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ABSTRACT

We present the first results of an exploratory objective prism survey of the far-ultraviolet (141200-1800)
spectra of high-redshift quasars obtained with the Faint Object Camera on-board the Hubble Space Telescope.
The prime objective of this survey is to identify one or more candidates among the known quasars at z,,, > 3
with sufficient flux at far-ultraviolet wavelengths to enable detailed follow-up observations of redshifted inter-
galactic He 11 1304 absorption using the HST grating spectrographs. FOC prism observations of 12 prime
candidates selected for redshift (z,, ~ 3.03-3.66), brightness (V' < 18.5) and the appearance of their optical
absorption spectra are presented and discussed. As anticipated beforehand, cumulative neutral hydrogen
Lyman continuum absorption from the various classes of intervening absorption systems presents a serious
obstacle for observing high redshift quasars at extreme ultraviolet rest energies. At our limiting sensitivity of
F;~2-4x 10 "% ergss ' cm~2 A™1, 10 of the 12 objects observed show no far-UV flux shortward of 41800
observed wavelength. Two objects, Q0114 —089 (UM 670; z,,, = 3.16) and Q1442+ 102 (OQ 172; z,,, = 3.53)
are detected, but only down to 2~ 330 A and A~ 345 A rest wavelength. No object is reliably detected at
emitted He 11 A304. The severity of the cumulative Lyman continuum absorption is, however, such that these
preliminary findings are still statistically consistent with the hypothesis that luminous quasars are intrinsically
bright at extreme ultraviolet energies at flux levels comparable to those suggested by extrapolation of the
power law continua seen at longer wavelengths. A larger number of high-redshift quasars need to be observed
in the far-UV before the prospects for observing intergalactic He 11 1304 absorption with HST can be fully

appraised.

Subject headings: intergalactic medium — quasars: general — surveys — ultraviolet: galaxies

1. INTRODUCTION

There are several reasons why observing the highest redshift
Zem > 3 quasars at far-ultraviolet wavelengths—corresponding
to emitted energies below the Lyman limit—has long been
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considered to be a prime task for the Hubble Space Telescope
(HST). For one, the intrinsic extreme ultraviolet spectra of
quasars are crucial for understanding the quasar phenomenon
itself, since the ionizing photon output in this region powers
the emission-line region and provides important clues as to the
origin of the continuum emission (Bechtold et al. 1984;
Edelson & Malkan 1986; O’Brian, Gondhalekar, & Wilson
1988; Madau 1988; Reimers et al. 1989; Courvoisier & Clavel
1991). The detection and study of extreme ultraviolet emission
lines such as He 1 1584 and He 11 1304 are also of interest for
understanding the physics of the quasar broad-line region (e.g.,
Davidson & Netzer 1979).

Second, and perhaps even more important, by using high-
redshift quasars as far-UV background sources, the helium
content of the early universe can be gauged by means of the
He 1 A584 and He 11 4304 equivalents of the Gunn & Peterson
(1965) test for intergalactic gas and by searching for narrow
He 1 and He 11 absorption lines matching those seen in Lya
absorption systems in quasar spectra. Of special interest are
the clouds of gas giving rise to the so-called Lyman forest
systems, which are possibly of primordial composition (e.g.,
Sargent 1988). A measurement of the helium content of the
Lyman forest clouds will provide a critical consistency check of
big bang nucleosynthesis theory and yield unique information
on the physical conditions in the intergalactic medium at early
epochs (Sargent et al. 1980; Green et al. 1980; Sherman 1982;
Ikeuchi & Ostriker 1986; Bechtold et al. 1987b; Sciama 1988;
Miralda-Escudé & Ostriker 1990, 1992, and references therein).

Virtually all current theories for quasar absorption line

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...417..528J

FUV PRISM SPECTRA OF 12 Z >3 QUASARS 529

systems and the intergalactic medium predict that the helium
contained in both the Lyman forest clouds and in any ambient
intergalactic gas is highly ionized. Consequently, intergalactic
helium is expected to be mainly observable through absorption
in the He 11 4304 line of once ionized helium, rather than in the
He 1 1584 line of neutral helium. The basis for this clear predic-
tion and some of its possible observational consequences are
outlined in the Appendix.

Notwithstanding the long-standing interest in observing
He 11 in emission and absorption in high-redshift quasars, it is,
however, not obvious that such observations are actually feas-
ible with HST in practice. The He 11 1304 line is redshifted
sufficiently above the ~ 11150 MgF, low wavelength cutoff of
the HST optics to be observable only in the highest redshift
quasars at z.,, > 3. The line of sight out to this redshift will on
the average intercept some ~400 Lyman forest clouds with
hydrogen column densities Ny, ~ 1013-10!7 cm ~2 (Sargent et
al. 1980; Murdoch et al. 1986; Hunstead 1988) and some ~6
“Lyman limit” systems with densities Ny; ~ 10!7-10%? ¢cm ~2
(Tytler 1982; Bechtold et al. 1984; Lanzetta 1988; Sargent,
Steidel, & Boksenberg 1989; Bahcall et al. 1993). Photoelectric
absorption in this intervening neutral hydrogen presents a
serious obstacle for observing high-redshift quasars at any rest
wavelength below the Lyman limit.

The statistics and radiative transfer of the Lyman continuum
absorption from the two types of H 1 quasar absorption line
systems has been discussed in detail by Mgller & Jakobsen
(1990). Although the Lyman forest systems are individually
optically thin in the Lyman continuum, the accumulated red-
shift smeared absorption from the large number of such clouds
intercepted leads to a characteristic “Lyman valley” shaped
averaged absorption spectrum reaching an optical depth of
order unity near ~650 A in the quasar rest frame. Just as all

high-redshift quasars invariably show Lyman forest absorp-

tion in Ly« lines, the far-UV spectra of all high-redshift quasars
will also show signs of matching Lyman valley continuum
absorption. Moreover, since this absorption is the cumulative
effect of many absorbers along the line of sight, only relatively
modest variations in the magnitude of the Lyman forest contri-
bution to the total absorption are expected between different
objects at a given redshift.

A much more serious obstacle for observing high-redshift
quasars in the far-UV is posed by Lyman continuum absorp-
tion from the ~ 100 times scarcer, but optically thick Lyman
limit class of absorption systems. The densest of such systems
with H 1 column densities Ny = 10!° cm ~2? completely absorb
the spectrum of any background quasar at all far-UV wave-
lengths below the redshifted Lyman limit of the intervening
cloud, thereby making observations of helium absorption lines
impossible. As opposed to the Lyman valley absorption,
however, this absorption component arises in a modest
number of absorbers along the line of sight and therefore
exhibits very large fluctuations from object to object.

As shown by Mgller & Jakobsen (1990), current statistics for
the line-of-sight density, column density distribution and red-
shift evolution of the Lyman forest and Lyman limit types of
quasar absorption systems imply that the probability of a
random line of sight experiencing less than 75% total absorp-
tion at redshifted He 11 A304 is of order p, >~ 5%—-10% at z_,,, ~
3 and drops rapidly with increasing redshift to p, ~ 1% at
Zem = 4. In other words, only a minority of z.,, > 3 quasars are
expected to be observable at all at far-UV wavelengths due to
intervening Lyman continuum opacity.

The discovery of the UV-bright z.,, =2.72 quasar, HS
1700+ 6416 (Reimers et al. 1989, 1992), on the other hand,
provides reason for some optimism. Although the redshift of
this bright (V ~ 16) object is too small to bring the He 11 1304
line within reach of HST, its mere existence does serve to
demonstrate both that at least some quasars possess intrinsi-
cally energetic extreme UV spectra and that moderately
(~50%) absorbed sight lines do exist out to high redshift.

