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ABSTRACT

We present multicolor, optical, and near-IR imaging of spatially resolved continuum-emitting structures
(“fuzz”) around six high-redshift (z = 2-3) radio-loud quasars selected from the earlier imaging survey of
Heckman et al. We argue that this fuzz is most plausibly interpreted as the stellar population of the host
galaxy of the quasar. All six quasars are well resolved in the near-IR images (corresponding to emission at
~ 6000 to 7000 A in the quasar rest frame). The implied K-corrected absolute visual magnitudes for the fuzz
are —24 to —26 (for Hy = 75 km s~! Mpc~! and g, = 0). This is several magnitudes brighter than the most
luminous galaxies in the present-day universe (namely, the “first-ranked” giant ellipticals in rich clusters and
host galaxies of low-z radio-loud quasars). In four of the six cases the fuzz is at least 1.5 mag redder in (B—K)
than the central quasar, so that it is unlikely that the near-IR fuzz is generally quasar light scattered by either
dust or electrons in the quasar halo. In two cases, the fuzz is well resolved in the optical images (= 1400 A in
the QSR rest frame), in two other cases the optical fuzz is possibly resolved and in the last two cases the
optical fuzz is unresolved. The measured spectral energy distributions in the two best-resolved cases are
similar to those of the most actively star-forming present-day galaxies (e.g., Magellanic Irregular and Mar-
karian starburst galaxies). If the rest-frame UV fuzz is indeed starlight, the fuzz luminosities imply star-
formation rates of several hundred solar masses per year in these two objects. The apparent K magnitudes for
the fuzz lie along the remarkably tight K versus redshift “IR Hubble diagram” for radio galaxies discovered
by Lilly in 1989. The available data are also consistent with the fuzz around high-z radio-loud quasars having
spectral energy distributions that are similar to those of high-z radio galaxies. These data imply that radio-
loud quasars and radio galaxies at high redshift are intimately related phenomena and are consistent with

some recent efforts to “ unify ” the two AGN classes.

Subject headings: galaxies: stellar content — quasars: general — radio continuum: galaxies

1. INTRODUCTION

The study of AGNs at high redshifts offers a unique
opportunity to investigate conditions in the early universe.
Probing the environments of such objects is essential if we are
to understand the processes that drove the strong cosmic evo-
lution of the AGN phenomenon (e.g., Hartwick & Schade
1990) and unravel the relationship of high-redshift AGNs to
the formation and early evolution of galaxies (e.g., Rees 1988;
Carlberg 1990; Turner 1991).

Recently, there has been much effort given to deep, multi-
color optical, and near-IR imaging of high-redshift (z > 1)
radio galaxies (e.g., Chambers & Miley 1990; Lilly 1990). Such
observations have discovered remarkable properties for these
galaxies. They have enormous (= 100 kpc scale) emission-line
and continuum structures that preferentially align with the
radio source axis (Chambers, Miley, & van Breugel 1987;
McCarthy et al. 1987). If the continuum emission is due to the

! Based partially on data taken at the United Kingdom Infrared Telescope.

2 Visiting observers at the Kitt Peak National Observatory and Cerro
Tololo Inter-American Observatory of the National Optical Astronomy
Observatories, operated by AURA under contract with the National Science
Foundation.

3 Visiting Astronomer at the Space Telescope Science Institute.
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stellar population of the radio galaxy, then the most natural
interpretation is that the radio source has triggered the forma-
tion of a galaxy’s worth of stars at a rate of several hundred
M, per year (e.g., Chambers & Charlot 1990; Begelman &
Cioffi 1989; Rees 1989). Moreover, the tight linear relationship
between the apparent K-magnitude and the redshift for radio
galaxies strongly suggests that these objects represent the most
massive galaxies in the universe at any given epoch (Lilly 1989,
1990). On the other hand, the recent discovery that the spa-
tially extended continuum emission from at least one high-z
radio galaxy is polarized (di Serego Alighieri et al. 1989; Scar-
rott, Rolph, & Tadhunter 1990) suggests that scattering of the
light from a “hidden” AGN by dust or electrons along the
radio axis may make a significant contribution to the aligned
continuum emission (see also Fabian 1989).

Expanding the investigation of the environments of high-z
AGNs to other AGN classes is therefore important both with
regard to the broad issues discussed in the first paragraph and
the more specific ones in the second. Radio-loud quasars
(hereafter “QSRs”) are particularly appropriate subjects for
such investigation for a variety of reasons. Several types of
“unification schemes” have been proposed that relate the
QSRs and radio galaxies through viewing angle, evolutionary,
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and environmental effects (e.g., Barthel 1989; Norman & Miley
1984; Neff & Hutchings 1990). Comparisons of the surround-
ings of high-z QSRs and radio galaxies allow us to test these
ideas. Moderately large samples of QSRs already exist with
good radio maps and optical spectroscopy (e.g., Barthel et al.
1988; Barthel, Tytler, & Thompson 1990). The extensive data
on the environments of similar objects at low redshifts (e.g.,
Smith et al. 1986; Crawford, Fabian, & Johnstone 1988 ; Smith
& Heckman 1990; Ellingson, Green & Yee 1991) can be used
to make direct comparisons to the high-redshift QSRs to
search for evidence for evolution in the QSR environment with
cosmic time.

In two recent papers (Heckman et al. 1991a [hereafter
HLVM], 1991b) we have established that high-z (z ~ 2 to 3)
QSRs are often immersed in galaxy-scale emission-line and
UV-continuum “fuzz” whose properties are broadly similar to
the structures associated with the high-z radio galaxies. In the
present paper, we report the results of multiwaveband contin-
uum imaging of six of these QSRs. These observations were
undertaken to address several specific questions.

How does the spectral energy distribution (“SED ™) of the
QSR fuzz compare to that of the central QSR itself? Fuzz
produced by scattering of QSR light by electrons or dust grains
in the QSR halo should be at least as blue as the QSR. On the
other hand, if the QSR fuzz has an SED similar to that of the
high-z radio galaxies or of actively star-forming (late Hubble-
type) galaxies in the present-day universe, it should be signifi-
cantly redder than the QSR. Images at K-band combined with
optical images (corresponding to an approximate wavelength
range from 1300 to 6500 A in the QSR rest frame) allow us to
make such a comparison.

How similar is the SED of the QSR fuzz in both shape and
luminosity to the SED of high-z radio galaxies? In particular,
does the QSR fuzz lie along the tight K versus z relation
defined by the radio galaxies? Can we see evidence for align-
ment of the radio and rest-frame UV/optical continuum axes
in the QSRs?

If the QSR fuzz is indeed starlight, what inferences can we
make about the stellar population and the history of recent
star formation in the QSR host galaxies?

2. OBSERVATIONS AND DATA REDUCTION

The six objects studied here are a small subset of the objects
studied by Barthel et al. (1988), Barthel, Tytler, & Thompson
(1990), and HLVM. Extensive discussion of the radio and
optical properties of the QSRs can be found in these papers.
All six QSRs in the present paper have strong radio emission
on arcsecond or larger scales and redshifts of 2-3. They are
representative of that half of the QSRs studied by HLVM that
were found to be either definitely or possibly resolved in their
optical continuum images. Our observations of these QSRs are
summarized in Table 1.

