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ABSTRACT 

At z^3, the x-ray spectra of radio-loud and radio-quiet quasars are different. High-redshift radio-quiet 
quasars either have large absorbing columns, Nu, and steeper power law spectral indices, aE, than low 
redshift quasars, or no absorption and similar aE’s. In contrast, the radio-loud quasars at high redshift have 
substantial absorption and similar aE’s to low redshift quasars. Implications for the interpretation of the 
evolution of the luminosity function of quasars are discussed. If the absorption arises outside the central 
engine for both radio-loud and radio-quiet quasars, then radio-quiet quasars differ from the radio-loud 
quasars in that their emitted power law spectrum has evolved with redshift. We argue that this favors models 
where quasars are numerous and short-lived, rather than rare and long-lived. 

1. INTRODUCTION 

A basic characteristic of quasars is the scale-free nature of 
their emission. From the lowest luminosity AGN (e.g., M81) 
to the highest redshift, most luminous quasars, the quasar 
continuum and emission lines scale almost linearly with lu- 
minosity, regardless of redshift (e.g., Netzer 1990; Blandford 
1990, and references therein). This is true within both the 
radio-loud and the radio-quiet classes of quasar. There are 
small deviations from this pattern, e.g., the Baldwin effect 
(Baldwin 1977), and the slowly decreasing x-ray loudness 
for higher luminosity quasars (Avni & Tananbaum 1986; 
Worrall et ai 1987). Even these, however, are continuous 
changes in the sense that there is no characteristic redshift or 
luminosity at which they occur. 

By contrast, evolution studies show that quasars evolve 
strongly with redshift, and that z~2 is a characteristic red- 
shift for the quasar population. The break point, L*, of their 
luminosity function shifts to higher luminosities by a factor 
of 40-50 between z=0.1 and 2=2 (Boyle et al. 1987). There 
are two extreme possibilities for the physical evolution that 
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causes the observed population evolution: individual objects 
are long-lived or short-lived. In the long-lived case, quasars 
are intrinsically rare, their present-day remnants have very 
high masses from the integrated accretion of mass over a 
Hubble time, and today they should emit at less than 1% of 
the Eddington luminosity, LEdd (Cavaliere & Padovani 
1988). In the alternative short-lived case, quasars are com- 
mon, so that most large galaxies had one at one time, but 
each is active only for a short time (~108 yr). In order not to 
require too much mass tied up in black holes, these quasars 
must be accreting close to their Eddington limits while they 
are active (Small & Blandford 1992; Chokshi & Turner 
1992). 

Physical evolution models could be more easily distin- 
guished if there were characteristic luminosities or redshifts 
at which the properties of individual quasars changed. Re- 
cent results presented by Elvis et al (1994) and Bechtold 
et al (1994) suggest that the continuum spectral energy dis- 
tributions of quasars are in fact changing at z~2. They find: 

(1) Radio-loud quasars become strongly x-ray absorbed 
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760 BECHTOLD ET AL. : X-RAY SPECTRAL EVOLUTION 760 

between z=0.5 and z=3, whereas radio-quiet quasars prob- 
ably do not. 

(2) Steep spectrum radio-loud quasars do not continue to 
follow the correlation of aox increasing with Lopt at high 
redshift; they are too x-ray bright. Radio-quiet quasars in- 
stead continue to follow the correlation of aox increasing 
with increasing Lopt seen at lower redshift. 

These observations suggest that breaks in the scaling laws 
for quasars are beginning to appear which may be related to 
the evolution of the quasar population as a whole. In this 
paper we review the data supporting these claims, and then 
discuss their potential value for understanding quasar emis- 
sion mechanisms. 

2. X-RAY SPECTRA AND HARDNESS RATIOS 

Obtaining x-ray spectra of high redshift quasars has be- 
come feasible with the ROSAT (Triimper 1983) Position Sen- 
sitive Proportional Counter (PSPC, Pfefferman et al. 1987). 
Elvis et al. (1994, hereafter referred to as Paper I) presented 
x-ray spectra of several radio-loud high-redshift quasars. 
Bechtold et al. (1994, hereafter referred to as Paper II) de- 
rived hardness ratios for a dozen z~3 quasars, six of them 
radio-quiet. Although the small number of counts in these 
detections render their hardness ratios ambiguous, they nev- 
ertheless add significantly to our knowledge of quasar spec- 
tra at high redshift. 