A further important limitation concerns the absolute flux
level for which detailed far-UV spectroscopy of the redshifted
He 11 1304 region is feasible in practice. The present sensitivity
limit of the Faint Object Spectrograph and the Goddard
High-Resolution Spectrograph on-board HST at S/N = 10
and 10-20 hours of integration time is approximately
F,~5x 10 '%ergss™'cm~2 A~1 at ~1250 A. This is equiv-
alent to the flux at He n received from a V ~ 18, z,, ~3
quasar having an intrinsic F,oc v_ %% power-law spectrum
similar to that of HS 1700+ 6416, attenuated by intervening
absorption corresponding to a residual transmission of 25%.
The first step toward observing primordial ionized helium with
HST is to find such a “clear” object among the few hundred
Zem > 3 quasars presently known. Many of the more heavily
absorbed high-redshift quasars can be identified beforehand on
the basis of strong Lyman absorption edges and Lya systems
seen in their optical spectra. However, this approach is not
failproof because of uncertainties in the derived H 1 column
densities and the limited redshift windows probed. At least half
of all Lyman limit systems detected in the visible are expected
to have Ny, <2 x 10! cm ™2 and should therefore become
transparent at shorter wavelengths due to the gy ocv™?
dependence of the photoelectric cross section. Conversely,
quasars that appear to have clear lines of sight in the optical
will in many cases contain strong unseen absorption systems at
lower redshift.

Given this inherently stochastic nature of the cumulative
intervening absorption, the only way of finding a UV bright
Zem > 3 quasar suitable for detection of He 11 absorption is to
carry out an ultraviolet survey of a significant number of
objects. In this paper we present the first results of an on-going
survey of high-redshift quasars employing the far-UV objective
prisms of the Faint Object Camera on-board HST. The aim of
this survey is to gauge the far-UV fluxes of a number of high-
redshift quasars in the hope of finding one or more only mod-
erately absorbed objects bright enough for extensive follow-up
observations using the HST UV spectrographs. Calibration
exposures carried out with the FOC objective prisms in orbit
have demonstrated that in spite of the factor 6 loss in sensi-
tivity caused by the HST spherical aberration, the FOC prisms
are still the fastest low-resolution UV spectroscopic option
presently available onboard HST. Moreover, the fact that the
FOC objective prisms can be used in a simple “point and
shoot ” manner makes this mode ideally suited to the problem
at hand.

In this paper we present observations of 12 high-redshift
objects selected for their optical brightness (V < 18.5), redshift
(3.0 $z<3.7) and appearance of their optical absorption
spectra. The objects observed are listed in Table 1. Our main
result is that none of the objects observed so far is detected
at redshifted He 11 1304 down to a limiting sensitivity of F, ~
2-4 x 1071% ergs s™! cm~2 A~!. Two of the objects do,
however, show evidence of a weak far-UV flux at emitted
wavelengths corresponding to A 2 330 A.

The remainder of this paper is organized as follows: Since
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TABLE 1
OBSERVATIONS
Exposure
ID Zem Date (UT) (s)
0055—269.......... 3.66 1991 May 13 2688
0114—089.......... 3.16 1991 Aug 16 2688
0130—403.......... 3.03 1991 May 13 2492
0143—-016.......... 3.14 1991 Jul 20 2688
0143-010.......... 3.16 1991 Aug 16 2688
0324—408.......... 3.06 1991 Mar 19 2690
0642+449.......... 341 1991 Mar 18 2533
1402+ 045.......... 3.20 1991 Jul 14 2688
1442+4+102.......... 3.53 1991 Mar 19 2690
2126+159.......... 3.26 1991 May 14 1602
2204+409.......... 3.17 1990 Nov 23 2690
2359+068.......... 3.23 1991 Jul 13 2688

the reduction of our slitless prism spectra is complicated by the
HST spherical aberration, the processing and calibration of
the data is described in some detail in § 2. The flux and wave-
length calibrated extracted spectra are presented and com-
mented upon individually in §3. In §4 we discuss the
significance of our observations in light of our current under-
standing of intrinsic quasar spectra and the statistics of the
Lyman continuum opacity problem. Our main results and
conclusions are summarized in § 5.

2. OBSERVATIONS AND DATA REDUCTIONS

The 12 high-redshift quasars observed and the dates of
observation are listed in Table 1. All observations were made
with the /96 camera of the FOC and the far-UV objective
prism (PRISM1). The nominal 512 x 512 pixel detector format
was used. The pixel size and field of view of this format are
22.36 + 0.05 milliarcseconds (mas) and 1174, respectively (see
Paresce 1992 for details of the FOC and its operating modes).
Blind pointing target acquisition was used in all exposures.
However, care was taken to remeasure the often inaccurate
catalog positions of the targets beforehand on the HST system
using the Guide Star Astrometric System (GASP) survey
plates. The HST pointing was also deliberately offset by — 776
along the FOC detector Y-direction in order to compensate
for the deflection of the far-UV objective prism and center the
~250 pixel (576) long dispersed images on the detector.
Typical absolute pointing accuracies achieved in this manner
were ~1"-2".

Because the FOC far-UV objective prism transmits light at
all wavelengths above the MgF, cutoff at ~ 11150, the diffuse
background in images taken in this mode is dominated by
geocoronal Lya emission and zodiacal and scattered contin-
uum light. Since the intensity of the diffuse Lya component is
highly variable with orbital position, three separate 900 s expo-
sures were then taken of each target. These exposures were
reduced individually and then co-added in order to maximize
the S/N ratio of the final extracted spectra. The variations
among the actual total exposure times listed in Table 1 reflect
partly trimming due to the scheduling system, and partly inter-
ruptions in exposures caused by Solar Array disturbances.

A key characteristic of the FOC far-UV objective prism is its
highly wavelength-dependent dispersion. The measured ultra-
violet dispersion curve of the FOC f/96 prism and its deriv-
ative, giving the projected bandpass per pixel, is shown in
Figures 1a and 1b. The dispersion decreases very rapidly with
increasing wavelength, being equivalent to A4 ~ 2 A per pixel
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at 11200, and A4 ~ 50 A per pixel at 12500. This rapid increase
in projected bandpass—which merely reflects the wavelength
dependence of the index of refraction of MgF ,—continues into
the visible reaching A4 ~ 1000 A per pixel at the longest wave-
lengths near the 4 & 6500 A red sensitivity cutoff of the FOC
detector. Because of this highly nonuniform dispersion, FOC
far-UV objective prism spectra exhibit a very large dynamic
range in terms of photon flux per pixel and are often saturated
at their compressed red ends due to the count rate limitations
of the photon counting FOC detectors. The well-defined red
maxima in the dispersed images are nontheless also useful in
that they provide an accurate fiducial point for determining the
zero point of the wavelength calibration of the slitless two-
dimensional spectra.

