Chapter 6
U’ -band Imaging of Three Samples
ABSTRACT

We present the first ground-based U’ (Azepntrai =3410A, A/\:320A) images of
selected systems from three complete samples of ultraluminous infrared galaxies
(ULIGs) and infrared-excess PG QSOs. The U’ emission originates primarily in
young massive stars and active nuclei; as such it allows a direct examination of the
sites of recent high- mass star formation. Strong U’ emission is seen in many systems,
particularly in the extended tidal features of the ULIGs. The PG QSOs, however,
have very little extended U’emission and almost no high surface brightness U’ features
(other than their active nuclei), suggesting that the QSO host galaxies are deficient
in high mass stars in clusters relative to the ULIGs. This may be because they have
older (possibly merger-induced) starburst systems than the ULIGs, or that they
never had starbursts of the kind found in the ULIGs. Additionally, it is found that
star-formation in the tidal tails is largely confined to those ULIGs which have double
nuclei, suggesting that the time- scale for star-formation in the tails is brief and
confined to the time prior to the actual coalescence of the galaxy nuclei.

6.1. Introduction

Many recent observations have shown the prevalence of clustered star- formation in
interacting galaxies (Whitmore et al. 1995, Meurer et al. 1995). Other observations have
shown that both ultraluminous infrared galaxies (ULIGs) and QSO host galaxies often
have extended morphologies consistent with being advanced mergers (Sanders et al. 1988,
Murphy et al. 1996, Clements et al. 1996, Stockton & MacKenty 1987, Hutchings & Neff
1992, Bahcall et al. 1997). In Chapters 2-5 it was shown that these same systems have
evidence for clustered star-formation on physical scales of ~100 pc distributed over their
central several kpc and along their extended tidal features. Estimated ages for these clusters
based on optical/near-infrared colors were in the range of 10-800 Myrs.

There are several advantages to working at shorter wavelengths. As noted in Chapter
2, there is an ambiguity in interpreting broad-band colors of starbursts following a burst
age of 10-100 Myrs, as their colors in all filters redder than B are degenerate during this
time period. This can be disentangled through the use of U-band imaging; (U—B) colors
evolve almost montonically throughout the life of the starburst. Although reddening will
still prevent a precise starburst age estimate since it is most severe at short wavelengths,
the (U-B) colors will help constrain the upper age limits of the starbursts more accurately.

Few if any of the ULIGs have been imaged at short wavelengths before. Integrated
photometry exists for a few systems, taken with single beam photometers (Neugebauer et
al. 1987, Young et al. 1996). This is primarily because of the formerly presumed nature
of the ULIGs. Since the bulk of the luminosity in ULIGs is radiated at 25-100um as a
result of dust absorption and reradiation, the assumption has always been that the galaxies
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themselves are intrinsically dusty and that extinction must therefore be very high. In
short, no one thought there would be anything to see. However, ground-based and HST
imaging (Surace 1998, Chapters 2 & 4) have revealed the presence of luminous clustered
star formation at optical wavelengths. These observations have shown that extinction is
likely to be highly localized, and that many of the active star formation regions have already
shed or blown away much of the surrounding dust. As a result, it is possible to actually
detect emission at wavelengths as short as U’. Similarly, while all of the PG QSOs have
single-beam photometry available at wavelengths very near U’ (Neugebauer et al. 1987,
Elvis et al. 1986), few have images available.

We present U’imaging data for selected ULIGs and PG QSOs drawn from the three
complete samples discussed in Chapter 1. Colors and luminosities are used to derive
starburst knot ages assuming a simple starburst model. Implications for the history of
star-formation in these systems and their possible relation to each other are discussed.