Since Paper II was completed, other PSPC data on high 
redshift quasars have been published (Fink & Briel 1993; 
Henry et al. 1994; Molthagen et al 1994; Band et al. 1994). 
This allows us to expand on the results given in Paper II. In 
Table 1, we list the x-ray results derived in Paper I and Paper 
II. We also give the results for OQ 172, which we reanalyzed 
in order to ensure uniformity of treatment, since the PSPC 
data have now become public. The z=4.5 quasar 0953+47 
observed by Molthagen et al. (1994) was not detected in the 
PSPC, but we include their limit for aox below. 

The PSPC hardness ratio, defined as 

R = {H-S)/(H+S), 

is given in Table 1 for each quasar. Here H is the number of 
counts in a hard band defined as PI channels 41-245, or 0.41 
to 2.48 keV in the observed frame; S is the number of counts 
in a soft band defined as PI channels 11-40, or observed 
energies of 0.11 to 0.40 keV. Note that for an object at z=3, 
these channels correspond to 1.64-9.92 keV and 0.44-1.60 
keV, respectively. In addition to the high-redshift quasars, we 
include four intermediate redshift, radio-quiet quasars with 
1.5<z<2.2 found in the PSPC field of Q0130—403 (see Pa- 
per II; Hoag & Smith 1977; Osmer 1977). 

Figure 1 is a plot of R for the quasars in our sample. 
Clearly, there is a systematic difference between the radio- 
loud and radio-quiet quasars. Omitting the three cases where 
the galactic column density is larger than 7X1020 

atoms cm-2 (implying transmission of only 10% at the car- 
bon edge and hence a large effect on R), the mean R for 
radio-quiet quasars is -0.018±0.110, while for the radio- 
loud quasars the mean R is 0.78±0.03, a 7.2cr difference. 

Table 1. X-ray and hardness ratios. 

quasar N' HGal Rb 

Case A 

cue 

Case B 

O-E 
0000-263 4.11 
0130-403 3.03 
0207-398 2.81 
1107+481 2.96 
1208+101 3.82 
1946+768 3.02 

1.60 
2.30 
1.53 
1.40 
1.70 
7.50 

-0.065 ± 0.183 
-0.170 + 0.372 

0.128 + 0.216 
0.066 ± 0.257 

-0.249 ± 0.346 
0.935 + 0.157 

i.soi^r 

o.9oi?:Uc 

0.93i“;ic 

i-54iS:8‘ 

¿.¿U_0.3o 
z.soiSiff 
i.eoi“:”'' 

2.05íg:g‘i 

1.23: ,+0.37«* 

0130-401 1.73 2.30 
0130- 404 2.16 2.30 
0131- 401A 1.83 2.30 

0131-401C 1.65 2.30 

-0.154 ± 0.269 

0.081 ± 0.465 
-0.249 ± 0.204 
0.129 + 0.339 

i.66iS:=r 
i 97+0.79C ‘ —0.80 
1 QO+O-380 
1.0«5_o.36 

i-20iS:r 

q oo+0.60e 
o.oo_qí6o 
2o O+0.93« .O0_o.99 
q nq+0.47« o.jo_q43 
3.40íg;?r 

0014+813 3.38 14.4 
0420-388 3.12 1.91 
0438-436 2.85 1.50 

0636+680 3.17 5.70 
1442+101 3.54 1.73 
1745+624 3.87 3.40 

2000-330 3.78 7.50 
2126-158 3.27 4.85 

0.962 ± 0.077 

0.406 ± 0.074 
0.903 ± 0.071 

1.140 ± 0.276s 

0.480 ± 0.067 

0.721 ± 0.242 

0.963 ± 0.041 

o.eiiS;^ 
-0.24i^r 
0.45Í°SC 

0.30ÍSS/ 

-i fii+0.71« 1.01_0<92 
0.52ig;g' 

0.97Í¡S“ 
1.24«:«'' 
o.eiíg:^' 

