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ABSTRACT 
We present Einstein IPC X-ray spectra for a sample of eight optically selected quasars from the Palomar 

Bright Quasar Survey. The quasars have a mean power-law energy slope (0.2-4.0 keV) of aE = 1.05 with an 
observed dispersion of 0.25, and none shows evidence for low-energy absorption above the Galactic value. In 
five individual cases otE is inconsistent at 90% confidence with the 0.7 value found in active galactic nuclei 
selected for being bright in hard X-rays. This difference in slope is shown to be most likely due to the hard 
X-ray selection criterion rather than luminosity, redshift, or U — B color. Energy range differences may also 
contribute. New /!/£ and optical continuum spectra and infrared photometry are presented for these quasars. 
The data are combined into log v/v versus log v distributions from the X-ray regime into the infrared. These 
continuum plots support the decomposition of the overall quasar spectrum into a power law plus a super- 
posed optical-UV “ big bump,” which may be due to an accretion disk. At least six of the quasars have v/v æ 
constant between their infrared and X-ray power laws, suggesting a strong link between the two regions and 
possibly that a single mechanism produces a power law across five decades of frequency. Possible emission 
mechanisms are discussed. 
Subject headings : quasars — radiation mechanisms — spectrophotometry — ultraviolet : spectra — 

X-rays: spectra 

I. INTRODUCTION 

To understand the nature of the highly luminous continuum 
is a primary goal of quasar research. The ability of the Einstein 
imaging proportional counter (IPC) to determine the soft 
X-ray spectra of faint X-ray sources enables a new perspective 
to be taken of the overall continuum shape of quasars. 

Earlier X-ray spectra of emission-line active galaxies in the 
2-20 keV band (Mushotzky et al 1980; Mushotzky and Mar- 
shall 1980; and Mushotzky 1982) could almost all be described 
by a single power law with differing amounts of low-energy 
absorption. The energy spectral index ccE (Fvocv~0iE) of this 
power law is highly uniform, with a mean value of ~0.7. The 
observed dispersion in otE is probably less than 0.1 (Mushotzky 
1984). This result holds for 30 active galactic nuclei (AGNs), 
which span a luminosity range of 103, and for both radio-loud 
and radio-quiet objects. The spectra are also consistent with 
the same slope continuing out to 120 keV for the 11 active 
galaxies detected at higher energies (by HE AO 1 A-4, Roths- 
child et al 1983). Einstein solid state spectrometer (SSS) obser- 

1 Based on data acquired with the Einstein Observatory, the Hale 5 m tele- 
scope at Palomar Observatory, and the International Ultraviolet Explorer 
satellite, which is operated at the Goddard Space Flight Center for the Nation- 
al Aeronautics and Space Administration. 

2 NOAO is operated by the Association of Universities for Research in 
Astronomy, Inc., under contract with the National Science Foundation. 

valions (Petre et al 1984) appear to show that the same slope 
continues for 15 of these AGNs into the softer (0.75-4.5 keV) 
X-ray region. Some exceptions have been reported, the most 
significant being some low-energy observations that show a 
“soft excess” over the canonical power law below ~1 keV. 
Such excesses are relatively infrequent. Preliminary EX OS AT 
results (Pounds 1985) indicate that a£ ä 0.7 continues to 
~0.15 keV for 14 of 15 AGNs taken from 2-20 keV surveys. 
Only one object showed a soft excess. 

The widespread uniformity of these spectra has naturally led 
to the suggestion that a “ canonical X-ray spectrum ” may exist 
for active galaxies and quasars. This in turn has led to many 
theoretical efforts to produce naturally a narrow range of 
slopes centered on 0.7 (Mészáros 1983; Kazanas 1984; Schlos- 
man, Shaham, and Shaviv 1984; Zdziarski and Lightman 
1985). However, the AGNs for which X-ray spectra exist are 
almost all hard X-ray selected and so are the brightest objects 
in the hard X-ray (2-20 keV) sky. This may make them a 
biased sample of the general AGN population. 

For quasars selected by optical or radio techniques, the first 
IPC spectra have shown that the “canonical spectrum” 
picture is not a general property of all AGNs (Elvis, Wilkes, 
and Tananbaum 1985), at least in the low-energy range. The 
three quasar spectra published by Elvis et al have best-fit 
power-law spectral indices of otE æ 0.6, ~ 1.2, and ~2.2. In one 
case (PG 1211 +143), no single power law gives an acceptable 
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fit when the 6 keV MPC observation is included. From such a 
small sample it is impossible to tell whether there are distinct 
groups of indices or whether a continuous distribution of 
slopes exists. 

In this paper we present IPC X-ray spectra for an additional 
eight quasars. These are all members of the Palomar Bright 
Quasar Survey (Schmidt and Green 1983), which is subset of 
the Palomar-Green catalog of ultraviolet-excess stellar objects 
(Green, Schmidt, and Liebert 1986, hereafter PG). The PG 
quasars were selected optically to have B < 16.16 and 
U — B< —0.44, in a region of sky with | h | > 30°. These eight 
quasars were the first PG quasars with adequate counting sta- 
tistics for which the IPC data were calibrated for spectral 
work. We find that these quasars have, on average, steeper 
X-ray spectra than the “ canonical ” 0.7 value. We have there- 
fore included observations of these objects at ultraviolet, 
optical, and infrared (UVOIR) frequencies to allow a broad- 
band study of their continua. 

In a separate paper (Green et al. 1985, hereafter Paper III) we 
will examine the line and continuum cooling radiation of these 
and other PG quasars and their relation to continuum proper- 
ties. One other PG quasar (PG 1211-1-143; Elvis, Wilkes, and 
Tananbaum 1985) has such an unusually steep X-ray spectrum 
(and the highest LJLopi in the bright quasar sample) that it will 
be discussed separately (Bechtold et al. 1985, hereafter 
Paper II). 

A Hubble constant of 50 km s"1 Mpc”1 is used throughout. 

II. OBSERVATIONS 

a) Einstein X-Ray Spectra 
At X-ray luminosities greater than ~1044 ergs s-1 (2- 

10 keV),3 low-energy photoelectric absorption is rarely seen 
(Lawrence and Elvis 1982; Petre et al. 1984). This allows the 
study of the X-ray continua of quasars with detectors sensitive 
to low energies, like the Einstein imaging proportional counter 
(IPC, Gorenstein, Harnden, and Fabricant 1981). 

The X-ray observations reported here were made with the 
Einstein Observatory (HEAO 2; Giacconi et al. 1979). The 
X-ray detections of these and many other PG quasars are 
reported in Tananbaum et al. (1986). Table 1 gives the observ- 
ing log for the eight quasars in our study for each wavelength 
band observed, together with the redshift and absolute magni- 
tudes of the quasars from Schmidt and Green (1983). Schmidt 
and Green have adopted the criterion Mß < — 23 for terming 
an AGN a quasar. This criterion is to some extent arbitrary, 
but it is observationally convenient since for such absolute 
magnitudes any underlying galaxy contribution is small. The 
same criterion is used in the catalog of Véron-Cetty and Véron 
(1985). Five of our eight objects satisfy this criterion (Table 1). 
Further details of the observations are given in 
Table 2. Since the quality of an IPC fit is limited by the total 
net source counts and that of the MPC by the count rate of the 
source, Table 2 lists these quantities. 

i) IPC Spectra 
The primary instrument used was the IPC, which has a 

broad bandpass (~0.1-4.0 keV), limited intrinsic energy 
resolution (E/AE % 1), and a 1' beam size (Gorenstein, 

3 LJ2-10 keV) = Lx(0.3-3.5 keV) for aE = 0.7 
= 1.5Lx(0.3-3.5 keV) for a£ = 1.0 , 

both with no low-energy cutoff. 

Harnden, and Fabricant 1981). The recent calibration of the 
IPC (Harnden and Fabricant 1986) has allowed the use of this 
resolution for deriving the spectra of bright on-axis point 
sources. Spectral slopes can be derived for quasars with > 500 
counts. The pulse height analysis (PHA) channels spanning the 
range 0.1-4.0 keV were used. This is typically 10 of the 16 
available PHA channels. Source counts were taken from a 
circle of 3' (22.5 pixels) radius centered on the source position. 
Background counts were taken from an annulus with the same 
center and with inner and outer radii of 5' (37.5 pixels) and 6' 
(45 pixels) respectively. The total number of background 
counts in the 0.1-4.0 keV band is small relative to the source 
counts. Within the 3' radius source circle, a typical background 
rate is ~40 counts (1000 s)_1. This amounts to only 5%-15% 
of the source counts (Table 2). 

PG 1545 + 210 was observed twice (Table 1). Table 2 gives 
details of the separate observations. Since the two spectral 
fitting contours overlap and there is no evidence for count rate 
variability, a spectrum was also fitted to the sum of the two 
observations. We use this summed spectrum in the following 
discussion. 

We note that PG quasars in general do not lie in rich clus- 
ters of galaxies (Yee and Green 1984). It is unlikely that the 
small groups in which they are found would themselves be 
significant X-ray sources. The most luminous of these groups 
have luminosities ~1/10 those of the quasars (Kriss, Cioffi, 
and Cañizares 1983); typical groups are 100 times less lumin- 
ous than the quasars. 

ii) Joint IPC/MPC Spectra 
The 2-7 keV count rate measured in the Einstein monitor 

proportional counter (MPC) was also used for the brighter 
sources. The MPC was a nonimaging instrument co-aligned 
with the Einstein mirror and provided high-energy data with 
reduced sensitivity (Halpern 1982). The MPC field of view was 
roughly coextensive with that of the IPC. At the flux levels of 
even the brightest quasars considered here, ~ 1/2-1 UFU,4 the 
MPC background subtraction procedure is sufficiently uncer- 
tain that MPC spectra cannot yet be reliably derived. Halpern 
(1982) has published MPC spectra for the four quasars we 
report on here. However, he used an earlier version of the 
background prediction data base. We have repeated his 
analysis with the final data base using the lowest six MPC 
pulse height channels. The best-fit spectral slopes from this 
procedure range over +0.5 of his value. This dispersion is 
sufficiently large that spectra from the MPC are unreliable at 
these flux levels. We do not feel confident that our new fits are 
substantially more reliable than those of Halpern. For some of 
the quasars, however, the MPC unambiguously detects the 
object and thus can be used to determine a flux point in the 
hard X-ray band. This is valuable in limiting the allowed range 
of power-law indices. We used only the total count rate from 
channels 3-5 (~2.4-7.1 keV; Halpern 1982, Fig. 2.1), where 
the MPC is most sensitive. 

The determination of source fluxes in the MPC relies on the 
ability to predict the background count rates in each of the 
PHA channels. When tested against the observed background 
during long pointings at effectively empty Deep Survey fields, 
the background predictions are found to have a scatter of 
~ l%-2% in each channel. The total background rate in chan- 

4 1 UFU = 1 Uhuru flux unit = 2.4 x 10 11 ergs cm 2 s 1 (2-10 keV) 
(Forman et ai 1978) « 1 ply, at 2 keV. 
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TABLE 2 
Einstein IPC and MPC X-Ray Observations 

IPC Eifective MPC 
Observation Observing IPC Observing 

Nh (gal)a Sequence Time Instrumental Net IPC IPC MPC Time 
PG Name (x 1020) Number (s) Gain Counts Counts s_1 Counts s-1 (s) 

0049+171 .... Mrk 1148 4.3 8431 1373 15.0 510 ± 23 0.37 ± 0.02 0.49 ± 0.08 1436 
1202 + 281.... GQ Comae 1.7 4258 4176 11.8 1080 + 35 0.26 ± 0.01 
1244 + 026.... ... 1.8 8433 1232 15.4 400 ± 21 0.32 + 0.02 
1307 + 085.... ... 2.1 5344 2149 17.6 598 ± 26 0.28 ± 0.01 
1416-129 .... ... 6.8 10373 2375 17.8 678 + 28 0.29 ± 0.01 0.62 ± 0.08 2537 
1426 + 015 .... Mrk 1383 2.8 5348 2034 14.0 1350 ± 38 0.66 ± 0.02 0.41 ± 0.07 1810 
1501 +106 .... Mrk 841 2.4 6713 1475 17.0 1699 ± 42 1.15 + 0.03 0.76 + 0.08 1677 
1545 + 210.... 3C 323.1 4.3 

A  ... ... 2054 1912 16.4 430 + 23 0.22 + 0.01 
B  .>. ... 2055 1541 12.6 323 ± 19 0.21 ± 0.01 

Sum   ... ... ... 3453 14.8 753 ± 30 0.22 ± 0.01 
a Interpolated from Stark et at. 1985. 

neis 3-5 is ~4.5 counts s_1, so that the predicted background, 
and hence the net counts in the source, are uncertain by ~ 0.07 
counts s_1. These errors dominate the uncertainties in deter- 
mining the MPC flux of weak sources such as the quasars 
discussed here (see Table 2). These background prediction 
uncertainties have been included in quadrature in the error on 
the MPC source counts (as given in Table 2). In addition, the 
relative calibration of the MPC and IPC is determined to 
^ 10% (Appendix A), and so we have included a 10% error on 
the MPC count rate to allow for this. In order to fit spectra to 
the combined IPC/MPC data, we folded identical spectra 
through each instrument. We then added the resulting x2 t° 
that obtained from the IPC fit. 

The MPC count rates are unlikely to be contaminated by 
other X-ray sources. No other source is seen in any of the IPC 
fields above 1/10 of the quasar count rate. Extra IPC sources 
are only seen in two fields, those of PG 1202 + 281 (one 72 
count source) and PG 1545 + 210 (one 14 count source in the 
“ 2054 ” observation). 

iii) Fitted Spectral Forms 
For each quasar we attempted to fit simple models of the 

form (1) power law, (2) thermal bremsstrahlung (exponential 
plus Gaunt factor), (3) thermal plasma (Raymond and Smith 

1977; Raymond 1980), (4) black body. The column density NH 

of cold absorbing material at cosmic abundance (using cross 
sections from Brown and Gould 1970) in front of the source 
was also allowed to vary simultaneously. Fits to each model 
were made for the IPC alone and, where possible, to the com- 
bined IPC/MPC data. 