6.2. Data

The data were taken on December 26-29, 1997 and March 23-24, 1998 at the f/31
focus of the UH 2.2m telescope using the Orbit 2048 camera. The Orbit camera is a
backside-illuminated, thinned CCD that is UV-flooded for normal operation; it’s quantum
efficiency at U’ (based on laboratory tests) is as high as 80%. At the f/31 focus this camera
is oversampled, and hence the data was binned on chip 2x2 yielding a pixel scale of 0.09”
pixel='. The UH U’ filter (Acentral :3410A, A)\:320A) was used for all observations. This
filter has a shorter central wavelength than the standard Johnson U filter (see Appendix
C). Total exposure times were typically 30-90 minutes, the long exposure times being
necessitated by the narrowness of the U’ filter. A sequence of five or more frames was taken
in order to allow post-processing rejection of the high cosmic ray incidence. These frames
were dithered to further decorrelate structured pixel-to-pixel noise in the CCD itself (such
as blocked rows, flat- fielding errors, etc.). The data were reduced in a manner similar to
that of the optical data in Chapters 4 & 5. Pixel-to-pixel response variations were corrected
by dividing the data by a high S/N median twilight flat, and the CCD bias pattern was
removed by subtracting a median bias frame constructed from 20-30 bias frames (zero-time
exposures). In both cases the expected poisson noise in the calibration frames was below
0.005%. On the second run this camera developed severe dark current instabilities. This
was calibrated by taking 4-5 hours of dark current (closed shutter integration) data at the
beginning and end of each night in an attempt to compensate. High S/N dark current
images were made for each half of the night, scaled to the exposure times used for the
science data, and subtracted from them. In most cases the dark integrations had the same
exposure times as used for the actual science observations, thus helping eliminate time-
dependent dark current variations. Generally, this strategy seems to have been effective.
The individual frames were then rotated to the normal orientation (northeast at upper left),
aligned using IMALIGN, and medianed using IMCOMBINE and an algorithm that rejects
cosmic rays based on the CCD noise characteristics.
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Because of the limited telescope resources available, not all of the objects in the three
complete samples could be observed. Since all the objects had already been observed at B
and I-band, those that showed evidence of complex structure at these wavelengths, possibly
indicative of star-forming activity, were reobserved at U’. In particular, the QSO systems
which showed evidence of star formation and merger activity were observed at U’, since
they may represent a critical transition between the “warm” ULIGs and the larger optical
QSO population. Since extinction is higher at U’ than it is at B, and stars have (U—B)> —1,
it is likely that any system that showed no structure at B would also show no structure
at U'. Due to RA constraints imposed by the time of year of the observations, a few
complex systems could not be observed (e.g., IRAS 22491—-1808). A total of 25 objects
were observed: (11/12) “warm” ULIGs, (8/14) cool ULIGs, and (6/15) PG QSOs that were
not in the other two samples.

The data were flux calibrated by observing optical standard stars (Landolt 1983, 1992)
with a wide range of colors and at different airmasses, allowing the derivation of accurate
zero-point offsets and color terms relating the U’filter to the standard Johnson U-band
filter (see Appendix 3). This also allowed the atmospheric extinction to be measured and
corrected; this can be as high as 0.2-0.6 magnitudes per airmass at such short wavelengths.
In general, the photometric calibration appears to be accurate to 0.04 magnitudes. Possibly
the largest uncertainty is the conversion from U’to Johnson U-band; the relatively large
color term can introduce uncertainties as high as 0.05-0.1 mag, depending on the underlying
SED of the thing being measured. Throughout this chapter quoted magnitudes will be on
the Johnson U calibration.

Calibration of the point spread function (PSF) is problematic at U’ because most stars
are not very luminous at such short wavelengths, thereby decreasing the likelihood of
achieving PSF S/N comparable to that of the target objects. In some cases it was possible
to estimate the PSF directly from the combined science images in the same manner as in
Chapters 3 & 4. In the remaining cases the PSF was derived instead from the standard star
observations taken immediately before and after each set of science data. Most of the image
degradation at short wavelengths is due to high-order atmospheric turbulence, and hence the
quality of the off-axis tip/tilt guiding is largely irrelevant to the achieved PSF; the observed
flux standards should therefore provide adequate PSIE calibrators. Unfortunately, because of
the poor resolution at short wavelengths, aperture corrections tend to be quite large (0.5-1
mag) for sub-arcsecond apertures, and hence knowledge of the PSF is critical. In most cases,
in order to derive accurate colors the previous B and I- band imaging had to be re-evaluated
in larger apertures than those previously used in Chapters 2-5 in order to compensate for
seeing-induced aperture effects. This was particularly necessary for comparison with the

WFEFPC2 data.
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6.3. Results
6.3.1. Morphology

