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ABSTRACT. The measurement of the cosmological parameters from Type la supernovae hinges on our ability
to compare nearby and distant supernovae accurately. Here we present an advance on a method for performing
generalizedK-corrections for Type la supernovae that allows us to compare these objects from the UV to near-IR
over the redshift rangé<z<2 . We discuss the errors currently associated with this method and how future
data can improve upon it significantly. We also examine the effects of reddening ¢tidbeections and the

light curves of Type la supernovae. Finally, we provide a few examples of how these techniques affect our
current understanding of a sample of both nearby and distant supernovae.

1. INTRODUCTION by synthesizing our current understanding of the spectra and
light curves of SNe la to provide the best possible method for
In Hamuy et al. (1993, hereafter H93) and Kim, Goobar, & determining theiK-corrections along with their associated er-
Perimutter (1996, hereafter KGP96), tRecorrections forsam-  rors. In particular, we wish to focus on the effects that light-
ples of Type la supernovae (SNe la) were presented at bothcurve shape and reddening have on Kieorrections. One
low and high redshift, respectively. In H93, they dealt explicitly should note that the method presented here was developed and
with the standard single-filteK-corrections Kgz andK,, ).  used for the analysis of the 42 high-redshift supernovae by the
KGP96 developed the “cross-filteiK-corrections Koz and  Supernova Cosmology Project (in Perlmutter et al. 1999, here-
Kyr) Necessary for the determination of the cosmological pa- after SCP99); it was also shared in advance of publication with
rameters from high-redshift SNe la. Cross-filkecorrections the Highz Supernova Search Team4$5T) for their analysis
are necessary in the high-redshift searches since they allow onef 14 additional high-redshift supernovae (Riess et al. 1998a),
to work with the rest-frame optical light (where we have agood and it was briefly discussechig§ 5 of Glliland, Nugent, &
understanding of SNe la) and search photometrically where thePhillips (1999).
observed light from a redshifted SN la is the brightest. Unlike
the traditional single-filteK-correction, only a small amount 2. THE PROBLEM
of extrapolation over a given spectrum is necessary. The only
cost incurred by using cross-filté¢-corrections is the small
uncertainty in the zero points of the filter system. Figure 1
shows both an ideal case (at= 0.47 ) where tBe and
V-band filters nicely match the deredshiffedandl-band filters
(and the cross-filteK-corrections are insensitive to the under-
lying spectrum) and a less desirable onez(at 0.65 ), which
involves some extrapolation or interpolation. + w(z Qu, Q Ho) A M) +A(). (1)
The dominant problem in applyiri§-corrections on real data
is that one rarely has both photometric and spectroscopic ob-Heret refers to the epoch when the SN la is being observed,
servations of the same supernova at the same phase of its is the stretch factor (as described in Perimutter et al. 1997,
evolution. As a result, we are obligated to resort to existing hereafter SCP97), anzis the redshift. The stretch facter
libraries of supernova spectra from which we are to draw an simultaneously parameterizes three aspects of the SN Ia light
appropriateK-correction for the photometric measurement in curve. First, it is responsible for changing the shape of the light
guestion. The spectra and time-series evolution of SNe la arecurve. From ars = 1 template, which is similar to the Lei-
remarkably homogeneous (Filippenko 1997), but differences bundgut template for SNe la (Leibundgut 1988), almost all
do exist (Nugent et al. 1995; Branch, Fisher, & Nugent 1993) known light curves for SNe la can be reproduced surprisingly
that are undoubtedly linked to the variety of SN la light-curve well from theU band through th& band (over the time range
shapes and possible foreground extinction. —20=t —t, =< +40) by stretching the time axis of the light
The purpose of this paper is to further the work in KGP96 curve about maximum light by the facter This fact is high-