Table 3 gives the minimum x2 (not reduced) for each form of 
fit for each quasar and the number of degrees of freedom in 
each fit. In parentheses we give the x2 for the fit when NH is 
forced to exceed the minimum allowed Galactic column 
density. Both single power-law and thermal bremsstrahlung 
models give acceptable fits for all the quasars. In most cases 
both a Raymond thermal plasma and a blackbody spectrum 
fail to fit adequately, particularly if NH is constrained to exceed 
the minimum Galactic column density (see below). For simpli- 
city and ease of comparison with previous results, we discuss 
the results in terms of the power-law fits. 

Table 4 gives the best-fit values for a£ and NH in a single 
power-law fit. Values and ranges are given both for the IPC 
alone and for the IPC/MPC combination. Figure 1 shows 
the 90% confidence contour in (ocE, log VH)-space for each 
quasar. The eight panels have different axis scales because of 
the varying quality of the fits. Again both the IPC alone and 
the joint IPC/MPC results are given. The vertical lines show 

PG 

TABLE 3 
Chi-square Minima for Fits to X-Ray Spectra 

Name 
Degrees of 
Freedom2 Power Lawb 

Exponential 
+ Gauntb 

Raymond 
Thermal15 Blackbody15 

0049+171. 

1202 + 281. 
1244 + 026. 
1307 + 085. 
1416-129. 

1426 + 015. 

1501 + 106. 

1545 + 210. 

Mrk 1148 

GQ Comae 

Mrk 1383 

Mrk 841 

3C 323.1 

IPC 
IPC/MPC 
IPC 
IPC 
IPC 
IPC 
IPC/MPC 
IPC 
IPC/MPC 
IPC 
IPC/MPC 
2054 IPC 
2055 IPC 

Sum IPC 

8 
9 
7 
9 
9 
9 

10 
8 
9 
9 

10 
10 

8 
8 

12.7 (12.7) 
12.9 (12.9) 
5.2 (5.2) 
7.6 (7.9) 
6.7 (8.0) 
7.9 (7.9) 

13.8 (13.8) 
8.6 (8.6) 
9.2 (9.2) 
3.0 (3.0) 
3.1 (3.1) 

12.8 (14.2) 
5.9 (5.9) 
7.4 (7.4) 

12.0(12.0) 24.0(28.6) 

5.1 (5.4) 
8.7 (10.8) 
7.4 (14.7) 
6.0 (6.0) 

7.4 (7.4) 

3.1 (7.8) 

11.2(16.7) 
4.5 (4.5) 
5.5 (10.8) 

7.0 (31.7) 
23.5 (24.4) 
41.9 (85.1) 

6.3 (6.3) 

6.9 (19.2) 

36.6 (127.0) 

10.0 (32.0) 
3.9 (9.5) 
5.5 (31.5) 

11.8 (14.4) 

46.1 (50.8) 
18.9 (20.7) 
38.8 (45.2) 

5.6 (6.4) 

43.1 (66.3) 

91.5 (126.7) 

18.8 (20.7) 
5.7 (6.4) 

13.9 (26.1) 
a Degrees of freedom in fit = number of PH A channels — 2 fit parameters. 
b Values in parentheses are for NH > [iVH (gal) — 1020]. 
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TABLE 4 
Single Power-Law Fits to PG Quasar X-Ray Spectra 

PG 

IPC Fits Joint IPC/MPC Fits 

Name ( xlO20) a£[JVH > NH (gai)] 
Intrinsic NH 

(x lO20) 
N» 
(x 1020) 

Intrinsic NH 
( x 1020) 

0049+171 
1202 + 281 
1244 + 026 
1307 + 085 
1416-129 
1426 + 015 
1501 + 106 
1545 + 210 

2054.. .. 
2055.. .. 
Sum... 

Mrk 1148 
GQ Comae 

Mrk 1383 
Mrk 841 
3C 323.1 

0 7 + 3,0 u- ' -0.4 
1 i +0.3 -0.5 

i-oîSI 
L9+l:î 

6.0 ü 

1 o + 5° 

3 5 + 1-5 
— 2.0 

1.3 Í 

2.0 Í 

O 75 + 0.55 u- /:)-0.55 

OJOtlZ 

1.5 + 1.3 0.3 

1.9Í11 
1.3 
1 o+0-3 
J^^-o.os 

+ 0.4 0.3 

0.75íg;' 

<53 
<5 
<5 
<1 
<90 
<3 
<1 

<5 
<29 
<4 

0.95í^ 

0.95 
1.3: 
i.o: 

-0.3 -0.3 
-0.2 -0.2 

9Í? 

15 
3.5 
1.3 

+ 25 -10 
; +1 -5 -2.0 

-0.7 -1.3 

0.95ígj 

i q + 0.20 i-U-0.05 

<10 

<35 
<2 
<0.6 

Note.—90% two-parameter errors, %min
2 + 4.6(Avni 1976). 

the nominal galactic NH interpolated from the Bell Labs survey 
(Stark étal 1986) for each quasar with their 90% errors 
(±1 x 1020 atoms cm-2, Appendix B). Table 4 includes the 
value and allowed range of a£, subject to the constraint that 
Nn > [ATH(Galactic) — 1020], i.e., that the minimum absorbing 
column density due to the Galaxy is met or exceeded. The 
maximum allowed value of Nn in excess of the minimum 
Galactic value is also listed in Table 4 as “ Intrinsic iVH.” In no 
case is an intrinsic column required in these quasars, so these 
values are all upper limits. 

Since in at least one quasar (PG 1211 +143; Elvis, Wilkes, 
and Tananbaum 1985; Paper II) the MPC flux lies above any 
extrapolation of a single power law, there is concern that the 
inclusion of MPC data in a single power-law fit is misleading. 
Arnaud et al (1985) have also suggested that a two-component 
fit is needed to explain their EX OS AT spectrum of 
PG 1501 + 106. However, in none of the four cases in which a 
joint IPC/MPC fit has been made does a significantly poorer 
X2 result (Table 3). In three of the four cases (PG 0049+171, 
1426 + 015, 1501 + 106) the best-fit value of a£ is not changed 
by more than 0.25. For these quasars the only effect of the 
MPC data point is to reduce the size of the allowed region of 
X2 space (shaded areas of Figs, la, If, and Ig), suggesting that 
the same power law seen in the IPC extends to at least 6 keV. 

The soft excess seen by Arnaud et al is not well constrained 
in form but is unlikely to make a significant contribution 
above 0.4 keV (see their Fig. 6). In their two-power-law fit, the 
soft component contributes no more than ~ 10% of its 0.2 keV 
count rate at 0.4 keV. This softness allows us to make a further 
test for a steep low-energy component by restricting the IPC 
data used in the joint fit to energies above ~0.6 keV. Although 
the IPC energy resolution is poor, the strong dip in its effective 
area immediately above 0.28 keV (due to the carbon edge) 
makes any contribution from photons below 0.6 keV very 
small in this fit. When we do this we find once again that the 
best-fit values remain unchanged in three of four cases and the 
allowed region of x2 space changes little except to leave the 
lower bound of NH indeterminate (dashed contour in Figs, la, 
If and Ig). Values of a£ steeper than 0.7 are still required for 
PG 1426 + 015 and PG 1501 + 106 at better than 90% con- 
fidence. For PG 1501 +106 this high-energy IPC plus MPC fit 
is marginally inconsistent with the Arnaud ei al fit. The two 
90% contours do not quite touch at the minimum Nu value, so 
the probability of their being consistent is, roughly, < 1 % (in 

Fig. Ig the EX OS AT 90% steepest bound on a£ would form 
an essentially horizontal line at oe£ = 0.8). This is weak evi- 
dence for spectral variability in PG 1501 + 106. The normal- 
ization of our fit is very similar to that of Arnaud et al, our 
value being ~ 25% higher at 2 keV. 

The x2 plots for one quasar, PG 1416—129, are suggestive 
of a soft excess below 0.6 keV and a flatter continuum domin- 
ating at higher energies. Figure le shows the joint fit over the 
whole energy range to be similar to that of PG 0049 + 171 
(Fig. la). When only the high-energy data are included, the 
best fit shifts to flatter slopes. The high-energy fit excludes 
slopes steeper than 0.85 at 90% confidence. Unfortunately, the 
combination of counting statistics and energy resolution does 
not allow us to decide between two components or a single 
power law over the whole energy range. 

Although we cannot rule out more complex, two- 
component, forms for the quasar spectra, we discuss the data 
mainly in terms of the simplest, one-power-law param- 
eterization. We use the joint IPC/MPC single power-law fit 
values for the full energy range with the requirement that NH 
exceed the minimum Galactic Nn. Figure 2 shows this best fit 
compared with the raw count data for each quasar. 

From the single power-law fits we can derive a number of 
useful fluxes and luminosities. These are given in Table 5. The 
errors on the fluxes are often highly asymmetric, since the 
best-fit values for the fluxes are often either the highest or 
lowest allowed values. The errors due to the uncertainty in the 
spectral fit have been added in quadrature to the uncertainties 
from the counting statistics of the detection. It is common for 
the steepest allowed spectrum to have the largest allowed flux. 
Table 5 gives the 0.3-3.5 keV broad-band flux and luminosity 
to allow direct comparison with other work, in particular the 
Einstein Medium Sensitivity Survey (Gioia et al 1984). The 
flux density at 2 keV is useful for comparison with the large 
body of Einstein quasar work (e.g., Tananbaum et al 1986; 
Marshall et al 1984). In Table 5 we list in addition the spec- 
trum normalization at 1 keV and the flux density at 0.2 keV. 
One keV lies near the peak of the IPC sensitivity and is the 
approximate “pivot point” for the spectral fits (see § IIIh[i] 
and Fig. 7). It is thus both relatively well determined and con- 
venient for replotting the X-ray power-law fits. It is hoped that 
the 0.2 keV flux densities will be of use in making photoioniza- 
tion models of these quasars. For this purpose the lowest 
energy accessible is the most useful as it reaches closer to the 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 
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(b) 
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(g) PG 1501 + 106 EINSTEIN IPC/MPC 
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PG 1545 + 210 EINSTEIN IPC 
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Fig. 1.—Allowed ranges of power-law 
index and NH for the eight PG quasars. 
Chi-square contours at 90% confidence 
are shown in energy spectral index aE vs. 
log column density iVH (atoms cm-2) for 
power-law fits to the IPC (open contours) 
and to the joint IPC/MPC (dotted areas) 
data. The dashed contours are fits to the 
joint IPC/MPC data using only points 
above ~0.6 keV. The vertical solid lines 
are the interpolated Stark et al. (1985) 
values of the column density due to our 
Galaxy. The vertical dashed lines are the 
Stark et al values +1020 atoms cm-2, 
which are 90% errors on this value (see 
Appendix B). For PG 1545 + 210, two 
separate IPC observations are shown as 
well as a joint fit to the sum of the two IPC 
observations (hatched region). 
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(a) 
PG 0049+ 171 I PC MPC 

(b) 
PG 1202 + 281 IPC 

PG 1244 + 026 IPC (d) 
PG 1307+085 IPC 

(e) 
PG 1416-129 IPC MPC 

(g) 
PG 1501 + 106 IPC MPC 

(f) 
PG 1426 + 015 IPC MPC 

(h) 
PG 1545 + 210 IPC 

Fig. 2.—Best-fit power-law models compared with the raw IPC and MPC data. Error bars are 1 a. 

297 
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TABLE 5 
Derived Quasar Fluxes and Luminosities for Power-Law Fits 

PG 

/(0.2 keV) 
GuJy) 

Name Intrinsic Observed 
/(I keV) 

(^Jy) 

f(2 keV) 
(^Jy) 

/(0.3-3.5 keV) 
(10'11 ergs cm-2 s_1) 

Lx (0.3-3.5 keV 
(lO44 ergs s“1) 

Intrinsic Observed Intrinsic Observed Intrinsic Observed 

0049+ 171a.. 
1202 + 281a.. 
1244 + 026 .. 
1307 + 085a.. 
1416-129a.. 
1426 + 015a,b. 
1501 + 106a,b. 
1545 + 210b,c. 

Mrk 1148 
GQ Comae 

Mrk 1383 
Mrk 841 
3C 323.1 

1.08í^ 

10Í 

221 

x 10- 
1.69ÍJ;b« 
8.0í?;i 

2.4 + 0.6 
1 21 +013 1-zi -0.18 

3.5 ± 0.4 
4.25 + 0.13 
1 03 + 0-28 

v'J-0.02 
0.4 + 0.1 

2.08l:î! 

i 99 + 0.08 A-ZZ-0.26 

0. 4 ± 0.1 
1 q^ + 0.07 1. UJ_0.04 
1 21416 i*ZA -0.10 

o 50 + 0.07 W.JZ,_o 00 

1.9 ± 0.3 
o c +0.21 +'J-0.06 

1.09! 
0-64!S;“ 
0.5+SS 

U.09_o.o4 
1.6 ± 0.1 
0 4+0.12 Z'^-0.06 
0 5Q + 0.03 U-:,y-0.02 

0.5 
+ 1.4 9.8 í J;4 

60+4-7 
°'U-0.3 

6.5 ± 1.0 5.5 ± 0.3 

Note.—Intrinsic spectra corrected for effects of Galactic absorption by the fit values of Table 4. 
a Joint IPC/MPC fit values used. 
b The constraint that NH be greater than the minimum galactic NH was used. 
c The fit to sum of 2054,2055 was used. 