0.04ÍS:!;'' 
0- 45íg:íS/ 

0.30Í2;|S/ 

1- 49ÍSJ?'' 
0.52Î2+ 

Notes to Table 1 
aIn units of 1020 atoms cm-2. bHardness ratio, R-H-SIH-\-S\ for 1745 
+624 the PSPC data are not available. cNn fixed to the galactic value. 
Additional at 2=zem fixed to 1022 atoms cm-2. Additional YH at z=zem 
fixed to 5X1021 atoms cm-2. fBest fit additional ATH at z=zem. gFormally, 
R>1 since S = -4.8±6.5 after background subtraction. Only values of R<1 
and S>0 are physical, however. 

The dashed and dotted lines in Fig. 1 represent the expecta- 
tion for radio-loud and radio-quiet quasars, respectively, us- 
ing the mean spectral index found at low redshift by Ginga 
(0.71 for radio-loud and 1.03 for radio-quiet, Williams et al. 
1992) and the minimum and maximum galactic AH values in 
our samples (1.4-2.3X1020 atoms cm-2 for the radio-quiet 
quasars and 1.5-5.7X1020 atoms cm“2 for the radio-loud 
quasars). The radio-quiet quasars have R compatible with the 
low redshift predictions, while at least some of the radio- 
loud quasars have R definitely greater than predicted. We 
compare our results to the Ginga data for low redshift qua- 
sars, since for z~3 the PSPC bandpass corresponds to rest 
frame energies of —1-10 keV, similar to the Ginga bandpass 
for low redshift objects. For the z—2 quasars, the PSPC 
bandpass corresponds to —0.6-7 keV, between the harder 
x-rays observed by Ginga (2-10 keV) and the softer x-rays 
observed by the IPC (0.1-3.5 keV) for low redshift objects. 
However, this energy difference is probably not important 
for these comparisons since the Ginga and IPC measured 
slopes are similar (Fiore et al. 1994). 

The difference in R between low and high redshift radio- 
loud quasars, can be interpreted in different ways. The two 
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761 BECHTOLD ETAL.: X-RAY SPECTRAL EVOLUTION 761 

Fig. 1. The ROSAT PSPC hardness ratio for a sample of high-redshift qua- 
sars. Open symbols identify radio-quiet quasars, filled symbols identify 
radio-loud quasars: circles correspond to 2.8<z<4.1 quasars; squares cor- 
responds to 1.6<z<2.2 quasars. The dotted and dashed lines show the range 
of hardness ratio expected from the low z G inga observations. H—number 
of counts in the hard PSPC band (0.41-2.48 keV); S—number of counts in 
the soft PSPC band (0.11-0.40 keV). 

most simple and extreme possibilities are (A) a difference in 
emitted power law index, in the sense that the high-redshift 
quasars are flatter than the low redshift ones, or (B) a differ- 
ence in absorbing column density, in the sense that the high 
z quasars have a larger absorbing column than at low z. Of 
course intermediate situations, where both the emitted power 
law index and the absorption properties of high z quasars are 
different, are also possible. In Table 1, we list the spectral 
index aE obtained for both cases (A) and (B) using the hard- 
ness ratio diagrams discussed in Paper II, for the radio-quiet 
quasars Q0130-403, Q0207-398, Q1107+481 and Q1208 
+ 101, and for the intermediate redshift radio-quiet quasars 
in the field of Q0130-403. For the other quasars, the aE 

obtained from normal spectral fitting is given (Paper I). 
For case (A), NH was assumed to be equal to the galactic 

NHi value in all the objects for which this assumption is 
statistically consistent with the observed spectrum (i.e., all 
radio-quiet quasars, and all the radio-loud quasars with the 
exception of PKS 0438-436, PKS 2126-158, see Papers I, 
II). For case (B), an absorber with the best fit Nn at z = zem 