The magnitude of an SN la in filter can be expressed as
the sum of its absolute magnitule, , cross-fikecorrection
K,,» distance modulug, and extinction due to dust in both the
host galaxyA, and our Galaxg,

m(t(l+2) = M(t, 9 +Ky(z t, s A, A)
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Fic. 1.—Filter pairings forR- andl-band observations of a redshifted SN la near maximum light with respect to restfaamel \V-band filters. Nice matches
occur atz = 0.47, while large extrapolations occurzat 0.65

lighted in Figure 2, where we can see the large reduction in  The cross-filterK-corrections presented in this paper were
photometric scatter after the application of the stretch correctioncalculated as they were in KGP96:

(see Goldhaber et al. 2001 for a quantitative study of this

B-band stretch-factor fit). For the set of nearby supernovae in JAZ(N)S(N)dN
Figure 2, the peak-to-peak scatter for all photometric bands K" = —2.5log

. 7) + 2.5log (1+ 2
JAZ(NS,(N)dA
about ans = 1 template decreases by a factor of 3 and 2 for

+15 and+40 days after maximum light, respectively, after the [AFN)S (NN

stretch correction is applied to the data. Second, a relationship +2.5log [AFIM(L + 2)]S (\)dA : 4
exists between the peak magnitudeBrfor an SN la ands

that can be expressed as follows (SCP99): HereF(\) is the spectral energy distribution (SED) at the source

(in this case a supernova®(A)  agi(\) are the effective
transmission of thex ang bandg)\) is an idealized local
stellar spectral energy distribution for whith=B =V =

5 =1 = 0 in the photometric system used here, dg is
defined as in equation (1). We have calculatedttmrrections

as integrals of photon counts since here we have assumed a
count-based photometric system. For a full description of why
a count-based system is preferred, see the Appendix.

As can be seen in equation (1), tKecorrections are de-
pendent on anything that affects the observed spectrum. This
includes not only the obvious effects of redshifiand the
3) spectral epoch but the effects of stretch and extinctionA,

and A, as well. As pointed out in Nugent et al. (1995), in-
dividual spectral features also vary slightly as a function of

Mgt =0,9 = Ma(t=0,s=1)—as—1). (2

This is very similar to the relationship found by Phillips (1993),
where a correlation between the peak brightness and the declin
of the light curve from maximum light to+15 days
[Am,,(B)] was presented. The broader light curves [smaller
Am,,(B)] are intrinsically brighter, and the narrower light
curves [largerAm,;(B) ] are intrinsically fainter. Finally, there
is a relationship between the color of SNe la @&t peakB
brightness, which can be expressed as follows:

B-V(t = 0) = —B(s— 1) — .

This equation shows that the broader, brighter SNe are slightly
bluer as well. [Note that the best-fit values for the constants in
€gs. (2) and (3) and their uncertainties can be founc_i Ir_] SCP99. Note that a further complication, not considered in this paper, would be
See also Phillips et al. (1999, hereafter P99) for similar rela- tor extinction along the line of sight that occurred neither in our Galaxy nor
tionships with respect tam,(B) .] in the host galaxy of the supernova.
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Fic. 2.—Left panels: UBV-band light curves of several nearby SNe la adjusted to the same peak magRighti@anels: Same light curvesorrected by their
B-band stretch factor. Note the large reduction in scatter about the mean. The symbols represent independent light curves for each of the sagemova fou
Branch et al. (1997).

stretch in addition to the overall change in the broad slope of
the SED mentioned above. Thus, ideally what we need is a set
of template SNe la spectra that cover a wide range in stretch, We would like to develop a simple yet effective method for
time, and wavelength. Unfortunately, at this time such a set of determining K-corrections that encompasses the effects of
spectra is not available. However, as we will show, a very good stretch and extinction, overcomes gaps in existing spectroscopic
approximation can be made that nicely accounts for almost all data samples, and quantifies the uncertainties. H93 noted the
the spectroscopic differences among SNe la in order to accu-following characteristic of th&-corrections for SNe la: “One
rately reproduce theiK-corrections. of the most interesting features of this family of curves is their

3. THE RECIPE
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Fic. 3.—Top panel: Rest-frameB—V color curve for ans = 1.0 SN la.
Bottom panel: K-corrections for ars = 1.0 SN la at a variety of redshifts.