228 Â helium edge. Although in principle the IPC has response 
at 0.1 keV (124 A), the uncertainties involved in correcting for 
the Galactic absorption become absurd. Already at 0.2 keV 
they are large, as can be seen from Table 5, so we do not quote 
fluxes below this energy. 

b) Ultraviolet, Optical, and Infrared Observations 
Ultraviolet spectra were either observed by the authors (PG) 

or retrieved from the archives of the International Ultraviolet 
Explorer satellite Boggess et al. 1978a, b). A log of the observa- 
tions is given in Table 6. The targets were observed by blind 
offset into the large (10" x 20") apertures. The spectra were 
extracted from the line-by-line images produced from the geo- 
metrically and photometrically corrected frames by the IUE 
SIPS procedures (Turnrose and Perry 1977), using a five line 
wide extraction slit for the spectrum, and subtracting a pair of 
15 line wide, unsmoothed background swaths. The absolute 
calibration is from Bohlin et al. (1980), with a quoted accuracy 
of 10%. 

Optical spectrophotometry was obtained with the multi- 
channel spectrophotometer (Oke 1969) on the Hale 5 m tele- 
scope. The observations were made through 15" apertures, 
with decker settings allowing 80 Â bandpasses for wavelengths 
from 3200 to 5700 Â and 160 Â from 5700 Â to 1.1 pm. Absol- 
ute fluxes were calibrated using a flux standard sdG star on the 
AB79 system (Oke and Gunn 1983) and standard extinction 
corrections appropriate for Palomar were applied. 

Infrared measurements were obtained at the Palomar 5 m 
telescope. An InSb detector was used for measurements 

between 1.3 and 3.7 pm. For 10 pm measurements a bolometer 
system was employed. All the infrared measurements were 
made through a 5" aperture with a 15" north-south chop. Mag- 
nitudes were measured relative to standard stars chosen from 
the lists of Elias et al. (1982) and were converted to flux den- 
sities using the Caltech system. At 3.7 and 10 pm the filters are 
sufficiently broad that a color correction should be applied to 
the flux densities. We made a color correction assuming a 
Rayleigh-Jeans form for the standard stars and a flux density 
decreasing linearly with frequency for the objects. This gave a 
4% correction at 10 pm and a smaller correction at 3.7 pm. 
For the 1.2 to 2.2 pm region the color corrections were negligi- 
ble. Measurement uncertainties are less than 5% from 1.2 to 
2.2 pm, ~ 10% at 3.7 pm, and ~20% at 10 pm. 

In Table 7 we list the log of the values for the continuum 
fluxes in ergs cm-2 s~1 Hz -1 both as observed (col. [2]) and as 
corrected for reddening and nonsimultaneity of observations 
(col. [3]), as described below. The 1 a uncertainty on the values 
in column (3) are given in column (4). The spectra have been 
converted to the rest frame of each quasar, using the relations 

v0 = Vobs(1+z) 

and 

/v0 =/v(OBS)/(l + z), 

where the values of z are given in Table 1. Column (1) gives 
log v0(Hz). Errors on log /v are given in column (4). Data 
within 10,000 km s_1 of strong emission lines—Lya, Si iv- 
O iv, C iv, He ii, C in, Mg n, H/, and Ha—have been deleted. 

TABLE 6 
IUE Observations 

LWR Image SWP Image 

  Exposure Time Exposure Time Shift in 
PG Name Nominal Adopted No. (minutes) No. (minutes) l°g/vo 

0049+171  Mrk 1148 0.058 0.029 ... ... ... ... 0 
1202 + 281  GQ Comae 0.073 0.036 15078 120 8900 205 -.158a 

1244 + 026  ... 0.058 0.029 15213 120 19223 380 0 
1307 + 085  ... 0.035 0.017 2826 180 8915 180 0 
1416-129...  ... 0.150 0.073 16072 130 8916 145 0 
1426 + 015.  Mrk 1383 0.081 0.040 15201 80 19214 18 +0.11 
1501 + 106..  Mrk 841 0.081 0.081 15200 90 19213 180 +0.32 
1545 + 210  3C 323.1 0050 0.050 16665 336 20764 428 0 

a LWR only. No shift for SWP. 
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TABLE 7 
Ultraviolet, Optical, and Infrared Flux Densities 

log/v Values log/v Values Errors 
log v0(Hz) Observed Corrected log/v 
(1) (2) (3) (4) 

log/v Values log/v Values Errors 
log v0(Hz) Observed Corrected log/v 
(1) (2) (3) (4) 

A. PG 0049+171 PG 1202 + 281—Continued 

14.9960 
14.9860 
14.9750 
14.9650 
14.9550 
14.9450 
14.9360 
14.9170 
14.9090 
14.9000 
14.8750 
14.8590 
14.8510 
14.8280 
14.8140 
14.8070 
14.8000 
14.7730 
14.7670 
14.7420 
14.7380 
14.7260 
14.6920 
14.6820 
14.6420 
14.6320 
14.6230 
14.6140 
14.6050 
14.5970 
14.5880 
14.4000 
14.2870 
14.1580 

“26.17 
“26.07 
“26.00 
-25.98 
“26.01 
-25.96 
-25.99 
-25.95 
-25.95 
-26.00 
-26.04 
-26.06 
-26.09 
-26.03 
-26.04 
-25.99 
-25.99 
-25.96 
-25.99 
-25.95 
-26.04 
-25.98 
-25.89 
-25.87 
-25.81 
-25.79 
-25.78 
-25.73 
-25.82 
-25.78 
-25.73 
-25.61 
-25.47 
-25.34 

-26.11 
-26.01 
-25.94 
-25.92 
-25.95 
-25.91 
-25.93 
-25.90 
-25.90 
-25.95 
-25.99 
-26.01 
-26.04 
-25.98 
-25.99 
-25.94 
-25.94 
-25.91 
-25.95 
-25.91 
-26.00 
-25.94 
-25.85 
-25.83 
-25.77 
-25.76 
“25.74 
-25.69 
-25.78 
-25.75 
-25.69 
-25.58 
-25.44 
-25.31 

-26.35 
-26.53 
-26.58 

B. PG 1202 + 281 (GQ Com) 

15.4256 
15.4067 
15.3628 
15.3546 
15.3464 
15.3154 
15.3080 
15.2444 
15.2319 
15.2197 
15.1907 
15.1687 
15.1582 
15.1479 
15.1378 
15.1280 
15.1184 
15.1089 
15.0997 
15.0907 
15.0819 
15.0732 

-26.52 
-26.37 
-26.37 
-26.37 
-26.37 
-26.54 
-26.44 
-26.19 
-26.17 
-26.05 
-26.04 
-26.06 
-26.07 
-26.02 
-26.06 
-26.07 
-25.98 
-25.99 
-25.96 
-25.97 
“25.93 
-25.92 

-26.39 
-26.24 
-26.25 
-26.25 
-26.25 
-26.43 
-26.33 
-26.22 
-26.19 
-26.07 
-26.06 
-26.09 
-26.12 
-26.07 
-26.11 
-26.13 
-26.05 
-26.05 
-26.03 
-26.04 
-26.01 
-26.00 

-27.26 
-27.04 
-26.91 
-27.08 
-26.86 
-26.97 
-27.01 
-26.86 
-26.68 
-26.68 
-26.83 
-26.81 
-26.96 
-27.04 
-27.03 
-27.21 
-27.11 
-27.16 
-26.79 
-27.04 
-27.07 
-26.93 

15.0647 
15.0564 
15.0482 
15.0409 
15.0095 
14.9940 
14.9850 
14.9750 
14.9570 
14.9480 
14.9390 
14.9310 
14.9220 
14.9140 
14.9060 
14.8980 
14.8600 
14.8530 
14.8320 
14.8260 
14.8130 
14.8060 
14.8000 
14.7430 
14.7320 
14.7210 
14.6910 
14.6810 
14.6450 
14.6360 
14.6280 
14.4400 
14.3260 
14.1950 
13.9750 
13.5390 

-26.03 
-25.95 
-26.00 
-25.88 
-26.07 
-26.15 
-26.08 
-26.05 
-26.09 
-26.05 
-26.01 
-26.03 
-26.06 
-26.05 
-26.05 
-26.10 
-26.16 
-26.15 
-26.12 
-26.11 
-26.06 
-26.05 
-26.10 
-26.00 
-26.02 
-26.05 
-25.99 
-25.99 
-25.95 
-25.90 
-25.87 
-25.71 
-25.48 
-25.18 
-24.78 
-24.44 

-26.10 
-26.03 
-26.08 
-25.96 
-25.99 
-26.08 
-26.01 
-25.98 
-26.02 
-25.98 
-25.95 
-25.97 
-26.00 
-25.99 
-25.99 
-26.04 
-26.10 
-26.09 
-26.06 
-26.06 
-26.00 
-26.00 
-26.04 
-25.95 
-25.97 
-26.00 
-25.94 
-25.95 
-25.91 
-25.86 
-25.82 
-25.67 
-25.45 
-25.15 
-24.75 
-24.41 

C PG 1244 + 026 

15.3713 
15.3628 
15.3546 
15.3464 
15.3385 
15.3307 
15.3230 
15.3154 
15.2463 
15.2400 
15.2337 
15.2276 
15.2215 
15.2155 
15.1785 
15.1677 
15.1546 
15.1418 
15.1319 
15.1222 

-26.50 
-26.44 
-26.44 
-26.47 
-26.47 
-26.32 
-26.41 
-26.44 
-26.41 
-26.42 
-26.33 
-26.39 
-26.37 
-26.36 
-26.30 
-26.07 
-26.38 
-26.17 
-26.10 
-26.27 

-26.40 
-26.34 
-26.34 
-26.37 
-26.38 
-26.23 
-26.31 
-26.34 
-26.32 
-26.33 
-26.24 
-26.30 
-26.28 
-26.27 
-26.19 
-25.96 
-26.27 
-26.06 
-26.00 
-26.18 

-26‘.82 
-26.79 
-26.57 
-26.29 
-29.15 

-26.72 
-26.60 
-26.30 
-25.79 
-24.67 

-27.30 
-27.44 
-27.27 
-27.24 
-27.26 
“27.13 
-27.24 
-27.25 
-26.87 
-27.36 
-27.52 
-27.25 
-27.62 
-27.33 
-26.78 
-26.68 
-26.78 
-26.63 
-26.86 
-26.69 
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TABLE 7—Continued 

log/v Values 
log v0(Hz) Observed 
(1) (2) 

log/v Values Errors 
Corrected log /v 
(3) (4) 

log/v Values 
log v0(Hz) Observed 
(1) (2) 

log/, Values Errors 
Corrected log /v 
(3) (4) 

PG 1244 + 026—Continued PG 1307 + 085—Continued 

15.1127 
15.1034 
15.0943 
15.0854 
15.0766 
15.0681 
15.0618 
15.0577 
15.0535 
15.0495 
15.0454 
15.0414 
15.0181 
15.0144 
15.0107 
15.0070 
15.0033 
14.9997 
14.9961 
14.9900 
14.9790 
14.9690 
14.9580 
14.9480 
14.9370 
14.9290 
14.9200 
14.9110 
14.8930 
14.8680 
14.8600 
14.8520 
14.8290 
14.8220 
14.8070 
14.8000 
14.7730 
14.7670 
14.7420 
14.7360 
14.7310 
14.7190 
14.6970 
14.6860 
14.6750 
14.6450 
14.6350 
14.6260 
14.6170 
14.6080 
14.5990 
14.5900 
14.5820 
14.3940 
14.2800 
14.1490 

-26.15 
-26.11 
-26.25 
-26.22 
-26.14 
-26.15 
-26.10 
-26.15 
-26.09 
-26.14 
-26.17 
-26.16 
-26.10 
-25.99 
-26.20 
-26.11 
-25.89 
-26.09 
-25.93 
-25.65 
-25.80 
-25.83 
-25.80 
-25.89 
-25.83 
-25.89 
-25.84 
-25.82 
-25.98 
-25.88 
-25.86 
-25.88 
-25.86 
-25.80 
-25.77 
-25.80 
-25.82 
-25.82 
"25.77 
-25.74 
-25.74 
-25.78 
-25.64 
-25.72 
-25.68 
-25.65 
-25.53 
-25.63 
-25.55 
-25.69 
-25.58 
-25.58 
-25.50 
-25.54 
-25.44 
-25.29 

-26.06 
-26.02 
-26.17 
-26.14 
-26.06 
-26.08 
-26.03 
-26.07 
-26.02 
-26.07 
-26.10 
-26.09 
-26.04 
-25.92 
-26.14 
-26.05 
”25.83 
”26.03 
-25.87 
-25.59 
-25.74 
-25.77 
-25.74 
-25.84 
-25.77 
-25.84 
-25.79 
-25.77 
-25.93 
-25.83 
-25.81 
-25.83 
-25.82 
-25.76 
-25.73 
-25.75 
-25.77 
-25.77 
”25.73 
-25.69 
-25.70 
-25.74 
-25.60 
-25.68 
-25.64 
-25.61 
-25.50 
-25.59 
-25.51 
-25.65 
-25.54 
-25.54 
-25.47 
-25.51 
-25.41 
-25.26 

-26.96 
-26.83 
-26.97 
-26.83 
-27.24 
-27.15 
-26.80 
-26.75 
-27.12 
-27.05 
-26.84 
-27.30 
-26.80 
-26.60 
-26.70 
-26.33 
-26.29 
-26.23 
-26.13 