(as given in Paper I) was assumed for PKS 0438—436 and 
PKS 2126-158. Otherwise, a column of AH=1022 

atoms cm-2 at zem was assumed in addition to the galactic 
Nh. In these cases, the statistics of the data are not good 
enough to constrain the intrinsic NH (this includes all the 
radio-quiet quasars and the radio-loud quasars Q0014+813, 
Q0420-388, Q0636+680, and PKS 2000-330). In both 
cases the absorbers were assumed to have cross sections 
given by Morrison & McCammon (1983) with solar metal 
abundance. We note that two of the eight radio-loud quasars, 
Q1745+624 (Fink & Briel 1993) and OQ 172, do not show 
evidence for intrinsic absorption. The limit for intrinsic ab- 
sorption quoted by Fink & Briel for the first object is 2X1020 

Fig. 2. X-ray energy spectral index in the 1-10 keV emitted frame vs 
redshift when assuming: (a) jVH at z = zem of 1022 atoms cm-2 for z~3 
quasars and 5X1021 atoms cm-2 for z~2 quasars; (b) Nu fixed at the galac- 
tic value. Squares == radio-loud quasars, circles=radio-quiet quasars: 
triangles=radio galaxies; filled symbo\s=ROSAT PSPC z~3 quasars; open 
circles with crosses=quasars with 1.6<z<2.2. Open symbols and triangles 
=Ginga results. 

atoms cm 2, while for the second object we found a 99% 
limit of 0.5 X1022 atoms cm-2. 

3. X-RAY SPECTRAL EVOLUTION 

How does aE evolve with redshift? 
Figures 2 and 3 show aE as a function of redshift (Fig. 2) 

and luminosity (Fig. 3) for the objects in this sample, 
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Fig. 3. X-ray energy spectral index in the 1-10 keV emitted frame vs 2-10 
keV luminosity when assuming: (a) YH at z = zem of 1022 atoms cm-2 for 
z~3 quasars and 5X1021 atoms cm-2 for z~2 quasars; (b) YH fixed at the 
galactic value. Squares=radio-loud quasars, circles=radio-quiet quasars: 
triangles=radio galaxies; filled symbols =ROSAF PSPC z~3 quasars; open 
circles with crosses=quasars with 1.6<z<2.2. Open symbols and triangles 
=Ginga results. 
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762 BECHTOLD ET AL. : X-RAY SPECTRAL EVOLUTION 762 

and for a low redshift comparison, quasars observed with 
Ginga. Note that the sizes of the low redshift and high red- 
shift samples are similar. Figures 2 and 3 are updated ver- 
sions of those in Paper I. Note that the PSPC spectral index 
covers 0.4-9.4 keV for the lowest redshift object (z=2.81), 
and 0.6-12.7 keV for the highest redshift object (z=4.11). 
This introduces some ambiguity, although not a large one if 
the Ginga low z spectra are a reliable guide (Williams et al. 
1992). We note also that the high redshift quasars in our 
sample are also the most luminous, so it is hard to distin- 
guish whether the x-ray spectral properties depend primarily 
on z or Lx. In the remainder of the discussion we consider 
the dependence of aE on z, for case (A) and case (B). 

Case (A): Only radio-loud high z quasars are absorbed 
[Figs. 2(a),3(a)]. In this case, the difference in slope be- 
tween radio-loud and radio-quiet quasars which was found at 
low redshifts (Wilkes & Elvis 1987; Williams et al. 1992) 
persists at z~3, radio-quiet quasars having steeper slopes. 
The weighted mean spectral slope of the radio-quiet quasars 
is 1.15 ±0.14 (the error represents the error on the mean), 
consistent with the («£;)=1.03, for a sample of six low red- 
shift radio-quiet quasars (Williams et al. 1992; excluding the 
peculiar object PG 1416-129, which has a best fit 2-10 keV 
slope of only 0.1). The constraint on any change of aE with 
z is no more than 0.3 (99% confidence). For the radio-loud 
quasars the weighted mean spectral slope is 0.59 ±0.06, com- 
parable with the (a'£)=0.71 for a sample of five low-redshift 
radio-loud quasars (Williams et al. 1992). 

In case (A) then radio-quiet quasars show no change in 
either emitted slope or absorption out to z=4, while radio- 
loud quasars commonly exhibit strong x-ray absorption at 
z=3, with no change in intrinsic slope. This immediately 
implies that the absorption in radio-loud z~3 quasars (Paper 
I) is primarily intrinsic to the quasars, since intervening ab- 
sorbers would be found independently of the radio properties 
of the quasar. (The number of objects is still small, however.) 