Fic. 4.—Kg; atz = 0.35 for SN 1992A Iflack circles) and SN 1991Tried
Note the strong similarity between the color curve andKheorrections. BR t ) 0

sguares). Top panel: K-corrections as would be observed for these spectro-
scopically distinct SNe las(= 0.80 and 1.09, respectiveBgttom panel:

Slope correction was applied to each of the supernova’s spectra so that they
resemblance with th&8—V color curve of SNe la, implying  would have the samB—V colors as ars = 1.0 SN la at every epoch.

that theK term is basically driven by the color of the SN.” In
Figure 3, we present thi€-corrections for a typicals = 1.0 , 4. TESTING THE METHOD

SN la at a variety of redshifts along with i&-V color curve. Given the recipe outlined above, we are now in a position
The similarity of these curves is striking and for very good g test the validity of calculatingi-corrections from a single
reason. It is the overall shape of the SED, i.e., the broad CO|0rtempIate of time-evolving spectra, where the SED of any given
differences rather than the individual spectral line features, spectrum can be altered to match the differences in stretch and/
which more than any other factor determineskheorrection. oy extinction. Furthermore, we need to test the effects of in-
In this paper, we refer to these “overall SED colors” to describe terpolation in time between samples of observed spectra. While
the SED shape averaged ovet000 Abins. the database of SNe la has grown considerably in the past few
Given this behavior, we propose the following recipe for years, there are very few spectra at a given epoch for a given
determining theK-corrections for an SN la: supernova that go from the UV through IR. Additionally, for

1. Create a single template spectral grid of flux as a function & 9IVen supernova, there are often large gaps in the spectral
of wavelength and time for as=~ 1.0 SN la using all available S€dUe€Nce, brought about by the supernova going behind the
“Branch normal” SNe la (Branch et al. 1993). Sun, a full moon, or lack of continuing access to telescope

2. Flux-calibrate the spectra in the grid so that they yield as time.
a function of time the standard relative magnitudes (in V€ have made a couple of hypotheses here that we must
UBVRIJHK) of ans = 1.0 SN la. test. Do different SNe las[ E(B—V)] at the same epoch have

3. Adjust the overall SED colors for each time step of the the samechorrecltion after a color adjustment on the ove_re}II
grid to account for (1) extinction based on a given supernova’s SED coloris gpplled (step 3 aboye)’? We test this by examining
measurecE(B—V) and (2) the color differences as a function the K-corrections for two very different SNe la, 1992A and
of the measured stretch factor of a given supernova. Both oflgng: The stretch values for these supernovae are nearly 3‘
these color adjustments are performed using a slope correctiofPPPOSIte ends of the observed range, 0.80 and 1.09, and their

that follows the Cardelli, Clayton, & Mathis (1989) reddening "eddening correcteB—V colors at maximum light were-0.01
law; as explained below, the stretch color differences have aand—0.07, respectively [SN 1991T suffered from an extinction

4. For a given SN la, measured propertissz E(B—V)] both these supernovae, and we note differences of at least
calculate theK-correction for each dateusing integrals over ~ 0-1-0.2 mag over this time range. We chose this redshift, which
the color-adjusted grid as in equation (4). involves a fair amount of extrapolation between the rest-frame