As described in detail by Greenfield et al. (1991), the aberra-
ted HST point spread function as seen by the FOC consists of
a very sharp (~70 mas FWHM) central image core sur-
rounded by a large (~5” diameter), but 1072-10"* times
fainter aberration halo. Since the length of the dispersed prism
spectrum is comparable in size to the aberration halo radius,
the spherical aberration of the HST telescope adversely affects
the performance of the slitless FOC prisms in a manner that is
compounded by their uneven dispersions. In particular, as can
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F1G. 1.—Calibration curves for the FOC {/96 far-UV objective prism
(PRISM1). Panel (a) gives the dispersion curve in form of the deflection in
detector pixels as a function of wavelength and panel (b) the corresponding
projected bandpass per pixel. Panel (c) shows the effective throughput of the
HST and FOC/PRISM1 combination for the specific extraction technique
described in the text. The total throughput including the aberrated light is =5
times higher. The abrupt short-wavelength cutoff at 411150 is caused by the
MgF, substrate of the prism and the HST and FOC optical coatings.
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be seen from the two examples of FOC far-UV prism expo-
sures shown in Figures 2 and 5 (below), the portion of the
dispersed images of interest covering the near- and far-UV are
partly superposed on the aberration halo of the highly com-
pressed red end of the spectrum. This wide-bandpass aberra-
tion halo acts as an additional source of background noise that
leads to a further loss in sensitivity beyond the generic factor
~6 loss caused by the spherical aberration in the case of iso-
lated point sources (Burrows et al. 1991; Jakobsen Greenfield,
& Jedrzejewski 1992). Nonetheless, because the HST point
spread function (PSF) has such a sharp core, it is still possible
to extract useful, albeit crude, low-resolution ultraviolet
spectra from FOC prism exposures of faint obects and reach a
limiting sensitivity that is fully competitive with that of the two
grating spectrographs currently onboard HST.

2.1. Extraction and Reduction of the Spectra

All calibration and science exposures were reduced in the
same manner, and utilized standard “pipeline” processed
large-scale flat-fielded and geometrically corrected images. Our
adopted approach for extracting one-dimensional spectra from
the dispersed images attempts to optimize the spectral
resolution and purity of the extracted spectra by utilizing only
the ~20% of the total light contained in the dispersed image of
the central core of the PSF and treating the signal in the under-
lying aberration halo as “background”. The method also
permits a rather rigorous estimate of the statistical error of the
final spectrum to be made. This latter point is crucial given
that the target objects are very faint.

In order to maximize the throughput and S/N ratio at the
shortest wavelengths of interest, the 12 z,, 2 3 quasars were
observed using the bare far-UV prism; i.e., no additional filters
were used. Hence the maxima at the red end of the spectra are
extremely intense and sharp and resemble broad-band images
of point sources. The corresponding spherical aberration halos
affect the dispersed UV spectra down to about 11450 (cf. Fig. 5
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F1G. 2—FOC far-UV objective prism calibration exposure of the symbiotic
star V1329 Cyg showing the dispersed image core superposed on the aberra-
tion halo of the sharp red edge of the spectrum. This particular exposure was
taken with the F195W filter also inserted in order to suppress the intensity of
the red peak. The intensity contours are logarithmic and correspond to a
factor 2 difference in surface brightness.
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below). In order to remove this dominant source of back-
ground in the ultraviolet portions of the dispersed images, the
first step in the reduction involved locating the red peak in the
image and subtracting the long wavelength aberration halo.
This was achieved by least-squares fitting a representative PSF
to the outer portions of the halo excluding areas closer than 20
pixels from the peak of the dispersed image. Since the com-
pressed maxima of the FOC far-UV prism exposures span an
extremely wide (A4 ~ 3000 A) bandpass that does not corre-
spond to any FOC filter, the template PSF used in the fitting
and subtraction process was bootstrapped from the combined
observation set by median filtering the normalized images of
the 10 quasars observed that show no obvious ultraviolet flux
in their spectra (see below). However, since the quasars
observed do not have identical spectral slopes, low-level
residual structure could in some cases be seen in the PSF
subtracted images due to color mismatches between the
average PSF template used and the actual image (the effects of
variations in pointing jitter are negligible). Nonetheless, satis-
factory removal of the bulk of the aberration halo of the visible
end of the spectra was achieved in all cases, leaving the more
uniform near and far-UV portions of the dispersed images.

One-dimensional spectra representing the raw signal plus
background counts contained in each detector wavelength bin
were then extracted from the halo subtracted images by
summing the total pixel counts in each image row contained
within a 21 pixel wide (0747) window centered on the nominal
location of the peak of the spectrum (taking into account the 6°
tilt of the prism dispersion direction with respect to the image
vertical). Two adjacent 21 pixel wide “background” spectra
were then extracted on each side of the spectrum, averaged and
subtracted from the raw peak spectrum. Since the shape of the
aberration halo (whose diameter spans ~ 200 pixels) changes
only slowly on scales comparable to the width of the extracted
spectra, this step of the reduction corrects not only for the sky
and detector background of the image, but also removes most
of the underlying “low resolution ” signal due to the dispersed
images of the aberration halo in the near and far-UV.

The resulting extracted, 512 element long, raw spectrum
consists mainly of the background-subtracted target counts
contained in the dispersed image of the central ~0”1 image
core summed over each row of the FOC image (Fig. 3). In
carrying out the summation over the pixel counts in each row,
the technique of weighting with the profile of the FOC PSF
was used in order to optimize the S/N ratio in the background
limited far-UV portion of the spectrum (Robertson 1986). The
resulting weighted spectra were renormalized to true FOC
counts by scaling to the total counts contained in an identical
raw spectrum extracted without pixel weighting.

The zero points needed for wavelength calibration were
determined individually on the basis of the positions of the red
maxima in the raw images. The extracted count spectra were
resampled to a linear wavelength scale in a photon-conserving
manner and then converted to absolute flux by division with
the appropriate sensitivity factor and projected bandpass of
each pixel. The 1 ¢ statistical error of each pixel in the resulting
calibrated spectra were calculated by propagating the photon
statistics of the original images through all steps of the extrac-
tion process. In particular, care was taken to include the sta-
tistical uncertainties associated with the PSF and background
subtraction in the total error. The sub-exposures of each target
were reduced individually and then co-added in an optimal
manner by weighting with the pixel variance.
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FiG. 3—Raw one-dimensional spectrum of the symbiotic star V1329 Cyg 50004
extracted from the image shown in Fig. 2. The extraction procedure described
in the text was used, except that no PSF subtraction was applied since the g
image was filtered. The detected emission lines are C m] 11909, He u 11640, [E—

and C 1v 11549, respectively. The lower curve gives the 1 ¢ photon statistical
uncertainty.

2.2. On Orbit Calibration Verification

The calibration of the FOC far-UV prism and our adopted
methods of reduction were validated in orbit based on obser-
vations of suitable wavelength and photometric standards.

The pre-launch dispersion curve of the FOC far-UV objec-
tive prism was checked against observations of the symbiotic
star V1329 Cyg (Fig. 2). The raw and calibrated far-UV prism
spectra of this object are shown in Figures 3 and 4, respec-
tively. Based on the good agreement between the positions of
the observed and predicted emission lines in the spectra, we
estimate that our wavelength calibration should be accurate to
~10-20 A in the 4 < 2000 A wavelength range of interest.

The photometric calibration of the FOC {/96 far-UV prism
was derived from observations of the UV standard stars HZ4
and BPM 16274 (Bohlin et al. 1990) and the low-redshift
quasar PKS 1202+ 281 (Kinney et al. 1991; see Fig. 5). The
raw FOC spectra of these objects were extracted in the manner
outlined above, and the conversion factor between FOC
counts and absolute flux as a function of wavelength was
derived from comparison with the absolute calibrated IUE
spectra of the same objects. The resulting photometric cali-
bration curve (Fig. 1c¢) mimics closely the nominal FOC
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F16. 4—Wavelength and flux calibrated spectrum of V1329 Cyg derived
from the raw extracted spectrum shown in Fig. 3. The lower curve gives the 1 ¢
photometric uncertainty per 10 A wavelength bin due to the photon statistics.
Note the good accuracy of the wavelength calibration and the decrease in
spectral resolution at the longer wavelengths.

