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ABSTRACT

New millimeter-wave CO and HCN observations of the host galaxies of infrared-excess Palomar-Green (PG) quasi-
stellar objects (QSOs) previously detected in CO are presented. These observations are designed to assess the validity
of using the infrared luminosity to estimate star formation rates of luminous active galactic nuclei (AGNs) by deter-
mining the relative significance of dust heating by young, massive stars and AGNs in QSO hosts and /RAS galaxies
with warm, AGN-like infrared colors. The analysis of these data is based, in part, on evidence that HCN traces high-
density (>10* cm™3) molecular gas, and that the starburst-to-HCN luminosity ratio, Lsp/Lijcn, of IRAS-detected
galaxies is constant. The new CO data provide a confirmation of prior claims that PG QSO hosts have high infrared-to-
CO luminosity ratios, Lir/L{, relative to IRAS galaxies of comparable Lig. Such high Lir/L{, ratios may be due to
significant heating of dust by the QSO or to an increased star formation efficiency in QSO hosts relative to the bulk
of the luminous /RAS galaxy population. The HCN data show a similar trend, with the PG QSO host I Zw 1 and most
of the warm /RAS galaxies having high Lig/L{;- (>1600) relative to the cool IRAS galaxy population, for which the
median (Lir/Lizen)eoor ~ 890 470- If the assumption is made that the infrared emission from cool IRAS galaxies is re-
processed light from embedded star-forming regions, then high values of Lir/Lj; are likely the result of dust heating
by the AGNs. Further, if the median ratio of L{; /Lo ~ 0.06 observed for Seyfert galaxies and I Zw 1 is applied to the
PG QSOs not detected in HCN, then the derived Lir/L{;-y Values correspond to a stellar contribution to the production
of Lir of ~7%-39%, and star formation rates of ~2-37 M, yr~! are derived for the QSO hosts. The corresponding
values for the warm galaxies are ~10%—100% and ~3-220 M, yr~!. Alternatively, if the far-infrared is adopted as the
star formation component of the total infrared in cool galaxies, i.e., (Lrir/L{;cn) coo ~ LsB/Lizcn- the stellar contri-
butions in QSO hosts and warm galaxies to their Lgir are up to 35% and 10% higher, respectively, than the
percentages derived for Lig. This raises the possibility that the L in several of the PG QSO hosts, including I Zw 1,
could be due entirely to dust heated by young, massive stars. Finally, there is no evidence that the global HCN emission
is enhanced relative to CO in galaxies hosting luminous AGNS.
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1. INTRODUCTION

Over the last two decades, considerable progress has been made
in investigating the possible evolutionary connection between
ultraluminous infrared galaxy (ULIG, i.e., Lir[8—1000 pm] >
10'2 L) mergers and quasi-stellar objects (QSOs) first proposed
by Sanders et al. (1988b, 1988c). These studies have trans-
formed our view of both the environments in which QSOs are
triggered and fed and the connection between star formation and
active galactic nucleus (AGN) activity.

Approximately 70% of the optically selected Palomar-Green
(PG) QSO sample have Infrared Astronomical Satellite (IRAS')
detections consistent with thermal emission from dust (Sanders
et al. 1989). In addition, approximately a dozen low-redshift QSOs
have been detected in CO(1 — 0) to date (Sanders et al. 1988a;
Barvainis et al. 1989; Alloin et al. 1992; Evans et al. 2001; Scoville
et al. 2003), indicating substantial quantities of molecular gas
out of which to fuel star formation and possibly AGN activity.

The detection of CO(1 — 0) emission does not, in itself, imply
that active star formation is occurring. Furthermore, in galaxies
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known to harbor AGN:s, it is unclear what fraction of the infrared
emission is reprocessed starlight or AGN light; thus, using Lig
to estimate star formation rates may not be justified. The pres-
ent paper addresses these issues by reporting the results of an
HCN(1 — 0) survey of QSOs previously detected in CO. HCN
has a higher dipole moment and larger Einstein 4-coefficient than
CO, and thus traces much denser gas (2 10* cm ™). In the Galaxy
HCN emission is associated with molecular-cloud cores where ac-
tive star formation is occurring, and it has been detected in a large
number of infrared luminous galaxies (Gao & Solomon 2004a).
Gao & Solomon (2004b) have shown that, for spiral and infrared
luminous galaxies spanning several orders in Lig, the infrared-to-
HCN luminosity ratio, Lir/Lj;cy. is relatively constant and has
smaller deviations than LIR/L/CO measured over the same Lg range.
Gao & Solomon concluded that HCN is a much better tracer of
the gas that ultimately gives rise to the young stellar population
in these galaxies, and that the constancy of LIR/LIIJCN is also proof
that the L is due entirely to dust heating by young, massive stars.
With this as a working assumption, the data presented here are
used to make a comparison between the Lig/Lj; of the QSO
host sample and the /RAS galaxy sample. Similarities between
the Lir/L{;cy ratios of the bulk of the IRAS galaxy population and
those of QSO and /RAS galaxies with warm, AGN-like infrared
colors are expected if the Lig of QSO hosts and warm galaxies is
due to dust heating by young, massive stars.