2.1. Near-IR Observations

The K-band (2.2 um) image of Q0445+019 was taken on
1990 September 24 using the IRCAM imager on the 3.5 m
United Kingdom Infrared Telescope (UKIRT). IRCAM uses a
58 x 62 InSb focal plane array and camera with 076 pixel !
(McLean 1988). To improve the quality of the flat-fielding (and
thereby increase the dynamic range of the image) we took
many exposures, moving the telescope between exposures to
place the QSR on different regions of the detector. An eight-
position raster cycle was adopted, reading out the chip every
50 s and spending 250 s at each position. We completed four
such raster cycles, resulting in a total integration time of 8000 s.
The flat-field and sky frames were constructed by median filter-
ing the unregistered raster sets. After flat-fielding and back-
ground subtraction, it was necessary to shift the individual
frames so that they were registered and then added together.
Registration was accomplished by centering on a star visible in
individual frames. Flus calibration was done via observations
of the standard stars HD 18881, GL 748, and GL 105.5 (Elias
et al. 1982).

The K-band IR images for the other five QSRs and the
J-band (1.2 um) image of Q0805+097 were obtained on the
nights of 1991 March 29-31 at Kitt Peak National Observatory
(KPNO) using the 4 m telescope and the IRIM detector. IRIM
also uses a 58 x 62 InSb array, and with the f/8 infrared sec-
ondary yields 074 pixel ~*. A nine-position raster pattern with
90 s exposure times similar to the UKIRT observing scheme

TABLE 1
OBSERVATIONS
QSR Filter Telescope Detector Integration Pixel PSF Dates
) @ ) @ © ©® 0 ®
Q0445+097........ U KPNO 4 m PFCCD/T12 600 0.3 1.0 1988 Nov
B CTIO 4 m PFCCD/TI2 900 03 1.6 1990 Dec
R CTI0 4 m PFCCD/TI2 900 03 14 1990 Dec
K UKIRT IRCAM 8000 0.6 1.5 1990 Sep
Q0730+257........ B KPNO 4 m PFCCD/T12 600 03 1.8 1988 Nov
K KPNO 4 m IRIM 8100 04 13 1991 Mar
QO0805+046........ B KPNO 4 m PFCCD/T12 600 03 1.2 1988 Nov
J KPNO 4 m IRIM 6480 04 1.3 1991 Mar
K KPNO 4 m IRIM 8100 04 13 1991 Mar
Q1318+113........ B KPNO 4 m PFCCD/TI2 640 0.3 14 1988 May
K KPNO 4 m IRIM 8100 04 12 1991 Mar
Q1354+258........ B KPNO 4 m PFCCD/TI2 512 0.3 14 1988 May
K KPNO 4 m IRIM 7290 04 12 1991 Mar
Q1658+575........ B KPNO 4 m PFCCD/T12 512 03 13 1988 May
K KPNO 4 m IRIM 8910 04 12 1991 Mar

CoL. (5)—Total integration time in seconds.
CoL. (6).—Pixel sizes in arcseconds.
CoL. (7)—The full width at half-maximum intensity of the point-spread-function of the image as determined from

observations of stars (see text).
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was adopted. After one or two sets of nine exposures on the
QSR, the telescope was offset to a star located within a few
arcminutes of the QSR and the raster pattern was repeated
with 10 s integration times. This procedure was followed to
accurately measure the point-spread function (PSF) of the
images. The total number of raster patterns obtained per QSR
varied from 8 to 11, and total integration times therefore
ranged from 6480 to 8910 s (see Table 1 for details). The flats
and sky frames were constructed by median filtering all the
unregistered frames of each raster cycle. Because the QSRs
were too faint to be visible in the individual exposures, regis-
tration was accomplished by using the nominal offsets input to
the telescope for the raster pattern. Tests on bright stars
showed that the nominal offsets match the actual offsets to
within 071 (<few tenths of a pixel) and do not significantly
affect the PSF of the final image. We emphasize that the QSR
and star (PSF) rasters were processed in exactly the same way.
Finally, we tested the linearity of the array by taking dome flats
with signals spanning the range from nearly zero counts to
over twice the maximum amount in any of our observations.
No detectable nonlinearity was found. Flux calibration of
these images was done with observations of Elias et al. (1982)
standards.

2.2. Optical Images

Most of the optical images discussed in this paper have been
previously published in HLVM. New B- and R-band CCD
images of Q0445+097 were obtained on the night of 1990
December 21 at Cerro Tololo Inter-American Observatory
(CTIO) using the 4 m telescope and the Prime-Focus CCD
imaging system with the TI2 CCD. The pixel size is 0730, and
both images had integration times of 900 s. The images were
flat-fielded using a set of median-filtered images taken of the
twilight sky and were flux-calibrated using E-region standard
stars (Graham 1982) taken at the beginning and end of the
night.

2.3. Image Analysis

In order to demonstrate that the QSRs are spatially resolv-
ed, and to determine the amount of resolved flux, it is crucial to
determine accurately the PSF characterizing each image. We
have determined the PSF in three different ways for the optical
images, the UKIRT IR image, and the KPNO IR images.

For the optical images, we have used the brightest unsatu-
rated stars (typically five to eight per frame) to both measure
the PSF and assess its variation across the imaged field. These
variations are due primarily to focus variations across the
wrinkled surfaces of the TI CCDs used in the fast /2.8 beams
at the prime foci of the KPNO and CTIO 4 m telescopes.
From our analysis of an ensemble of x50 stars in the eight
optical frames, we find that the fluctuations in the PSF shape
across the entire chip introduce 1 ¢ uncertainties in the flux of
a 5"-10" scale spatially resolved structure surrounding a QSR
of ~2% of the central QSR flux. This uncertainty can be cut in
half if only stars located within ~ 30" of the QSR are used to
specify the PSF. We have done this whenever possible for all
the QSRs discussed in HLVM.

For the UKIRT IR image of Q0445+097, the PSF was
determined from observations of four different stars observed
before and after the set of QSR observations. The PSFs of
these four stars are indistinguishable from one another, and we
have therefore constructed a PSF from their flux-weighted
average. As already discussed, the procedure adopted for the
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IR imaging at KPNO consisted of many series of interleaved
star and QSR observations. The PSF was therefore measured
nearly contemporaneously with the QSR images and sampled
exactly the same regions on the detector. Because the QSR
integration times at KPNO were longer than the integration
times on the PSF reference stars (90 s vs. 10 s), it is possible, in
principle, that image drift might artificially broaden the PSF in
the QSR frames. Tests on stars using varying exposure times
imply that this should not be a problem, however.

