Appendix C
Derivation of Colors

ABSTRACT

This dissertation has relied almost exclusively on broad-band photometry and colors in
wavelengths ranging from 0.3 to 2.2 um. However, these broad- band filters have wavelength
coverages between 0.1 and 1 gm in width. In order to investigate broad-band magnitudes
and colors, it is necessary to evaluate modeled emission mechanisms (i.e. hot dust) in each
of the filters used. Also, since some of the filters like K’ are non-standard, modeled broad-
band colors in the literature cannot be used and instead new ones must be generated.

C.1. The IfA Filters

The filters used by the IfA differ in some cases from the standard Johnson- Cousins
filter set. This is primarily due to the manufacture of the IfA’s interference filters; their
extremely sharp bandpass cutoffs and high transmissions are quite different from those of
the colored glass used by Johnson and others.
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Fig. C.1.— The Johnson-Cousins optical filter system and the filter bandpasses of the U, B, & I filters
(Bessel 1990). Because the filters are colored glass, they have very broad wings to their transmission curves.

Near-infrared observations suffer from not having as standardized a filter system as
the optical Johnson-Cousins system; several different filters systems exist, usually defined
by the observatory where they are used. Perhaps the most common such filter system,
which we have chosen to use here, is the CIT filter system defined by the photometry of
Elias et al. (1982). Additionally, most of the ULIG studies have already been calibrated
to these filters and it is in our interest to conform to past measurement systems for ease
of comparison. The IfA H-band filter closely resembles the CIT H filter. We have also
used the IfA K'filter, described by Wainscoat & Cowie (1992). This is a 2.1um filter, as
opposed to the CIT K filter, with a central wavelength of 2.2um. It’s primary advantage is
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Fig. C.2.— The IfA U’ B, and I-band filters. The interference filters have extremely sharp wavelength
cutoffs.
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Fig. C.3.— The IfA H and K'(solid-line) filters. The CIT K-band filter is also shown for comparison
(dotted line).
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lower thermal background; the resulting decrease in noise results in a nearly 1 magnitude
improvement in faint source sensitivity.

C.2. Filter Calibration and Transformation to Standard Filters

In order to facilitate comparisons to other works, and to make this work accessible to
others, all of the observations have been transformed from the IfA filter system to standard
filter systems: Johnson U, Johnson B, Cousins I, and CIT H. Only the K’filter has not
been transformed; instead, all the models were recomputed in K’. In all cases the same set
of IfA U’ BIHK' filters were used for all of the observations.

The observations were calibrated by observing the Elias et al. (1982) and Landolt
(1990, 1992) standard stars. Typically, standards were observed before and after each
science target at airmasses similar (whenever possible) to the science target. Two to three
dithered images were taken in each filter. These images were reduced in the same manner
as the science data, and aperture photometry was used to determine the magnitudes of the
standard stars. Apertures were selected to be large enough to encompass all of the flux
from the stars (typically 4-6"in radius). The background was set to the median value in an
annulus just outside this aperture. The standard star flux measurements were fitted with
a function of the form

m, = -2.5 Log—%%_ 1 7P, - (airmass-extinction,) 4+ CT,-(X-Y)

exptime
(C.1)
where ZP is the magnitude zeropoint in filter z, adu is the total flux in data numbers
(counts), exptime is the effective exposure time, airmass is the airmass of the observation,
extinction, is the extinction per unit airmass at filter z, CT; is the colorterm, and X-V is
the difference in magnitudes (color).

Table C.1 gives the mean photometric solutions for the different filters and cameras
used. Note that during this time QUIRC was upgraded with a new imaging array; the
two arrays have been labeled QUIRC and QUIRC2. In general, the color terms for the I
and H filters were too small to be reliably measured. Similarly the extinction at I, H, and
K’ were generally immeasurably small; primarily this is because almost all of the targets and
standard stars were observed at less than 1.25 airmasses. Because K’ was not transformed
to K, no color terms were derived for it. As described in Chapter 3, this filter was calibrated
by using the filter transformation described by Wainscoat & Cowie (1992) to transform all
of the K-band magnitudes for the Elias et al. (1982) standard stars to K’.