This paper is divided into six sections. Section 2 is a summary of
the sample selection. The observing procedure and data reduction
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TABLE 1
Source List

D;* Lig* Lpr® SFR®

Source R.A. (J2000.0) Decl. (J2000.0) (Mpc) zZco (x10'" L) (x10'" L) M, yr™h
PG 0050+124 =1 Zw 1..ccueverennenne. 00 53 34.94 +12 41 36.20 250 0.061 7.2 2.8 95
PG 0157+001 = Mrk 1014 ............... 01 59 50.21 +00 23 40.62 680 0.163 32 21 420
PG 0838+770 08 44 45.36 +76 53 09.20 540 0.131 2.9 1.4 40
PG 1119+120 = Mrk 734................... 11 21 47.15 +11 44 19.00 200 0.050 1.1 0.44 15
PG 13514640, 13 53 15.83 +63 45 45.60 360 0.088 5.6 2.1 75
PG 1415+451 14 17 00.84 +44 56 06.50 470 0.114 1.6 0.66 20
PG 14404356 = Mrk 478 ................ 14 42 07.48 +35 26 23.10 320 0.078 2.8 1.4 40
PG 1613+658 = Mrk 876 ................. 16 13 57.21 +65 43 10.60 530 0.129 7.6 3.9 100
PG 2130+099 = UGC 11763 2132 27.77 +10 08 19.50 250 0.063 2.1 0.62 30

AVETAZE ..o 90 £+ 125
Median .......coceeeveeieeieeieeeeeenns 40

Note.—Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcseconds.
? Calculated using the method in Sanders & Mirabel (1996) and assuming Hy = 75 km s~! Mpc™! and gy = 0.5. The Lz of PG 1119+120 and PG 2130+099 are
calculated using the flux densities published by Haas et al. (2003). For the remaining QSO host galaxies, the flux densities published by Sanders et al. (1989) are used.

® Calculated by assuming that Lig = Lgg (see § 5).

are presented in § 3, followed by the results in § 4. In § 5 the
infrared, CO, and HCN data of the PG QSO hosts are compared
with those of both cool and warm /RAS galaxies to assess the
relative contribution of star formation to the infrared emission
of luminous AGN hosts. Section 6 is a summary of the paper.
Parts of this discussion have been presented elsewhere (Evans
2003, 2006a, 2006b). Throughout this paper we adopt an Hy =
75kms~! Mpc~!and go = 0.5 cosmology for consistency with
Evans et al. (2001, 2005).

2. SAMPLE

The sample was selected from PG QSO hosts (Schmidt &
Green 1983) detected in CO(1—0) to date (see Table 1). The
sample is a subset of the QSO hosts imaged at optical and near-
infrared wavelengths by Surace et al. (2001) and defined to have
infrared excesses (infrared—to—big blue bump” luminosity ratio
Lir[8—1000 pm]/Lypp[0.1-1.0 pm] > 0.36) at least as high as those
of ULIGs with warm, AGN-like infrared colors (i.€., f25 um/f60 ym =
0.2; see Sanders et al. [1988c] for a discussion of the warm ULIG
sample). Within the framework of the ULIG-QSO evolutionary
model, infrared-excess PG QSO hosts represent the stage follow-
ing the warm, AGN-like ULIG phase, and thus their hosts should
still show signatures consistent with ultraluminous, gas-rich gal-
axy mergers (tidal tails, young star clusters, molecular gas, etc.).
Given this, they are also the most likely QSO hosts to have the
highest contribution of starlight to the production of their in-
frared luminosity. The reader is referred to Surace et al. (2001)
for a more detailed discussion of the sample selection.

For the purposes of the study presented here, the QSOs listed
in Table 1 have three primary advantages. First, the CO redshifts
and line widths are known, thus making it straightforward to tune
to the frequency of the HCN line and, in the absence of a strong
HCN line, to measure upper limits. Second, /RAS and Infrared
Space Observatory data have been published for these QSOs,
making determinations of the infrared luminosity possible (Table 1).
Third, because of the manner in which they are selected, they are
directly comparable to the warm IRAS galaxy sample.

3. OBSERVATIONS AND DATA REDUCTION

Observations of the redshifted HCN emission were done at
the IRAM 30 m telescope during five observing periods between
2003 May and 2003 December (see Table 2). The 3 and 2 mm

receivers were used in combination with the filter-banks and an
autocorrelator to provide bandwidths of 512 and 600 MHz, re-
spectively. All QSO hosts with HCN(1 — 0) emission redshifted
to frequencies accessible with the 3 mm receivers were observed
in HCN(1 — 0); otherwise, HCN(2 — 1) observations were ob-
tained with the 2 mm receiver. During observations the pointing
was monitored by observing standard continuum sources.

Three additional sets of observations were obtained. First, all
of the QSOs were observed in CO(1 — 0) during the 2003
December and 2006 May observing periods to verify CO red-
shifts and line widths. Second, observations of the HCN(1 — 0)
emission from Arp 220 and the CO(1 — 0) emission from
VII Zw 031 were made after every other QSO observation as
areality check of the 30 m telescope system performance. Finally,
Arp 220 was observed in HCN(1 — 0) and HCN(2 — 1) to
measure the ratio of two lines (see § 4).

The data were reduced using the IRAM data reduction pack-
age CLASS. Scans were averaged together, and a linear baseline
was subtracted from each spectrum outside of the velocity range

TABLE 2
JOURNAL OF OBSERVATIONS

Time Tiys

Source Transition Date (hr) (K)

PG 0050+124........ CO(1 — 0) 2003 Dec 40 161
HCN(1 — 0) 2003 May 527 102

HCN(1 — 0) 2003 Sep 215 111

PG 0157+001........ CO(1 — 0) 2003 Dec 50 111
HCN(1 — 0) 2003 Dec 70 260

PG 0838+770........ CO(1 — 0) 2003 Dec 45 111
HCNQR2 — 1) 2003 May 220 217

PG 1119+120........ CO(1 — 0) 2003 Dec 67 95
HCN(1 — 0) 2003 Jun 301 108

PG 1351+640........ CO(1 — 0) 2006 May 98 146
HCN(1 — 0) 2003 Jun 300 111

PG 1415+451........ CO(1 — 0) 2003 Dec 50 106
HCN(1 — 0) 2003 Dec 205 116

PG 1440+356........ CO(1 — 0) 2003 Dec 80 126
HCN(1 — 0) 2003 Dec 210 120

PG 1613+658........ CO(1 — 0) 2003 Dec 35 126
HCNQR2 — 1) 2003 Dec 125 235

PG 2130+099........ CO(1 — 0) 2003 Dec 140 157
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of the CO and HCN line emission, or, in the cases for which no
HCN line was detected, outside the velocity range where the HCN
line was expected to be. The amplitudes of each spectrum were
converted to main-beam brightness temperatures, T, by multi-
plying the spectrum by the ratio of the forward-to-beam efficien-
cies of the telescope at the specific frequency of the observation
and then smoothing each spectrum to ~20 km s~!. Finally, line
fluxes were measured by numerically integrating over the chan-
nels in the line profile, and the line widths were measured as full
width at 50% of the peak flux. The resulting spectra are plotted
in Figures 1-3.