PKS 1202+281

FiG. 5—FOC far-UV objective prism calibration exposure of the z,,, =
0.165, ¥V = 15.6 quasar PKS 1202+281. The red peak of the spectrum is
saturated in this unfiltered exposure. The Lya emission line can be seen near
A1400. The intensity contours are logarithmic and correspond to a factor 2
difference in surface brightness.

response curve in shape, but reflects the fact that only ~20%
of the total light entering the instrument is contained in the
image core and collected by the adopted extraction technique.
A comparison between the calibrated FOC and IUE observa-
tions of PKS 1202 + 281 is shown in Figure 6. However, since
PKS 1202+ 281 is known to be variable (Kinney et al. 1991),
our absolute far-UV flux calibration may only be accurate to
within a factor of ~ 2 at the shortest wavelengths.

3. RESULTS

Illustrative examples of extracted raw prism spectra of two
of the 12 target quasars listed in Table 1 are shown in Figure 7.
The FOC prism spectra are photometrically unreliable at
wavelengths A 2 1800 A because of the effects of detector satu-
ration and subtraction of the aberration halo. However, below

T T T T

PKS 1202+281

2x1071 3x107!*

F, (ergs s'em™@ &Y
10-14

Wavelength (R)

FiG. 6—Wavelength and flux calibrated far-UV spectrum of the Lya
region of PKS 1202+ 281 derived from the raw extracted spectrum shown in
Fig. 5. The lower curve gives the 1 ¢ photometric uncertainty per 10 A wave-
length bin due to the photon statistics. The dashed curve shows the anticipated
spectrum obtained by adjusting the observed IUE spectrum of this object to
the spectral resolution of FOC far-UV prism. The discrepancy at wavelengths
above A ~ 1800 A is an artifact of detector saturation and the adopted PSF
subtraction technique.
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FiG. 7—Examples of raw extracted spectra for two representative z,,, > 3
quasars. The thin curves give the 1 ¢ photon statistical uncertainties per pixel
row. The dips in the counts seen longward of 11800 are artifacts of the PSF
subtraction technique and the extracted spectra are unreliable above this
wavelength. Whereas Q0114 —089 shows a significant far-UV signal down to
~ 11400, Q0143 —010 is not detected at any wavelength shortward of 11800.
The anticipated position of the He 11 A304 line is also marked.
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this limit, the data are photometrically and statistically well-
behaved. In the case of Q0143 —010 where no far-UV flux is
detected at all, the extracted background corrected counts fluc-
tuate around zero in a manner fully consistent with the esti-
mated statistical error. Conversely, Q0114 —089 is one of only
two of the 12 quasars observed in which a far-UV flux is
detected. Both the raw image and extracted spectrum of this
object show clear evidence for a statistically significant flux
down to A ~ 1350 A in wavelength.

The flux and wavelength calibrated spectra of all 12 objects
observed and the corresponding 1 ¢ flux uncertainties per 10 A
wide wavelength bin are plotted in Figure 8. The limiting sensi-
tivity of our observations varies somewhat with target due to
variations in the image background and net exposure time, but
lies in the range F, ~2-4 x 10 % ergs s ! cm™2 A~! (3 o).
Also shown in Figure 8 are the positions of the emitted He 11
4304 line in each object and the 3 o upper limits on the average
continuum flux measured within a A1 = 50 A wide wavelength
band located just-longward of the He 1 line. The latter flux
limits are also listed in Table 2.

For reference, we also show as dashed lines in Figure 8
estimates of the anticipated far-UV spectrum of each quasar in
the hypothetical case of no intergalactic Lyman continuum
absorption. These spectra were calculated through naive
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F1G. 8—Mosaic of the calibrated FOC far-UV prism spectra of the 12 z,, 2 3 quasars observed. The thin curve gives the 1 ¢ photometric uncertainty per 10A
wavelength bin due to the photon statistics. The anticipated positions of the He 11 1304 transition, and the 3 ¢ upper limits on the average fluxes within a A1 = 50 A
wavelength bin just longward of the He 11 line are also marked. The dashed curves are an estimate of the anticipated flux in the case of no intergalactic Lyman

continuum absorption obtained by extrapolating the optical power-law spectra and reddening with a standard UV interstellar extinction law (see text).

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...417..528J

534 JAKOBSEN ET AL. Vol. 417
~ T T T T T T T T T T T T M T
<l Hell Q0642+449 Hell Q1402+045 |
| 7=3.41 | 7=3.2
N = ——
'F\ o LIt frermm—— ___, __-_—_—__ R L e v 5 g g
o N 1 N | f |
o M 1 M I B I M 1 1 1
' Q1442+102 | Hell QR126-159 |
s “YI1L._ | 7=353 | 7=3.26
0 Tt--l
@ T == -
m == = - —
Pl - --t
[
a
I
o
o or
oy T t T t T + 1
Hell QR359+068 |
*r | 7=3.17 | 7=3.23
N -
o

1600

1800

1200 1400 1600

Wavelength (R)
FiG. 8b

extrapolation of the F, oc v* power-law continuum seen in the
visible, but taking interstellar extinction into account (see § 4).

Our main result is that only two of the 12 high-redshift
quasars observed—namely Q0114—089 (UM 670) and
Q1442 +102 (OQ 172)—are detected at all at far-UV wave-
lengths below 41800. In both cases, however, the detected flux
appears to decrease at the shortest wavelengths, and neither
object shows a statistically significant flux at the wavelength of
the redshifted He 11 1304 line.

The implication of this null result for models of the intrinsic
extreme ultraviolet spectra of quasars and the intervening

TABLE 2

FLUX AND ABSORPTION PARAMETERS

ID 4 o Eg v FP? 93, Po Ps
Q0055—269.......... 179 047 0032 130 0049 7.8% 184%
Q0114—-089.......... 179 075 0074 254 0.161 19 13.0
Q0130—403.......... 175 1.00 0028 496 0234 7.2 7.6
Q0143-016.......... 176 0.18 0051 3.11 0056 142 204
Q0143—-010.......... 185 1.00 0.051 210 0.292 44 23
Q0324—408.......... 176 050 0027 4.17 0.102 11.2 5.4
Q0642—449.......... 18.5 064 0200 192 0365 1.8 03
Q1402+045.......... 185 074 0037 179 0158 74 33
Q1442+102.......... 180 038 0.030 213 0.074 73 15.7
Q2126—159.......... 170 143 0085 297 0237 4.7 3.7
Q2204—409.......... 175 1.00 0023 285 0.134 80 12.1
Q2359+068.......... 184 089 0.087 197 0.263 5.1 9.7

-1 .m-2

2 3 ¢ upper limit longward of emitted 304 A in units of 10~ ' ergs s™! cm
-1

hydrogen continuum opacity is discussed further in § 4. Brief
comments on the 12 objects observed with an emphasis on
what is known about their lines of sight from the appearance of
the optical absorption spectra, follow.

3.1. Notes on Individual Objects
3.1.1. Q0055—269

At a redshift of z,,, = 3.66, Q0055—269 is the most remote
of the 12 quasars observed. The object is one of only a handful
of quasars included in the survey of Sargent et al. (1989) that do
not contain a Lyman limit absorption system within the
optical window (z,,, 2 2.6). Continuum absorption associated
with the six metal line C 1v systems detected in this object by
Steidel (1990) between z,,,, ~ 2.95 and z,,,, ~ 3.67 cannot there-
fore explain the lack of far-UV flux in this object. However,
Steidel (1990) also detected a Mg 11 doublet and two Fe 11 lines
at z,,, = 1.534. It is highly likely that a Lyman limit absorber
of density Ny, = 2 x 10'® cm ™2 associated with this system is
responsible for attenuating the flux below 4 = 2311 A

3.1.2. Q0114 —089 (UM 670)

This z,, = 3.16 quasar is another example of an object
included in the Sargent et al. (1989) survey that does not show
any Lyman edges in its optical spectrum. The absorption line
spectrum of Q0114 —089 has been discussed by Sargent, Bok-
senberg, & Steidel (1988) and Khare, York, & Green (1989),
who detected C 1v systems at z,,, = 2.299, 2.539, and 3.105,
respectively.