Figure 6.1 presents the U’ observations of all 25 objects. Many of the systems show
considerable structure in their tidal features. In general, the morphology of the ULIGs
at U’is very similar to their morphology at B and to a lesser extent at I-band. This is
not surprising, as the extinction at U’(1.53 Ay) is only slightly worse than that at B
(1.45 Avy), yet is much worse than I (0.48 Ay; Rieke & Lebofsky 1985). Therefore, dust
extinction effects are unlikely to significantly alter the relative morphology at U’and B,
whereas anything more than a few magnitudes of extinction at I will completely obscure at
U’ any given feature near the I-band detection limit. Because of the generally poor spatial
resolution at U’ (0.7-1.5"), any features within a radius of ~1.5-2 kpc of the luminous
point-like nuclei of the PG QSOs and some of the warm ULIGs will be undetectable.

Of the “warm” ULIGs, the two double nucleus systems Mrk463 (3.8 kpc nuclear
separation) and IRAS 0857243915 (6.2 kpc nuclear separation) have the most spectacular
U’ features. In both cases up to half a dozen U’ knots are scattered along the lengths of
the tidal tails. Similarly, Mrk 1014 and Mrk 231 have U’knots embedded in apparent
tidal features (the northeastern tidal arm and southern tidal “horseshoe”, respectively). |
7Zw 1 has three prominent knots distributed along its two spiral arms. IRAS 12071-0444
and IRAS 1520643342 have evidence for marginally resolved knots in their inner 10 kpc
diameter “cores”. IRAS 05189—2524 has no apparent knots (although there may be some
undetected in the extended, unresolved core); however, it’s tidal loops are easily recognized.
Pks 1345412 appears to be so red that we cannot achieve adequate S/N in order to detect
any high spatial resolution features. However, it does appear that the bulk of the U’ emission
is associated with the active western nucleus. As noted before in the WEFPC2 data, IRAS
01003—2238 shows no evidence of any knots, although it’s small spatial size would render
any such knots unresolvable in our data. The one warm ULIG which shows no U’ knots at
all and should, based on our spatial resolution and detection limits, is IRAS 0759846508.

The cool ULIGs have an equally varied U’morphology. Most of the cool ULIGs’
U’ activity occurs in their inner 8 kpc. For example, although the single nucleus systems
IRAS 00091-0738, UGC 5101, Mrk 273, and IRAS 2336543604 have long, well-developed
tidal tails, none of these tails has the high surface brightness knots found in systems like
IRAS 0857243915 and Mrk 463. The double nucleus systems IRAS 1211240305 (2.5 kpc
nuclear separation) and IRAS 14348—1447 (5.5 kpc nuclear separation), on the other hand,
have U’ knots located in their tails and also in their nuclear regions. Finally, the very widest
separation system examined, IRAS 01199-2307 (24 kpc), has no evidence for U’ knots in
its barely detectable tails.

The infrared-excess PG QSOs appear deficient in sites of U’ emission. Only [Zw 1 and
Mrk 1014 have apparent star-forming knots similar to those of the ULIGs, and these two
are warm ULIGs anyway. Of the 6 remaining PG QSOs observed at U’, only PG 12294204
has any appreciable compact U’ knots. This is surprising in the cases of PG 14114442 and
PG 16134658 since both of these systems have clear interaction morphologies in the form
of tidal tails like those seen in the ULIGs, yet in both cases the tails are nearly undetectable
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and there are no compact knots in them. Similarly, the remaining 3 PG QSOs have luminous
central bars with condensations visible in them at other wavelengths (e.g., PG 0838+4770),
yet these are not detected at U’.

This dichotomy in the appearance of knots along the extended tails may indicate
differences in the star-formation history in the tails during different phases of the merger
evolution versus the star formation in the nucleus. In particular, the appearance of compact
star-forming knots in the tails of every merger system with nuclear separations less than 10
kpc, but not in single- nucleus post-merger systems, may indicate that the tails undergo a
relatively unified burst of star formation shortly before the merging of the nuclei, and that
no further local bursts occur. Speculatively, this could be due to gas depletion in the tails;
the denser nuclear environment may be able to fuel the bursts for much longer, or to fuel
a sequence of many bursts as was indicated in Chapter 2. Fading of the starburst knots is
very rapid at U'; the knots fade from their peak intensity (which occurs at an age of 30
Myrs) by nearly 5 magnitudes by the time they are only 300 Myrs old. Fading by only 3
magnitudes would make most of the luminous knots observed undetectable; it is therefore
likely that most of the knots we observe at U/ are between 10- 100 Myrs in age, which is
borne out by an analysis of their (U—B),(B—1) colors (see below). Since the nuclear regions
of the more dynamically advanced systems (i.e. Mrk 273, UGC 5101) continue to have
luminous U knots, either these knots are intrinsically more luminous (thus allowing them
to be detectable for a longer period of time), the time-scale of the burst is much longer than
the instantaneous burst modeled here, or there is an on- going generation of new knots.