4. RESULTS
4.1. CO

Table 3 contains a summary of the CO emission-line prop-
erties of the sample of PG QSO hosts. The CO luminosities are
calculated via

A D\’
Ll =24 %103 SC08Y L
1 Jy kms=!/ \ 1 Mpc

x(1+2) 'K kms™! pc?, (1)

where ScoAw is the CO flux obtained by multiplying the line
intensities in Table 3 by the conversion factor for an unresolved
source (i.e., S/Tmp = 4.95 T K~ ) and Dy is the luminosity dis-
tance. The molecular gas masses, My, , are calculated by adopting
the conversion factor o« = M(Hy)/L{o = 4 M (Kkms—! pc?)-!
(see Evans et al. 2001 for a detailed discussion of «).

There is considerable overlap between the QSOs listed in Table 3
and recent interferometric surveys with the Owens Valley Mil-
limeter Array at the Owens Valley Radio Observatory (OVRO).
Specifically, PG 0838+770, PG 1119+120, PG 13514640, PG
1415+451, PG 1440+356, and PG 1613+658 were observed by
Evans et al. (2001), and PG 2130+099 was observed as part of
a volume-limited (z < 0.1) QSO CO survey by Scoville et al.
(2003). In addition, previous single-dish measurements of CO
emission from I Zw 1, Mrk 1014, PG 0838+770, and PG 1613+
658 exist (Sanders et al. 1988a; Barvainis et al. 1989; Alloin et al.
1992).

The general shape and width of the CO lines are consistent
with previously published CO spectra of these QSOs. For the
QSOs with broad (>200 km s~!) CO emission lines, the CO ve-
locity width measured at half the maximum intensity, Avrwym,
agrees to within 20% of prior measurements. The agreement de-
grades to 40% for the narrow (<100 km s~!) CO line QSOs, the
larger discrepancy resulting from the difficulty in accurately mea-
suring Avpwyy for narrow emission lines after rebinning the data.
From these new measurements, an average CO emission line of
Avpwnm ~ 280 + 150 km s~ is estimated, as compared to the
value of 300 £ 90 km s~! measured for ULIGs (see Solomon
et al. 1997; Evans et al. 2005).

With the exception of PG 1613+658, the new measurements
of main-beam CO line fluxes, Sco Av, are on average 40% lower
than the OVRO data presented in Evans et al. (2001). The new
CO line flux measurement of PG 1613+658, which is the PG QSO
with the highest signal-to-noise ratio CO detection in Evans et al.
(2001), agrees to within 4% with the OVRO data. Finally, the CO
line flux of PG 2130+099 agrees to within 10% of the measure-
ment made by Scoville et al. (2003).

While previous single-dish ScoAv measurements of I Zw 1
and PG 1613+658 are consistent to within 20% of the measure-
ments presented here, single-dish measurements of PG 0838+
770 and Mrk 1014 are up to 300% higher than the present

measurements. The discrepancies are undoubtedly a result of
calibration errors and low signal-to-noise ratio data.

4.2. HCN

Table 3 also summarizes the HCN emission-line properties of
the QSO sample and Arp 220. Only the PG QSO host I Zw 1 was
detected in HCN(1 — 0); the shape and width of the HCN line
are consistent with the CO(1 — 0) profile. For the remaining
PG QSO hosts, the HCN line intensities were measured by nu-
merically integrating over the channels expected to contain HCN
emission based on the CO(1 — 0) observations. In addition, 3 &
upper limits to the HCN line intensities were derived via

3Tims Avewzr

vV AUFWZI/AUres

where Avgwy; is the full width at zero intensity velocity of the
CO emission line of the QSO host and T}y is the rms main-beam
temperature of the HCN spectral data for a velocity resolution of
Avyes. Line luminosities were calculated via

StenAv D\’
/ _ 3 HCN L
HON(—g-1) = 414510 (1 Jy km sl> (1 Mpc)

xJ2(14+2)"" K km s™! pc?. (3)

TaenAv < K km S_], (2)

The HCN(1—0) lines of two of the PG QSOs (PG 0838+770
and PG 1613+658) are redshifted to frequencies below the range
accessible with the 3 mm receivers. In both cases, the 2 mm re-
ceivers were tuned to the frequencies corresponding to the red-
shifted HCN(2—1) emission line. Both observations resulted in
upper limits, which were converted to HCN(1—0) upper limits
by adopting the Ll/rICN(l—>0)/LI/{CN(2—>1) (=2.997) line ratio mea-
sured for Arp 220 (Fig. 3).

5. DISCUSSION

Approximately one-quarter of the PG QSOs at z < 0.3 have
been detected in CO(1—0), and ~50%—70% show evidence of
spiral disks, merger-like tidal features, and/or luminous star
clusters (e.g., Stockton & MacKenty 1983; Surace et al. 2001
and references therein; Veilleux et al. 2006; Guyon et al. 2006).
The presence of star-forming molecular gas and luminous star
clusters, combined with infrared luminosities in excess of 10!! Lo,
are compelling indications that star formation is an important com-
ponent of activity in these galaxies, and it raises the possibility
that a significant fraction of their thermal infrared emission may
be reprocessed stellar light.