-26.65 
-26.50 
-26.46 

D. PG 1307 + 085 

15.4161 -26.01 -25.95 -27.18 

15.4067 
15.3628 
15.3546 
15.3464 
15.3154 
15.3080 
15.2468 
15.2313 
15.2251 
15.2191 
15.2131 
15.1845 
15.1790 
15.1736 
15.1682 
15.1629 
15.1577 
15.1525 
15.1474 
15.1423 
15.1373 
15.1324 
15.1275 
15.1227 
15.1179 
15.1132 
15.1085 
15.1039 
15.0993 
15.0948 
15.0903 
15.0858 
15.0815 
15.0771 
15.0728 
15.0085 
15.0643 
15.0601 
15.0560 
15.0519 
15.0478 
15.0438 
15.0398 
15.0361 
15.0010 
14.9910 
14.9810 
14.9720 
14.9620 
14.9530 
14.9440 
14.9350 
14.9270 
14.9190 
14.9100 
14.9020 
14.8940 
14.8710 
14.8570 
14.8500 
14.8290 

-25.93 
-25.93 
-25.90 
-25.91 
-25.98 
-25.95 
-25.93 
-25.90 
-25.88 
-25.86 
-25.97 
-25.86 
-25.94 
-25.85 
-25.92 
-25.88 
-25.86 
-25.86 
-25.87 
-25.88 
-25.86 
-25.87 
-25.89 
-25.84 
-25.80 
-25.83 
-25.82 
-25.78 
-25.78 
-25.74 
-25.77 
-25.77 
-25.76 
-25.76 
-25.80 
-25.79 
-25.78 
-25.74 
-25.77 
-25.75 
-25.79 
-25.73 
-25.69 
-25.71 
-25.65 
-25.66 
-25.60 
-25.64 
-25.60 
-25.64 
-25.60 
-25.64 
-25.63 
-25.62 
-25.61 
-25.66 
-25.66 
-25.72 
-25.74 
-25.70 
-25.69 

-25.87 
-25.88 
-25.85 
-25.86 
-25.93 
-25.90 
-25.88 
-25.84 
-25.82 
-25.80 
-25.90 
-25.79 
-25.88 
-25.79 
-25.86 
-25.83 
-25.81 
-25.81 
-25.81 
-25.83 
-25.81 
-25.82 
-25.84 
-25.79 
-25.75 
-25.78 
-25.78 
-25.74 
-25.74 
-25.70 
-25.73 
-25.73 
-25.72 
-25.72 
-25.76 
-25.75 
-25.74 
-25.70 
-25.73 
-25.71 
-25.75 
-25.69 
-25.65 
-25.67 
-25.61 
-25.63 
-25.56 
-25.61 
-25.57 
-25.61 
-25.57 
-25.61 
-25.60 
-25.59 
-25.58 
-25.63 
-25.63 
-25.69 
-25.71 
-25.67 
-25.66 

-26.79 
-27.34 
-26.96 
-26.83 
-26.89 
-27.09 
-27.43 
-26.30 
-26.30 
-26.55 
-26.56 
-26.48 
-26.46 
-26.52 
-26.50 
-26.57 
-26.74 
-26.65 
-26.65 
-26.94 
-26.85 
-27.00 
-26.93 
-26.81 
-27.10 
-27.27 
-27.17 
-27.01 
-27.11 
-26.85 
-27.05 
-26.94 
-26.99 
-26.87 
-26.90 
-26.90 
-27.05 
-26.79 
-26.18 
-26.39 
-27.07 
-26.80 
-26.42 
-26.51 

300 
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TABLE 7—Continued 

log/v Values log/v Values Errors 
log v0(Hz) Observed Corrected log/v 
(1) (2) (3) (4) 

log/v Values 
log v0(Hz) Observed 
(1) (2) 

log/v Values Errors 
Corrected log/v 
(3) (4) 

PG 1307 + 085—Continued F. PG 1426 + 015 (Mrk 1383) 

14.8220 
14.8090 
14.8030 
14.7730 
14.7390 
14.7280 
14.7180 
14.6970 
14.6870 
14.6780 
14.6410 
14.6320 
14.6240 
14.4360 
14.3220 
14.1910 
13.9720 
13.5350 

-25.70 
-25.66 
-25.70 
-25.62 
-25.69 
-25.71 
-25.68 
-25.66 
-25.66 
-25.59 
-25.66 
-25.57 
-25.58 
-25.52 
-25.45 
-25.28 
-25.08 
-24.68 

-25.68 
-25.64 
-25.67 
-25.60 
-25.67 
-25.68 
-25.66 
-25.64 
-25.64 
-25.57 
-25.64 
-25.55 
-25.56 
-25.50 
-25.43 
-25.26 
-25.06 
-24.66 

E. PG 1416-129 

15.4161 
15.4067 
15.3628 
15.3546 
15.3464 
15.3154 
15.3080 
15.2467 
15.0110 
15.0010 
14.9910 
14.9810 
14.9710 
14.9620 
14.9520 
14.9430 
14.9340 
14.9260 
14.9170 
14.9090 
14.9000 
14.8920 
14.8690 
14.8540 
14.8330 
14.8260 
14.8120 
14.8060 
14.7990 
14.7680 
14.7400 
14.7290 
14.7180 
14.6970 
14.6870 
14.6770 
14.6400 
14.6310 
14.6220 
14.6140 
14.4260 
14.3120 
14.1820 

-26.51 
-26.41 
-26.43 
-26.34 
-26.45 
-26.65 
-26.41 
-26.35 
-25.74 
-25.80 
-25.90 
-25.84 
-25.82 
-25.77 
-25.81 
-25.82 
-25.79 
-25.80 
-25.77 
-25.74 
-25.78 
-25.80 
-25.83 
-25.91 
-25.82 
-25.80 
-25.81 
-25.83 
-25.80 
-25.80 
-25.82 
-25.78 
-25.76 
-25.75 
-25.72 
-25.68 
-25.65 
-25.69 
-25.69 
-25.68 
-25.64 
-25.59 
-25.34 

-26.24 
-26.15 
-26.19 
-26.10 
-26.21 
-26.42 
-26.18 
-26.11 
-25.59 
-25.65 
-25.75 
-25.70 
-25.69 
-25.63 
-25.68 
-25.69 
-25.66 
-25.67 
-25.64 
-25.61 
-25.65 
-25.67 
-25.71 
-25.79 
-25.70 
-25.68 
-25.70 
-25.72 
-25.69 
-25.69 
-25.72 
-25.68 
-25.66 
-25.65 
-25.62 
-25.59 
-25.56 
-25.59 
-25.60 
-25.58 
-25.56 
-25.51 
-25.27 

-26.53 
-26.56 
-26.39 
-25.94 
-24.91 

-26.97 
-26.93 
-27.33 
-27.10 
-26.97 
-26.99 
-26.77 
-27.09 

15.4114 
15.3587 
15.3154 
15.2431 
15.2306 
15.2196 
15.0005 
14.9840 
14.9740 
14.9640 
14.9540 
14.9450 
14.9350 
14.9260 
14.9090 
14.9000 
14.8920 
14.8600 
14.8520 
14.8300 
14.8230 
14.8090 
14.8020 
14.7690 
14.7470 
14.7350 
14.7230 
14.6910 
14.6800 
14.6410 
14.6320 
14.6230 
14.6140 
14.6060 
14.5970 
14.4090 
14.2950 
14.1650 
13.9450 
13.5090 

-25.43 
-25.42 
-25.35 
-25.39 
-25.32 
-25.63 
-25.32 
-25.40 
-25.38 
-25.41 
-25.41 
-25.40 
-25.41 
-25.45 
-25.43 
-25.43 
-25.43 
-25.49 
-25.51 
-25.45 
-25.44 
-25.39 
-25.41 
-25.43 
-25.48 
-25.46 
-25.42 
-25.36 
-25.34 
-25.31 
-25.26 
-25.35 
-25.29 
-25.27 
-25.25 
-25.21 
-25.03 
-24.81 
-24.62 
-24.04 

-25.39 
-25.39 
-25.33 
-25.37 
-25.30 
-25.60 
-25.23 
-25.32 
-25.30 
-25.33 
-25.33 
-25.32 
-25.33 
-25.37 
-25.36 
-25.36 
-25.36 
-25.42 
-25.44 
-25.39 
-25.37 
-25.33 
-25.35 
-25.37 
-25.42 
-25.40 
-25.36 
-25.30 
-25.28 
-25.26 
-25.21 
-25.30 
-25.24 
-25.22 
-25.20 
-25.17 
-24.99 
-24.78 
-24.59 
-24.01 

G. PG 1501+ 106 (Mrk 841) 

15.4114 
15.3628 
15.3546 
15.3464 
15.3154 
15.3080 
15.2400 
15.2337 
15.2276 
15.2215 
15.2155 
15.2096 
15.1924 
15.1867 
15.1812 
15.1758 
15.1704 
15.1650 
15.1598 
15.1546 
15.1494 

-25.26 
-25.65 
-25.70 
-25.68 
-25.68 
-25.65 
-25.70 
-25.60 
-25.62 
-25.61 
-25.58 
-25.59 
-25.58 
-25.74 
-25.71 
-25.69 
-25.65 
-25.64 
-25.62 
-25.65 
-25.60 

-24.61 
-25.05 
-25.10 
-25.08 
-25.09 
-25.07 
-25.13 
-25.03 
-25.04 
-25.03 
-25.00 
-25.00 
-24.98 
-25.13 
-25.10 
-25.06 
-25.02 
-25.01 
-24.98 
-25.02 
-24.97 

-26.00 
-25.75 
-25.79 
-26.15 
-26.12 
-25.92 
-25.82 

-26.22 
-26.15 
-25.93 
-25.59 
-24.76 

-25.58 
-26.91 
-26.98 
-26.84 
-26.57 
-26.55 
-26.14 
-26.91 
-26.95 
-26.94 
-26.85 
-26.89 
-26.09 
-26.47 
-26.22 
-26.70 
-26.48 
-26.40 
-26.36 
-26.45 
-26.40 
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TABLE 7—Continued 

log/v Values 
log v0(Hz) Observed 
(1) (2) 

log/v Values Errors 
Corrected log/v 
(3) (4) 

log/v Values log/v Values Errors 
log v0(Hz) Observed Corrected log/v 
(1) (2) (3) (4) 

PG 1501 + 106—Continued PG 1501 + 106—Continued 

15.1443 
15.1391 
15.1344 
15.1295 
15.1246 
15.1198 
15.1151 
15.1104 
15.1057 
15.1011 
15.0966 
15.0921 
15.0876 
15.0832 
15.0788 
15.0745 
15.0702 
15.0660 
15.0618 
15.0577 
15.0535 
15.0495 
15.0454 
15.0414 
15.0181 
15.0144 
15.0107 
15.0070 
15.0033 
14.9997 
14.9961 
14.9925 
14.9889 
14.9850 
14.9740 
14.9640 
14.9530 
14.9430 
14.9340 
14.9240 
14.9150 
14.9060 
14.8970 
14.8710 
14.8550 
14.8320 
14.8240 
14.8090 
14.8020 
14.7680 
14.7430 
14.7370 
14.7310 
14.7260 
14.6920 
14.6810 
14.6400 
14.6300 
14.6210 
14.6120 
14.6030 
14.5940 
14.5850 
14.5770 
14.3890 
14.2750 
14.1440 

-25.70 
-25.69 
-25.68 
-25.69 
-25.68 
-25.61 
-25.63 
-25.57 
-25.57 
-25.49 
-25.55 
-25.56 
-25.51 
-25.47 
-25.47 
-25.45 
-25.43 
-25.47 
-25.49 
-25.45 
-25.47 
-25.50 
-25.47 
-25.45 
-25.41 
-25.39 
-25.44 
-25.42 
-25.38 
-25.43 
-25.33 
-25.40 
-25.46 
-25.10 
-25.08 
-25.11 
-25.13 
-25.10 
-25.11 
-25.13 
-25.14 
-25.12 
-25.17 
-25.18 
-25.22 
-25.16 
-25.16 
-25.13 
-25.15 
-25.16 
-25.14 
-25.17 
-25.15 
-25.18 
-25.08 
-25.07 
-25.05 
-25.02 
-25.03 
-24.99 
-25.01 
-25.00 
-24.99 
-24.99 
-24.96 
-24.82 
-24.66 

-25.07 
-25.07 
-25.06 
-25.08 
-25.08 
-25.02 
-25.05 
-25.00 
-25.00 
-24.93 
-24.99 
-25.00 
-24.96 
-24.92 
-24.93 
-24.92 
-24.89 
-24.94 
-24.96 
-24.93 
-24.95 
-24.98 
-24.95 
-24.94 
-24.91 
-24.89 
-24.94 
-24.92 
-24.88 
-24.93 
-24.83 
-24.91 
-24.97 
-24.93 
-24.91 
-24.95 
-24.97 
-24.94 
-24.95 
-24.98 
-24.99 
-24.97 
-25.02 
-25.04 
-25.08 
-25.03 
-25.03 
-25.01 
-25.02 
-25.03 
-25.02 
-25.05 
-25.04 
-25.07 
-24.96 
-24.96 
-24.94 
-24.92 
-24.93 
-24.88 
-24.90 
-24.90 
-24.89 
-24.89 
-24.88 
-24.74 
-24.59 

-26.44 
-26.41 
-26.68 
-26.78 
-26.62 
-26.51 
-26.41 
-26.67 
-26.53 
-26.54 
-26.75 
-26.82 
-26.53 
-26.49 
-26.52 
-26.47 
-26.83 
-26.82 
-26.76 
-26.76 
-26.88 
-26.59 
-26.64 
-26.59 
-26.59 
-26.55 
-26.78 
-26.38 
-26.37 
-26.18 
-26.05 
-26.22 
-25.96 