Having determined the PSF, we performed two kinds of
analyses to determine whether the QSRs were spatially resolv-
ed. Following the procedure in HLVM, we first compared the
azimuthal average of the QSR radial surface brightness profile
to that of the PSF. This comparison is made graphically in
Figure 1 for all the optical and near-IR images of all six of the
QSRs. The second method was to register the full two-
dimensional PSF and QSR images and then scale the PSF
image so that the QSR and the PSF had the same total counts
within a small box (area ~ 2 arcsec®) centered on the peak.
This scaled PSF was then subtracted off the QSR, providing us
with both an indication of the morphology of the material near
the peak and an estimate of the spatially resolved flux. This
latter is strictly speaking a lower limit to the true fuzz flux since
it explicitly assumes that the fuzz has zero flux within the small
central box. We will show below the QSR fuzz is remarkably
similar to the high-redshift radio galaxies. Analysis of the
optical and near-IR images of radio galaxies at similar red-
shifts show that exclusion of this central-most light would typi-
cally dim the radio galaxies by only several temths of a
magnitude. Since this is less than the other uncertainties in the
fuzz magnitudes, we have not attempted to correct the derived
QSR fuzz properties for this effect.

3. RESULTS

All of the available near-IR and optical images of the six
QSRs are shown in contour plots in Figure 2 and the param-
eters derived from these images are given in Table 2. We have
images in four colors for Q0445+ 097 (U, B, R, and K), in three
colors for Q0805+ 046 (B, J, and K), and only two colors (B
and K) for the other four QSRs.

Each of the six QSRs is clearly resolved in the near-IR
images with the spatially resolved material contributing
~20% + 5% of the total flux. The optical images of
Q0445 +097 and Q1318+ 113 are well resolved (since the fuzz
contributes from 15% to 38% of the total flux) while
Q0730+257, QO0805+046, Q1354+258, and Q1658+ 575
must be considered only marginally resolved or unresolved in
the optical (since the fuzz provides only ~3%—6% of the total
flux). In the cases of Q1354+ 258 and Q1658 + 575, the mor-
phological similarity between the structures visible in the B-
and K-band images (see below) give us some confidence that
the QSRs are probably weakly resolved in the B frames. We
have adopted the flux values for the fuzz derived by HLVM for
these two QSRs, but emphasize that the values are uncertain
by a factor of 2. The B-band fuzz in Q0805+ 046 is strongly
contaminated by Ly« line emission, while in the Q0730+ 257
image the seeing was poor in our optical frame (x2” FWHM).
We have adopted upper limits of 4% of the QSR flux for the
optical continuum fuzz in these two cases. The apparent mag-
nitudes of the spatially resolved material range from =21 to 23
in the optical and from ~ 17 to 19 in the near-IR.

We have used the Lyx images in HLVM to estimate the
contamination of the optical continuum fuzz by the spatially
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F16. 1.—Comparison of the azimuthally averaged radial surface brightness profiles (RSBPs) of 15 multicolor images of our sample of 6 QSRs (solid boxes) to the
corresponding point spread functions (PSFs) as measured with bright stars (open triangles). The surface brightnesses are given in magnitudes relative to the brightest

central pixel.

extended emission-line gas. The spectra of the fuzz published in
Heckman et al. (1991b) show that any other UV emission lines
are negligible in strength (<10% of Lyx). Apart from
Q0805 + 046 (which is unresolved in the B-band image in any
case) Lya emission produces only ~12% on-average of the
spatially resolved optical broad-band emission for the QSRs
(see Table 2 for details). Corrections for emission lines in the
spatially extended K-band fuzz are more problematic, though
in most cases the Hu line is redshifted into the wings of the K
filter bandpass. The morphology of the spatially resolved
structures in Lya (see HLVM) and K-band images are gener-
ally sufficiently different from one another that it is unlikely
that emission-lines make a dominant contribution to the
K-band fuzz. More quantitatively, McCarthy, Elston, & Eisen-
hardt (1992) have obtained near-IR spectra of two high-z radio
galaxies and find that the flux of the Ha + [N 1] 116548, 6584
blend is x20-30% that of Lya. If the QSR nebulae have
similar emission-line spectra to the nebulae associated with
high-z radio galaxies (as appears to be the case in the UV—see
Heckman et al. 1991b), then the fluxes of the lines likely to
contaminate the K-band “fuzz” (chiefly the Ha, [N 1] 146548,
6584, and [S 1] 146716, 6731 lines) will be ~30% of Lya. In

this case, emission-line contamination of the fuzz at K is negli-
gible (<3%) except in Q1318+ 113 (13%). See Table 2 for the
specific values.

Typical sizes of the fuzz measured at isophotal levels of
B~ 27 and K =~ 22 mag per square arcsecond (1% and
approximately a few hundredths of a percent of the night sky,
respectively) are 6”"-10". While the amount of morphological
information is clearly limited, the fuzz is quite irregular and
asymmetric in most of the QSRs.

In the cases of Q0445 +097 and Q1318 + 113 (which are well
resolved in the optical) the optical and near-IR morphologies
are strikingly similar over a factor of 5-6 in wavelength. The
strongly asymmetric “ plume ” extending x4 arcsec to the ESE
of Q0445 + 097 is visible in all four frames, but a fainter feature
extending ~6” to the SSW is visible only at U and may be
spurious. The brightest structure in the optical and near-IR
images of Q1318 + 113 is an ~4” long plume to E, but a fainter
feature ~4” to the SW and the detached patch of emission ~7”
to the NW of the QSR are also present in both the B and K
frames. The SW plume may be significantly contaminated by
emission lines in both images, since there is strong Lya emis-
sion out to a radius of ~9” to the SSW of the QSR (see
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F1G. 1.—continued

HLVM). Even Q1354+ 258 and Q1658 + 575, which are only
very marginally resolved at best in the respective optical
images, have similar morphologies in the B and K images. A
plume extending 5"-6" NNE of Q1354 + 258 is visible in the B
and K frames. The morphology of Q1658 + 575 is particularly
interesting. In the K image the QSR appears to be “joined ” by
a curved and patchy bridge of emission to a fainter compact
object (with K = 17.0 and B = 22.2) located some 9" to the
SSW. Hints of this bridge feature are visible to the SSW of the
QSR in the B image as well. Spectroscopy of the SSW knot will
be required to establish its relationship (if any) to the QSR. It
does not show up as a detectable Lya emission-line source at
the QSR redshift in the narrow-band images of HLVM.
Another intriguing structure consists of two knots embeded in
a more diffuse linear structure ~7” to the SSE of Q0805 + 046.
This is clearly visible in the B, J, and K images, with the entire
structure having an apparent magnitude of 22.8, 19.3, and 18.2
in the three respective bands. This structure is engulfed in the
outermost detectable portion of the Lya nebula associated
with this QSR (see HLVM).