Given such evidence, an obvious question to ask is: What are
the star formation rates of the PG QSO hosts? As a naive first
attempt, the assumption is made that the infrared luminosity of
the host is due entirely to dust heating by the starburst popula-
tion, and that 7 >> 1 toward the star-forming regions. Doing so
yields star formation rates of

_ Lir o _
SFR ~ 1.32x1071° — ) M, yr!
x (1 Lu) (0.75) o Y
~20-420 M, yr ', (4)

with an average star formation rate of (SFR) ~ 90 = 125 M., yr~!
and the median of 40 M, yr~! (Table 1). Equation (4) is a mod-
ified version of equation (4) in Kennicutt (1998), where the factor
6 (=0.75 £ 0.07) is the average far-infrared—to—infrared lumi-
nosity ratio, Lgr(40-500 pm)/Lig(8—1000 pm), calculated for
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Fic. 1.—IRAM 30 m spectra of CO(1 — 0) emission from nine PG QSO hosts with infrared excesses. The intensity scale is in units of main-beam brightness temperature. A linear baseline has been subtracted from each
spectrum; the baseline subtraction is performed outside of the velocity range of the emission lines. The zero velocity corresponds to the redshifts listed in Table 1.
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FiG. 2.—IRAM 30 m spectra of HCN(1 — 0) and HCN(2 — 1) emission from the QSO host sample. The intensity scale is in units of main-beam brightness temperature. A linear baseline has been subtracted from each
spectrum,; the baseline subtraction is performed outside of the velocity range where the emission line is expected to be based on the position and velocity width of CO(1 — 0) emission from these QSO hosts.
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Fi6. 3.—IRAM 30 m spectra of HCN(1 — 0) and HCN(2 — 1) emission from the ULIG Arp 220. The intensity scale is in units of main-beam brightness temperature.
A linear baseline has been subtracted from each spectrum; the baseline subtraction is performed outside of the velocity range of the emission lines. The zero velocity

corresponds to a redshift of 0.0181.

the IRAS galaxies in the Revised Bright Galaxy Sample (~600
galaxies; Sanders et al. 2003). These star formation rates are
likely upper limits; it is difficult to imagine a geometry in which
light from the AGN does not intersect (and thus heat) a signifi-
cant fraction of dust in the host galaxy. Indeed, models have
been developed that can account for all of the infrared emis-
sion in QSO hosts by an AGN surrounded by a warped or clumpy
torus (Sanders et al. 1989; see review in Haas et al. 2003; Elitzur
et al. 2004).

5.1. Lir/L{q: Star Formation Efficiencies versus
Dust Heating by the AGN

To examine the importance of dust heating by young, massive
stars to the production of L in their hosts, consider first the L,
and Lig of QSO hosts relative to that of /JRAS-detected galaxies

(Fig. 4; see also Evans et al. 2001, 2005). The new L(,, mea-
surements of the infrared-excess QSO hosts (Table 3) are plotted
in Figure 4;* additional QSO data are compiled from Scoville
etal. (2003). In order to provide a more meaningful comparison
with the QSO hosts the /RAS galaxies have been separated into
those with warm, Seyfert-like (i.e., 25 um/f60 ;m > 0.20) and cool
(/25 um/f60 um < 0.20) infrared colors. There is significant evi-
dence that most warm /RAS galaxies host AGNs, but there is not

clear evidence that cool /RAS galaxies, as a class, have luminous

4 Note that Evans etal. (2001) used Liz (1-1000 zm) for QSO hosts instead of
the commonly used Lz (8—1000 pm). The Lig(1-1000 pm) values in Evans et al.
(2001) were calculated by numerically integrating the spectral energy distribu-
tions in Sanders et al. (1989). Here, we use Lig(8—1000 pm), which leaves out the
significant contribution of hot dust in the 1-8 um range but provides better
consistency with the other data sets plotted.

TABLE 3
EMissioN-LINE PROPERTIES

Avpwam TmpAv Siine Av Line™ M(Hy)*
Source Zco Line (kms™)  (Kkms™) (ykms™) (Kkms?2pc?) (M)  Lw/Li,* LIR/L;CN(HO)‘“
PG 00504124 .......ooovvoernan.. 0.061  CO(1 — 0) 370 6.0 +0.2 30+ 1.1 4.2x10° 1.7 x 100 170
0.061 HCN(1 — 0) 290 0.27 + 0.03 13£0.1 32x108 .. 2260
PG 01574001 ..o, 0.163  CO(1 — 0) 270 1.1+0.1 55405 52x10°  2.1x10'° 610
... HCN@1 — 0) . —0.12£0.16 —0.60+0.80  <9.6x10% . >3300 >1100
PG 0838+770 ..., 0.132  CO(1 — 0) 60 0.50 £ 0.07 2.5+ 04 1.5%x10° 6.1x10° 190 ..
... HCN@2 —1) . 0.12+£0.06  0.60 +0.31 <1.8x10% >1590 >530
PG 11194120 ..o, 0.050  CO(1 — 0) 220 0.54 + 0.09 27404 2.5x108 1.0 x10° 450
... HCN(1 — 0) . —0.01 £0.04 —0.05+0.19  <9.2x107 .. >1230
PG 13514640......ooovvon.. 0.088  CO(1 — 0) 260 0.54 + 0.09 27405 7.7 %108 3.1x10° 730
... HCN(l — 0) .. 0.09 £0.08 0464040  <55x10° . >1000
PG 14154451 oo, 0.114  CO(1 — 0) 90 0.42 + 0.06 21403 9.8 x 108 3.9%x10° 160
... HCN(l — 0) . —0.02+£0.04 —0.12+020  <3.8x10% >420
PG 14404356......ooovverrrn.. 0.078  CO(1 — 0) 310 134+0.1 6.6+ 0.6 1.5%x10° 6.0 x 10° 190
... HCN@1 — 0) . 0.09 +£0.08 043+040  <3.9x10 .. >720
0.129 CO(1 — 0) 400 1.6 +0.1 8.0+ 0.6 4.8x%10° 1.9 x10' 160 ...
... HCNQ2 —1) .. —0.174+0.13 —0.83 £ 0.63 <4.1x108 . >1850 >620
0.063  CO(1 — 0) 530 0.78 £ 0.1 39405 5.6 x 108 2.2x10° 380
0.0181 HCN(I1 — 0) 550 9.0+ 0.8 45+3 9.6 x 108 1450
HCNQ2 — 1) 550 12+ 1.4 60 +7 3.2x108
PG QSO average (CO)...... 260 + 150

% 3 o upper limit.