6.3.2. Colors and Derived Starburst Ages

Table 6.1 lists the photometric data for the U’ observations. We compare the colors
of observed features to various modeled colors. The U colors provide essentially no
discriminant between AGN and starburst activity. The synthetic optical QSO model
introduced in Chapter 3 yields (U— B),(B—1) colors for a QSO at the sample median redshift
of —0.78 and 0.67, which is essentially the same as the instantaneous starburst model with
an age of 10 Myrs. From the UVSX sample of Elvis et al. (1994) we similarly derive
(U-B),(B-1) = (—0.82,1.12)%(0.16,0.19). As discussed in Chapter 3, long wavelength
emission therefore remains the best possible color discriminant between AGN and star
formation activity. Throughout this analysis we will continue to consider the U’emission
as a result of either starburst activity or AGN depending on the results found at other
wavelengths in Chapters 3 and 4. Larson & Tinsley (1978) find typical (U-B) colors for
non-interacting galaxies in the RC2 in the range of —0.2 — 0.6, and Guiderdoni et al. (1988)
finds typical values of (U—B) for spirals of 0.03. Such a wide span of colors is probably
due to the variable star formation histories of the “normal” galaxies involved. Perhaps a
more meaningful comparison can be made to the (U—B) colors of individual stellar spectral
types: (U-B) = —1.15, —1.06, —0.02, 0.07, 0.05, 0.47, and 1.28 for spectral classes O5, B0,
A0, F0, GO, KO, and MO, respectively (for stars on the main sequence — the corresponding
giant stars are somewhat redder; Allen 1973). Only OB stars can contribute to (U—B)
colors significantly less than 0.

149



1AS 00091-0738

T

UGC 5101

Bt ¢

‘-'l Z[d-"‘:-

e T T T AR N T
_,"._‘- ey L T -

i

: 1
vy cl

Mrk 1014

PG 1119+120

-:i.qu_

IRAS 08572+33915

T PG 1126-041

150



IRAS 12112+0305

o PG 1229+204

Mrk 231

Mrk 273

Mrk 463

PG 1411+442

IRAS 15206+3342

IRAS 15250+3609

151




IRAS 23365+3604

We continue to use the BC95 model with a Salpeter initial mass function (IMF) and
upper and lower mass cutoffs of 125 and 0.1 M | respectively. It should be emphasized
here that the age estimates based on color diagrams of this sort are relatively insensitive
to the exact shape of the IMF. This is because the colors of a stellar (starburst) ensemble
are dominated by the most luminous stars since what is measured at the telescope is a
luminosity- weighted average of all the stars in the burst (Leitherer 1996). It would require
very extreme changes in the mass index of the IMF in order for late- type stars to dominate
by sheer numbers. The low mass end of the IMF primarily acts as a reservoir for the mass
of the burst; most of the luminosity is emitted by only a small (= 10%) mass fraction of the
burst. Truncation of the lower end of the IMF, therefore, primarily adjusts the luminosity
per unit mass of the burst, and thus the rate at which the gas supply is consumed. For
example, truncating the IMF at 3 M in the model above only increases the bolometric
luminosity per unit mass by a factor of 5 and leaves the color evolution almost unchanged
until roughly 1 Gyr (at which time the entire stellar population has left the main sequence,
and therefore become very red; Charlot et al. 1993). Similarly, adjusting the upper mass
cutoff from 120 to 60 M leaves the color evolution unchanged after the first few million
years due to the very rapid evolution of the upper end of the IMI'. The model we are using
is thus likely to be a good one for a typical long-lived stellar population extending from
the most massive stars to the least massive. Changing the upper and lower mass cutoffs
is likely to only change the bolometric luminosity per unit mass, and even then only by a
factor of a few.