13.9240 -24.44 -24.37 

H. PG 1545 +210 (3C 323.1) 

-26.08 
-25.93 
-25.68 

15.4768 
15.4609 
15.4404 
15.4209 
15.3713 
15.3628 
15.3546 
15.3464 
15.3385 
15.2727 
15.2626 
15.2495 
15.2368 
15.2245 
15.2125 
15.2009 
15.1895 
15.1785 
15.1677 
15.1572 
15.1468 
15.1368 
15.1270 
15.1174 
15.1080 
15.0988 
15.0817 
15.0710 
15.0600 
15.0500 
15.0110 
15.0010 
14.9920 
14.9750 
14.9660 
14.9580 
14.9490 
14.9410 
14.9330 
14.9260 
14.9180 
14.9100 
14.9030 
14.8960 
14.8750 
14.8550 
14.8480 
14.8290 
14.8230 
14.8120 
14.8010 
14.7670 
14.7460 
14.7360 
14.7260 
14.7170 
14.6980 
14.6890 
14.6800 
14.4750 
14.3610 
14.2310 

-26.49 
-26.44 
-26.55 
-26.52 
-26.61 
-26.46 
-26.31 
-26.44 
-26.32 
-26.33 
-26.25 
-26.40 
-26.14 
-26.28 
-26.36 
-26.25 
-26.21 
-26.29 
-26.24 
-26.19 
-26.18 
-26.22 
-26.19 
-26.12 
-26.05 
-26.10 
-25.97 
-25.88 
-25.90 
-25.90 
-25.88 
-25.88 
-25.88 
-25.84 
-25.84 
-25.84 
-25.84 
-25.83 
-25.83 
-25.83 
-25.83 
-25.85 
-25.83 
-25.85 
-25.88 
-25.88 
-25.87 
-25.86 
-25.86 
-25.93 
-25.87 
-25.85 
-25.86 
-25.84 
-25.84 
-25.82 
-25.77 
-25.77 
-25.81 
-25.76 
-25.63 
-25.48 

-26.30 
-26.26 
-26.37 
-26.36 
-26.45 
-26.30 
-26.16 
-26.29 
-26.17 
-26.15 
-26.07 
-26.20 
-25.95 
-26.10 
-26.19 
-26.08 
-26.06 
-26.15 
-26.10 
-26.06 
-26.05 
-26.10 
-26.07 
-26.01 
-25.94 
-25.99 
-25.86 
-25.77 
-25.79 
-25.80 
-25.79 
-25.79 
-25.79 
-25.75 
-25.76 
-25.75 
-25.75 
-25.75 
-25.74 
-25.75 
-25.75 
-25.76 
-25.75 
-25.77 
-25.80 
-25.80 
-25.80 
-25.79 
-25.79 
-25.85 
-25.80 
-25.78 
-25.79 
-25.77 
-25.77 
-25.76 
-25.71 
-25.71 
-25.75 
-25.71 
-25.58 
-25.44 

-25.21 

-26.91 
-27.11 
-27.14 
-27.05 
-26.91 
-27.02 
-26.65 
-27.02 
-26.94 
-27.04 
-27.01 
-26.93 
-26.43 
-26.93 
-27.04 
-27.09 
-27.12 
-27.14 
-27.12 
-27.18 
-27.27 
-27.20 
-27.41 
-27.14 
-27.08 
-27.00 
-27.27 

-26.88 
-26.75 
-26.60 
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PG QUASAR X-RAY SPECTRA. I. 303 

A power-law slope was calculated for the 1-10 /un data and 
was used to predict a flux density at 1 keV by a simple extrapo- 
lation. These quantities are given in Table 8, where they are 
compared with the X-ray slope and observed 1 keV flux. We 
had too little infrared data to define a slope for PG 1416—129. 
Ward et al (1986) show that 10 fim fluxes in Seyfert galaxies 
(among which they include PG 1501 +106 [Mrk 841]) may be 
dominated by dust emission associated with the forbidden line 
region. We have thus repeated the slope calculation without 
the 10 fim points and find no substantial difference in the 
derived values. 

c) Variability and Reddening 
One difficulty with relating the spectrophotometry from dif- 

ferent instruments is the nonsimultaneity of the observations. 
Table 1 shows that most observations took place during 1980- 
1981. These optically selected quasars typically vary by only 
~0.1 mag at B (W. Keel, private communication) and by less 
than 0.2 mag at K (as seen from repeated infrared observations 
collected for this study). On such time scales, optical variability 
should not be a major problem. However, three of the IUE 
observations taken in 1983 showed discontinuities with the 
earlier optical data. We therefore grayshifted the IUE images 
(by adding the A log/v values given in Table 6 to all the IUE 
continuum fluxes in Table 7, col. [2]), to match the multi- 
channel data. Factors of 1.3, 0.7, and 2.1 are involved. We note 
that studies of Seyfert and quasar spectral variability have 
shown that the continuum generally varies more toward the 
ultraviolet, giving a flatter /v slope as the luminosity increases 
(Cutri et al 1985), so that a grayshift may not be appropriate. 

Only one of our eight quasars is a confirmed optical vari- 
able, PG 1202 + 281 (GQ Comae). In the interval between 1979 
May and 1980 November it varied by only 0.4 mag, with 
mpg = 15.8-16.2 (Barbiéri, Cristiani, and Romano 1982). This 
interval spans all the observations except the /[/£ LWR data 
which were taken in 1983 January. Near this time, in 1983 
April, M. Sitko (private communication) found PG 1202 + 281 
to be in a high state in the optical and ultraviolet. It is not 
surprising, then, that we had to reduce the LWR flux points to 
match the earlier data smoothly. 

There is also an uncertainty introduced by the non- 
simultaneity of the X-ray observations and the observations in 
the other bands. PG 1426 + 015 was noted as a variable X-ray 
source by Zamorani et al (1984), who saw a 50% change in 6 
months. Arnaud et al (1985) find 12% variations in one day in 
PG 1501 + 106. Our observation of this quasar, taken 4j yr 
earlier, has a 1 keV flux density ~25% higher than that of 
Arnaud et al These in themselves are not major effects. 
However, we have no way of estimating other possible varia- 
tions in the X-rays. None of the conclusions of § III are partic- 
ularly sensitive to uncertainties in correcting for variability at 
low levels (a factor of 3 or less). 

Finally, we made corrections for the effect of interstellar 
reddening. Small uncertainties in £(B—F) can lead to large 
uncertainties in the ultraviolet flux. Also, in principle, dust 
located in the quasar can further redden the intrinsic spectrum, 
with a reddening law different from the average Galactic curve. 
We can estimate the reddening in several ways. The galactic 
Nh values (Stark et al 1985) and the assumption that NHl/ 
E(B— V) = 4.8 x 1021 atoms cm"2 mag“1 (Bohlin 1978) imply 
the “ nominal ” E(B — V) values in Table 6. The X-ray spectrum 
constrains the total Nn as in Table 4 and is consistent in all 
cases with the galactic Nn value. The constraint that the 

reddening correction not overcompensate for the 2200 Â 
bump in the reddening curve limits the total E(B — V) slightly 
more tightly than the Bell Labs’ measurements, assuming that 
any dust along the line of sight has this feature. We will use the 
“adopted” Galactic E(B—V) values given in Table 7, which 
come from this constraint on the 2200 Â feature, and correct 
the fluxes using the reddening curve of Seaton (1979). We note 
in § III whenever conclusions are sensitive to this choice of 
E(B-V). 

III. DISCUSSION 
a) X-Ray Spectra 

i) Comparison with Previous X-Ray Data: Selection Effects 
The mean best-fit power-law index for the PG quasars 

studied here is 1.05, with an observed dispersion of 0.25. 
Figure 3 summarizes the power-law index results for these 
eight quasars. These results also suggest that there is no univer- 
sal X-ray spectrum for PG quasars. Five of the quasars have 
slopes inconsistent with the “canonical” value of 0.7 at 90% 
confidence. PG 1244 + 026 is steeper than 1.0 at better than 
90% confidence. The error on the mean of the slopes is 0.05, so 
that the mean slope is 7 a steeper than the “canonical” 0.7 
value. 

Even if a single power law is not a correct description of 
these quasar spectra and, for example, a two-component fit is a 
better approximation, this mean value is very different from 
the 0.7 slope found in other spectral surveys, including those 
made at low energies (Mushotzky 1984; Petre et al 1984; 
Pounds 1985). Optically selected quasars seem to have steeper 
X-ray spectra than hard X-ray selected AGNs. This difference 
could be due to selection effects or could be a real physical 
difference. We now examine these possibilities. 

We can imagine four reasons : 
1. The extra sensitivity of the IPC allows it to see more 

distant and more luminous quasars. There might be some 
luminosity, or redshift, dependence of the X-ray spectral 
index. 

2. The low-energy boundary of the IPC is ~0.1 keV, well 
below the 0.75 keV of the Einstein SSS. This might take the 
IPC into the region where the X-ray continuum turns up to 
meet the UV continuum, which is typically 100 times the flux 
density of the hard X-ray continuum and only one and a half 
decades below in frequency. 

3. The ultraviolet excess requirement for inclusion in the 
PG sample might select objects with anomalously strong 
“ big bumps ” (see § IIIh[i]) and which might then be pecu- 
liar in their X-ray properties. 

4. The AGNs for which the original “canonical” slope 
was determined were found in the 2-10 keV all-sky surveys 
(e.g., HEAO 1 A-2) and are thus selected to be strong hard 
X-ray sources. On the other hand, to have a spectrum mea- 
sured by the IPC an AGN needs to give at least 500 counts 
in one observation, biasing our sample toward strong soft 
(0.1-4.0 keV) X-ray sources. Thus, selection effects may be 
introducing the discrepancy between the two data sets 
toward flat and steep spectra respectively. 
We consider each of these possibilities in turn. 
Luminosity effects are probably not important. A compari- 

son of the luminosity ranges of the two samples shows that the 
current IPC sample has a mean luminosity only a factor of 3 
higher than that of the SSS sample (Petre et al 1984) or the 
HEAO 1 A-2 sample (Mushotzky 1984; Fig. 4). There is no 
trend within our data for higher luminosity quasars to have 
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Fig. 3.—Best-fit power-law indices with 90% error bars vs. X-ray luminosity. Solid line: mean, with ala error bar. Long-dashed line: mean slope found for the 
HE AO 1 À-2 sample. Short-dashed line: slope of diffuse X-ray background in the 3-10 keV range. 

log Lx erg s"1 

Fig. 4.—Comparison of the luminosities of the eight PG quasars in this 
paper with the HEAO 1 A-2 and SSS samples. Solid areas, AGNs with mea- 
sured spectra. 

steeper spectra (Fig. 3). However, the luminosity range that we 
cover is very limited. (Note that Fig. 3 has a linear luminosity 
axis). None of the quasars in our sample has a redshift greater 
than 0.3, so that any evolutionary effect would have to be very 
strong to be significant. 

The lower energy range of both the IPC and SSS compared 
to HEAO 1 A-2 does seem to be important. The IPC and SSS 
spectral indices for Seyfert galaxies agree to better than the 
quoted SSS errors (Fig. 5). If 0.7 were really a universal slope 
for these data, we would see a scatter diagram centered on (0.7, 
0.7). Instead there is a clear correlation. A comparison of the 
SSS results with the higher energy HEAO 1 A-2 data shows no 
such correlation (see Fig. Ab of Petre et al 1984). Two of the six 
Seyferts (ESO 141 —G55, NGC 7469) have a suggestion of soft 
excess. Even hard X-ray selected galaxies, then, show some 
diversity in their low-energy spectra. More directly, 
PG 1211 +143 (Elvis, Wilkes, and Tananbaum 1985; Paper II) 
has a two-component spectrum and the IPC/MPC fit at high 
energies for PG 1416—129 suggests a similar soft excess. 

However, this is probably not the case for all quasars. As 
noted in § I, soft excesses seem to be relatively rare in hard 
X-ray selected AGNs (Pounds 1985). An energy range differ- 
ence alone cannot be the complete explanation. For the other 
three quasars with MPC data, the higher energy IPC/MPC fits 
suggest that it is not simply the low IPC energy range that 
leads to the steeper spectral indices, but that the steeper slopes 
continue to at least ~6 keV. In particular, the soft excess 
found by Arnaud et al (1985) is due to a ~0.1 keV EXOSAT 
data point. This soft excess is unlikely to produce a significant 
effect on the IPC/MPC fit to data above 0.65 keV (see 
§ Hfl[iii]). 
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Fig. 5.—Comparison of IPC and SSS slopes for eight emission-line AGNs (Harnden and Fabricant 1985). (Note: these are not PG quasars.) 

Possibly, soft excesses are more common in UV-excess sel- 
ected quasars leading to a bias in the spectral results. The 
U — B< —0.44 criterion for the selection of PG quasars 
(Schmidt and Green 1983) requires an optical-UV component 
having a slope flatter than 1.2 in the U and B bands. This is not 
a particularly extreme requirement, and it would be surprising 
if it were important. We can show that this is not a major effect 
by considering the U — B colors of the HE AO 1 A-2 sample. 
The PG U — B color criterion would include half (13 of 25) the 
AGNs with HE AO 1 A-2 spectra (as summarized in Mush- 
otzky 1984; U — B colors were taken from Véron-Cetty and 
Véron 1985). These AGNs have similar X-ray luminosities to 
the PG quasars studied in this paper. The distribution of 
HE AO 1 A-2 indices for these “ PG-qualified ” UV-excess 
AGNs is identical to that of the HEAO 1 A-2 sample as a 
whole with a mean of 0.7. If UV excess alone were the cause of 
the difference in slopes, we would have found the UV-excess 
subsample of HEAO 1 A-2 AGNs to have a distribution of ole 
peaked at a steeper index. 

Since the PG sample is optically selected and the 
HEAO 1 A-2 AGNs are X-ray selected, the PG objects may 
have larger lopJlx ratios or, in the customary notation 
(Zamorani et al 1981), larger aox values. Figure 6 compares the 
olox distributions of the PG sample (Tananbaum et al 1986) 
and the Piccinotti sample (Piccinotti et al 1982; Cheng et al 
1984). Overall the PG sample does indeed have larger aox. 
However, the subset for which we have IPC spectra (shaded) 
has essentially the same aox distribution as the Piccinotti 
sample (Fig. 6). We would expect to pick out the low-aox tail of 
the PG sample in our IPC spectral survey, since these are the 
objects that give the strongest X-ray fluxes. 