® Calculated assuming Hy = 75 km s~' Mpc~! and ¢o = 0.5.

© Calculated assuming o = 4 M, (K kms~! pc?)~ L.

4 In units of L., (K km s~ ! pc?)~!.

¢ Lizene—n/Lisen oy conversion is achieved by adopting the Ly _o)/Liene—1y (52.997) of Arp 220. See § 4.2.
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Fic. 4—L{, vs. Lir of the PG QSO hosts and a sample of /RAS-detected
galaxies. Infrared galaxy data come from Mazzarella et al. (1993) and Solomon
et al. (1997), and PG QSO host data come from this paper and Scoville et al.
(2003).

AGNSs. Given this, the cool galaxies are treated as galaxies
powered by starbursts.

The new CO data show results similar to what is shown in
Evans et al. (2001, 2005); the QSO hosts have low L(, for their
Lir relative to the bulk of cool /RAS galaxies. In other words,
QSO hosts have high Lig/L{ relative to cool IRAS galaxies with
comparable Lig. The warm galaxies with Lig > 10100 L, show a
similar trend in Lir/L{, relative to the cool /RAS sample, although
not as dramatically as the QSO host population.

To interpret the data plotted in Figure 4, consider

Lir N Lsp + €LagN
L,CO (MHz/a) ’

(5)

where Lgg and Lagn are the luminosities of the starburst and
AGN, respectively, and ¢ is the fraction of the AGN light ab-
sorbed by dust and reradiated in the thermal infrared. In the limit
where either Lagn = 0 or € = 0, equation (5) is simply the star
formation efficiency; i.e., if 7 >> 1 toward the starburst popula-
tion that is producing stars in steady state, Lir/L¢, is a measure
of total energy output of the starburst population per unit of fuel
available to form new stars. If e = 0 for QSO hosts, then the high
Lir/L{ is an indication that they are producing stars extremely
efficiently from the available molecular gas. Indeed, one would
be forced to conclude that the star formation efficiency is prefer-
entially higher in galaxies hosting luminous AGNs. The alterna-
tive interpretation is that € > 0, and thus that eLagN contributes
significantly to Lg.

5.2. Dense Molecular Gas and Star Formation Rates

The conclusions stated in the above discussion are only valid
if CO is a robust tracer of star formation in these galaxies, i.e., if
the CO emission is tracing most, if not all, of the molecular hy-
drogen that is actively forming stars. Given that HCN appears to
be more closely coupled with star formation in starburst gal-
axies than CO (see § 1), applying a similar analysis to HCN as
done in § 5.1 for CO will likely yield a more physically mean-
ingful result.

Figure 5 is a plot of Lig/L{;cy versus Lig of the QSO hosts,
IRAS galaxies, and two high-redshift AGNs recently detected in
HCN(1 — 0). Again, the /RAS galaxies have been separated into
those with warm and cool infrared colors. If the dust in the cool
IRAS galaxies is heated primarily by the starburst population
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FiG. 5.—Lr/Ljjcy Vs- Lir of the PG QSO hosts, a sample of local IRAS
galaxies, and two high-z AGNs (FSC 10214+4724 and the Cloverleaf Quasar).
Squares with arrows represent 3 o Lir/L{;cy lower limits of the PG QSOs not
detected in HCN. The dashed line is Lir/Lj;cy = 890 Lo, (K km s~! pe?)~! (see
§ 5.1); the error bar associated with the dashed line encloses 67% (1 o) of the
cool galaxy data points. With the exception of NGC 4418 (Imanishi et al. 2004),
Mrk 273 and IR 17208—0014 (Imanishi et al. 2006), and Arp 220 (this paper),
the IRAS galaxy HCN data are compiled from Gao & Solomon (2004a, 2004b).
The F10214+4724 and Cloverleaf data are from Vanden Bout et al. (2004) and
Solomon et al. (2003), respectively.

(e ~ 0), then the median Ljr/Lj;- of the cool IRAS sample is
adopted as the ratio at which Lig = Lgg; i.e.,

< L > N Lsp
Lisen/ coor (Mu,/anen)
~ 8907430 L, (Kkms™' pc®)™',  (6)

where avpen is the L -to-My, mass conversion factor and the
limits on (Lir/Lijcn) ool TEPTEsent the range in which 67% (i.e.,
1 o) of the data points around the median are contained.

The upper portion of Figure 5 (i.e., high Lir/L{;-y) is mostly
populated with the warm galaxies and AGN hosts. Specifically,
the QSO host I Zw 1, the two high-redshift AGN hosts, and two
of the eight warm /RAS galaxies have much higher Lir/L{;-y
(>2200) than the cool galaxy population (i.e., low values of Lj;
for their Lir). These galaxies clearly have a significant contri-
bution to their Lig from AGN activity. Further, the fact that both
of the cool JRAS galaxies within this Lir/L{;-y range (Arp 299
and Mrk 273, for which Lig/L{;y ~ 3000) have strong X-ray
signatures of embedded AGNs (Della Ceca et al. 2002; Xia et al.
2002; Zesas et al. 2003) also supports the idea that high Lig/Li;
ratios are the result of significant dust heating by AGNs. Four of
the eight warm galaxies have Lig/Lj; in the range 16002000,
and thus overlap the high end of the bulk of the cool galaxy dis-
tribution. These galaxies, which include the well-studied ULIG
Mrk 231, might have an equal mixture of AGN and starburst
emission as viewed in the thermal infrared; however, they could
also be almost entirely powered by star formation, as their Lir/L{;
is not outside the range of that found in cool galaxies. Finally,
two of the eight warm galaxies have Lig/Lj;-\ very near the me-
dian of the cool galaxy population, illustrating the fact that some
fraction of the warm galaxy population have “normal” Lig/Lj;cy-
Whether or not the PG QSO hosts not detected in HCN have high
Lig/Lj;cy similar to I Zw 1 cannot be addressed with the data in
Figure 5.