The (U-B) colors of galaxies as a whole seem ill-determined; as an illustration, the
integrated (U—B) colors of the cool ULIG sample range from -0.5 (IRAS 12112+0305) to
1.09 (UGC5101), with a median of 0.51. Such an enormous range in integrated colors is
similar to the Larson & Tinsley result (1978), and probably does not constrain the galaxies’
stellar populations significantly. Due to the apparent wide range in colors, another approach
must be used. It is probably more meaningful to address the colors of the individual features

observed in the ULIGs and QSOs.
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Table 6.1. U’ Observations of Selected Targets

154



Table 6.1—Continued

The lack of resolved U’knots among many of the cool ULIGs forces an examination
of their “nuclear” colors. In Chapter 4 it was shown that the nuclear regions (defined
by a radius of 1.25 kpc) typically had optical/near- infrared colors similar to young star-
forming regions with contributions from hot dust and mild (2-4 Ay reddening). The median
“nuclear” colors for the cool ULIGs observed at U'are (U-B B—1)=(—0.35, 2.07), with
(U-B) ranging from 0.2 to —0.7. Dereddened, the median nuclear starburst age is 10 Myrs.
Although it is not possible to discriminate between AGN and starburst activity based on
UBI colors alone, the lack of a K’excess in the cool ULIGs bolsters the interpretation of
the blue U—B colors as being indicative of young stars. The presence of young stars in the
cool ULIG nuclei (and in particular the single nucleus systems such as UGC 5101) seems
to argue in favor of on-going young star formation, as opposed to the apparent brief burst
experienced in the tidal tails. In several cases U’ knots are resolvable within a radius of 4—5
kpc of the nucleus. In IRAS 1211240305 the knots flanking the northern nucleus as well
as the knots in the southern arc have dereddened ages of 34 and 6 Myrs, respectively. The
southern knot in Mrk 273 has colors most similar to a 1 Gyr old burst (although this seems
unlikely due to the fading discussed above), while the western knot appears to be about
200 Myrs. Finally, IRAS 2336543604 has knots ranging between 3-60 Myrs.

Examining the “warm” ULIGs is more problematic, since there is evidence for AGN
activity in the nuclei of all of these systems, and since AGN have UBI colors very similar
to those of a young starburst. It is therefore likely that any examination of the nuclear
(radius 2.5 kpc) regions will simply reflect the presence of AGN light. Instead, we break
the warm ULIGs into several subcategories. Of the 3 systems with double nuclei, IRAS
0857243915 and Mrk 463 each have many U’ knots, while Pks 1345+12 seems to have few.
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Although this latter case may be a result of the low S/N of our observations, the HST
data (Chapter 2) also shows little in the way of knot structure as well. The knots in the
tails of IRAS 0857243915 appear to have dereddened ages of 5—10 Myrs, while those in
Mrk 463 vary from 4-90 Myrs, although the median is only 6 Myrs. The stellar galactic
nuclei (based on imaging at other wavelengths) IRAS 08572+3915e and Mrk 463w have
(U-B B-1I) colors of (—0.26, 1.56) and (—0.36,1.54) yielding dereddened ages of 45 and
25 Myrs, respectively. Similarly, it was shown in Chapter 3 that the optical emission from
IRAS 085724+3915w is predominantly starlight, since the AGN only begins to contribute
at near-infrared wavelengths. For it we derive a starburst age of 37 Myrs. Pks 1345412
has integrated colors so red (U—B B—1)=(0.73,2.54) as to be similar to a very old, late-
type stellar population, although this could also be the result of 2-3 Ay of intervening
dust. The integrated colors of IRAS 01003—2238 indicate an age of 40 Myrs, although at
least some of the knots observed with WFPC2 are at most 5 Myrs in age (Chapter 2). Of
the single-nucleus non-QSO systems, Mrk 231, IRAS 12071—-0444, and IRAS 05189—2524
have the most well-developed tidal structure, but only the former two have any evidence
for resolvable starburst knots. This is probably due to the lower spatial resolution at U’;
there is evidence in the WFPC2 data (Chapter 2) for an extended starburst region in
the nucleus of IRAS 05189—2524, but which cannot be resolved here. Estimated ages for
the southern, presumably stellar, part of IRAS 12071—0444 are 125 Myrs. The northern
part in the vicinity of the putative active nucleus contains several knots of star formation
which we cannot resolve here, and which may be quite young. IRAS 15206—3342’s western
half has colors of (—0.41, 1.50), which are similar to those of a 20 Myr old burst. The
eastern component shows a peculiarly large U’ excess (—0.9, 1.55), which may be indicative
of contamination by the putative active nucleus. The same is likely to be true of the
nuclear colors of IRAS 05189—2524, whose dereddened colors are similar to a 5 Myr old
starburst. Mrk 231°s “horseshoe” has dereddened colors similar to a starburst 225 Myrs
old. The extended structure in the QSO I Zw 1 appear similar to the spiral arms of a spiral
host galaxy; the U’ emission is similar to that seen in spirals. Mrk 1014 has several knots
embedded in its tidal tails, 2 of which were detected with WFPC2. Unfortunately, they are
sufficiently faint that their colors are not well determined; they are likely to be in the age
range 3-30 Myrs. Lastly, the extended features to the south and east of IRAS 0759846502
were not obviously detected; however, these features were of fairly low effective surface
brightness due to the seeing. A careful examination of the region as a whole indicates
(U-B) similar to a stellar population of 5-10 Myrs.