C.3. Derivation of Colors from Modeled Spectra

In order to determine the broad-band colors of various emission mechanisms, synthetic
spectra were constructed (see Chapter 3 for details). Several of these models are shown in
Figure C.4. Each spectral model consists of a set (X,Y) of points corresponding to Iy and
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Table C.1. Photometric Solutions for Different Instruments

Configuration UH Filter® Trans. Filter? Zeropoint®© Extinction Color Term
QUIRC + f/31 H CIT H 21.65 0.07 oo d
K’ UH K’* 21.18 0.08
QUIRC2 + f/31 H CIT H 22.64
K’ UH K’ 22.21
Tek2048 + /31 B Johnson B 23.95 0.21 0.147
I Cousins [ 23.19 0.05 -0.06
Orbit2048 + /31 U’ Johnson U 23.11 0.27 0.13
B Johnson B 25.49 0.14 -0.10
I Cousins [ 24.86 0.13 0.08
Orbit2048 + /10 HARIS B Johnson B 25.12
I Cousins [ 24.46

¢ the UH/IfA filter name Y the filter system transformed to ¢ zeropoints and extinctions are mean values
and may vary with atmospheric conditions ¢ term either immeasurably small or already given elsewhere
(see text) © based on transformation of CIT K standards to UH K’by Wainscoat & Cowie (1992) 7 Tek
2048 color terms taken from Wainscoat (1995). Tek color terms are function of B-V, Orbit color terms are
functions of B-1

A, where X ranged from 1000A to 20um. Similarly, for the starburst models we used an
updated version of the Bruzual & Charlot (1993) spectral synthesis models (BC95; Charlot,
private communication). These models provide synthetic spectra for a starburst population
with a variety of IMFs at solar metallicity over a time period of 10°-10'%3 years.
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Fig. C.4.— Modeled spectra for free-free emission with an electron temperature of 10000 K (dashed line),
800 K dust with a A™2 emissivity (dotted line), and a synthetic QSO spectrum (solid line). The intensity
scaling is arbitrary.

In order to derive the colors, several steps were carried out:
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Fig. C.5.— An example of the BC95 model synthetic spectra. This is a spectrum of an instantaneous
starburst 28 Myrs old with a Salpeter IMF and a mass range of 0.1-125 M.

1. Each filter was blueshifted to the target rest wavelength, and interpolated to the
spectrum model wavelength resolution.

2. The model spectrum and blueshifted filter were then multiplied together. An additional
convolution is performed with the known detector responsivity. In the case of the
near-infrared an additional convolution is made with a model of the Mauna Kea
atmospheric transmission (Tokunaga, private communication); however, since the JHK
passbands were defined by atmospheric windows in the first place, this has little effect.
To some extent the K-correction is dominated by changes in the model SED from rest
to redshifted wavelength. The additional “wrinkles” added to the filter shape by the
atmosphere and detector are generally second-order effects analogous to the color-terms
found in instrumental magnitude calibration. The result of all these convolutions is an
estimate of the total emission actually received at the detector.

3. The resulting convolution of the blueshifted filter and model spectrum was then
integrated over all wavelengths to derive F).

4. The unshifted filters were then convolved as in step 2 with the Kurucz (1979) model
spectrum of Vega to derive F) in a given filter for Vega. The unshifted filters are used
because even though we are measuring a bluer filter in the rest frame of the galaxy, the
zeropoints of the magnitude system are calibrated against the spectrum of Vega which
is effectively at z = 0.

5. The observed model colors are the difference in instrumental magnitudes of the fluxes
derived in step 3 plus a color correction factor based on the spectrum of Vega, which
is the difference in instrumental magnitudes derived in step 4. This is essentially a
regrouping of the way colors are normally computed; normally, one computes the
magnitudes in a given filter first by using the filter zeropoint (from step 4) and the
instrumental magnitude (from step 3), and then differencing the resulting calibrated
magnitudes. Here we difference the instrumental magnitudes and the zeropoints
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separately first, and then apply them to each other. The extra factor of (1 + z) cancels
out since we are only computing differences in magnitudes.

Note that because we are only computing colors, this procedure is relatively simple
and represents physically what happens at the telescope. Another approach would be to
compute full K-corrections, but this is merely adding another layer of obfuscation on what
is essentially a semantic difference in approaches. The approach shown here recomputes
the colors of the rest-frame models to those that are actually observed in the telescope’s
reference frame when the model is placed at a given redshift. This way the model colors
can be directly compared against the measured galaxy magnitudes. This is opposite in
philosophy from the way K-corrections are used, which is to correct the observed galaxy
magnitudes and colors to galaxy rest-frame values so that they can be compared to the
models in the rest frame. This approach was adopted because it is the model spectra that
are perfectly known, whereas the galaxy spectra are unknown; therefore, it makes more
sense to recalculate the model colors at a given redshift, rather than try to correct the
actual galaxy observables.

Fig. C. .— The same synthetic spectrum as Figure C.5 convolved with the IfA I-band filter.
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