While only one of the eight PG QSO hosts was detected in HCN,
and the Lir/Lj;- lower limits of the undetected QSO hosts are
not sufficiently constraining to be conclusive, the LIR/L{{CN ratios
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Fi6. 6.—L{;cn/Lio V8. Lir for1Zw 1 and IRAS galaxies. The IRAS galaxy data
are plotted by their optical emission-line classification. The warm /RAS galaxies
are circled.

of the undetected hosts can possibly be inferred by making use of
the larger number of HCN-detected Seyfert galaxies in the /RAS
galaxy sample. Figure 6 is a plot of L{;\/L¢q versus Lig, and is
a modified version of Figure 4 in Gao & Solomon (2004b). Here,
the IRAS galaxies have been plotted in terms of their optical
emission-line classifications (i.e., Seyfert, LINER [low-ionization
nuclear emission region], and H i region—like galaxies). In this
figure there is an increased spread in Lj;c\/L¢, values for gal-
axies with Lig > 10'! Lo, which Gao & Solomon (2004b) at-
tribute to the increase in the fraction of dense gas in luminous
infrared galaxies corresponding to the increase in starburst ac-
tivity. Eleven of the 13 (85%) Seyfert galaxies in Figure 6 have

hen/Léo < 0.1.Inaddition, IZw 1 has an L{; /L ratio within
the distribution of Seyfert galaxy data points at Lj;/Lio < 0.1.
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Given this, it is a reasonable assumption that the PG QSO hosts
in the present sample have low L{;on/Lq similar to the bulk of
the Seyfert galaxies in Figure 6. Thus, for the PG QSO hosts, the
median Lj;/L¢o of Seyfert galaxies and I Zw 1 in Figure 6, i.e.,

!
HCN +0.03
< / > ~0.06Z 0z,
CO / Seyfert

is adopted, where the uncertainties span the range of L{;-n/L¢o
for the 11 low Lycn/Li Seyfert galaxies. A direct estimation of
Lir/Lj;cy for the QSO hosts can then be made from the Lir/L{,
of the QSO hosts listed in Table 3. The resulting Lir/Lj; ratios
are listed in Table 4, and the data are plotted in Figure 7. The stel-
lar contributions to the production of Lig of PG QSOs hosts is
thus

(7)

Asp(IR) ~ 5340 (%)

890
% < ;ICN/L/CO>Seyfert
0.06
L. [K km s~! pc?]™!
(Lol sl pc’ %
Lir/L¢o

~ 7%-39%,

and the star formation rates are 2-37 M, yr~! (median =10 M,
yr~1). Note, however, that given the uncertainties in equation (7),
the possibility that massive, young stars produce 60% of Lig
cannot be ruled out for 50% of the QSOs plotted in Figure 7. By
comparison, the corresponding values for the warm galaxies are
~10%-100% and ~3-220 M yr~! (median = 20 M, yr™1),
respectively.

TABLE 4
INFRARED-TO-HCN LumiNosiTy RaTio COMPARISONS AND ADJUSTED STAR FORMATION RATES

Source Type Class® L]R/L]'_[CNb LFIR/L}/.[CNb <LIR/LI/-ICN>cool/(L1R/LI’-[CN) <LFIR/LI/-ICN>cool/(LFIR/Ll,-ICN) SFR®
Median .....cc.overveereeeeriirs Cool 8901440 6607370 . ..
Median ... Warm 185071240 122050 0.48 +£0.25 0.54 +£0.28
Median QSO 315075% 15757450 0.287033 0.42703% .
PG 1351+640... QSO Seyfert 1 12120724230 4540+90% 0.07+00% 0.15%913¢ 547
PG 0157+001 ..., Qso Seyfert 1~ 10120132923° 6640713280 0.097 914 0.1070 3¢ 37+4¢
PG 11194120 oo, QSO Seyfert 1 7530732%0 301079939 0.12+451¢ 0.22+922¢ 24
Cloverleaf Quasar ................ High-z AGN  Seyfert 1 7700 1700 0.12 £ 0.06 0.39 £ 0.20 375 £ 190
PG 21304099 .....oovrrore.. QSO Seyfert 1 625071230 1840+36%0 0.147515¢ 0.36+948¢ 443
IRAS FSC 10214+4724 High-z AGN  Seyfert 2 4800 2600 0.19 £+ 0.10 0.25 £0.13 223 +£110
NGC 4418 Warm LINER 4610 3830 0.19 £ 0.10 0.17 £ 0.09 3+2
PG 1440+356... QSO Seyfert 1 3150763% 15807310 0.2870334 0.42+03¢4 104§
PG 0838+770......oovrrrrero QSO Seyfert 1 3150*$:00  1520+3040 0.28%033¢ 0.43+038¢ 11503
PG 14154451 .coooverrrerrrrr. QSO Seyfert 1 27205500 11207320 0.33+031¢ 0.597975¢ 7%
PG 16134+658......conrrrrrernn. Qso Seyfert 1 263015200 138072790 0.3419424 0.481963d 34732
NGC 1614 e Warm H u/LINER 3090 2090 0.29 £ 0.15 0.32 £0.17 15+7
PG 0050+124 =1 Zw 1 QSO Seyfert 1 2260 880 0.39 £ 0.20 0.75 £ 0.39 37+19
IRAS FSC 051892524 Warm Seyfert 2 1900 1260 0.47 £ 0.24 0.52 £+ 0.28 73 +£37
NGC 7469 Warm Seyfert 1 1860 1190 0.48 £ 0.25 0.55 +0.29 26 + 13
NGC 3034 = M82 ......ccc....... Warm Hu 1850 1270 0.48 £+ 0.25 0.52 £ 0.27 3+2
Mrk 231 oo Warm Seyfert 1 1630 1030 0.55 + 0.28 0.64 + 0.34 219 + 112
NGC 1068....covveeeeeeerrrrrnns Warm Seyfert 2 780 320 1.1 £0.59 20+ 1.1 42 £21
NGC 7479 s Warm Seyfert 2 660 410 1.4+ 0.70 1.6 + 0.83 1347