Q0114 —089 is one of only two objects in which we detect a
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far-UV continuum, albeit at a very faint level corresponding to
an absolute flux of order F, ~2-4 x 1071¢ ergs s~ ! cm ™2
A~L The reality of the far-UV signal is nevertheless obvious
from the raw FOC image. An expanded view of the calibrated
FOC far-UV prism spectra of Q0114 —089 is shown in Figure
9. Since the S/N ratio is rather low ( <4 per wavelength bin), we
do not attach much significance to the apparent spectral fea-
tures present in the spectrum, except for the clear drop in flux
seen below A ~ 1360 A. If due to a Lyman edge, the inferred
redshift of the absorber is z,,, ~ 0.5. The intermediate resolu-
tion spectrum published by Sargent, Steidel, & Boksenberg
(1989) reveals no obvious Mg 11 doublet near this redshift, but
such a line could easily be lost in the Lyman forest.

The significance of our detection of this object at a rest
wavelength corresponding to 4 ~ 330 A is discussed in § 4.

3.1.3. 00130—403

The absorption line spectrum of this z., = 3.03 quasar
has been studied by Whelan, Smith, & Carswell (1979), who
reported the presence of a complex C Iv system at z,,, =
2.56. The blue continuum of Q0130—403 was observed by
Osmer (1979) and Smith et al. (1981). An optically thin Lyman
edge (Ny, ~ 2 x 10'7 cm™2) is present at z,,, ~ 2.85, but the
object is otherwise detectable down to the atmospheric cutoff.
Since the Lya absorption at z,,, = 2.56 is not particularly
strong, we consider is unlikely that this complex is responsible
for absorbing the far-UV flux.

3.1.4. 00143 —-016 (UM 366; PHL 7750)

This z.,, = 3.14 quasar has been observed by Smith et al.
(1981) and Sargent et al. (1989). The latter authors report the
presence of metal line systems at z,,, = 1.038, 1.285, 1.579, and
1.613. Although Q0143 —016 is detectable down to the atmo-
spheric cutoff and has an unusually energetic optical spectrum
(o ~ 0.18), Lyman continuum absorption associated with one
or more of these systems could be responsible for quenching its
far-UV flux.

3.1.5. 00143 —010,(UM 368)

The optical spectrum of this z,,, = 3.16 quasar is known to
contain a Lyman limit system at z,,, = 2.82 (Smith et al. 1981;
Oke & Korycansky 1982). Since the object is also rather faint
(V ~ 18.5), it is possible that absorption in this system alone
can account for our nondetection in the UV.

3.1.6. 00324 —408

Q0324 —408 (z,, = 3.06) is the only broad absorption line
(BAL) quasar contained in our sample. The complex optical
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F1G. 9.—Detailed plot of the observed spectrum of Q0114 — 089, one of two
objects detected in the far-UV.
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absorption spectrum of this object has been studied by Whelan
et al. (1979) and Smith et al. (1981). As is common in BAL
objects, the two broad trough systems seen at z,,; ~ 2.82 and
Z,ps ~ 2.89 appear to be of extremely high ionization judging
from the absorption seen in C 1v, N v, and O vi. However,
Osmer (1979) and Smith et al. (1981) also detect a Lyman edge
near z,,, ~ 2.9, which could be associated with the latter
trough system. Since the corresponding Lya line falls in the
N v trough of the z,,, ~ 2.82 absorption system, it is difficult to
say whether this Lyman edge is responsible for absorbing the
UV flux.

3.1.7. Q0642+ 449 (OH 471)

The absorption line spectrum of this well-known z.,, = 3.41
quasar has been discussed by Carswell et al. (1975), Oke &
Korycansky (1982), Antonucci, Kinney, & Ford (1989), Khare,
York, & Green (1989), and Sargent et al. (1989). The object
displays at least three C 1v metal line systems at z,,; = 2.972,
3.124, and 3.248. Two presumably related Lyman edges at
Zaps =~ 3.12 and z,,,, ~ 3.29 conspire to absorb the optical blue
continuum shortward of 13800. Although these two systems
are not necessarily completely optically thick at far-UV wave-
lengths, a low redshift Mg 11/Fe 11 system is also present at
Z,ps = 1.246. Neutral hydrogen absorption from the latter
system will absorb the spectrum below 12050. The interstellar
extinction in the direction of this object is rather high.

3.1.8. Q1402+ 045 (PKS)

The spectrum of this z.,, = 3.20 object has been studied by
Peterson et al. (1979), Oke & Koyrcansky (1982), and more
recently by Wolf et al. (1986) and Antonucci et al. (1989). In
addition to a Lyman continuum edge at z,,; ~ 3.1, the object
also displays three candidate damped Lya systems at the
slightly lower redshifts z,,, ~ 2.71, 2.69, and 2.48 (Turnshek et
al. 1989). Our nondetection of this object could be due to one
or more of these systems.

3.19. Q1442+ 102 (0Q 172, MC 2)

This classical high-redshift quasar has been studied by a
number of authors, most recently by Sargent, Boksenberg, &
Steidel (1988), Morton et al. (1989), Antonucci et al. (1989), and
Barthel, Tytler, & Thompson (1990). Q1442+ 102 is a rather
unique object in that in spite of its large redshift (z,,, = 3.53) its
line of sight appears to be unusually clear. The blue continuum
of Q1442+ 102 is detectable down to the atmospheric cutoff
and reveals no signs of any Lyman continuum edges within the
optical window. Moreover, only two reasonably firm C 1v
metal line systems at z,,, = 2.563 and z,,, = 2.634 have been
identified in the spectrum. Q1442+ 102 has therefore a long-
standing history as a prime candidate for far-UV observations
with HST.

Remarkably, Q1442 + 102 is the second object in which we
detect a far-UV signal, the reality of which is clear from the raw
data. The calibrated FOC objective prism spectrum of
Q1442 +102 is shown in detail in Figure 10. Although very
faint, the object clearly displays a statistically significant flux at
the F, ~2 x 10 % ergs s ! cm 2 A~ ! level down to at least
4 =~ 1550 A. Below this wavelength, however, we are extremely
reluctant to claim a positive detection given that the net signal
is at the very limit of the sensitivity and credibility of our data.
In particular, we consider the apparent emission feature near
A1350 to be almost certainly spurious.

Q1442+ 102 has also been observed with the Faint Object
Spectrograph onboard HST by Beaver et al. (1992), who
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FiG. 10.—Detailed plot of the observed spectrum of Q1442+ 102, one of
two objects detected in the far-UV.

detected a drop in the spectrum at A ~ 1550 A. Unfortunately,
the (red channel) FOS spectrum of Q1442+ 102 does not
extend to shorter wavelengths. In the region of overlap the
FOC and FOS absolute far-UV fluxes of Q1442+ 102 agree to
better than a factor of ~2, thereby adding confidence to our
absolute flux calibration.

The significance of our detection of Q1442+102 down
to A ~ 345 A rest wavelength is discussed in § 4.

3.1.10. 02126—159 (PKS)

The rich absorption spectrum of this well-studied bright
high-redshift quasar (V ~ 17.1, z,,, = 3.261) has most recently
been discussed by Sargent et al. (1988), Sargent, Steidel, &
Boksenberg (1989), and Khare et al. (1989). In addition to a
number of C 1v systems seen in the spectrum in the range
Zaps = 2.02-2.97, two Lyman limit edges are also detected just
above the atmospheric cutoff at z,,, = 2.792 and z,,, = 2.973.
It is possible that the former system has a sufficiently high
neutral hydrogen column density (Ny; = 3 x 10'® cm~2) to be
optically thick at far-UV wavelengths.