A soft X-ray excess should lead to a systematic underesti- 
mate of the absorbing NH column by the IPC. Using the Nu 
values in Tables 2 and 4 for 21 cm- and IPC-determined 

column densities respectively gives good agreement between 
the two. The mean value for NH (21 cm) — NH (IPC) is 
0.14 ± 1.34 x 1020 atoms cm-2 (excluding PG 1416 —129, 
which has large IPC errors in iVH). This is some evidence 
against a soft excess explanation of the steeper mean aE of the 
PG quasars. 

So far, then, we have shown that luminosity and redshift 
effects, as well as the UV selection criterion for PG quasars, 
can be excluded as the cause of the difference in X-ray slopes 
between the IPC and HEAO 1 A-2. The lower energy range of 
the IPC is relevant in a minority of objects (those with soft 
exessses) but probably not in all. The remaining possibility is 
that it is biases in the selection of the samples which cause the 
difference. 

It does not seem surprising that the objects which are bright- 
est in the hard X-ray band should have flat, hard spectra that 
will give them detectable photon fluxes at ~6 keV. The 
reduction in expected count rate as a function of steepening the 
spectral index can be quite crucial in reducing the represent- 
ation of steep spectrum objects in the sample. The hard X-ray 
samples are small. (There are 29 emission-line AGNs in the 
Piccinotti et al 1982 sample.) A small change in the 2-10 keV 
flux of a population then can leave only a few examples in these 
surveys. We can suggest the size of the effect as follows. For a 
constant normalization (i.e., constant 1 keV flux density), a 
change of spectral index from 0.7 to 1.0 reduces the 2-10 keV 
count rate by a factor of 1.5. A slightly larger change in the 
index from 0.65 to 1.2 causes a reduction by a factor of 2.05. If 
the flat- and steep-spectrum populations have the same lumin- 
osity function at 1 keV, then the steep population will be sig- 
nificantly underrepresented in the hard X-ray surveys such as 
that of Piccinotti et al (1982). Of course, the luminosity func- 
tions for the X-ray steep-spectrum and X-ray flat-spectrum 
quasars need not be the same at 1 keV. From the absence of 
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Fig. 6.—Comparison of aox for the Piccinotti sample (objects included in shaded region have measured X-ray spectra), and the PG quasar sample (objects in shaded 
region have X-ray spectra reported in this paper). Arrows are lower limits to <x0X. 

steep-spectrum objects in the surveys with brighter flux limit, 
we can say that the (very) local space density of steep spectrum 
sources cannot exceed that of the flat-spectrum objects by a 
large factor. 

If there is a distribution of spectral indices in the parent 
quasar population, then the HE AO 1 A-2 objects represent the 
flattest segment of that population. The value 0.7 may be an 
approximate limit to the range of otE rather than a universal 
value. The test of this selection criterion will be to measure 
2-10 keV spectra for samples of quasars selected by other 
methods. This may be possible in a limited way with an 
improved MPC analysis or with EX OS AT and will certainly 
be easily done with AXAF. 

Our sample of PG quasars is not free from bias either. All 
the PG quasars were pointed at by Einstein for similar expo- 
sure times (Tananbaum et al 1986). Most did not give more 
than a few tens of counts, inadequate for a useful spectral fit. 
The quasars discussed here are thus abnormally X-ray bright 
for their optical magnitude. Figure 6 shows this bias in terms 
of otox, the nominal spectral slope between 2500 Â and 2 keV. 
Being selected to have a high count rate in the soft IPC band, 
these eight quasars might be abnormally steep. The soft X-ray 
spectra of the high-aox PG quasars will be measurable with 
ROS AT but their hard X-ray properties must await AXAF. 

In summary, this seems to be a real physical difference 
between optically selected and hard X-ray selected AGNs even 
at the same luminosity and optical to X-ray ratio otox. We do 
not know whether this difference persists for the whole PG 
sample, since adequate data do not exist. The cause of this 
difference is not clear. Soft excesses over a canonical power law 
might be more common in PG quasars, or their power-law 
spectra may be intrinsically steeper. The MPC data and the 
good agreement between the IPC-derived NH values and those 
from 21 cm H i surveys suggest that a steeper intrinsic spec- 
trum is the more likely explanation. 

ii) Emission Processes 
If our PG quasar power laws are intrinsically steeper than 

the canonical value, then the X-ray spectra alone can limit the 
applicability of some proposed models to PG quasars. The 
model of Mészáros (1983) integrates the thermal bremsstrah- 
lung emission over the range of temperatures produced in a 
spherical accretion flow. For maximum temperatures Tmax 
greater than ~50 keV, the 0.1-10 keV spectrum that is formed 
is a good approximation to a power law of slope 0.7. A slope of 
~ 1.0 is clearly not allowed in this region. 

Power-law slopes of 1.0 also do not fit into the simple ana- 
logy between Galactic X-ray binaries and AGNs of White, 
Fabian, and Mushotzky (1984). Black hole candidate X-ray 
binaries such as Cyg X-l switch between high and low states. 
In their low states they have hard 2-10 keV spectra with slopes 
of ~0.7. In their high state they have steep a ä 2.5 slopes. This 
suggests that accretion onto a black hole has only two avail- 
able modes that produce two characteristic slopes, with a 
crossover point between the two states occurring at some frac- 
tion (~0.02) of the Eddington limit. The two slopes are similar 
to those of the hard X-ray selected AGNs and of BL Lac 
objects respectively. The existence of quasars with X-ray spec- 
tral slopes of 1.0 (so long as these are not composites of two 
components) implies that the analogy to Galactic binaries is 
not so straightforward as proposed by White et al. An analogy 
may yet exist in a more general form (e.g., accretion disk plus 
power law), but more examples of Galactic black hole binaries 
will be needed before this claim can be made. 

Soft X-ray emission from quasars is expected from the hot 
gas which is generally thought to be necessary to confine the 
emission-line clouds (Krolik, McKee, and Tarter 1981; 
Halpern and Filippenko 1984). Thermal bremsstrahlung fits to 
the quasar spectra give temperatures of ~2.5 keV with a range 
from 1.0 to 4.5 keV. With this temperature we can derive an 
emission measure ne

2V for each quasar. For typical values of 
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temperature and density in the different emission-line clouds 
we can define a density for the hot gas that gives pressure 
equilibrium and hence find an effective radius. We use 
PG 1202 + 281 as an example. It has a best-fit temperature of 
2.7 keV and an emission measure of 7 x 1067 cm-3. The 
emission-line clouds all have temperatures of ~ 104 K. A low- 
density (ne ä 104 cm-3) narrow-line region gives a radius of 
~2 kpc. A more dense narrow-line region (ne æ 106 cm-3) 
gives a radius of ~ 200 pc. These are rather large values for 
these regions. A typical broad-line region cloud has ne « 109 5 

and yields a radius of ~ 1 pc, comparable to the typical broad- 
line region size. It is possible then that thermal emission from 
the broad-line region makes a significant contribution to the 
X-ray emission from these quasars. Variability on time scales 
of months or less would rule out such a possibility. Variability 
has been reported in PG 1426 + 015 (Zamorani et al. 1984) and 
PG 1501 +106 (Arnaud et al. 1985). These results suggest that 
thermal emission does not dominate the X-ray emission of 
these quasars. 

As we have noted, the measured IPC slopes may be an 
average of two components, at least in some cases, so that data 
with better energy resolution will be needed to test these pos- 
sibilities definitively. 

iii) Evolution and the X-Ray Background 
Quasars have been widely discussed as a source population 

whose integrated emission may constitute the diffuse X-ray 
background. As such, their summed spectra over redshift and 
luminosity must match that of the X-ray background. Most of 
the discussion has concerned UV-excess selected quasars such 
as the PG sample (Marshall et al. 1984; Schmidt and Green 
1986; Avni and Tananbaum 1986). In the range 2-10 keV, the 
background spectrum is close to being a power law of slope 0.4 
(Marshall et al. 1980). This is clearly not the slope we see with 
the IPC (Fig. 3). Since our sample of PG quasars is biased in 
otox (Fig. 6)5 and the energy range we cover is mostly in a band 
below 2 keV, for which the extragalactic X-ray background 
spectrum is not well known (Nousek et al. 1982), this discrep- 
ancy of slope does not rule out quasars as the source of the 
X-ray background. 

It does make this possibility less likely, however, for two 
reasons. First, it would seem to require a distinct break in the 

5 The quantity aox is based on^n extrapolation of the measured Æ-band flux 
to 2500 À using the formula of Schmidt (1968) and Marshall et ai (1984). Our 
UV data allow us to check the reliability of this extrapolation for six quasars. 
The observed and predicted log /v have a scatter of 0.1, but the mean of the six 
values is —0.02. So for these quasars the Schmidt formula is reliable, on 
average, to a few percent. 

typical quasar spectrum just at the top of the IPC energy 
range. Such a break does not appear to be present in three of 
the four quasars in our sample with MPC data. Second, the 
2 keV flux densities used by most previous authors are derived 
quantities and require a spectral index assumption. For 
example, changing the assumed index from 0.5, the traditional 
value, to 1.2 reduces the 2 keV flux by ~40%, which in turn 
reduces the 2 keV background contribution made by these 
quasars. Schmidt and Green (1986) explore some of the conse- 
quences of changing the assumed index. 

b) Broad-Band Spectra 
i) X-Ray to Infrared Spectra 

Figure 7 presents the entire X-ray to infrared data set for the 
eight quasars in this study. Rather than the traditional log fv 
versus log v plots, we have used the less familiar but, we 
believe, more useful log v/v versus log v plots. Since quasars 
follow, roughly, an/v oc v-1 distribution over a wide range of 
frequency, it is easier to see deviations from this linearity in a 
log v/v plot. 

The most striking feature of the v/v plots is the strong rise 
from the optical toward the EUV. This suggests that the EUV 
luminosity dominates the bolometric output of these quasars. 
The second obvious point is the approximate v/v = constant 
distribution of the infrared and X-ray data. In particular we 
note that, even though these are the smallest otox objects in the 
PG sample, there is no case in which the X-rays lie well above 
the infrared v/v value. Such objects would be easily found by 
Einstein observations, and their absence suggests that some 
limiting process prevents the existence of more X-ray bright 
objects. 

The other clear feature of these plots is the approximate 
continuity between the infrared (1-10 pm) and the X-ray (0.2- 
3 keV) continua in both slope and normalization. This sug- 
gests that a single mechanism may produce the entire five 
decades of power-law continuum in some of these quasars and 
that the X-ray slopes we measure may be truly single com- 
ponent power laws. To quantify this impression of continuity, 
Figure 8 and Table 8 compare the infrared and X-ray slopes. 
The data are certainly consistent with the idea of a single power 
law from infrared to X-rays, but the errors are sufficiently large 
so as not to demand such a continuity. Figure 9 and Table 8 
also compare the 2 keV flux predicted by extrapolating the 
infrared slope with that actually observed. There is agreement 
to within a factor of a few except for PG 1202 + 281. This is the 
most variable of the quasars optically, which might explain the 
poor prediction. Its unusually steep infrared slope also sug- 
gests that this quasar might have significant hot dust emission. 

TABLE 8 
Infrared Slopes and Extrapolated 1 keV Fluxes Compared with X-Ray Results 

PG Name a/ a,R /(I keV) Predicted /(I keV) Observedb 

0049+17    Mrk 1148 0.95 1.05 ± 0.23 2.02 (0.39-10.4) 2.4 ± 0.6 
1202 + 281..  GQ Comae l.líg;J 1.84 + 0.12 0.01 (0.004-0.048) 
1244 + 026  ... 1.5ÍJj 1.00 + 0.16 3.05 (0.97-9.57) 0.82^;^ 
1307 + 085  ... 1.2Í§;Í 0.97 +0.12 3.98 (1.71-9.27) 0.87íno 
1426 + 015  Mrk 1383 1.3 ± 0.3 1.25 ± 0.075 1.40 (0.82-2.39) 3.5 ± 0.4 
1501 + 106  Mrk 841 L0í^5 1.09 + 0.12 7.53 (3.19-17.78) 4.25 + 0.07 
1545 + 210  3C 323.1 0.75íg;f 1.09 + 0.16 1.34(0.42-4.27) l-03í^| 

a From Table 4. 
b From Table 5 using fits with NH > NH(gal, min) and corrected for Galactic absorption. 
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Fig. 7.—X-ray to infrared energy distributions for the eight PG quasars log v/v (ergs cm-2 s~ ^ vs. log v (Hz). The bowtie shape shows the 90% confidence limits 
on the X-ray slope, the central line being the best fit. For quasars with only IPC data the X-ray fits are shown between 0.2 keV and 4 keV. For quasars which also 
have MPC data the fit is shown extending to 7 keV. The error on the normalization at 1 keV is shown as a vertical line very close to the crossing point of the bowtie. 
Crosses, IUE data ; circles, optical multi-channel data ; triangles, infrared photometry points. 
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a 

Fig. 8.—Comparison of infrared 2-10 /¿m (aIR) and IPC/MPC (a£) slopes. 90% error bars are shown. 

Fig. 9.—Comparison of the observed 1 keV flux with that predicted by 
extrapolating the infrared slope. The solid diagonal line indicates equality and 
the dashed lines show factor of 2 uncertainties. 

The strong rise in the optical/UV range is seen clearly in six 
of the eight quasars. This “ bump ” has been much discussed in 
the literature (Shields 1978; Richstone and Schmidt 1980; 
Puetter et al 1982; Malkan and Sargent 1982). There has been 
some confusion between this bump and the “3000 Â bump” 
(Grandi 1982). This second feature is also clearly visible in 
several of our quasars (it is particularly clear in PG 1307 + 085 
and PG 1501 +106, Figs. Id and Ig). We refer to the “ 3000 Â 
bump ” as “ small bump ” and the whole upturn from ~ 1 gm 
blueward as “big bump” (following the suggestion of Elvis 
1985 and Elvis and Lawrence 1985). 