# References for optical spectral classification: Veilleux et al. (1995) and Ho
® In units of Lo, (K kms™! pe?)~!.
© Star formation rate in M, yr—'.

4 Calculated by adopting Lyzen/Lio = 0.06 (see § 5.1).

et al. (1997).
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Fic. 7.—Same as Fig. 5, except the estimated Lir/L{;cy (see § 5.2) of the
PG QSO hosts not detected in HCN are plotted and the y-axis upper limit has been
increased. The vertical bars associated with the PG QSO host data points cover the
range in Lir/Lj;cy that results from the uncertainties in eq. (7).

Clearly, a significant fraction of the cool JRAS galaxies do harbor
AGNs, which may or may not contribute significantly to the heating
of dust in their host galaxy. Thus, as a double-check of the results
derived from Figure 7, the figure has been replotted with the cool
IRAS galaxies optically classified as Seyferts and LINER galaxies®
omitted (Fig. 8). Galaxies with transitional spectra (e.g., galaxies
classified both as LINER galaxies and H i region—like galaxies via
different line diagnostics) have been retained, and galaxies with no
published classification have also been omitted. Finally, Arp 299,
which has an H 1 region—like optical classification but is known
via X-ray observations to harbor an AGN, has been omitted. The
main outcome of plotting only the remaining H i region—like gal-
axies and transitional galaxies is the removal of the outliers in the
Lir/Li;cy distribution. The value of (Lir/L{jen) coor (5910 £ 430)
remains essentially unchanged.

5.3. Dense Molecular Gas and Lgr

Another obvious issue to consider is whether the above results
differ if the far-infrared emission from cool galaxies is considered

5 Note that while some of the LINER galaxies are likely primarily starburst gal-
axies, some of them have strong evidence of embedded AGNSs. Thus, the conserva-
tive approach of omitting all of the LINER galaxies has been taken for this exercise.
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Fic. 8.—Same as Fig. 7, except only the cool /RAS galaxies optically clas-
sified as H 1 region—like galaxies or transition galaxies are plotted (Arp 299 has
also been omitted; see text). The warm galaxies and PG QSO host data points re-
main unchanged. Optical emission-line classifications are obtained from Veilleux
et al. (1995), Ho et al. (1997), Mazzarella & Boroson (1993), and the NASA/
IPAC Extragalactic Database.
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FiG. 9.— Lpr/Ljjcy VS. Ler of the PG QSO hosts, a sample of local IRAS
galaxies, and two high-z AGNs (FSC 10214+4724 and the Cloverleaf Quasar).
The dashed line is Lrr/Ljjcy = 660 L, (K km s~ pc?)~! (see § 5.3); the error bar
associated with the dashed line encloses 67% (1 o) of the cool galaxy data points.

as the star formation component of the total infrared emission, i.e.,
if (Ler/Lien)coo ~ LsB/Liyen- Figure 9 is a plot of Lgr/Lijey
versus Lpr of the same samples plotted in Figure 7. The use of
Lpr instead of Lig reduces the disparity between the PG QSO
and high-z AGN host data points relative to the /RAS galaxy data
points and shows the possibility that the far-infrared emission
in several PG QSO hosts could be due almost entirely to dust
heated by young, massive stars (see Table 4). In particular, I Zw
1 has a Lpir/L{;cy Very near the median value of the cool IRAS
galaxy population. In the case of the warm galaxies, the median
(Ler/Lizen ) wam (~1220780) is 33% lower than (Lir/Licx ) wams
however, the median value of the cool /RAS galaxies,
(LrR/Lizen oot ~ 6607310, is 25% lower than (Lir/Lien)eool-
Thus, the relative spacing of the warm and cool galaxy data
points is only marginally changed by using Lgr. As aresult, the
contribution of dust heating by young, massive stars to the pro-
duction of Ly for the PG QSO hosts and warm galaxies increases
by 1%-35% and 1%—12%, respectively, over the contribution
derived for Lig (see Table 4). These results reflect the fact that
the average Lpr/Lir for the cool, warm, and PG QSO galax-
ies in Figure 8 are 0.77 + 0.05, 0.64 £ 0.11, and 0.44 £+ 0.10,
respectively.

5.4. Comparison with Recent Estimates of Star Formation
Rates of PG QSO Hosts

The general conclusion that the PG QSO host star formation
rates in equation (4) may, in some cases, be overestimates is con-
sistent with a recent study of the star formation rates of QSO hosts
by Ho (2005). In this study, star formation rates were derived
by first assuming that the [O 1] A3727/[O m] 25007 line ratio in
QSOs is the same as the constant value measured for the narrow-
line regions of Seyfert galaxies, then by attributing excesses in
the ratio to star formation within the host. Doing so yields [O 1]
/3727—derived star formation rates of ~0.6-20 M yr~; i.e.,
significantly lower than what would be derived based solely on
the assumption that the Lig ~ Lsg and consistent with the low
end of the range in star formation rates estimated for individual
hosts in Table 4. Note, however, that the [O 1] 13727 emission
line is subject to significant extinction by dust, and thus the Ho
(2005) estimates are likely lower limits.