3.1.11. Q2204 —409

Q2204 —409 (z., = 3.17) is another prime candidate for
far-UV observations in that the object is relatively bright
(V ~ 17.5) and detectable down to the atmospheric cutoff at
Zabs 2 2.6 (Osmer 1979; Smith et al. 1981 ; Wilkes 1984). In fact,
an attempt to observe this object in the far-UV with IUE has
been made previously by Wilson, Carnochan, & Gondhalekar
(1979), who claimed a positive detection down to 4 ~ 1200 A.
The absolute far-UV fluxes reported by Wilson et al. lie in the
range F, ~4-19 x 10" '%ergss 'ecm 2 A~ 1

As is clear from Figure 8, however, the detection reported by
Wilson et al. is not confirmed by our FOC objective prism
observations of Q2204 —409. The FOC observations instead
imply that this object is fainter than F, <3 x 107 !¢ ergs s ™!
cm~2 A~ ! throughout the far-UYV at a high level of confidence.

The line of sight to Q2204 —409 is known to intercept two
metal line absorption systems at redshifts below z,,, ~ 2.7; a
C 1v system at z,,, = 2.628 and an Al m doublet at z, =
1.845 (Willinger et al. 1989; Steidel 1990). We consider it highly
likely that the latter system has a column density Ny, X
1 x 10'® cm™2 and is therefore responsible for absorbing
the spectrum completely throughout the UV at wavelengths
2 <2600 A.

3.1.12. 02359+068

This z.,, = 3.23 quasar from the Sargent et al. (1989) survey
is noteworthy in that it does not contain any Lyman limit
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systems within the optical window in spite of showing 7 C 1v
systems at z,,; 2 2.7. A lower redshift Mg 11 system is also seen
at z,,, = 0.8958. This system can, however, only explain our
lack of detection at wavelengths below A = 1730 A. Presum-
ably, the line of sight to this object intercepts a dense absorber
somewhere in the 1.5 < z,,, < 2.7 redshift range not probed by
the Lyman limit and Mg 11 observations.

4. DISCUSSION

The primary motivation for the observations described in
this paper is the hope of identifying one or more only modestly
absorbed quasars at z.,, > 3 bright enough in the far-UV to
permit the detection and study of intergalactic He 11 4304 in
absorption. Although we have not yet succeeded in this goal, it
is of interest to analyze the significance of our results for future
searches for UV-bright quasars at high redshift.

The apparent brightness of high redshift quasars at extreme
ultraviolet wavelengths is obviously determined by two main
factors: the intrinsic emission spectrum of quasars at these
energies, and the strength of the intervening Lyman continuum
absorption. The first factor has a bearing on models for quasar
continuum emission, whereas the second is relevant for the
topic of quasar absorption lines and the question of the overall
transparency of the universe in the extreme and far-UV.

Quasars are widely believed to be powered by mass accre-
tion onto massive (M =~ 10’-10° M) black holes. In this
model thermal emission from the accretion disk surrounding
the central massive object gives rise to a “big blue bump” in
the spectrum that dominates the emission at far and extreme
ultraviolet rest energies (e.g., Edelson & Malkan 1986). In the
simplest “thin accretion disk” versions of this model, the
thermal emission is emitted at the Eddington limit from a
region comparable in size to the Schwarzschild radius of the
black hole. Consequently, relatively cool (T ~ 3 x 10* K)
accretion disks are predicted, and the associated thermal emis-
sion is therefore expected to peak at round A ~ 900 A emitted
wavelength (cf. Laor & Netzer 1989). Although there is good
evidence that a blue bump feature is present in the spectra of
many quasars, recent observations of luminous quasars in the
far-UV (Reimers et al. 1989, 1992) and in soft X-rays (Elvis et
al. 1991; Bechtold et al. 1987a) strongly suggest that the intrin-
sic spectrum peaks at much shorter extreme-UV wavelengths,
and that the thermal emission therefore is considerably hotter
than predicted in the thin accretion disk model. This has been
interpreted to imply that the accretion process is highly aniso-
tropic and “super Eddington” in nature and that the bulk of
the thermal emission comes from a very small area in the
accretion disk (Bechtold et al. 1987a; Madau 1988; Courvoi-
sier & Clavel 1991). In any event, the prospects of using high-
redshift quasars as background sources for observing
intergalactic helium absorption are obviously better for
sources with intrinsically energetic extreme-UV spectra.

The second factor affecting the apparent far-UV fluxes of
high redshift quasars is perhaps better understood at present.
As discussed in detail by Mgller & Jakobsen (1990), the line of
sight frequency, column density spectrum, and redshift evolu-
tion of the various classes of neutral hydrogen bearing quasar
absorption-line systems are sufficiently well-known that the
statistics of the highly stochastic cumulative absorption
process can be predicted with reasonable accuracy through
Monte Carlo simulations. In particular, the probability of
encountering a given total opacity at a given received far-UV
wavelength out to a given redshift can be calculated at least to

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1993ApJ...417..528J

No. 2, 1993

within an order of magnitude. Such probability calculations
can be used to gauge the statistical likelihood of obtaining our
preliminary null result by chance, given the absolute sensitivity
of our survey and a model for the intrinsic extreme-UV emis-
sion of quasars.

In view of the uncertainties mentioned above, we have in the
following adopted the simple hypothesis that luminous
quasars emit in the extreme-ultraviolet in accordance with a
simple extrapolation of their F, oc v~ * optical spectra, as nor-
malized to their visible magnitudes. The V-magnitudes and
spectral indexes adopted for our targets are listed in Table 2,
and were (in order of preference) taken from data in Sargent et
al. (1989), Oke & Korycansky (1982), Osmer (1979), and Smith
et al. (1981). The average spectral index of our sample is
a = 0.75, which is typical of quasars as a class.

Since interstellar extinction can be important at the short
far-UV wavelengths of -interest (4,/Ep_, ~ 9-10), we have
taken galactic interstellar extinction into account in calcu-
lating the assumed unabsorbed apparent fluxes of our targets.
The adopted E;_, values listed in Table 2 were estimated from
the integrated 21 cm column densities of Stark et al. (1989). A
standard gas-to-dust ratio and UV extinction curve (Savage &
Mathis 1979) were assumed. For a few of our targets, the inter-
stellar extinction amounts to an attenuation of the received
far-UV flux by as much as a factor ~2-3.

In Table 2 we list the inferred upper limit on the intergalactic
transmission out to each target, q;,, defined by the ratio
between the listed upper limit on the observed far-UV flux at
redshifted He 11 1304, F;, and the corresponding extrapolated
unabsorbed flux. In the second to last column in Table 2 we
give the corresponding probability, p,, of encountering a trans-
mission greater or equal to g, , for a random line of sight out
to the redshift of the target. These probabilities were derived
through Monte Carlo simulations as described in Mgller &
Jakobsen (1990), and correspond closely to the transmission
quantiles given in Figure 6 of that paper. It is seen that even
with our relatively optimistic assumption concerning the
intrinsic emission of our targets in the extreme UV, the corre-
sponding limits on the maximum transmission are relatively
high and span-the range q5, ~ 0.05-0.37. Nonetheless, the
probability of encountering less absorption than implied by
these transparencies is typically only of order p ~ 5%-10%.
The combined probability of our not detecting any of the 12
objects at redshifted He 11 4304 can be estimated by multi-
plying the individual probabilities of encountering absorption
more severe than g5 , for all targets: Py ~ [ [(1 — po) ~ 40%.