5. Propagate uncertainties 8 z, E(B—V), t, and in the B-band and deredshifteR-band filters, to highlight the dif-

constants of equation (3) to estimate thécorrection ferences betwegn the two SNe. In Figute we have applied
uncertainties. a slope correction to each of the supernovae spectra so that

they have the samB—V colors as ars = 1.0 SN la at every

2002 PASP114:803-819
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04 TABLE 1
’ List ofF SNE Ia USED TO CREATE THE SPECTRAL TEMPLATE
05 1 . Epochs with Respect to
[ . .
o |l (LIPS e0ooenq,, | SN Name Maximum Light References
1981B....... 0, 17, 20, 26, 35, 49, 58, 64 1
07 1989B....... -7,-5,-3,-2,-1,3,5,8,9, 2
8 11, 12, 13, 14, 15, 16, 17, 18, 19
T o8 | 1990N....... —-14,-7,7, 14, 17, 38 3,4,5
N
= 1992A....... -5,-1,3,5,6,7,9, 11, 16, 17, 6
Soo b,y 24, 28, 37, 46, 76
® K;q(t=0) 1994D....... -10, -9, -8, -7, -4, -3, 2, 3, 7,8
L 0 K g{t=10)
1.0 AK::(t=20) 4,5, 6,8, 11, 12, 13, 14, 16, 18,
20, 25
11 1990af ...... -2 9
1992ag...... 0 9
25 10 5 0 5 0 15 20 25 80 & 1992al....... —5,4 9
t t,(days) 1992aq...... 2 9
1992bc...... -10 9
1992bh...... 3 9
FiG. 5.—Kg for az = 0.35 SN la withs = 1.0 along with three other sets 1992bl 2 9
of K-corrections. Thes&-corrections were calculated by forcing the spectra 199%bo 5 9
within 10 days of a given epoch on the light curve (maximum lightl0 . ogon.
1992bp...... 7 9
days, andt-20 days) to have the same colors as the SN la has at that epoch. 1992br 7 9
The difference in theK-corrections is, at most, 0.05 mag over the entire 20 . oo
d ind =002 ¢ 104 ind 1992bs...... 3 9
ay window an .02 mag for a ay window. 1992p 0 9
1993H....... 3,5 9
epoch. The slope correction was performed by altering the flux ~ 19930....... —4.2 9
using the reddening law of Cardelli et al. (1989) (making them REFERENCES.—(1) Branch et al. 1983; (2) Wells et al. 1994;

either bluer or redder accordingly). This is a reasonable ap-  (3) Leibundgut et al. 1991; (4) Phillips et al. 1992; (5) Mazzali et al.
proach since, while not exact, van den Bergh (_‘]_995), Riess, 1993; (6) Kirshner et al. 1993; (7) Meikle et al. 1996; (8) Patat et al.
Press, & Kirstner (1996), and Trpp & Branch (1999) have (2909 e, 2 b Saeone v oy e
noticed that the intrinsic relationship betwedp &V for : ; ’ ’

SNe la of varying stretch is quite similar to that of a typical 1995 were used In forming the template.

dust reddening law. The result of these “color corrections” to ) . o

the spectra is that thi-corrections now lie on top of each IS Seen in Figure 5. Here we once again dispkay for
other with differences between the curves of at most 0.02 mag.2 Z = 0-35 SN la withs = 1.0 along with three other sets of
It is well known that these particular supernovae show severalK-corrections, chosen to mimic the effect of misidentifying the
differences spectroscopically (e.g., see Nugent et al. 1995 andlat€ Of a spectrum or poorly interpolating between dates. These
Branch et al. 1993); however, for thecorrections these dif- K-corrections were calculated by forcing the spectra within

ferences are quite small compared to the effect of the overall10 days of a given paint on the light curve to have the same
SED colors. colors as the SN la has at that central point. This was done

We do note the following exception to this method. for maximum Iight, +_1O days, andt+-20 days. The difference
SN 1991bg, a peculiar, subluminous SN la (wéth 0.7 ), has in the_K-correctlons is, at most, 0.05 mag over the entire 20
a large trough in its spectra due to several strong 3pectral day window and=<0.02 mag for a 10 day window. Thus, the
lines (Filippenko et al. 1992). This feature is over 400vidle speptral feature evolpﬂon of an SN la has a negl|g|ble contri-
and persists quite strongly for several months. The color dif- Pution to the change in thé-correction over periods of roughly
ference between as= 1.0 SN la and a 1991bg-like super-l yveek compared to the change_s in the pverall SED colors.
novae at maximum light is greater than 0.88RV and is due Thls_ also gives us confidence in interpolating between spectra
almost completely to the presence of thesg liies. The “color of slightly separated epochs, so long as the overall SED colors
correction” method mentioned above will not work with these &r€ correct.
types of SNe la. Instead, one would have to create a set of
template spectra based solely on 1991bg-like supernovae. 5. SN 1aTEMPLATE