Finally, we examine the colors of the galaxy features of the infrared-excess PG QSOs.
Unfortunately, there are very few such features detected at U’. The small arc in PG
11194120 has a dereddened age of 40 Myrs. The second nuclear knot is undetectable at
U’, although given the limited spatial resolution this is not surprising. The knots at the
ends of the bar in PG 12294204 are extremely blue, and have ages of around 3 Myrs.

6.3.3. uminosities

Again, we consider the bolometric luminosity of the observed knots and nuclear regions.
The U-band bolometric correction (BC) is relatively robust against changes in the IMF mass
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cutoffs, since the energetics are dominated by the most massive stars. Indeed, adjustments
to the IMF mass cutoffs, while changing the bolometric luminosity per unit mass by a few
times, have little effect on color as explained above, and hence the bolometric correction
remains unchanged. Throughout the starburst age range of 0-1 Gyr, the BC at U varies
only from about 0.5 to 2, and is very nearly 1 during the span of 10-600 Myrs for the
modeled starburst. The likely bolometric luminosity of the star formation observed at
U’ was determined by applying the bolometric correction applicable to a given measured
emission region based on it’s estimated upper age limit, which was in turn based on its UBI
colors. This was then dereddened by the amount indicated by the UBI colors (typically A

= 1-1.5).

The cool ULIG luminosities were calculated by considering the emission inside the
nuclear (2.5 kpc diameter) regions, as well as any observed knots. The estimated ranges
from 10 L (UGC 5101) to 10' L (TRAS 00091-0738), with a median of 10 1. and
75% lying in the range 10! ~~! L . The star-formation observed at U/ thus accounts
for approximately 3% of the bolometric luminosity in a typical cool ULIG, assuming an
average of 10 L . This is extremely similar to the result derived in Chapter 4 from
optical /near-infrared wavelengths.

The warm ULIGs’ star-formation budget was tallied by adding up all the emission in
the observed knots as well as non-AGN nuclear regions (i.e., IRAS 08572+43915¢) and all
the nuclear regions where star-formation is believed to dominate based on WEFPC2 B-band
imaging (e.g., IRAS 08572+3915w, IRAS 12071—-0444). The warm ULIG luminosities vary
from 10 (IRAS 08572+3915) to 10" L (IRAS 15206+3342), with a median of 10" L .
Again, this is similar to results found at other wavelengths. The warm ULIGs (not including
3¢273) have a mean =10' L ;the average warm ULIG has a contribution of ~2% by
star formation observed at U’ to the bolometric luminosity, although this number is as high
as 30% in at least one case (IRAS 15206+4-3342).