The slope obtained for the intermediate redshift quasars, 
assuming galactic AH (case A), is steeper than the IPC and 
Ginga slopes and is similar to those found in the PSPC spec- 
tra of low-redshift radio-quiet quasars (Walter & Fink 1993; 
Laor et al. 1994; Fiore et al. 1994), despite the significantly 
lower energy range covered by the PSPC. In this case then 
the major evolution in x-ray slope occurs between z~0 and 
z~2, with little change thereafter up to z~3. This behavior 
would be similar to the evolution of the quasar luminosity 
function (e.g., Boyle et al. 1993). 

Case (B): All high z quasars are absorbed [Figs. 
2(b),3(b)]. No matter where the absorbers are located, the 
x-ray hardness ratios of the radio-quiet quasars imply aE$ 
which are steeper by —0.7 than the no absorption case (see 
Table 1). 

Figures 2(b) and 3(b) shows aE as a function of x-ray 
luminosity and redshift for case (B). The mean aE for the 
high-redshift radio-quiet quasars is (0^)=1.82±0.17. This is 
significantly steeper than (a£:)=1.03 for the similar low- 
redshift quasars observed with Ginga. The two distributions 
of low and high redshift radio-quiet quasars spectral indices 
are different at the 97% confidence level (using the 
Kolmogorov-Smimov test). The high-redshift radio-quiet 

2 

1.5 
X o 

Ö 

1 

28 30 32 34 
log Lopt 

Fig. 4. aox vs logZ,opt in ergs-1, for steep spectrum, radio-loud quasars. 
Filled circles are quasars detected with the Einstein IPC (Wilkes et al 1994; 
Paper II) with afrad¡o

>0'8. Triangles are z~3 quasars reported in Papers I and 
II. The dashed line is the predicted relation for steep spectrum radio sources 
from Wbrrall et al. (1987). The high redshift quasars are more x-ray bright 
than the low redshift relation predicts. 

—i 1 1 J 1 1 1 J 1 1 1  
Steep Spectrum Radio-Loud Quasars 

* .V'' • • ▲ 

* A 
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mean slope is also different from that of high-redshift radio- 
loud quasars which demonstrably show absorption 
((<%)=0.52±0.16), and that of all high-redshift radio-loud 
quasars ((a£)=0.57±0.08). 

The intermediate redshift quasars would have steeper 
slopes <*£—4 on this assumption. They would then be steeper 
at z—1.5 than at either z—0 or z—3. This seems unlikely, but 
is not ruled out. We note that the path length for absorption, 
X (Bahcall & Peebles 1969), is half as large at the mean 
redshift of the quasars in the field of Q0130-403 (z = 1.84) 
than of the absorbed quasars in Paper I, so the chance of 
intervening absorbers is similarly reduced. 

In summary, in either case (A) or (B), the x-ray colors and 
spectra suggest that radio-quiet and radio-loud objects have 
evolved differently since z^3. If the radio-quiet objects 
have, on average, as much absorption as the radio loud qua- 
sars, their power laws must be steeper than their low redshift 
counterparts, indicating evolution in the emission spectrum 
with redshift. If only radio-loud quasars have absorption, 
then the high-redshift radio-loud objects differ from both 
their low z counterparts and from the radio-quiet quasars in 
that they have substantial absorbing material. 

4. X-RAY LOUDNESS (am) VERSUS ¿opt 

The plots of x-ray loudness, aox (e.g., Tananbaum et al. 
1979), versus Lopt in Figs. 4 and 5 are updated versions of 
that in Paper II. The triangles mark the high redshift quasars 
from Paper II, Band et al. (1994), and Molthagen et al. 
(1994); the small circles show the quasars from the Einstein 
IPC survey (Wilkes et al. 1994) which are predominantly at 
low (z<l) redshift. Figure 5 shows only radio-quiet quasars, 
while Fig. 4 contains only radio-loud quasars. Moreover, we 
have restricted the radio-loud quasars to those in which 
beaming is not likely to be important, i.e., lobe-dominated or 
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763 BECHTOLD ETAL.: X-RAY SPECTRAL EVOLUTION 763 