As an attempt to roughly parameterize the colors of the
spatially extended fuzz and compare these to the colors of the
central QSR, we have defined an effective spectral index
between B (0.44 um) and K (2.2 um) as o& = —log (S2/5¥)/log

(vg/vg). Our calculated values for af (corrected for the effects of
Galactic reddening) are listed in Table 2 for both the QSRs and
the fuzz. Note that we have not corrected a2 for the effects of
emission-lines in the B and K bandpasses (these corrections to
of are always <0.1 in any case). Excluding the unusually red
object Q04454097, the mean value of af we derived for the
central QSR (~0.3) is consistent with the mean SED derived
for large samples of QSRs and radio-quiet quasars by Sanders
et al. (1989) and Francis et al. (1991). The most interesting
result is that the spatially resolved fuzz is significantly redder
than the QSR, in four of the six cases: Q04454097 and
Q1318+ 113 have similar fuzz and QSR colors, but the fuzz is
at least 1.5 mag redder than the QSR in (B—K) in the other
four cases.

4. DISCUSSION

4.1. Comparison to High-Redshift Radio Galaxies

The relationship between QSRs and powerful radio galaxies
is an issue of considerable interest, especially in light of efforts
to “unify” these two classes through differences in viewing
angle, environment, or evolutionary state (e.g., Barthel 1989;
Norman & Miley 1984; Neff & Hutchings 1990). In particular,
the “viewing angle” scheme of Barthel (in which QSRs and
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FiG. 1.—continued

radio galaxies are drawn from the same parent population but
are viewed preferentially at small or large angles, respectively,
to the radio axis) predicts that the luminosity and color of the
QSR fuzz should be very similar (if not identical) to those of
radio galaxies of similar redshifts and radio powers.

In Figure 3 we have plotted the apparent K magnitudes of
the fuzz of our six QSRs on the “ IR Hubble Diagram ” (K vs. z)
defined by radio galaxies (as determined from published radio
galaxy data). Given the uncertainties in the K magnitudes for
the QSR fuzz (typically +0.4 mag not including the uncertain
correction for the “missing” central light) the agreement
between the QSRs and radio galaxies at z = 2-3 is remarkably
good. Since there are presently data for only a handful of
objects in this redshift range, a more detailed comparison of
the QSRs and radio galaxies is not yet possible. In particular,
the possible trend for the QSR hosts to be slightly brighter
than the radio galaxies in Figure 3 needs to be confirmed (see
Hutchings 1987).

The optical-to—near-IR colors of the best-resolved QSR fuzz
(Q0445+097 and Q1318+ 113) appear to be similar to the
published SEDs of the bluer of the high-redshift radio
galaxies—e.g., 3C 239 and 1204 + 35 in Lilly (1989), 3C 266, 3C
368, and 4C 41.17 in Chambers & Charlot (1990), MRC

2025218 in McCarthy (1991), and 53W002 in Windhorst et
al. (1991). The blueness of the QSR fuzz in these two cases is
likely to be a selection effect since these are among the QSRs in
HLVM with the brightest optical fuzz. However, we know of
no radio galaxy quite as blue as the fuzz of Q1318+ 113. A
future comparison of larger, unbiased samples of QSRs and
radio galaxies with well-matched distributions in redshift and
radio power would be interesting in this regard.

The “alignment effect” between the radio and the optical/
near-IR continuum axes is still the most puzzling aspect of the
high-z radio galaxy phenomenon. In our earlier paper
(HLVM) we were able to reliably determine a major axis posi-
tion angle for the optical continuum fuzz for only four high-z
QSRs  (Q0225—014, Q0445+097, QO0549—213, and
Q1318+ 113). We found no evidence in this very small sample
for an alignment effect. The new IR images presented in this
paper allow us to add Q0730+ 257, Q0805 + 046, Q1354 + 258,
and Q1658+ 575 to the sample. In this expanded sample, we
see a weak tendency for an alignment effect; five of the eight
QSRs have an optical and/or near-IR continuum axis that
aligns to better than 30° with the radio axis. We emphasize
that this result is not statistically significant and must be
checked with a much larger sample of QSRs.
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F1G. 2.—Contour plots of the 15 multicolor images of the six QSRs in our sample. All the images have been median-filtered with a 172 x 1”2 box to remove
cosmic rays and emphasize faint structures. The sizes of the displayed field and the values of the lowest contour levels (in magnitudes arcsec™ ) are given in each plot.
Each successive contour represents a factor of 2 increase in surface brightness (~0.75 mag arcsec” 2). We emphasize that the light from the central unresolved QSR
has not been subtracted from these images and typically dominates the light within a radius of ~2” of the center (see Fig. 1 for quantitative details).

4.2. Origin of the Fuzz Light

The origin of the optical and near-IR continuum light in the
high-redshift radio galaxies has remained controversial. Given
the similarity of the QSR fuzz and the high-z radio galaxies (see
above), it is useful to examine our QSR data from the per-
spectives of each of the three basic types of models advanced
for the radio galaxies: (1) starlight from a foreground galaxy
(e.g-, LeFevre & Hammer 1988), (2) light from a central QSR
emitted anisotropically along the radio axis and then scattered
by dust or electrons in the halo of the galaxy (e.g., Fabian 1989;
di Serego Alighieri et al. 1989; Scarrott, Rolph, & Tadhunter
1990), and (3) starlight from a population of either young stars
alone (e.g., Chambers & Charlot 1990) or a mix of old and very
young stars (e.g., Lilly 1989).

In four of the six QSRs in our sample there is independent
evidence for intervening matter in the form of one or more
detectable Mg 1 42798 doublet absorption lines at z ~ 1
(Barthel, Tytler, & Thompson 1990; see Table 3). These lines
are presumably produced by gas in the halo of an intervening
galaxy (e.g., Bergeron & Boisse 1991). Despite this, we believe
there are at least three good reasons why an intervening galaxy
is not likely to be responsible for the bulk of the fuzz we have
detected.

We have calculated the absolute R magnitudes for the fuzz
under the assumption that they are at the redshifts of the Mg 11
absorbers. We have done this using the available optical and

near-IR images to estimate the fuzz flux density at the wave-
length corresponding to the center of the R filter at the redshift
of the absorption [4 = (1 + z,,,)6500 A]. The results are listed
in Table 3, where it can be seen that the fuzz would have
Mg~ —23 (for Hy =75 km s™! Mpc™! and g, = 0.0). These
galaxies would therefore have to be considerably more lumi-
nous than typical present-day galaxies (e.g., a present-day I*
spiral has My ~ —21). In contrast, Bergeron & Boisse (1991)
have studied a sample of 13 galaxies at z ~ 0.5 identified with
intervening Mg 11 absorption in high-z quasars. They find that
these galaxies have an average value of My ~ —20.5 (e.g., only
10% as luminous as our average case), with their most lumi-
nous example only having My~ —21.3. It seems quite
unlikely that the galaxies responsible for producing the Mg
absorption in our QSR sample would differ so dramatically
and systematically from those in the Bergeron & Boisse
sample. Note that correcting the fuzz in our sample for the
“missing” flux in the central most ~2 arcsec? (see § 2) would
strengthen this conclusion.