How well do the temporal interpolations work? Since we  Table 1 lists the SNe la used to construct the template. In
see that it is the overall SED colors that are the largest factorsTable 2, we list thaJBVRIJHK magnitudes used to determine
in the K-correction, and not individual spectral features, we the overall SED colors for this = 1.0 SN la template. Note
have some confidence in interpolating between different su-that this is a preliminary template and will certainly change in
pernovae across a wide range of epochs. A test of this methodhe future as more and better observations of SNe la are ob-
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tained. The preliminary nature of this template has no effect
on the results presented in this paper, since our goal here
is to stress the method rather than the actual values for the
K-corrections. The color template was created from four pri-

mary sources. ThB- andV-band light curves come from the or M

12

data of Riess et al. (1999a), and tRandl light curves come
from Knop (2002) (see also Goldhaber et al. 2001 for com-
parableB-band templates). ThéHK photometry comes from
the work of Elias et al. (1981), and théband data come from
the work in Branch et al. (1997). The early, rising, portion of
the light curve, which is well mapped out BiandV prior to 6l
—10 days, was extrapolated in all other filters in a smooth way
such that the explosion date for this SN la occurs 20 days
before maximum light irB. Wln , ‘ ‘

The set of observed spectra was assembled in a two-dimen- 2000 4000 Wavelengf:‘(’;’ngstmms) 8000 10000
sional grid of flux as a function of time (1 day bins with

—19<i< 7(?) and Wavelength (10 Abins with 2500 A< Fic. 6.—Weekly sampling of the spectral template from 2 weeks before to

A< 25,000 A. If two or more spectra on a given day OVer- 4 weeks after maximum light. The spectra and light curves are available at
lapped, we used their noise-weighted average. All the spectranttp:/iwww.supernova.lbl.govhugent/spectra.html.

were then “color corrected” by the method outlined above to
have the colors listed in Table 2. To fill in the temporal gaps,
a simple linear interpolation was applied throughout the set.
Extrapolation was used only prior to dayl4 and just for the

UV after day+45. The entire set was then smoothed in a given

wavelength bin, using a Gaussian-weighted boxcar approach,different cases in which we assign an uncertaintial of

over time ¢ = 2 day_s was used). T.hls removed any “glitches 0.02, 0.05, and 0.10. The most striking fact about this graph
(such as poor cosmic-ray subtractions, etc.) from the overall.

. . . . is how the uncertainty iz vanishesat= 0.49 , where the
template. Finally, a last color correction was applied to this ; ; :
. . . rest-frameB and deredshifted?-band filters nicely overlap,
grid of spectr&. In Figure 6, we present a sampling of the

. : regardless of the uncertainty in the color measurement. One
template from 2 weeks before to 4 weeks after maximum light. . L .
also notices how the uncertainty in tHecorrection flares out