The small bump has been convincingly argued to be a com- 
bination of Balmer continuum and a blending of hundreds of 
broad, permitted Fe n lines by Wills, Netzer, and Wills (1985). 
The big bump is most often interpreted as the integrated 
thermal emission from an accretion disk (Shields 1978; 
Malkan and Sargent 1982; Paper II). The decomposition into 
a power law with a superposed big bump was previously based 
on an extrapolation of the infrared continuum alone. The 
apparent continuity of the infrared and X-ray continua seems 
to make this two-component decomposition of the spectrum 
more convincing. The big bump seems to have a range of 
amplitudes in these quasars. Although uncertainties in the 
reddening may affect the slope and amplitude of the big bump, 
the low Nn values derived from the X-ray spectra suggest that 
this effect should not be large and so cannot explain this range 
of amplitudes. This variation needs to be addressed in any 
attempts to model the big bump. 

In contrast, the big bump is always seen to depart from the 
infrared power law around 1 /mi, both in our data and in those 
of Malkan and Sargent (1982). The extremes of its range lie 
between 0.5 and 1.5 /¿m. This narrow range suggests some 
energy balance between the “ power-law ” ’and big-bump com- 
ponents. Assuming the two components always to have the 
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same shape, then the “turn-up” point for the big bump will 
just be a reflection of their relative luminosities. It seems that 
this ratio is almost constant and is, to order of magnitude, 
unity. In Paper III we discuss the correlations between these 
two components and the big bump. The infrared and X-ray 
continua are clearly linked in some way even if their identifica- 
tion as two ends of a single-component power law proves 
incorrect. Several models have been made which would 
connect the two regimes, and we discuss them briefly in 
§ Illh(ii). We point out some possible tests of these models. 

ii) Emission Processes 
If the approximate continuity of slope and normalization of 

the infrared and X-ray power laws is not coincidence but has 
physical significance, what emission mechanisms could explain 
it? Several possibilities have been discussed in the literature. 

1. Direct synchrotron radiation.—Direct synchrotron emis- 
sion of X-rays is the simplest mechanism, since no reprocessing 
is needed to make the X-rays. The power-law slope we find for 
the PG quasars is the same as that of the Crab Nebula, an 
undoubted synchrotron source, in the X-ray band (1.1 ± 0.03; 
Toor and Seward 1974). This model leads us to expect strong 
polarization in both the infrared and the X-ray continua. For 
radio-quiet PG quasars, it is possible to object to direct X-ray 
synchrotron emission on the grounds that the radio flux is so 
low that the synchrotron spectrum must be self-absorbed at 
high frequencies. This then would lead to a large inverse 
Compton X-ray flux and so contradict the initial assumption, if 
their magnetic fields are similar to those in radio-loud quasars. 
Band and Grindlay (1986) show that this is not necessarily 
true. They construct a synchrotron self-Compton model for 
PG 0906 + 484 which is both consistent with tight millimeter 
flux limits and still dominated by synchrotron X-rays in the 
IPC band. Inverse Compton X-rays do not dominate in this 
model until ~ 20 keV. 

It is easy to imagine that the high-energy X-ray surveys pick 
out the sources where the Compton component dominates and 
the IPC picks out the sources where synchrotron dominates. 
Since the importance of the Comptonized component in syn- 
chrotron self-Compton models changes rapidly as the param- 
eters of the model (magnetic field, radius) are changed, there 
may be few intermediate cases. This explanation is independent 
of the big bump component, so that otox could be very similar in 
the two samples. 

2. “ Unsaturated Comptonization.”—In unsaturated Comp- 
tonization models (e.g., Maraschi, Roasio, and Treves 1982; 
Ipser and Price 1983) a seed spectrum is Comptonized into a 
power law. The power laws produced by this means can easily 
extend over six decades of frequency. They have indices 
ranging from ~0.5 to ~1.0, which is just the range seen in 
X-rays (excepting PG 1211 +143, see Paper II). Steeper slopes 
can be produced at very small Comptonization parameters, 
but at these values the spectrum no longer follows a smooth 
power law but instead reproduces the seed spectrum shifted by 
successive values of the amplification factor. A power-law slope 
of ~ 1.0 from infrared to X-ray is in this sense a limiting case 
for unsaturated Comptonization models. 

3. Synchrotron self-Compton.—This has been the most 
widely discussed mechanism for AGN X-ray emission because 
the widely seen X-ray slope of 0.7 matches that of the typical 
high-frequency radio slope of radio-loud AGNs. For an X-ray 
slope of ~ 1 a different region must provide the photons for 
upscattering. The only available region is the mid-infrared (2- 

20 pm). In order to make the apparently continuous IR-X-ray 
continuum, the primary infrared synchrotron spectrum must 
fall off in the narrow optical/UV range where it is unob- 
servable because of the big bump thermal emission which 
dominates there. The resulting scattered X-ray spectrum will 
then also roll over at high energies (~ 100 keV). A slope of 1.0 
from infrared to X-rays implies equal luminosities per decade 
in the (infrared) synchrotron and (X-ray) inverse Compton 
components. This is an upper limit to the first-order Compton 
component (Jones, O’Dell, and Stein 1974a, b), since any 
attempt to increase it will instead increase the second-order 
Compton scattering. In this limiting case the second-order 
scattering will have the same luminosity as the first-order. This 
self-limiting process would naturally explain the v/v « constant 
nature of the infrared and X-ray flux distributions and the 
absence of quasars with smaller olox. 

None of these classes of models can be ruled out as yet. 

iii) Optical and X-Ray Obscuration 
For some years argument has raged over the reddening in 

quasars. The degree of extinction in contention is Av& 0.1 and 
corresponds to small gas columns ~3 x 1020 atoms cm-2 (see 
the review by Mac Alpine 1985). Previous limits on X-ray 
column densities were ~3 x 1021 atoms cm-2 (Reichert et al. 
1985). No absorption above the Galactic value is seen in our 
quasar X-ray spectra down to similar values. The maximum 
allowed intrinsic column density for each quasar is given in 
Table 4 and has typical values of 4 x 1020 atoms cm-2 or less 
whenever it is usefully constrained. IPC column density mea- 
surements are now in the range where they are relevant to the 
optical reddening debate. 

Figure 10 shows the Stark et al. (1985) 21 cm Galactic H i 
column density plotted against the fitted IPC column density. 
As noted in Appendix B, the comparison of 21 cm NH with 
that of the IPC is particularly clean, since the IPC is sensitive 
only to the hydrogen and helium opacities for small column 
densities. Lines showing additional intrinsic E(B—V) 
reddening values of 0.05 and 0.10 are shown. This comparison 
forces assumptions of metallicity and dust-to-gas ratios to be 
made. The conversion factor used was that of Jenkins and 
Savage (1974). Five of the eight quasars have intrinsic 
reddenings less than E(B—V) = 0.05 or ~4 x 1020 atoms 
cm-2 (Table 4). 

It is not clear that these limits imply abnormally low absorp- 
tion in the host galaxy that we presume to exist for each 
quasar. The central kiloparsec of even normal face-on galaxies 
shows a decline in integrated H i column density to levels of 
only 2-3 x 1020 atoms cm-2. This is illustrated clearly in the 
series of papers by van der Kruit and Shostak (Í984, and refer- 
ences therein). On average, though, galaxies are viewed at 30° 
inclination, so that the column we would measure would be 
twice that for face-on galaxies. The intrinsic NH limits that we 
measure for PG 1501 +106 and PG 1307 + 085 lie below such 
expected values, but a larger sample is needed to come to more 
definite conclusions. Our limits do show that we are not 
viewing these quasars through the disk of an intervening 
normal spiral galaxy. 

If we are seeing a deficiency in the X-ray absorbing column, 
this may be due to the effects of X-rays from a quasar nucleus 
on the interstellar medium (ISM) of a host galaxy. For lumin- 
osities of a few times 1044 ergs s-1, similar to those of the 
quasars considered here, Begelman (1985) finds that the X-rays 
blow a hole of radius of ~ 1 kpc in the ISM due to radiation 
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Fig. 10.—Comparison of iVH values measured with the IPC with those derived from the Bell Labs Galactic H i survey (Stark et al 1985). 90% error bars are 
shown. The solid line is for NH (IPC) = iVH (Bell). The two dashed lines show lines for additional X-ray column density above the Galactic value corresponding to 
E{B — F) = 0.05 and 0.1 (using the conversion of Jenkins and Savage 1974). 

pressure. The X-rays also remove the instability that allows 
cold (~100K) clouds in the ISM out to ~10kpc in this 
model. 

Naively we can also claim from the lack of absorption in any 
of these eight quasars that the covering factor of both broad 
and narrow line emitting clouds is less than This is consistent 
with arguments based on photoionization modeling and on the 
statistics of optically thick Lyman absorbers (e.g., Kinney et al 
1985) but may also be misleading. A column density of 1021 

atoms cm-2 will remove the i keV photons and so deprive the 
IPC of a sufficiently long lever arm to determine a spectrum 
accurately. A column of ~ 1022 atoms cm-2, similar to that of 
a broad-line region cloud (Kwan and Krolik 1981), will reduce 
the count rate of an a = 1.0 quasar by a factor of ~5-10 and 
leave only a handful of IPC counts in a typical exposure. We 
are thus biased against quasars with large intrinsic column 
densities by our inability to measure their spectra. An unbiased 
X-ray sample is needed to set a meaningful limit from X-ray 
measurements on emission-line cloud covering fraction. It 
would be interesting therefore to apply the battery of proposed 
emission-line ratio reddening indicators (reviewed by Mac Al- 
pine 1985) to this particular set of eight quasars to look for 
reddening values of a few tenths of E(B — V) suggested for other 
quasars. This comparison will be begun in Paper III. 

We caution that small soft X-ray excesses at £ keV might 
mimic low NH values if the spectra are more complex than a 
single power-law form. More accurate NH measurements for 
our Galaxy, e.g., direct measurement of Lya absorption for 
these objects with Space Telescope, would remove some of the 
uncertainty. Higher quality X-ray spectra will be needed to 
make definitive statements about the true X-ray column. 

IV. CONCLUSIONS 

For a sample of eight optically selected (PG) quasars, we 
find soft X-ray energy spectral indices with a mean value of 
1.05 with an observed dispersion of 0.25. In three of the four 
cases in which we have higher energy data, these steep slopes 
probably continue to ~6 keV. Five of the eight quasars have 
X-ray slopes steeper than the canonical 0.7 at 90% confidence. 
No absorbing column density is seen in excess of the Galactic 
value with limits of a few times 1020. 

These results are at odds both with the “canonical slope” 
previously seen in AGN X-ray spectra and with the slope of the 
X-ray background. We conclude that disagreement with pre- 
vious X-ray slopes is probably due to biases in the selection of 
the flatter slopes by earlier instruments sensitive to hard X-rays 
and steeper slopes by the IPC. Soft excesses over a canonical 
power law may be more common in PG quasars than in hard 
X-ray selected AGNs. Alternatively, PG quasars may have 
intrinsically steeper, one-component spectra. The MPC data 
and the agreement of 21 cm and X-ray column densities favor 
the latter explanation. 

Consideration of the broad-band infrared to X-ray energy 
distributions of these eight quasars supports the decomposi- 
tion of these spectra into a “big bump” (accretion disk?) com- 
ponent and a power-law infrared to X-ray continuum. The 
“ big bump ” and power-law components always cross over in 
v/v at ~ 1 jim in these quasars. This seems to imply a lumin- 
osity balance between the two components. 

A continuity of the infrared and X-ray power laws in slope 
and normalization is consistent with the data. This suggests 
that a single power law covers five decades of frequency. This 
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continuity is further, limited evidence for intrinsically steep 
X-ray spectra in PG quasars. This broad-band continuum can 
be modeled with any of direct synchrotron, unsaturated 
Comptonization, or synchrotron self-Compton processes as 
candidate emission mechanisms. 

The lack of absorption in these quasars suggests that their 
host galaxies are not normal spirals. Quite plausibly, the X-ray 
radiation of the quasar has altered or removed the ISM in the 
central regions of these objects. We do not know whether lack 
of absorption is a general property of quasar X-ray spectra, 
because the IPC is biased against heavily absorbed sources. 
Better X-ray spectra are essential to rule out weak soft excesses 
that would mimic low NH. 

Larger samples of broad-band energy distributions of 
quasars are needed. The IPC will provide a good starting point 
for this by providing ~50 quasar spectra in all. Complete 
well-defined samples of optically selected quasars are needed to 
provide unbiased answers to the questions raised in this paper. 
ROSAT will be able to provide such samples at low energies in 
spite of its lack of response above 2 keV, thanks to the extreme 

lack of low-energy absorption in quasars. Higher energy 
spectra are important for the question of the contribution of 
quasars to the X-ray background. EXOSAT will begin to 
provide these. Only when the large area and bandwidth of 
AXAF become available will high-resolution X-ray spectra 
become available. At that point we will be able to go beyond 
simple power-law models and investigate the full complexity of 
the quasar X-ray spectra. 
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APPENDIX A 

RELATIVE CALIBRATION OF THE IPC AND MPC 

The natural method of cross-calibrating these two instruments is to take bright sources (to avoid the systematic background 
uncertainties in the MPC) and fit the same spectrum to each instrument separately. For the same spectral form (e.g., [a£, VH] 
values), the normalizations derived for the two instruments should agree if a simple spectrum provides a good fit over the 
0.1-10 keV band. 