If the spatially resolved structures around the QSRs are
intervening galaxies, in some cases they also have to be
unusually blue compared to present-day galaxies. That is, the
fuzz around Q0445+097 would be as blue as present-day
Magellanic Irregular galaxies and the fuzz around
Q1318 +113 would be even bluer (see Fig. 4 and Table 2).
Galaxies this blue must have extensive star formation and cor-

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992ApJ...393...68L&amp;db_key=AST

panunuos—g oLy

T T 1 I 1 T U T 4 S } Al

T
0'12 “.9T) SL8+8891 .® @E«Wﬁm GL8+890T

I
(122 ‘21)d 8S2+HPSET
1 1 1 |

<
-
_N
&
=
&
{_ o0
w
o
-
<
w
o«
-4
1
LY
L

0

g
0
JS)e-
(9°02 “.21)g ETT+STET
L 1 L | | =

D

~
(L2 '.21)d 252+08L0
AN | ]

1

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


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1992ApJ...393...68L&amp;db_key=AST

J. 20393, .. 68LT

220

rt

76 LEHNERT ET AL. Vol. 393
TABLE 2
SUMMARY OF QSR “Fuzz” CONTINUUM PROPERTIES
QSR Filter ~ Resolved/Total My, Myesotved S, F,. A M, of (fuzz)  of (QSR)
()] @ 3 @ (%) © U] (t) (&) (10) 1n
Q0445 +097
(z=2111)........ U 0.38 20.2 21.3a 6.5 0.20 0.85 —252 14 14
B 0.21 20.7 224a 4.7 0.08 0.72
R 0.21 19.2 20.9a 11 0.00 0.45
K 0.17 15.6 17.5a 69 0.03 0
Q0730+ 257
(z=2.686)....... B <0.04 19.6 >23.1 <25 >0.19 0.20 —242 >09 —-0.1
K 0.18 17.5 19.4b 12 0.00 0
Q0805 + 046
(z=12.877)........ B <0.04 18.7 >22.1 <5.6 >0.85 0 —26.0 >13 0.5
J 0.12 16.6 18.9a 44 0.00 0
0.14 15.7 17.8a 47 0.00 0
Q1318+113
(z=2171)........ B 0.16 19.1 21.1a 16 0.13 0 —2438 0.5 0.5
K 0.14 16.0 18.1a 36 0.13 0
Q1354 +258
(z=2032)........ B (0.03) 18.9 (22.7b) 3.5 0.09 0 —244 (1.4) 0.3
K 0.17 16.2 18.1a 36 0.01 0
Q1658 +575
(z=2173)........ B (0.06) 18.4 (21.5b) (11) 0.10 0 —25.7 (1.3) 0.3
K 0.26 15.6 17.1a 96 0.02 0

CoL. (3)—The fraction of the total flux within a 210" x 10” box centered on the QSR that is spatially resolved (is in excess of the flux

expected for a point source with the same flux as the QSR within the central-most ~2 arcsec? of the image). Uncertainties are typically +0.02 in
these units. We regard all the QSRs to be resolved in the near-IR images, Q0445+097 and Q1318+ 113 to be resolved in the optical images,
Q1354+ 258 and Q1658+ 575 to be possibly resolved in the optical images, and Q0730+ 257 and Q0805 + 046 to be unresolved in the optical
images. See text for details.

CoL. (4)—The apparent magnitude of the QSR plus fuzz within a 10” x 10” box centered on the QSR. The uncertainties are +0.1 mag due to
uncertainties in the photometric calibration.

CoL. (5).—The apparent magnitude of the spatially resolved “fuzz.” Uncertainties are due to the uncertainties in resolved fractions (col. [3]),
sky-noise, and uncertainties in the photometric calibration. The overall uncertainties are given by the letters following the magnitude, with “a”
and “b” denoting +0.4 and +0.8 mag, respectively.

CoL. (6)—The flux densities of the fuzz in microjanskys. The uncertainties are those given in the notes for col. (5), except at U where the
nonstandard effective bandpass defined by the U filter, the fall-off of the TI CCD sensitivity at short wavelengths, and the uncertain effect of the
Ly forest on the fuzz SED makes a conversion from U counts to a flux density particularly uncertain (we estimate + 0.3 dex). We have used the
conversions from magnitudes to flux densities given in Allen 1976. The assumed flux densities for zero magnitudes at U, B, R, J, and K were
taken to be 2053, 4264, 2523, 1600, and 642 Jy, respectively.

CoL. (7).—The estimated fraction of the flux in the fuzz produced by emission-lines transmitted by the broad-band filters (see text for details).

CoL. (8).—The extinction due to dust in the Milky Way in the bandpass of the filter given in col. (2.) The extinction is derived from the sky

maps of color excess published by Burstein & Heiles (1982) and the standard Milky Way extinction curve in Osterbrock (1989).

CoL. (9)—The absolute visual magnitude of the spatially resolved fuzz. These have been calculated by using the available fuzz flux densities
to estimate a flux density at the observed wavelength corresponding to the redshifted center of the ¥ band: A = (1 + z)5470 A. This was generally

close to the center of the K-band, so interpolation uncertainties are small. The monochromatic power at a rest wavelength of 5470 A was then
computed for our adopted cosmological parameters of H, = 75 km s~! Mpc™! and g, = 0 (note that for this redshift range the computed
powers would be nearly the same for an H, = 50 km s~ Mpc™! and g, = 0.5 cosmology). This power was then converted to an absolute

magnitude using a flux-density of 3830 Jy for ¥ = 0 (Allen 1976). The derived values have been corrected for Milky Way extinction (col. [7]) but
not for the presence of emission lines. We have not corrected these absolute magnitudes for the “missing ” flux in the central-most ~2 arcsec?,
but estimate that this would brighten the fuzz by several tenths of a magnitude (by analogy to images of high-z radio galaxies). The estimated
uncertainties in M, are +0.5 magnitudes except for Q0730+ 259 (+0.8 mag).

CoL. (10).—The effective spectral index between the B and K bands for the fuzz: af = —log (S2/SX)/log (vy/vy). These values have been
corrected for Milky Way extinction but not for the presence of emission lines (the latter would be <0.1 in any case). The uncertainties are +0.2

for Q0445+ 097, +0.3 for Q1318+ 113, and +0.5 for the other two cases.
CoL. (11).—Same as for col. (9), but for the unresolved component only (the QSR—proper). Uncertainties are +0.1.

respondingly strong nebular line emission. For example, Gal-
lagher, Hunter, & Bushouse (1989) find a mean rest-frame
equivalent width for [O 1] 13727 emission of ~50 A in the
present-day blue galaxies, corresponding to a measured equiv-
alent width of ~100 A at z = 1. Even accounting for severe
dilution of the fuzz light by the central QSR, the predicted
equivalent width would still be 5-20 A. In contrast, the QSR
spectra in Barthel, Tytler, & Thompson (1990) and Heckman
et al. (1991b) lead to upper limits of only <0.5 A for any such
emission lines. The details of this comparison can be found in
Table 3. Thus if the structures around the QSRs are fore-

ground galaxies, in some cases the objects must have line emis-
sion that is at least 1040 times smaller (per unit starlight) than
present-day galaxies with similar integrated colors.