In actual fact, the calculated probabilities quoted above are
too conservative in the sense that they refer to random lines of
sight, whereas most of our targets were selected on the basis of
their optical spectra not displaying any obviously dense
absorbers in the redshift window accessible from the ground.
Hence our targets are necessarily biased toward sight lines that
are largely devoid of large column density systems, at least at
high redshift near the quasars. The last column in Table 2 lists
the probability, pg, of exceeding the g5 , when this bias is taken
into account in the Monte Carlo simulations by excluding
systems above a certain column density from falling in the
optical window as judged from the available spectra in the
literature (i.e., typically excluding systems with Ny, = 2 x 107
cm~? within 2.6 < z,,; < z,,). In cases where Lyman limit
systems are known to be present in the optical spectra, the
optical depth of the system was bracketed and known column
density spectrum of such Systems was used to simulate the
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range of possible absorption due to the system at shorter wave-
lengths. In such cases, pg is normally less than p, due to the
presence of the Lyman limit system. On the other hand, in
objects with optical spectra devoid of such systems, the prob-
ability of reaching a given transmission is typically 2-3 times
higher than that of a corresponding random line of sight out to
the same redshift.

With the biased-corrected probabilities, the combined likeli-
hood of our nondetections decreases to Py~ [](1 — pp) ~
30%. This rather large value of Py implies that, given the
current sensitivity of HST and the hurdle posed by the cumu-
lative intervening neutral hydrogen absorption, we should not
be surprised at not yet having succeeded in detecting a z,,, > 3
quasar at redshifted He 11 A304 in only 12 attempts.'¢

The large inferred value of Py also implies that our data are
statistically consistent with the assumption made that lumi-
nous quasars emit in the extreme ultraviolet in accordance
with an extrapolation of their F, oc v* optical spectra. The
derived value of Py is not overly sensitive to the assumed
intrinsic spectra. Arbitrarily halving and doubling the calcu-
lated intrinsic extreme UV fluxes with respect to the nominal
extrapolated values lead to null result probabilities of Py ~
49% and Py ~ 18%, respectively. Only intrinsic flux levels as
high as a factor =4 above the optical extrapolation
(corresponding to an average effective spectra index of
& ~ —0.2) are excluded by our data at any reasonable level of
confidence (1 — Py 2 90%).

The above considerations only serve to place an upper limit
on the extreme-UV emission of quasars. However, our two
cases of detections at extreme UV rest wavelengths slightly
longward of emitted He 1 4304 provide positive evidence that
at least some high-redshift quasars do emit in the Lyman con-
tinuum at levels comparable to the optical extrapolation. The
apparent flux of Q0114 —089 at A = 330 A rest wavelength is
F,~25x10"1° ergs s™* cm 2 A~! and the flux of
Ql1442+102at A=345Ais F; ~ 1.5 x 10" '% ergs s~ cm ™2
A~1. Even with no correction for Lyman continuum absorp-
tion, these fluxes imply apparent optical-to-UV effective spec-
tral indices of & < 2-3 and color temperatures of T 2 4 x 10*
K for the intrinsic spectra.

The inferred transmissions toward QO0114—089 and
Q1442+ 102 at the shortest detected wavelengths calculated
from the extinction-corrected extrapolated optical spectra are
q ~0.17 and q ~ 0.06, respectively. According to the Monte
Carlo simulations, these values place Q0114—089 and
Q1442+102 on the pg~12% and pg~ 15% probability
quantiles. This is entirely consistent with the fact that the two
detected objects represent two out of 12, or 17% of our sample.
In other words, the intrinsic extreme-UYV fluxes of Q0114 — 089
and Q1442 + 102 cannot be much fainter than the extrapolated
fluxes, since unrealistically clear, and hence highly improbable,
sight lines would otherwise be required in order to explain our
positive detections.

The true absorption-corrected effective spectral indices of
the intrinsic spectra of Q0114 —089 and Q1442 + 102 are there-
fore most likely closer to a ~ 0.6. This implies that the peak
(in vF,) of the “big blue bump” in the spectra of these two

16 Note that, like Moller & Jakobsen (1990), we have ignored photoelectric
absorption due to neutral helium below 1504 in our opacity calculations. For
reasons outlined in the Appendix, the He 1 column density is expected to be
significant only in systems that are already completely optically thick in H 1.
Adding a 10% He 1 column density to all absorbers having Ny, > 1 x 10'8
cm ~ 2 changes the combined null probability only slightly to P, ~ 33%.
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objects occurs at wavelengths below the shortest observed
~1330. Our two positive detections are therefore in accord
with previous far-UV observations that indicate that the
extreme ultraviolet spectra of luminous quasars are consider-
ably more energetic than predicted by the simplest accretion
disk models (Bechtold et al. 1987a; Reimers et al. 1989; Beaver
etal. 1991).

In summary, we conclude that the fact that we have only
detected two out of 12 z_, > 3 quasars at extreme-UV rest
wavelengths can mainly be attributed to intervening Lyman
continuum absorption and not to luminous quasars being
intrinsically faint at these energies.

5. SUMMARY AND CONCLUSIONS

We have presented the first FOC far-UV objective prism
observations of high-redshift quasars. The primary aim of this
ongoing survey is to identify one or more quasars at z,,, > 3
that are not too severely absorbed in the far-UV due to cumu-
lative intervening neutral hydrogen Lyman continuum absorp-
tion and bright enough to permit more detailed follow-up
observations of redshifted intergalactic He 1 21304 absorption
using the HST grating spectrographs.

In orbit calibration exposures have shown that the slitless
FOC far-UV objective prism mode is capable of reaching a
limiting continuum flux of F; ~ 2 x 10" ® ergss ' cm 2 A~!
at 1200 A < 1 <1800 A. In spite of the complications and
factor ~6 loss in sensitivity introduced by the HST spherical
aberration, this sensitivity is adequate for the task at hand,
since it is well below the minimum flux for which lengthy and
more detailed follow-up spectroscopic observations are feas-
ible in practice with the present HST instrumentation.

We have presented prism observations of 12 quasars selected
from the literature on the basis of their redshift (3.0 <z, <
3.7), brightness (V < 18.5) and appearance of their optical
absorption spectra. As anticipated beforehand, the far-UV
spectra of the majority of these high redshift quasars are seri-
ously affected by intervening Lyman continuum absorption. At
our limiting sensitivity, all but two of the objects are not
detected at all in the far-UV at wavelengths A < 1800 A.
Q0114—089 (UM 670, z,,, = 3.16) does show a faint flux of
intensity F, ~2-4 x 1071% ergs s™! cm~2 A~!, but only
down to A~ 1360 A (A 2 330 A rest wavelength). Similarly,
Q1442+102 (0OQ 172, z,,, = 3.53) is detected at the F, ~
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2 x 10" % ergs s~! cm ~2 A1 level, but most likely only above
1~ 1550 A (1 ~ 345 A emitted wavelength). Presumably the
lack of flux at shorter wavelengths in these two objects is
caused by intervening Lyman limit systems located at z,,, ~
0.5 and z,,, ~ 0.7, respectively. Future FOC prism observa-
tions of Q14424102 and QO0114—089 at the factor ~4
increased sensitivity anticipated with COSTAR will clearly be
highly worthwhile.

Although none of our targets is reliably detected at shorter
far-UV wavelengths corresponding to redshifted He 1 4304,
the strength of the average cumulative Lyman continuum
absorption out to z 2 3 is such that our observations are still
consistent with luminous quasars being intrinsically strong
emitters in the extreme ultraviolet. In particular, we have used
the statistics for the cumulative absorption process derived by
Moller & Jakobsen (1990) to show that, given our sensitivity
and assuming that the optical power-law spectra of our targets
can be extrapolated to shorter wavelengths, the probability of
not detecting any object at redshifted He 11 1304 in 12 attempts
is of order py ~ 30%.