Fig. 5. <zox vs logLopt in ergs-1 for radio-quiet quasars. Filled circles are 
quasars detected with the Einstein IPC (Wilkes et al. 1994; Paper II). Tri- 
angles are radio-quiet quasars presented in Paper II. The dashed line is the 
predicted relation for radio-quiet quasars from Worrall et al. (1987). The 
high redshift quasars are consistent with the low redshift relation. 

steep spectrum radio sources (aradio>0.8). Beaming is not 
thought to be important in GPS sources and therefore in most 
of our high-redshift, radio-loud quasars. 

The dashed lines show the predicted relations from Wor- 
rall et al. (1987) for each class of quasar. The high-redshift, 
radio-quiet quasars are consistent with the extrapolation from 
low redshift, and may even be slightly x-ray quiet (cf. Pick- 
ering & Impey 1994). In contrast, for steep-spectrum radio- 
loud quasars, the high redshift quasars lie systematically be- 
low the prediction. They are too x-ray loud for their optical 
luminosity. Note that despite the relatively small number of 
quasars detected in the IPC, the uncertainty in the predicted 
line is small on this scale. 

While the range of observed aox of the high z radio-loud 
quasars in Paper I ranges between 1.1 and 1.6, they are 
bunched toward small values of aox (Fig. 5). There are three 
cases with aox<1.3 and only one with aox~1.6. This is S4 
0636+680 which interestingly is also the most radio-quiet 
quasar in the radio-loud sample. A Aaox of 0.3 corresponds 
to a factor ~6 in x-ray to optical flux ratio, so that this is a 
large effect. 

This break in the predictive power of the aox vs Lopt re- 
lations indicates a characteristic luminosity at 
logLopt~32-33 erg s-1 Hz“1, for steep-spectrum radio-loud 
quasars. 

5. DISCUSSION 

One can use these observations to speculate on the physi- 
cal nature of the evolution of quasars in different scenarios. 
As mentioned briefly in the introduction there are two ex- 
treme possibilities: individual quasars are long-lived or 
short-lived. In the long-lived case, quasars are intrinsically 
rare, their present day remnants have very high masses from 

the integrated accretion of mass over a Hubble time, and 
today they should emit at less than 1% of the Eddington 
luminosity, LEdd (Cavaliere & Padovani 1988). Since there is 
no evidence for very large black hole masses in nearby Sey- 
ferts or ellipticals and since there are indications that the 
ratio of the luminosity to its Eddington value in nearby Sey- 
ferts and intermediate redshift quasars is between 0.01 and 
0.1 (Wandel & Mushotzky 1986; Padovani & Rafanelli 
1988; Chokshi & Turner 1992; Small & Blandford 1992), it 
seems unlikely that the evolution of the luminosity function 
could be explained by the gradual decline in luminosity of 
individual, rare objects. A further test for the long-lived op- 
tion is the evolution of the quasar continuum, since as the 
quasar black holes grow larger and become more starved of 
accreting matter, the continuum they produce is likely to 
change in form. 

Alternatively, in the short-lived case, quasars are common 
(so that most large galaxies had one at one time), but each is 
active only for a short time (~108 yr). In order not to require 
too much mass tied up in black holes, these quasars must be 
accreting close to their Eddington limits while they are active 
(Small & Blandford 1992). Haehnelt & Rees (1993) have 
discussed the formation of such black holes in the context of 
the hierarchical collapse of cold dark matter fluctuations. At 
high redshifts only the most massive fluctuations can col- 
lapse; as time goes on, and the universe expands, less over- 
dense structures collapse. Thus, the black hole mass of a 
typical quasar should strongly decrease with redshift, rather 
than slowly increase by mass accretion. This gives rise to 
opposite expectations about the quasar continuum evolution 
compared to the long-lived model. Any systematic differ- 
ences in the spectral energy distributions of high and low 
redshift quasars could therefore guide and constrain models 
for the evolution of the quasar luminosity function. 