A final argument against interpreting the QSR fuzz as due to
intervening galaxies is its location along the K versus z Hubble
diagram for radio galaxies. This must be a very unlikely coin-
cidence if these structures are unrelated foreground systems
(why would an intervening absorber “know ” what apparent K
magnitude to have?).

It has been suggested that much of the continuum emission
associated with high-redshift radio galaxies is not starlight at
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FiG. 3.—The six QSRs in our sample plotted on the “IR Hubble Diagram ”
(apparent K magnitude vs. redshift) for radio galaxies (Lilly 1989; Chokshi &
Eisenhardt 1991, McCarthy, Persson, & West 1992). The QSRs overlap with
the high-redshift radio galaxies in this plot. See Table 2 for details.

TABLE 3
INTERVENING Mg 11 SYSTEMS AND IMPLIED FUZZ PROPERTIES
QSR Zaps Mg Fluxo EQWion
0] @ 3) @ ®

Q0445+097........ 0.84 —233 6.6 (E—16) 19 (<0.5)
QO0805+046........ 0.70 —-229 70 (E—16) 5(<0.5)
Q1318+113........ 0.84 —228 12 (E-19) 14 (<0.5)
1.05 —234 1.1 (E-195) 15 (<1.0)
Q1354 +258........ 0.86 —223 4.1 (E—16) 5(<0.5)
0.89 —224 41 (E-16) 5(<0.5)

142 —23.0 5.7 (E—16) 10

CoL. (2)—Redshift of the Mg un 42798 doublet absorption-line
systems taken from Barthel, Tytler, & Thompson 1990.

CoL. (3)—The implied absolute R magnitude of the QSR fuzz
(properties given in Table 2) if it is at the redshift of the Mg 1 absorber.
The procedure followed for computing M, was exactly analogous to
that used for M, as described in the footnotes for Table 2 (Col. [8]). The
uncertainties are +0.5 mag. We have not corrected these absolute mag-
nitudes for the “missing” flux in the central-most ~2 arcsec?, but esti-
mate that this would brighten the fuzz by several tenths of a magnitude
(by analogy to images of high-z radio galaxies).

CoL. (4)—The predicted flux of the [O 1] 13727 emission-line (ergs
cm~2 s71) if the QSR fuzz is identified with Mg 1 absorber and if the
foreground galaxy has [O 1] emission that is as strong (rest equivalent
width ~50 A) as present-day galaxies with similar spectral energy dis-
tributions as the QSR fuzz (see text for details).

CoL. (5).—The predicted equivalent width of [O 1] A3727 emission
(in angstroms in the observer’s frame) from the intervening galaxy with
respect to the total QSR light. The equivalent width is derived from the
flux in col. (4) and the interpolated total QSR flux at the appropriate
wavelength (see Table 2). The values given in parentheses are the esti-
mated upper limits to [O 1] equivalent widths, using the spectra in
Barthel, Tytler, & Thompson (1990). No data exist at the wavelength of .
the predicted [O 1] emission in the z = 1.42 absorption system in
Q1354 +258.
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all, but is instead light from a powerful AGN that is hidden
from direct view along our line of sight (e.g., Fabian 1989).
Radiation from this AGN is hypothesized to escape aniso-
tropically along the radio source axis where it is scattered into
our line of sight by dust or electrons in the galaxy halo, by
analogy to the process that occurs in some Seyfert galaxies
(e.g., Antonucci & Miller 1985). This idea is supported by the
data of di Serego Alighieri et al. (1989) and Scarrott, Rolph, &
Tadhunter (1990), who find that the spatially extended optical
continuum emission in 3C 368 is significantly polarized.

This model predicts that the scattered light should be similar
in color to the AGN in the event of electron scattering and
bluer than the central AGN in the event of scattering by
normal dust grains. Since the color of the hidden AGN in
high-z radio galaxies is not known a priori, such a color test is
impractical. However, we can straightforwardly make this test
for our QSRs and their fuzz. As noted in § 3 above, the fuzz is
much redder than the QSR— > 1.5 mag in (B — K)—for four of
the six cases. In Q0445+097 and Q1318+ 113 the fuzz and
QSR have similar colors. This strongly suggests that the bulk
of the near-IR light in the majority of cases cannot be scattered
QSR light. The existence of the tight K versus z Hubble
diagram and the location of the QSR fuzz along it is an addi-
tional argument against scattering being important at K in
either the high-z radio galaxies or QSRs (see also Lilly 1990
and Chambers & Miley 1990).

It is more difficult to discount the possibility that scattered
QSR light makes an important contribution to the fuzz in the
optical (rest-frame UV) images. That is, a two-component
model in which the near-IR fuzz represents light from an old
stellar population of the QSR host galaxy and the optical fuzz
is scattered QSR light cannot be disproven. However, neither
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F1G. 4—The spectral energy distribution for the fuzz around Q0445+ 097
(corrected for excitation due to Milky Way dust and for the presence of
emission-lines), shifted to the rest-frame of the Mg i1 12798 absorption system
at z = 0.84, and then overlaid on the spectral energy distributions of present-
day galaxies of different Hubble types (from CWW). If the QSR fuzz is produc-
ed by a galaxy at z=0.84, it must be about as blue as a present-day
Magellanic Irregular or Markarian starburst galaxy.
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the strong morphological similarity between the K-band and
the optical fuzz noted in § 3 above nor the clear morphological
differences between the spatially extended Lya nebulosity and
optical fuzz discussed by HLVM are naturally accounted for in
such a model. If both the Lyx nebulae and optical continuum
fuzz are ultimately produced by reprocessing of QSR light by
interstellar matter, why would the optical continuum fuzz trace
the old stellar population (the K-band fuzz) better than it
traces the ionized interstellar gas (the Lya fuzz)?

The detection of the 4000 A break in the rest-frame SED of
the QSR fuzz would provide direct evidence that the fuzz light
is produced by stars (e.g., Chambers & Charlot 1990). Accord-
ingly, we obtained images of the fuzz around Q0805 + 046 in
both J (A = 3100 A) and K (4., = 5700 A), straddling the
4000 A break. Unfortunately, the uncertainties in the fuzz
fluxes are so large (0.4 mag at both J and K) that the lack of
a detection of the 4000 A break is not significant. We measure
log (SX/87) = 0.03 + 0.23 for the fuzz, so that a break of a
factor of &2 is consistent with the data. Of course, the lack of a
detectable break is also consistent with a nonstellar origin for
the fuzz in this case.

4.3. Stellar Population of the Fuzz

In light of the discussion in the preceding section, probably
the most natural interpretation of the continuum fuzz is that it
is predominantly starlight arising in the host galaxy of the
QSR. A comparison of the fuzz properties to those of galaxies
in the present-day universe is particularly instructive. In
making this comparison, we note that at these redshifts the
implied linear sizes and luminosities are similar for either our
adopted cosmology of Hy, = 75kms ™! Mpc ™! and g, = 0.0 or
Hy=50kms™! Mpc~!and g, = 0.5.