Another study (Schweitzer et al. 2006) addresses the issue of
the nature of far-infrared emission in PG QSO hosts by applying the
7.7 pm polycyclic aromatic hydrocarbon (PAH)—to—far-infrared
luminosity ratio (Lpap/Lrr ) versus [ Ne ] 12.5 pm—to—far-infrared



No. 6, 2006

luminosity ratio (Lne )/Lrir) diagnostic of starburst galaxies to
the QSO host sample. Starburst galaxies are observed to have
strong PAH and weak [Ne 1] relative to AGN-dominated hosts
because the AGN efficiently destroys PAHs and is able to pro-
duce extended semi-ionized regions in which neon is collision-
ally excited. Schweitzer et al. concluded that 30% or more of the
far-infrared emission is due to dust heating by young, massive
stars. By comparison, a median percentage of 42j§g’% is esti-
mated from the present analysis of the HCN data.

5.5. The Effects of the AGN on HCN Emission

Throughout this paper the assumption has been made that HCN
is collisionally excited by molecular hydrogen. Recent papers
have challenged this claim by stating that in galaxies harboring
AGN:s, X-ray emission from the AGN enhances HCN emission
(e.g., Kohno et al. 2003; Gracia-Carpio et al. 2006). The high
Lir/Li;cn» and thus the low Lj;y, of most of the PG QSO hosts,
high-z AGN hosts, and warm galaxies relative to cool /RAS gal-
axies (Fig. 7) clearly contradict this hypothesis.

To examine this issue another way, consider again the plot of
Li;en/Léo versus Lig of the QSO hosts and IRAS galaxies (Fig. 6).
In this figure I Zw 1 and most of the Seyfert galaxies have
Lien/Léo < 0.1, consistent with the distribution of the H
region—like galaxies. Two of the Seyfert galaxies have Lj; /Lo >
0.1; however, they are still within the distribution of Lj;/L( of
H nregion—like and LINER galaxies. Thus, there is no evidence
that the global HCN emission is enhanced relative to CO by the
presence of a powerful AGN.

6. CONCLUSIONS

New CO and HCN observations of a sample of z < 0.17
optically selected PG QSO hosts with infrared excesses are
presented. These data have been compared with similar data of
IRAS-detected galaxies to assess the validity of using the infrared
luminosity to estimate star formation rates in luminous AGN
hosts. The following conclusions are reached:

1. The new CO measurements confirm the results presented
in Evans et al. (2001), that QSO hosts as a class may have low
values of L’CO for their Lir relative to IRAS galaxies, or relatively
high values of Lir/L{. Such high Lir/L{, ratios may be evidence
that AGNs contribute significantly to the heating of dust in their
host galaxies, or that they have high star formation efficiencies.

2. A comparison of the QSO hosts and /RAS galaxies sur-
veyed in HCN(1—0) to date show the upper distribution of
Lir/Lj;cn (>1600) to be mostly populated by warm /RAS gal-
axies and AGN hosts. This distribution overlaps at the low end
with cool IRAS galaxies for which (Lir/Li;on)coot ~ 890 430 Lo
(K km s~! pc?)~!. There are also two (out of eight) warm gal-
axies with Lir/L{;\ comparable to the median Lig/L{; of cool
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galaxies. An enhanced Lig/Lj; relative to cool IRAS galaxies
thus appears to be an indication that an AGN is contributing
significantly to heating the dust. However, the possibility that
the dust in most of the QSO hosts and warm galaxies is heated
primarily by young, massive stars cannot be entirely ruled out.
If the median ratio of Ljjon/Lio ~ 0.06 observed for Seyfert
galaxies and the PG QSO host I Zw 1 is applied to the PG QSOs
not detected in HCN, then the derived Lir/Lj;, ratios correspond
to a stellar contribution to the production of Lig of ~7%—-35%
and star formation rates of ~2—37 M, yr~! are derived for the
QSO hosts. The corresponding values for the warm galaxies are
~10%-100% and ~3-220 M, yr—'.

3. The average (Lpr/Lir) of the cool, warm, and PG QSO
galaxies considered in this study is 0.77 4+ 0.05, 0.64 £+ 0.11,
and 0.44 + 0.10, respectively. Thus, the disparity between the
QSO (and high-redshift AGN) hosts and the cool galaxies is
diminished by comparing the Lpr of QSO hosts and cool gal-
axies. If the far-infrared is adopted as the star formation compo-
nent of the total infrared in cool galaxies, i.e., (LriR/Lijen) cool ™
Lsp/L{;cn» then five of the nine QSO hosts, including I Zw 1,
potentially have all of their Lpr generated by dust heated by
massive stars. The stellar contributions to Lggr in QSO hosts are
up to 35% higher than those derived for Lig, but the warm galaxies
have contributions only 10% higher than those derived for L.

4. The PG QSO hostI Zw 1 and the /RAS galaxies with Seyfert
optical classifications have Lj;oy/L{o distributions comparable
to H m region—like galaxies. It is thus unlikely that the global HCN
emission in galaxies harboring luminous AGNs is enhanced rel-
ative to CO by radiation from the AGN.

An HCN survey of a more statistically complete sample of
IRAS galaxies and PG QSO hosts is required to assess the ro-
bustness of many of these results. The apparent faintness of
HCN emission in PG QSO hosts, and in many warm galaxies,
necessitates the use of a larger millimeter-wave telescope. Such
observations may be possible with the soon-to-be commissioned
50 m diameter Large Millimeter Telescope or the 100 m diameter
Green Bank Telescope (GBT). Frequencies as high as 90 GHz
should be accessible with the GBT in a few years.
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