It is surprisingly hard to find suitable sources. The bright galactic sources mostly have large (>1021 atoms cm-2) column 
densities, which makes the temperature or slope indeterminate in the IPC. Also, the IPC was made to avoid such sources because of 
the danger of producing a breakdown in the counter. The Crab Nebula, and other supernova remnants, are extended sources and 
we are interested in the IPC calibration for point sources, which is differently derived (Harnden and Fabricant 1985). Clusters of 
galaxies must be excluded, since they too are extended. 

We concentrated on BL Lac objects and Seyfert galaxies, of which several have MPC count rates above 2 counts s-1. The MPC 
background uncertainty of ~0.07 counts s-1 is thus ~5% for these sources. Not all these sources could be well fitted by a single 
power law. We are eventually left with eight observations satisfying these constraints. Table 9 shows the results. The observation 
sequence number, source name, and MPC exposure time (ksec) and count rate are given for reference. The important quantity is 
I/M. This is the ratio of the normalization given by the IPC to that in the MPC for the same (a£, NH) values. This is the same as the 
ratio of the fluxes predicted at 1 keV in each instrument. These I/M values have a mean of 1.01 and a standard deviation of 0.13. The 
most deviant point is that for NGC 7469, for which there is evidence (see § Ilia and Fig. 3) for a steepening in slope from the hard to 
the soft X-ray bands. At 1 keV this would depress the MPC normalization with respect to the IPC. In Table 9 the opposite effect is 
observed. If NGC 7469 is eliminated, the remaining points have a mean of 1.04 and a standard deviation of 0.10. Although there are 
fewer points than we would like, it is clear that the deviation in the normalization ratios is similar to the uncertainty introduced by 
the MPC background error in these sources. The cross-calibration of the IPC and MPC is thus good to better than around 10%. 

For sources at ~0.5 MPC counts s-1, such as our quasars, it is the MPC background uncertainty which dominates. We have 
included an extra 10% error, added in quadrature, to allow for residual IPC/MPC cross-calibration errors. 

TABLE 9 
IPC/MPC Cross-Calibration 

Observation Source MPC Exposure MPC 
Sequence No. Name (ks) Counts s-1 I/M 

2074  MR 2251-179 1.23 2.18 1.04 
1978  NGC 7469 2.04 2.10 0.77 
356  NGC 5548 18.56 2.18 0.94 

5208..   Mrk 421 3.66 2.52 1.01 
5211.. ....... Mrk 501 1.44 3.60 1.03 
7726  PKS 0548-322 2.18 2.44 1.08 
2037  3C 273 1.25 5.57 1.25 
9310  3C 273 2.66 10.54 0.95 
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THE UNCERTAINTY IN THE BELL LABS GALACTIC NH FOR COMPARISON WITH X-RAY COLUMN 
DENSITY MEASUREMENTS 

The great sensitivity of the IPC in the j keV band makes the exact value of the column density through our own Galaxy highly 
significant for X-ray spectral fitting. In particular, we need to determine the error associated with the Bell Labs 21 cm H i survey of 
Stark et al (1985), since this survey provides the best all-sky data on the Galactic column density. 

For the small column densities of a few times 1020 atoms cm~1 to which we are sensitive with the IPC, it is the transmission below 
the 0.3 keV (42 Â) carbon edge (see Harnden and Fabricant 1985) which determines the X-ray column density. (This is shown 
clearly in Figs. 8.2 and 8.3 in Gorenstein 1974.) Below this edge the only significant opacity is due to hydrogen and helium (see, e.g., 
Fig. 1 in Morrison and McCammon 1983). This makes the line-of-sight H i column an unusually direct estimate of the Galactic 
X-ray opacity for the IPC, since the normally necessary assumptions concerning abundances and dust-to-gas ratios (summarized in 
Maccacaro, Perola, and Elvis 1982) are not relevant. 

Two potential problems remain: 
i) The existence of high-latitude H2 in a nearby molecular cloud along the line of sight. 

ii) Small-scale structure in the integrated H i column. 
An unbiased survey of high-latitude CO emission (Magnani, Blitz, and Lada 1985) gives a chance of 1 in 220 of intercepting one of 
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Fig. 11.—Difference between Arecibo (“A,” 3' FWHM) and Bell labs (“B,” 2° FWHM) measurements of column density. Top, differences vs. Galactic latitude. 
Bottom, data compressed into a histogram, with the solid area for points at | b | > 20°. 
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the high-latitude CO clouds discussed by Blitz, Magnani, and Mundy (1984). This suggests that the chance of intercepting a large 
column of H 2 is small. (Note, however, that because the detected clouds are large, one does expect to detect them in an all-sky survey 
of soft X-ray absorption.) Copernicus H2 absorption line measurements (Savage et al. 1977, Table 3) show that outside the 
high-latitude CO clouds, it is unlikely that the column of H2 exceeds 5% of the H i column and may be much less ( ~ 10“5). 

We have considered the problem of small-scale structure more carefully with respect to the Stark et al. 21 cm survey. The Bell 
Labs H i antenna has very low sidelobes so that the problem of stray radiation is negligible. However, it has a large primary beam 
(HPBW ä 2°). Any spatial structure in the H i column on smaller scales will lead to random errors between the Bell Labs value of 
Nh for a given point in the sky and the actual value. We have compared the large-beam Stark et al. values with small-beam 
(HPBW = 3') Arecibo measurements (Dickey, Salpeter, and Terzian 1978; Payne, Salpeter, and Terzian 1982; Table 10). Figure 11 
illustrates this comparison. For | h | > 20° the distribution of differences is symmetrical about 0.0, implying that the two surveys are 
well calibrated, at least with respect to one another. The distribution has a standard deviation of 0.7 x 1020 atoms cm“2. 

TABLE 10 
Comparison of Large-Beam and Small-Beam Nu Values 

Name 
R.A. 

(1950) 
Decl. 
(1950) 

A 
Nh (Arecibo) 

( x 1020) 

B 
Nh (Bell) 
(x 1020) 

A — B 
( x 1020) 

3C 48   
CTA 21  
3C 111  
3C 123   
3C133   
3C 138   
PKS 0531 + 19 
3C237   
3C 264   
3C270   
3C273   
3C287   
3C286   
PKS 1345 + 12 
3C298   
3C310  
3C317   
3C 327   
3C348   
3C382    
3C 386   
3C409   
3C433   
PKS 2247+14 
3C 454.0   
3C 454.3   
3C455   
3C33   
3C47    
3C75   
3C76.1  
3C79   
3C98   
3C 105  
3C 123   
3C 192   
3C200   
3C227   
3C237   
3C270W  
3C270E   
PKS 1414+11 , 
3C315   
3C357   
PKS 1739 + 17 , 
PKS 1820+17 , 
3C 390   
3C 395   
4C 33.48   
3C410   

01h34m49s8 
03 16 09.1 

4 15 01.1 
4 33 55.2 
4 59 54.2 
5 18 16.5 
5 31 47.4 

10 05 22.1 
11 42 32.1 
12 16 51.2 
12 26 32.9 
13 28 16.0 
13 28 49.7 
13 45 06.3 
14 16 38.8 
15 02 48.0 
15 14 17.0 
15 59 56.0 
16 48 40.1 
18 33 12.5 
18 36 12.4 
20 12 18.2 
21 21 30.6 
22 47 56.8 
22 49 07.8 
22 51 29.4 
22 52 34.6 
01 06 14.2 
01 33 40.0 
02 55 05.1 
03 00 27.1 
03 07 11.4 
03 56 11.0 
04 04 44.8 
04 33 55.2 
08 02 35.1 
08 24 21.6 
09 45 07.8 
10 05 22.1 
12 16 41.0 
12 17 01.2 
14 14 27.3 
15 11 31.0 
17 26 27.0 
17 39 26.9 
18 20 09.0 
18 43 15.4 
19 01 02.2 
19 22 25.1 
20 18 03.9 

32054'21" 
16 17 41 
37 54 37 
29 34 14 
25 12 12 
16 35 26 
19 25 18 
7 44 58 

19 53 56 
6 0613 
2 19 39 

25 24 37 
30 46 02 
12 32 23 
6 42 23 

26 12 36 
7 1217 
2 0616 
5 04 28 

32 39 11 
17 09 10 
23 25 42 
24 51 18 
14 03 56 
18 32 44 
15 52 56 
12 57 36 
13 03 37 
20 41 55 
05 50 44 
16 14 31 
16 54 34 
10 1741 
03 33 26 
29 34 14 
24 18 34 
29 28 36 
07 39 09 
07 44 58 
06 06 14 
06 06 14 
11 0216 
26 18 37 
31 48 25 
17 21 58 
17 58 34 
09 50 29 
31 55 13 
33 23 35 
29 32 49 

-28.7 
-33.6 
-8.8 

-11.7 
-9.9 

-11.3 
-7.1 

+ 46.6 
+ 73.1 
+ 67.4 
+ 64.4 
+ 81.0 
+ 80.7 
+ 70.2 
+ 60.7 
+ 60.2 
+ 50.1 
+ 37.9 
+ 28.9 
+ 17.4 
+ 10.5 
-6.1 

-17.7 
-39.2 
-35.6 
-38.2 
-40.7 
-49.3 
-40.7 
-44.9 
-36.0 
-34.5 
-31.1 
-33.6 
-11.7 
+ 26.4 
+ 32.6 
+ 42.3 
+ 46.6 
+ 67.4 
+ 67.4 
+ 64.1 
+ 58.3 
+ 30.6 
+ 23.0 
+ 14.4 
+ 5.8 

+ 11.8 
+ 8.4 
-3.8 

4.4 
9.9 

30.8 
16.4 
25.3 
14.2 
18.4 
2.3 
2.5 
1.4 
1.8 
1.3 
1.4 
2.3 
2.0 
3.6 
2.9 
6.3 
5.4 
6.5 

15.1 
22.0 

7.9 
4.6 
4.3 
7.2 
4.1 
2.95 
4.67 
8.48 

10.21 
10.41 
11.43 
20.65 
20.12 

4.29 
6.02 
2.12 
2.05 
1.60 
1.62 
1.80 
5.22 
3.03 
5.14 

16.26 
26.92 

8.35 
12.25 
53.20 

4.4 
10.5 
28.7 
18.7 
28.4 
23.9 
31.5 

2.6 
2.2 
1.6 
1.8 
1.1 
1.2 
1.9 
2.2 
3.5 
2.9 
6.3 
6.3 
7.4 

18.5 
29.6 

8.5 
4.8a 

5.8 
6.4 
5.1 
3.9 
5.8 
8.8 

10.1 
10.0 
11.6 
11.7 
18.7 
4.3 
3.8 
2.9 
2.6 
1.6 
1.6 
1.9 
3.8 
3.4 
6.1 

15.7a 

29.5 
11.Ia 

17.2 
43.5 

0.0 
-0.6 
+ 2.1 
-2.3 
-3.1 
-9.7 

-13.1 
-0.3 
+ 0.3 
-0.2 

0.0 
+ 0.2 
+ 0.2 
+ 0.4 
-0.2 
+ 0.1 

0.0 
0.0 

-0.9 
-0.9 
-3.4 
-7.6 
-0.6 
—0.2a 

-1.5 
+ 0.8 
-1.0 
-0.95 
-1.13 
-0.32 
+ 0.11 
+ 0.41 
-0.17 
+ 8.95 
+ 1.42 
-0.01 
+ 2.22 
-0.78 
-0.55 

0.0 
+ 0.02 
-0.10 
+ 1.44 
-0.37 
-0.96 
+ 0.56a 

-2.58 
— 2.75a 

-4.95 
+ 9.70 

a Not enough iVH grid points for interpolation to the source position. The nearest grid point to the source was 
used. 
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Between a scale of 2° and 3' there is thus a typical 90% (1.65 a) error of ± 1 x 1020 atoms cm-2. This small value agrees with the 
observation of Kalberla, Schwarz, and Goss (1985), who find that “most of the observed H i gas [toward 3C 147] is extended on 
scales > 10 arc min.” Kalberla et al do find weaker structure down to the 3' scale of the Arecibo beam. Between 3' and the 
approximately nanoarcsecond size of the quasar continuum source, there is, in principle, scope for further uncertainties. This 
possibility was investigated by Payne, Salpeter, and Terzian (1982). They compared H i absorption and emission ratios toward 
radio galaxies extended by arcminutes with those toward compact ( < arcseconds) radio galaxies (Dickey, Salpeter, and Terzian 
1978) and concluded that there was no difference in the ratios, implying little small-scale structure. The same conclusion was 
reached by Dickey (1981), who used pulsars as his “point” sources. It seems that most of the ISM structure has been resolved out 
with the 3' Arecibo beam. 

Physically, 3' corresponds to a typical ISM scale of 0.3 pc (assuming a Galactic H i scale height of 250 pc and looking at 
\b\> 20°). The ISM does seem to be rather smooth on scales smaller than this. Crovisier, Dickey, and Kazes (1985) have shown that 
large deviations of NH on scales less than ~ 1 pc are rare. Another way of expressing this is to say that the power spectrum of H i 
spatial structure declines steeply to high frequencies. Crovisier and Dickey (1983) find a slope of —2.5 for this power spectrum. 

There are known to be filamentary structures below the 3' scale that may still produce some low-level uncertainty in the 
absorbing column. In emission, examples are the faint reflection nebulae described by Sandage (1976) and the IRAS cirrus (Low 
et al 1984). It is not clear yet how thick these filaments are in NH. Our results suggest that they should have NH < 1020 atoms cm-2. 
Shull and Van Steenberg (1985) note that none of the 17 stars that lie more than 1 kpc out of the disk have NH < 1020 atoms cm-2, 
which suggests that small-scale holes in the ISM are rare. 

Overall we conclude that our error estimate of ± 1 x 1020 atoms cm-2 (90% confidence) is likely to be a good estimate of the 
Galactic column uncertainty associated with the Bell Labs’ survey. 
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