., Meisenheimer, K., Stickel, M., Lemke gbal. 1998, ApJ,
503, L109

Haas, M., Miller, S. A. H., Chini, R., Meisenheimer, K., K$adJ. et al. 2000,
A&A, 354, 453

Hughes, D. H., Robson, E. I., Dunlop, J. S., Gear, W. K. 199RRWAS, 263,
607

Hughes, D. H., Serjeant, S., Dunlop, J., Rowan-Robinson Blin, A. et al.
1998, Nature, 394, 241

Imanishi, M., & Dudley, C. C. 2000, ApJ, 545, 701

Levenson, N. A., Weaver, K. A., Heckman, T. M. 2001, ApJ, 5580

Madau, P., Ferguson, H. C., Dickinson, M. E., Giavalisco, $teidel, C. C.,
Fruchter, A. 1996, MNRAS, 283, 1388

Magorrian, J., Tremaine, S., Richstone, D., Bender, R.,&80@., et al. 1998,
AJ, 115, 2285

Martel, A. R., Ford, H. C., Tran, H. D, llingworth, G. D. K, J. E. et al.
2003, AJ, 125, 2964

Mas-Hesse, J. M., Rodriguez-Pascual, P. M., Fernandez @) Mirabel,
I. F., Wamsteker, W., Makino, F., Otani, C. 1995, A&A, 298, 22

Matthews, K., Soifer, B. T. 199&xperimental Astronomy, 77

McLeod, K. K., McLeod, B. A. 2001, ApJ, 546, 782

McLure, R. J., Kukula, M. J., Dunlop, J. S., Baum, S. A., O'D€aP., Hughes,
D. H. 1999, MNRAS, 308, 377

Mihos, J. C. & Hernquist, L. 1996, ApJ, 464, 641

Norman, C., & Scoville, N. 1988, ApJ, 332, 124

Omont, A., Cox, P., Bertoldi, F., McMahon, R. G., Carilli, @ Isaak, K. 2001,
A&A, 374, 371

Ptak, A., Heckman, T., Strickland, D., Levenson, N. A., Waak. 2003, ApJ,
592, 782

Reeves, J. N., O'Brien, P. T., Vaughan, S., Law-Green, Drd\Wd. et al. 2000,
MNRAS, 312, L17

Risaliti, G., Gilli, R., Maiolino, R., & Salvati, M. 2000, A&, 357, 13

Rowan-Robinson, M. 1995, MNRAS, 272, 737

Sakamoto, K., Scoville, N. Z., Yun, M. S., Corsas, M., GenR®e| & Tacconi,
L. J. 1999, ApJ, 514, 68

Sanders, D. B., Soifer, B. T., Elias, J. H., Madore, B. F., thlaws, K. et al.
1988a ApJ, 325, 74

Sanders, D. B., Soifer, B. T., Elias, J. H., Neugebauer, GM&thews, K.
1988b ApJ, 328, L35

Sanders, D. B., Phinney, E. S., Neugebauer, G., Soifer, BVatthews, K.
1989, ApJ, 347, 29

Sanders, D. B., Scoville, N. Z., Soifer, B. T. 1991, ApJ, 3788

Sanders, D. B., & Mirabel, |. F. 1996, ARAA, 34, 749

Scoville, N. Z., & Soifer, B. T. 1991, iMassive Stars in Starbursteds. C.
Leitherer, N.R. Walborn, T.M. Heckman, & C.A. Norman (Camdge Univ.
Press: New York), p 233.

Scoville, N. Z., Sargent, A. I., Sanders, D. B., & Soifer, B.1D91, ApJ, 366,
L5



PDS 456: Luminous Infrared QSO 9

Scoville, N. Z., Carlstrom, J. C., Chandler, C. J., PhillipsA., Scott, S. L.,
Tilanus, R. P., & Wang, Z. 1992, PASP, 105, 1482

Scoville, N. Z., Yun, M. S., & Bryant, P. M. 1997, ApJ, 484, 702

Scoville, N. Z., Frayer, D. T., Schinnerer, E., Christophdr 2003, ApJ, 585,
L105

Shepherd, M.C., Pearson, T.J., & Taylor, G.B. 1994, BAAS 987

Simpson, C., Ward, M., O'Brien, P., Reeves, J. 1999, MNRAR, 323

Shaver, P. A., Wall, J. V., Kellermann, K. I., Jackson, C.H#awkins, M. R. S.
1996, Nature, 384, 439

Skrutskie, M. F., et al. 1997, Proc. Workshop “The Impact afde Scale Near-
IR Sky Surveys”, ed. Garzon F. et al. (Dordrecht: Kluwer), 25

Smith, H. E., Lonsdale, C. J., & Lonsdale, C. J. 1998, ApJ, 487

Soifer, B. T., Neugebauer, G., Matthews, K., Egami, E., BeclE. E. et al.
2000, AJ, 119, 509

Solomon, P. M., Downes, D., Radford, S. J. E., Barrett, J. 9971 ApJ, 478,
144

”

51
54"
=)
o
(@]
o ”
N 57
«
1600"
-14"1603"
17"28M20%2 20%0 198
o (2000.0)