5.1 X-ray Spectral Evolution 

In Sec. 2, we have shown that radio-loud and radio-quiet 
quasars at high redshift have different x-ray colors, but 
whether this is the result of different intrinsic x-ray power 
laws or different absorbing columns cannot be determined 
from the present data. We discuss the implications of both 
possibilities. 

How does the x-ray spectral index depend on physical 
models of evolution? In the standard accreting massive black 
hole model, simple assumptions can give the sense of the 
dependence of aE on the black hole mass and accretion rate. 

Comptonization of soft photons by a population of ther- 
mal electron in a hot corona above a layer of cold reflecting 
matter has been proposed as the origin of the 2-10 keV 
spectrum in radio-quiet quasars (Haardt & Maraschi 1993). 
In this model sources powered by accretion onto large black 
holes such as those needed at the center of 
these luminous z~3 quasars) result in 2-10 keV spectra 
which are significantly steeper than those of sources with 
smaller black holes. This holds for a range of corona optical 
depths, and therefore luminosities (Haardt & Maraschi 
1993). 

If the evolution of the quasar luminosity function results 
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from the slow evolution of a few, long-lived quasars, then 
one expects that that the black hole masses increase with 
decreasing z, with L/LEdd~l at z=3, and L/LEdd<^l at z=0. 
The Haardt & Maraschi (1993) models would then predict 
that aE would steepen with decreasing z. On the other hand, 
if quasars are numerous, short-lived, and result from collaps- 
ing CDM halos in the Haehnelt & Rees (1993) picture, then 
a typical quasar black hole mass will decrease with z. Then 
the x-ray spectra will be steeper with increasing z. 

In case (B), where all quasars are absorbed, radio-quiet 
quasars are steeper at higher z. This is opposite to the expec- 
tations for rare, long-lived quasars, but in agreement with the 
short-lived quasars in the Haehnalt and Rees picture. 

In this case, the lack of evolution of the emitted x-ray 
power law for the radio-loud quasars is also significant. It 
would imply that their x-ray emission is not closely related 
to the black hole mass. In fact, at low redshift, radio-loud 
quasars are also more x-ray loud (i.e., have smaller aox) than 
radio-quiet quasars. This supports the notion that there is an 
“extra” component of the x-ray emission related to the radio 
source. We return to this in our discussion of aox vs Lopt in 
the next section. 

In case (A), where only high z radio-loud quasars are 
absorbed, neither the radio-quiet nor radio-loud quasars have 
changed their x-ray spectral indices with redshift. Then one 
is forced to conclude that the x-ray emission is not related in 
a direct way to black hole mass for either radio-quiet or 
radio-loud quasars, or that the number of quasars studied is 
so small that only the most extreme members of the popula- 
tion, all with nearly the same black hole mass, have been 
sampled. 

Case (A) has other strong implications. Since soft x-ray 
absorption appears at high redshift only for the radio-loud 
quasars then (1) quasar radio emission results from a differ- 
ent environment in the high-redshift objects; (2) a dust 
shrouded phase of quasar development may be associated 
with radio-emission and be short-lived, having the same frac- 
tional life as the ratio of radio-loud to radio-quiet quasars. 
Some support for the second hypothesis comes from the fact 
that about 50% of the high-redshift radio-loud quasars are 
GHz Peaked Spectrum (GPS) sources, while the fraction is 
much reduced at low redshift (O’Dea et al 1991). In fact 
five of the eight radio-loud quasars in our sample are candi- 
date GPS sources in the list of O’Dea et al (1991; Q0420 
-388, Q0636+680, OQ 172, PKS 2000-330, and PKS 
2126-158). PKS 0438-436 also has a radio spectrum that 
resembles that of GPS sources. GPS sources are unusually 
compact (—10 milliarcsec, —100 pc at z=3, Pearson & 
Readhead 1984). This compactness could be evidence for a 
dense surrounding medium which confines the radio source. 
This hypothesis is discussed in more detail in Paper I. 

5.2 X-ray Loudness (aox) 

The presence of a critical luminosity above which radio- 
loud quasars have a smaller optical to x-ray luminosity ratio 
than the less luminous, low-redshift ones (Sec. 4) suggests 
that the x-ray emission of these objects becomes dominated 

by some mechanism not directly connected with the accre- 
tion rate, or limited by the Eddington luminosity. 