As discussed in more detail.in § 3, the typical isophotal sizes
of the fuzz are 6"-10" (~50-90 kpc). Even more impressive
than these large dimensions are the fuzz luminosities. Using the
K-band apparent magnitudes we have calculated the absolute
visual magnitudes for the fuzz. Since the K-band images typi-
cally sample rest wavelengths of 60007000 A, calculations of
My, involve only a modest interpolation in wavelength (which
we made using the measured fuzz colors). The results (see Table
2) are values for M, ranging from —24.2 to —26.0 with a mean
value of —25.1. If the photometric structure of the QSR fuzz is
similar to that of the high-z radio galaxies, the “ missing” light
from the central-most ~2 arcsec? (see § 2) would make the
QSR host galaxies several tenths of a magnitude more lumi-
nous still. To put this into perspective, the most luminous class
of galaxies in the present universe (the first-ranked giant ellip-
ticals in rich clusters) have (M) = —22.4 + 0.3 (e.g., Sandage
1972) and the most luminous of the 1250 galaxies in the
Revised Shapely-Ames Catalog (Sandage & Tammann 1987)
has M, = —234 (excluding any correction for internal
absorption in the galaxy, since we have made no such correc-
tion in the case of the QSR fuzz).

We have parameterized the fuzz colors between approx-
imate rest-frame wavelengths of 1300 and 6500 A by af, the
effective spectral index between B and K (see § 3 and Table 2).
The fuzz around Q04554097 has of = 1.4, but the fuzz
around Q1318+ 113 is much bluer («f = 0.5). For comparison,
the SEDs of local galaxies given in Coleman, Wu, & Weedman
(1980, hereafter CWW) correspond to equivalent «’s of 1.1 for
Magellanic Irregulars and 1.8 for Scd galaxies. This can be seen
in more detail in Figure 5, where we display the measured color
for the fuzz around Q0445+ 097 (the best-resolved case) super-
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FiG. 5—The spectral energy distribution for the fuzz around Q0445 + 097
(corrected for Milky Way extinction and QSR-fuzz emission-lines) shifted to
the rest frame of the QSR and overlaid on the spectral energy distribution of
present-day galaxies of different Hubble types (from CWW). The QSR fuzz is
about as blue as the most actively star-forming classes of present-day galaxies
(Magellanic Irregular and Markarian starburst galaxies).

posed on the SEDs of local galaxies of different Hubble types.
The only galaxies in the local universe with colors are blue as
the Q1318+ 113 fuzz are some members of the Markarian
starburst population. We have used IUE fluxes at 1400 A
reported in Weedman (1988) and R-band magnitudes mea-
sured by Huchra (1977) through apertures similar in size to the
10" x 15" IUE aperture to derive a spectral index between
1400 and 6500 A for nine Markarian starburst galaxies. We
find a mean value of « ~ 1.0 (similar to the Magellanic Irregu-
lar SED in CWW), but colors as blue as « & —0.2 (Mrk 59)
and a = 0.1 (Mrk 153) exist. Of course, the Markarian star-
burst galaxies are = 300 times less luminous than the QSR fuzz
({My> ~ —19 for the nine starbursts vs. &~ —25 for the QSR
fuzz)!

Needless to say, the actual star-formation histories of the
QSR fuzz cannot be determined in detail based upon the
present meager data. Nevertheless, it is instructive to compare
the properties of the fuzz around Q04454097 and
Q1318+ 113 (the two best-resolved cases) to both local star-
forming galaxies and to models made for the SEDs of high-
redshift radio galaxies. These comparisons enable us to make
educated guesses about the possible star-formation histories of
the QSR fuzz.

Present-day Magellanic Irregular galaxies have Ha
emission-line equivalent widths of 25-100 A (e.g., Gavazzi,
Boselli, & Kennicutt 1991), implying a star-formation rate of
&1 M per year for a typical Irr with M, ~ —19 (e.g., Ken-
nicutt 1983). We have shown above that the QSR fuzz for
Q0445 +097 and Q1318 + 113 have SEDs similar to an Irregu-
lar. The star-formation rates in the fuzz implied by simply
scaling up to the fuzz luminosities of M, ~ —25 are then a few
hundred M, per year. These values agree with the estimates
made by HLVM on the basis of the ~1300 A continuum
luminosity alone.
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The SED of the fuzz can also be compared to models made
for high-z radio galaxies. Chambers & Charlot (1990) have
published models made by assuming star-formation with a
Miller-Scalo IMF and a rate that is declining exponentially
with an e-folding time of 50 million years. We find that a
reasonable fit to the SED of Q0445+ 097 can be made if the
time since the peak in the star-formation rate is ~200 million
years. The stellar population is therefore best categorized as
“poststarburst.” We note that Lilly (1989) achieves equally
good fits to similar data with a combination of an old
(>gigayear) population providing most of the mass and
K-band light and a starburst population (ongoing star-
formation rate of several hundred M, per year) that provides
the optical (rest-frame UV) light.

4.4. Whither the High-z QSR Fuzz?

The properties of the QSR fuzz are so extreme that is inter-
esting to consider what such objects would evolve into between
z=2to 3 and z ~ 0. Applying the old-population—plus-burst
models made by Lilly (1989, 1990) for high-z radio galaxies to
the QSR hosts imply that they will fade by ~2.5-3 mag at
rest-frame ¥V, while “postburst” models of Chambers &
Charlot (1990) imply fading by 3-4 mag at rest frame V for
ages of 200 to 300 million years for the QSR hosts (see also
Charlot & Bruzual 1991). Both types of models therefore
predict that the QSR hosts will evolve to present-day galaxies
with M, =~ —22, comparable to present-day first-ranked
cluster giant ellipticals.

The present space density of first-ranked cluster galaxies—as
given by the space density of Abell richness class >0 clusters
derived by Batuski et al. (1991)—is ~5000 Gpc~3 (for our
choice of Hy = 75 km s~ Mpc~! and g, = 0). Not all such
luminous galaxies are first-ranked cluster galaxies, however.
The field galaxy luminosity function determined by Efstathiou,
Ellis, & Peterson (1988) yields a space density of ~5 x 10*
Gpc~2 mag™?! for galaxies with L &~ Lgzcg = 3.6I*. In com-
parison, the co-moving space density of all quasars with My
brighter than —25 at z & 2.5 is ~2000 Gpc ™3 (see Hartwick &
Schade 1990), while the corresponding space density of radio
sources as powerful as our QSRs is only ~3 Gpc~3 (Dunlop &
Peacock 1990). The space density of the sites of the resulting
dead quasars would be greater than these values by a factor
given approximately by the ratio of the duration of the
“quasar epoch ” at high redshifts (one-to-several gigayears) to
the lifetime at this luminosity of an average high-z quasar.

We conclude that a shortage of available sites for dead
quasars in the present universe develops only if high-z quasars
have short lifetimes (<few times 10® yr) and if most high-z
quasars (not just the very rare radio-loud ones we have
investigated) are immersed in fuzz with M, ~ —25. The latter
can be directly tested by K-band imaging of high-z radio-quiet
quasars spanning a broad range in absolute magnitude.