Spoon, H. W. W.,, Keane, J. V., Tielens, A. G. G. M., Lutz, D.,dhwood, A.
F. M. 2001, A&A, 365, L353

Surace, J. A., Sanders, D. B., & Evans, A. S. 2001, AJ, 1221 279

Tacconi, L. J., Genzel, R., Lutz, D., Rigopoulou, D., BalerJ., et al. 2002,
ApJ, 580, 73

Taniguchi, Y., Ikeuchi, S., & Shioya, Y. 1999, ApJ, 514, L9

Torres, C. A. O., Quast, G. R., Coziol, R., Jablonski, F., deReza, R. et al.
1997, ApJ, 488, L19

Veilleux, S., Kim, D.-C., Sanders, D. B., Mazzerella, J. M. Soifer, B. T.
1995, ApJs, 98, 171

Vignali, C., Comastri, A., Nicastro, F., Matt, G., Fiore, Palumbo, G. G. C.
2000, A&A, 362, 69

Weedman, D. W. 1983, ApJ, 266, 479

Young, J. S., & Scoville, N. Z. 1991, ARAA, 29, 581

Yun, M. S., & Scoville, N. Z. 1998, ApJ, 507, 774

Yun, M. S., Reddy, N. A., Condon, J. J. 2001, ApJ, 554, 803

Yun, M. S., & Carilli, C. L. 2002, ApJ, 568, 88

19%6 19%4

FiG. 1.— Greyscal&-band image of PDS 456 obtained at the Keck Telescope.



10 Yun et al.

k= i
51005— e *
= - ¢
z | .
3 - []
)
Q-'l():— §
5 -
— [ ]
3 - f§
& s °
= ]
=
|
T N R B R

FIG. 2.— Cumulative number counts Efband sources in the PDS 456 field. Stars dominate the bsigbteirces.

OO Ll



ARCSEC

+10

-10

+10

-10

+10

-10

PDS 456: Luminous Infrared QSO

11

T

AR ]
0 ¥ +305 kriis

SN
Lo
v/
TN
/
/
|

O 5296 km/s

T Al
) v

1 V7]

" +192 kmis

0()

U T i
+97 km/s;

'
\
\_/'

\
1
)

. T

9

_%_
o O/

-296 km/d’

T ’ ' T
'

A
[

0o 4
3 0
- 0

/ / \
;o ‘ )
|- | ! |

int o -395 kmis

+10

0 -10

ARCSEC

+10 0 -10

FIG. 3.— CO (1-0) channel map of PDS 456. The contour levels spomed to-3, -2, +2, +3, +4, and +5 times 1.5 mJy bednils). The velocity offsets listed
are with respect to the channel with the strongest line feati97.301 GHz. The cross marks the optical QSO position.

7



12 Yun et al.

} ] PD5S406 _

10 Co(1-0)

: ,\ .

Flux Density (mly)
N
|
|
|

1
-

f
Wl—

v e e e e
—9
97.1 97.2 97.3 97.4 97.5

Frequency (GHz)

FIG. 4.— CO (1-0) spectrum of PDS 456. The histogram is the spmotbtained at the QSO position after smoothing to the 16 M9 s1) resolution. The
CO spectrum further smoothed to a 64 MHz g197 kit sesolution is shown using filled squares with an incremé®2oMHz. The thick solid curve is a model
Gaussian line profile witlhr = 25 MHz (77 km §1; FWHM = 181 km s1) centered at 97.283 GHz £ 0.1849).




PDS 456: Luminous Infrared QSO 13

O 3cl73
B PDS456
* Arp220
¢ [Zwl

100

Oo0g ©Og

10

0.1

¢
O
™
L1 IIIIII|

ol

Flux (Jy)

0.01

*
¥
$
o

0.001

X

K

0.0001

1 10 100 1000 104 10% 108
Frequency (GHz)
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TABLE 1
SUMMARY OF THE K-BAND SOURCES IN THEPDS 456 FELD

Object « 1) my
(J2000) (J2000)

QSO  17:28:19.78 -14:15:56.12 9.82 0.02
K1 17:28:19.64 -14:15:57.54 16.80.2
K2+K3 17:28:19.69 -14:15:59.02 15460.1

TABLE 2
SPECTRALENERGY DISTRIBUTION DATA FOR PDS 456

A v S, Reference
(GH2) (mJdy)
25cm 1.2 2445 thiswork
2lcm 1.4 30.4 1
21cm 1.4 227/+3.3 2
6cm 4.85 8.23 1
3.6cm 8.5 4.64+0.9 thiswork
3000 pm 100 <0.6 thiswork
850 um 350 <75 thiswork
100um 3000 420140 1

100um 3000 < 882
80 um 3750 510t110
60 um 5000 930t 69
50 um 6000 610t110
25um 12000  75Q:41
25um 12000 550-120
12 um 25000 514-24
12 um 25000 28Q:30
4.8um 62500 225-36
3.8um 78900  18Q:23
2.2um 136400 786
22um 136400 73+7 thiswork
2.159ym 139000 78+0.8
1.662um 178300 38%+0.6
1.65pum 181800 393
1.25um 240000 26t 2
1.235um 242800 248+0.3
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