Given this low level of significance, it follows that more
high-redshift quasars need to be observed in the far-UV before
any firm conclusions concerning the prospects for carrying out
observations of He 11 1304 with HST can be drawn. In the near
future we hope to observe an additional 15 selected z.,, > 3
quasars, thereby more than doubling the sample size of our
survey. There is at present no compelling reason to believe that
these and other searches will not eventually yield a few moder-
ately absorbed high-redshift quasars whose spectra extend
down to He 11 1304. However, such detections may well take
place at flux levels well below F; ~ 5 x 1076 ergs s ! cm ™2
A~1, in which case detailed spectroscopic follow-up observa-
tions of He 11 1304 may have to await the further increase in
sensitivity promised by the next generation of HST spectro-
graphs.
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APPENDIX

The so-called “ proximity effect” seen in the redshift distribution of the Lyman forest lines is widely interpreted to imply that
absorption-line systems at high redshifts are kept highly photoionized by a diffuse energetic (I, oc v~ %, a ~ 0.6) metagalactic flux of
intensity 19, ~ 10~ ?' ergs s~ ' cm ™2 sr ' Hz™ ! at the Lyman limit (Carswell et al. 1982; Murdoch et al. 1986; Bajtlik, Duncan, &
Ostriker 1988; Lu, Wolfe, & Turnshek 1991). That the gas is photoionized is also implied by the large b ~ 30 km s~ ! velocity width
of the Lyman forest lines, which corresponds to gas temperature of T ~ 5 x 10* K. Although the origin of the ionizing flux is
uncertain (Bechtold et al. 1987b; Miralda-Escudé & Ostriker 1990; Madau 1992), since high ionization species such as C1v and Si1v
are commonly seen in other quasar absorption systems containing heavy elements, it is likely that the ionizing spectrum extends to
energies of at least ~50 eV i.e., well above the ionization potentials of neutral and once ionized helium (Steidel & Sargent 1989;
Steidel 1990).

The absolute intensity of the ionizing background, combined with the typical sizes of D ~ 10 kpc and corresponding neutral
hydrogen densities of n; & 108 cm ™3 for the Lyman forest clouds derived from the study of correlated absorption in close quasar
pairs, implies that the optically thin Lyman forest clouds are subject to a very high ionization parameter: U =~ (4r/hca)(I% /ny) =~
1071, (e.g., Sargent et al. 1980; Carswell 1988). In this limit where the hydrogen and helium is nearly completely ionized, standard
photoionization theory (Osterbrock 1989) leads to the following simple expressions for the relative ionization levels of hydrogen and
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where « is the spectral index of the ionizing flux and oy 11, X 1> %o 30d G 1, e 1 04 1 are the H 1, He 1, and He 1t recombination
coefficients and photoionization cross sections at threshold. For the anticipated values of U ~ 107! and a ~ 1 these equations
predict [H 1/H] ~ 10~ %, [He 1/He] ~ 10~ %, and [He n/He] ~ 10~ 2. The ions giving rise to observable absorption, H 1, He 1 and
He 11, are therefore believed to represent only a minor fraction of the total mass present in the Lyman forest clouds.

The anticipated strengths of the observable absorption in He 1 and He 11 can be estimated by scaling to the measured absorption
in Lya. The ratio of the density of neutral helium to neutral hydrogen in an optically thin forest cloud is given by

Her) [ He |l Henl/aneu) oir)Vuer)' oy o g8 HO0 | (A4)
H1 H He O/ \OHel/ \ VHI He

where (0. /0 ) = 1.2, (6% /0% 1) = 1, and [He/H] =~ 0.1 is the standard big bang helium to hydrogen ratio by number.

Equation (A4) predicts that the abundance of neutral helium in the Lyo forest clouds should be far lower than that of neutral
hydrogen;i.e., [He 1/H 1] ~ 107 3. Absorption in the He 1 A584 forest lines is therefore expected to be very weak compared to Lya—a
prediction that has recently been confirmed through HST observations of HS 1700 + 6416 (Reimers et al. 1992). Possible exceptions
however, are single dense Lyman limit and damped Lya systems which are optically thick in the Lyman continuum and are
therefore not highly photoionized (Miralda-Escudé & Ostriker 1992).

In contrast, absorption due to once ionized helium is expected to be universally strong. The predicted density ratio of He 11 to H 1

in the forest clouds is
[He n] ~ [_I—E:K“He m)( 0(')1(-)” )(vl-[e n)m ~ 24 x 4 (AS)
H1 H %41 /\OHen/ \ VHI1

where in this case (e n/ogm) = 6 and (6% /o5 ) = 4. It follows that for an ionizing spectrum with slope in the range, a ~ 0.5 — 2,
the column density of once ionized helium through a given Lyman forest cloud is predicted to exceed that of neutral hydrogen by a
factor [He II/H I] ~ 5-40. Note that softer photoionizing spectra lead to larger predicted [He 1i/H 1] ratios. If the ionizing
background flux does not extend down to the He 11 photoionization threshold at 54.4 eV, then the relative abundance of He 11 could
be as high as [He i/H 1] ~ [He/H]/[H /H] =~ 103.

Since the oscillator strength of the He 11 1304 transition is the same as that of Lya, and the equivalent width of unsaturated lines
grows as W, oc NA2f(Spitzer 1978), the He 11 1304 lines of the weaker forest systems will equal or exceed the corresponding Ly lines
in strength if [He 1i/H 1] 2 16. On the other hand, the He 11 1304 equivalent widths of saturated forest systems are likely to be
smaller than those of the corresponding Ly« lines due to the expected factor 2 lower thermal line widths of the helium ion. However,
since the density of lines per wavelength interval is a factor 4 higher in the He 11 1304 forest because of the shorter wavelength, the
net line blanketing in the He 11 forest could easily exceed that of H 1in total strength. At emitted wavelengths 4 < 228 A below the
He 1 photoionization edge, intense He 11 continuum absorption should be also present. Since this absorption is not prone to
saturation effects, it will almost certainly be stronger than that of neutral hydrogen.

The above predictions for the ionization levels of hydrogen and helium in the Lyman forest clouds are equally valid for the
ambient intergalactic medium, since such a medium will be of lower density than the forest clouds, and therefore have a correspond-
ingly higher ionization parameter. The best limit on the optical depth of any redshift-smeared H 1 Lya Gunn-Peterson trough at
high redshift is 74, < 0.02 + 0.03, corresponding to =~ 10% of the total blanketing of the forest (Steidel & Sargent 1987). The optical
depth of the matching He 1 A584 trough is therefore expected to be far too small to be observable; i.e., 1y, ~ 0.31[He 1/
H 1]ty < 107 % This is consistent with the fact that no evidence for He 1 trough absorption has been detected to date in the few
high-redshift quasars bright enough to be reached with IUE (Green et al. 1980; Reimers et al. 1989; Tripp, Green, & Bechtold 1990)
or observed so far with HST (Beaver et al. 1991; Reimers et al. 1992).

On the other hand, it is entirely possible that an ambient intergalactic medium having an equivalent He 11 2304 Gunn-Peterson
trough depth as high as 7, ~ 0.25[He 1i/H 1]7y4; ~ 1 could exist. In fact, if such He II absorption is detected, then the main
problem will be to distinguish the smooth Gunn-Peterson absorption trough from the anticipated intense He 11 forest line
blanketing.

helium:
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