4.5. Relationship to Low-Redshift QSR Fuzz

It is suggestive that the absolute magnitudes of the host
galaxies of low redshift (z &~ 0.3) QSRs are similar to those
predicted by the models for the “faded” fuzz of the high-z
QSRs (e.g., Smith et al. 1986 find (M) = —22.4 for the fuzz
around 30 low-z QSRs; see also Hutchings 1987). While this
might suggest that individual high-z QSRs evolve directly into
low-z QSRs, this result is hard to reconcile with the apparent
evolution of the clustering environment around QSRs with
redshift (e.g., Ellingson, Yee, & Green 1991). More likely, it
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simply means that QSRs at any epoch tend to occur in the
most massive galaxies. Lilly (1990) has made a similar argu-
ment concerning radio galaxies based on the K versus z
diagram.

Whether or not the high-z QSRs evolve to low-z QSRs, the
difference of a factor of 10 in the typical optical luminosity of
the host galaxy between high- and low-redshift is quite strik-
ing. Relating this difference to the processes responsible for the
strong cosmic evolution of the QSR population is a speculative
enterprise at best. Imaging of lower luminosity QSRs at high-z
would be valuable in this regard to determine whether the fuzz
properties are primarily a function of luminosity or redshift. It
will also be important to determine whether the QSR fuzz
luminosity evolves more strongly with redshift than the general
field galaxy population (see Cowie & Lilly 1990; Koo 1990).
Recent observations of apparent companion galaxies associ-
ated with QSRs suggest that this particular galaxy population
has brightened by more than a magnitude out to redshifts
of-order unity (Ellingson, Yee, & Green 1991; Hintzen,
Romanishin, & Valdes 1991).

5. SUMMARY AND CONCLUSIONS

We have presented and discussed deep multicolor optical
and near-infrared images of six high-redshift (z = 2-3) radio-
loud quasars (“QSRs”). The QSRs are all well-resolved spa-
tially in the near-IR (K-band) images and are also resolved in
at least two, and possibly four of six cases in the optical images.
The structures surrounding the central point-source (QSR
proper) provide less than 4%—-40% of the total flux, have
typical angular sizes of ~5"-10", and apparent magnitudes
ranging from 17 to 19 at K and 21 to >23 in the optical. The
fuzz is significantly redder than the central QSR in the four of
the six cases by at least 1.5 mag (B— K). Parameterizing the
spectral energy distributions by a spectral index between B and
K (21300 A and 6500 A in the QSR rest frame) yields typical
values of af = 0.0-0.5 for the central QSR and of = 0.5-1.5
for the best-resolved fuzz (S, ~ v~ %. The amount of morpho-
logical information about the fuzz is quite limited, but the fuzz
is usually asymmetric, and there is a marked morphological
similarity between the optical and near-IR images.

The optical and near-IR properties of the QSR fuzz are
strikingly similar to those of radio galaxies at similarly high
redshifts. We find that the fuzz lies approximately along the
tight K magnitude versus redshift Hubble Diagram for radio
galaxies (Lilly 1989). The spectral energy distributions we
measure for the well-resolved cases are similar to those of the
bluer high-redshift radio galaxies. There is suggestive evidence
that the QSR fuzz may be preferentially aligned with the radio
source axis (as is the case for radio galaxies), but this must be
confirmed by imaging of a much larger sample. Clearly, QSRs
and radio galaxies at high redshifts are closely related pheno-
mena. This is consistent with, but does not require or prove,
the idea that the two AGN classes are fundamentally the same
population of objects viewed either along (QSR) or perpen-
dicular to (radio galaxies) the radio axis (Barthel 1989).

We have considered three possible explanations for the
origin of the QSR fuzz: light from the foreground galaxies
responsible for producing the intervening Mg 1 42798
absorption-lines (e.g., LeFevre & Hammer 1988), light from the
central QSR scattered by dust or electrons in the halo of the
QSR (e.g., Fabian 1989), and light from a population of stars in
the host galaxy of the QSR (e.g., Chambers & Charlot 1990;
Lilly 1989; Chambers & McCarthy 1990). We find that the
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galaxies responsible for the Mg 11 absorption are unlikely to
make a significant contribution to the fuzz light unless they are
systematically over 10 times more luminous than the typical
Mg 1 absorbers identified by Bergeron & Boisse (1991) and
unless they are deficient in [O 1] 43727 emission by more than
an order-of-magnitude compared to present-day galaxies with
similar colors. It would also be difficult to understand the
location of the fuzz on the radio galaxy K vs. z diagram if the K
light was produced by an intervening galaxy.

Scattered QSR light should be at least as blue as the QSR
itself, while we find the opposite effect: in four of six cases the
fuzz is at least 1.5 mag redder than the QSR in (B—K) and has
approximately the same color in the other two. This result,
together with the fuzz placement on the radio galaxy K versus
z diagram means that scattered QSR light probably does not
make a dominant contribution to the K-band fuzz light in
most cases. However, scattering by interstellar matter could be
significant in the optical images (though the morphological
similarity of the optical and K-band continuum images on the
one hand, and the morphological differences between the
optical continuum and Ly« images on the other make this a
somewhat unnatural model in our view).

We believe that the most natural interpretation is that the
QSR fuzz is produced primarily by the stellar population of the
host galaxy of the QSR. Comparison of the properties of these
QSR galaxies to present-day galaxies is revealing. For Hy = 75
km s~! Mpc~! and qo = 0, the luminosities of the QSR hosts
range from M, = —24.2 to —26.0 (mean —25.1). This is ~12
times more luminous than the most luminous class of present-

day galaxies (the first-ranked cluster galaxies). Corrections for
galaxy light in the central-most =2 arcsec? (which we do not
directly measure) would make the high-z QSR hosts several
tenths of a magnitude more luminous still. The spectral energy
distributions of the QSR fuzz in the best-resolved cases are
similar to those of the most actively star-forming galaxies in
the present-day universe (Magellanic Irregular and Markarian
starburst galaxies). Scaling the star-formation rates for such
local galaxies to the luminosities of the QSR fuzz implies star-
formation rates of several hundred solar masses per year, as
expected for young high-mass galaxies.

By analogy to the models that have been made of the stellar
populations of high-redshift radio galaxies, the QSR fuzz could
fade to the absolute magnitude of a present-day giant elliptical
by redshift zero. The present-day space density of galaxies this
luminous is high enough to easily provide sites for “dead”
high-z QSRs unless all high-z quasars (not just the rare radio-
loud ones) occur exclusively in such luminous galaxies. The
hosts of high-z QSRs are ~2.5-3 mag more luminous on-
average in the rest-frame optical than the hosts of low-z QSRs.
We emphasize that the hosts of radio-loud quasars at any
redshift are probably a subset of the most massive galaxies in
existence. Lilly (1989, 1990) has reached similar conclusions for
radio galaxies.

We would like to thank the staffs at CTIO, KPNO, and
UKIRT for their help in obtaining the data presented in this

paper.
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