Since most of the QSOs have no evidence for star-forming knots, we instead examine the
extreme case that ~ the U’ emission originating in the QSO host galaxy is due to young star
formation. The resulting median bolometric luminosity based on U’luminosity is 10 L
ranging from 101 to 10! ', . Since all of the QSOs have bolometric luminosities in excess
of 10" L. , this merely confirms the obvious statement that in the QSOs the majority of
the high bolometric luminosity arises in a process other than star formation, i.e., the QSO
nucleus. The similarity in luminosity ranges for the QSO hosts and the results derived
for the ULIGs is probably more indicative of the similarity in their host masses than
anything else; similar sized host galaxies with similar colors have similar derived total
luminosities. Counting only the observed luminosities in the small knots of PG 12294204
and PG 11194120, the total emission in resolvable star-forming knots is only 10  and
10 L , respectively. This is an order of magnitude less than is typical for the ULIGs,
although it is similar to the emission from individual knot complexes in the ULIGs (i.e. in
the horseshoe of Mrk 231). The ULIGs simply have many more knots.
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6. . Conclusions

1. Many ULIGs are luminous at U’ and have evidence for considerable small-scale structure.
This structure is almost identical to that seen at optical wavelengths.

2. Many of the double-nuclei systems have luminous knots of U’emission in their tidal
tails, which seem absent in the single-nucleus systems. If real, this may indicate that the
star-formation in the tails is predominantly brief and occurs early during the merger process.

3. Most of the compact knots in the cool ULIGs have estimated upper age limits (based on
their UBI colors) on the order of 10 Myrs, with a few systems having slightly higher limits.
In the “warm” ULIGs these upper limits are also generally slightly higher (= 50 Myrs),
with several systems having upper limits of several hundred Myrs. Although this could be
a result of reddening, it runs counter to that expected based on morphology.

4. Few of the QSOs show evidence for compact U’ emission other than in their active nuclei,
despite having been predominantly selected for having bright, extended tidal features similar
to those of the ULIGs. This is consistent with their being aged versions of the ULIGs.
Conversely, it is also consistent with their having never developed compact star-forming
regions like those in the ULIGs in the first place, or that these regions had a different
luminosity distribution. However, the presence of extended tidal structure in some QSO
systems and the prevalence of young star-forming clusters in other merging galaxies argues
against this interpretation. Those that do have compact knots have upper age limits of
3-30 Myrs, which either argues against their fitting into the late stages of a merger time
sequence or that some star-formation is still on-going.

5. The bolometric luminosity of the star-formation observed at U’is generally only a very
small fraction (= 3%) of the known bolometric luminosity, a result nearly identical to that
derived at optical and near-infrared wavelengths. This implies that “what you see is what
you get”; even over a span of a factor of 20 in visual extinction, the star-forming structure
remains similar. Most of the star-formation we can detect even in the near-infrared probably
occurs in knots that are not heavily extinguished along the line of sight.

6. . otes on Individual b ects

I AS — — the U’ emission originates primarily in the stellar “nucleus”, with
very little emission coming from the dense tidal tail to the south.

1 — the U emission originates almost entirely (90%) in the Seyfert 1 nucleus. Both
tidal arms can be traced at U’ and closely mirror the B-band morphology. In particular,
the two condensations in the NW arm and the bright blue condensation in the SW arm are
both easily detected at U’.

I AS — — no features are discernible, which is expected from the small size
scale of the extended structure seen in the WFPC2 images and the poor ground-based
resolution. It’s colors are similar to a starburst of age 10 Myrs.
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I AS — — both nuclei are detected at U7, but the emission is dominated
by the SW nucleus by roughly 3.5:1. The tidal arms are undetected at U’.

— the eastern tidal arm is very prominent at U/, breaking
into many smaller clumps. The QSO nucleus accounts for about 86% of the total U/ emission.
The integrated host galaxy color is U—B=0.72, similar to that of old stars.

I AS - — the U/ emission essentially mirrors that at all other wavelengths.
The EW and NS loops are easily seen.

I AS — the star-forming knots detected at B are undetected at . The
nucleus accounts for 94% of the emission.

— the U/ emission arises primarily in the QSO nucleus. The bar is just
discernible at U .

I AS — large knots of emission trace the leading edges of all the tidal
structures for their entire length. Many small knots are seen in the vicinity of the putative
NW active nucleus. The SW nucleus dominates at short wavelengths, perhaps indicating
that a strong starburst is taking place there. Both nuclei have (U=B) —0.25in a 2.5 kpc
diameter aperture; this, combined with their (B—1I) colors from Chapter 2, indicates the
presence of stars that cannot be much more than 100 Myrs old in both nuclei.