An oft-suggested mechanism of this kind is the electro- 
magnetic extraction of the black hole rotational energy 
(Blandford & Znajeck 1977), which would be converted into 
x-rays through the SSC mechanism. Blandford (1990) gives 
the electromagnetic luminosity, Lem, as 

Lera~1045x(^) Bl ergs“1, 

where ^Æs is the black hole mass in units of 108^#o > B 
the magnetic field in units of 104 G, 0 is the specific angular 
momentum, and m = GM/c2. The x-ray luminosity in high 
luminosity radio-loud quasars could therefore be propor- 
tional to Lem, say a fraction g of Lem : LXem=gLem. 

The luminosity due to the extraction of the gravitational 
energy of accreting gas, Laccr, in both radio-quiet and radio- 
loud quasars has a different, linear, dependence on the black 
hole mass (Blandford 1990): 

£Op,~£accr~l-3X1046^f8^ ergs-1. 
^Edd 

We may identify Laccr with the optical-UV luminosity, with 
the x-ray luminosity in radio-quiet quasars, and with some 
part of the x-ray luminosity of radio-loud quasars, say a frac- 
tion f Of L accr. L Xaccr fL accr • 

Comparing these two equations then defines a critical 
mass for radio-loud quasars at which LXem equals ZXaccr. 
This mass is 

-2 
B -2 

4 • 

We can now interpret the critical luminosity of 
logLopt—32-33 ergs-1 Hz-1 (Fig. 4) as corresponding to 
this critical mass for steep spectrum radio-loud quasars. For 
an Eddington limited source this corresponds to a black hole 
mass of 109-101(l/#o> since the luminosity per decade, 
Lopt=1047-1048 ergs-1. 

Then, 

-~0.077^8(^) (-) B2
4~0.2-2, 

g \¿Edd/ \m) 

if a/m=0.5 and ¿accr^Edd» 8 is the order of /. 
/ can be estimated from the aox measured in high z radio- 

quiet quasars. The observed aox of —1.8 corresponds to a 
ratio of optical to x-ray luminosity per decade of —100, i.e., 
/-0.01. 

In this scenario the energy connected with the extraction 
of the black hole rotational energy is only inefficiently con- 
verted into x-ray photons, or into any photons at all. Thus, 
the bulk (—99%) of the power extracted from the spin of the 
black hole must go into kinetic energy of accelerated par- 
ticles or be carried far away from the x-ray emission region 
by the electromagnetic field. 

Following Blandford (1990), the lifetime of a quasar pow- 
ered only by the extraction of the spin of the black hole is: 

¿em,^ 16-7-^8 1^4 2’ 
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where is the time in units of 108 yr. For the range of 
masses we considered before we have i8=0.2-2. This is ac- 
tually a lower limit, since the accreting gas could deposit 
angular momentum into the black hole and spin it up. The 
corresponding accretion time scale, or Eddington, time is: 
ÍEdd^4* 80 that ^em,8<^Edd,8 for ^8>4- In thÍ8 scenario 
some of the high luminosity radio-quiet quasars could be 
objects which were powerful radio sources in the past, but 
whose central black hole has in the meantime completely 
slowed down. 

6. CONCLUSIONS 

In summary, ROSAT PSPC colors of 17 high-redshift qua- 
sars show that the x-ray spectral properties of radio-loud and 
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radio-quiet quasars at z*=*3 have evolved differently: either 
only radio-loud quasars show absorption, or only radio-quiet 
quasars change their emitted power law spectrum. This im- 
plies different changes in the environment or emission 
mechanism of the two types of quasar. Distinguishing the 
two spectral possibilities should be straightforward with 
more high energy measurements. 

Some of the data reported in this paper came from the 
ROSAT data bank. This work was supported by NASA 
Grants NAGW-2201 (LTSARP), NAG5-1872, NAG5 
-1536, and NAG5-1680 {ROSAT), and NASA contracts 
NAS8—39073 (ASC) and NAS5-30934 (RSDC). This work 
was also supported by NSF Grants RII-8800660, INT- 
9010583, and AST-9058510, and a gift from Sun Microsys- 
tems. 
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