U — the U/ emission comes from an extended region in the core of the merger
system. The tidal tails are barely detectable.

— the host galaxy and bar are just barely detectable at U’. The only
feature readily recognizable at /' is the knot directly east of the QSO nucleus, which appears
elongated in the direction of the (possibly) tidal arm.

— the host galaxy has no high surface brightness features.

I AS - — clearly extended in the same manner as the WFPC2 images.
Nearly all the compact U/ emission arises from the northern nucleus seen at B. The southern
complex of knots is clearly detected at U .

I AS — all of the tidal structure seen at B & I is seen at /. The
condensations in the center of the southern tidal arc are clearly visible. The galactic
“nucleus” in the northern part of the system is dominated by a compact knot of emission
at U/, with another knot located on the short tidal arc extending to the west. Most notable
by it’s absence is the star-like nucleus in the center of the system, which has completely
disappeared between U’ and B-band, implying a line-of- sight extinction greater than 3 Ay.

— the elongated structure of the bar is visible at U/, as are the blue star-
forming knots that run in chains at each end of the bar. The contrast between the northern
knots and the bar is even greater here than at B, and the presence of the knots argues
against the interpretation that the southern knots are the remains of a tidally distorted
galaxy.

— The U’ emission comes almost entirely from the active nucleus and from the
southern star-forming “horseshoe”. The horseshoe has (U—B)=0, yielding a maximum age
of a few hundred Myrs. The corkscrewing structure extending from the NW of the nucleus
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and wrapping around through the west to the extreme south of the nucleus is also detected

at U.

— Although the tidal tails are clearly detected at U7, nearly all the emission
arises in the central few kpc, which contains several large knots of U/ emission which are
not seen in the WFPC2 I-band images or in CFHT K-band images (Knapen et al. 1997)
In particular, the extremely prominent southern knot does not appear in either of these
images.

— this galaxy is very red ( U—B=0.73, B—[=2.54) and hence difficult to
detect with high S/N at /. However, it appears that most of the U/ emission arises in the
vicinity of the western nucleus.

— the eastern nucleus is distinctly elongated N-S, and the western nucleus is
elongated E-W exactly as expected from the WFPC2 images. Nearly all of the U’ emission
in the eastern nucleus comes from the position of the northern “knot”, and not the southern
infrared “nucleus”, which is consistent with its interpretation as an AGN ionization feature.
Although the eastern nucleus is physically smaller, and hence has a higher peak surface
brightness, it is the western nucleus that dominates in overall luminosity at U’. All of the
“knots” identified in the tidal ring structure are extremely luminous at U’. Their colors
indicate ages less than 10 Myrs.

— despite having prominent optical tidal tails, almost no features can
be discerned surrounding this quasar at U’. A very faint region of the northern tail can
just be detected at U’.

I AS - — again, the U’ emission mirrors that at B. The blue knots seen at B
surrounding the southern nucleus contribute heavily to the U’ emission in that nucleus, while
the northern nucleus has a chain of knots in the base of the northern tail that contribute
to the U’ emission.

I AS — closely resembles the WEFPC2 optical images (Chapter 2). Most
of the U’emission seems to originate in the compact nuclei in the southern half of the
primary “string” of knots, consistent with their blue colors.

I AS — the high surface brightness central galaxy component is well
detected at U’, as are the tidal features. Surprisingly, what appeared to be two separate
features at I-band now appear to be a single arc bending away from the galaxy to the NE.
The nearly circular arc to the south is undetected. The U’ emission is emitted by a compact
source in the southern half of the central galaxy nucleus.

— there is no clear detection of the tidal tails or any other high surface
brightness structure. The QSO nucleus accounts for 96% of the U’ emission.

I AS — the U’ emission closely mirrors that at B. All of the knots detected
at B are luminous at U’ and have derived (U-B) 0, indicating probable ages of 10 Myrs
or less. The tails are almost undetectable; the most prominent extended emission at U’is
the arclike extension of the disk to the NW of the nucleus. Overall, the total integrated
galaxy colors are similar to those of an old stellar population.
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