6. ERROR BUDGET at _the upper apd lower ranges in redshift. In practice, when
trying to obtain rest-frame—correcteB-band photometry,
We now turn our attention to the error associated with making K is not used for SNe la wita < 0.3 @@= 0.7 . A switch
a givenK-correction. We have already considered the firstcom- js made tK,, oKg , respectively, to perform tkecorrection.
ponent of this error in § 4. This is the error incurred when At these redshifts, where the rest-frarBeand deredshifted
using the template method and is a result of the effectivenessr-band filters barely overlap, the uncertainty in the observed
of the color correction across the SN la subtype and the in- color of the supernova translates directly into a larger uncer-
terpolation in time of the spectra. In the worst-case scenariotainty in the K-correction. For example, &= 0.3 we note
for rest-frame optical cross-filté-correctionsz = 0.35 ), there thatoy, ~ o (B—V). While this may seem like it would impart
is less than 1% rms dispersion over the entire light curve duega |arge uncertainty in the correct@band magnitude, it is in
to differences in supernova subtype and less than 1% dispersiofiact dwarfed by the error in the extinction correction. Given
due to interpolations in time of the spectra, when constrainedthat A, = 4.1E(B—V), we see the fact that, is a factor of 4
to +4 days. larger than they, . Thus, the major problem facing individual
The second component of the error is purely observational high-redshift SN 1a photometry will always lie in the accuracy
and depends on two factors: (1) the alignment of the dered-of multicolor photometry, not in performing K-corrections.
shifted filter (on which theK-correction will be performed)

with respect to the rest-frame filter and (2) the photometric g1 problems with Rest-Erame U-Band Photometry
error on the observed color of the supernova. This overall

Log(F,) + constant
@

observational error vanishes for either perfectly matched filters
or zero error in the color measurement.

To illustrate this error, we present in Figurd&yg;  as a func-
tion of z. Here we have calculated thiscorrection for three

As automated searches for supernovae continue to progress,
, ' _ _ _ . one of the greatest problems faced in the reduction of these
Note that since there is so little spectroscopy gvallabI@\fﬁrloooo _ A data concerns our knowledge of the rest-frame UV Iight. Many
for SNe la, we just assumed monotonically decreasing fluxes as a function of bl ist with nt-band phot try f b
wavelength in these regions that reproduced the photometry. We included thispro e_ms exist wi .Curre B a}n photometry from an ob- .
region of the spectrum purely for convenience in preparation of future work S€rvational standpoint alone (Richmond et al. 1995). When this

on bolometric light curves. is coupled with the large intrinsic variations among similar SNe

2002 PASP114:803-819
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TABLE 2 The highest redshift SNe la that have been confirmed spec-
UBVRIJHK MAGNITUDE DIFFERENCES FROM THE PEAK B-BAND VALUE troscopically are SN 1998eq (A|dering et al. 1998)zat=
FOR THE SPECTRAL TEMPLATE 1.20 and SN 1999fv (Coil et al. 2000) a&t= 1.19+ 0.02

Time U B v R | J H K Both supernovae were discovered in theand. The SCP was
200 - o o e e e - . able to follow SN 1998eq in thd band with NICMOS on
~150 ...... 216 237 271 266 311 327 345 328 board theHubble Space Telescope (HST) while the HSST
-10.0 ...... 043 083 113 0.84 111 169 1.87 170 obtained a deep image of SN 1999fv in thdand from the
-5.0 ....... —-0.25 013 026 021 048 082 100 0.83 ground (J. Tonry 2000, private communication). Both teams
(5)-8 --------- _062123 Oéofe 060(?8 06055 064523 066722 06830 0(-)6733 will rely on the I-band photometry of the supernovae to de-
100 ... 075 055 027 041 087 082 100 o0g3 ermine the shape of its light curve (theband maps almost
150 ... 145 105 053 067 100 1.86 113 114 directly with the rest-fram& band at these redshifts) and use
200 ........ 215 159 076 0.66 077 226 0.93 090 the J-band photometry to infer the peak rest-frafdéand
250 ........ 265 208 1.03 081 072 194 0.73 073 magnitude. However, current uncertainties in the intrikkiB
gg-g -------- g-gé ;-‘7‘3 1-22 i-gg (1’-2(7) 1'2421 8-22 (1)'83 colors of SNe la are quite large. An= 1.0 SNe la has
400 ... 315 299 212 167 163 193 117 133 ©9(U~B)2>0.1 which implies an uncertainty im;>0.5
450 ........ 326 315 234 188 1.88 242 146 160 [As = 4.8E(U—B)] (Branch et al. 1997; Perimutter et al.
50.0 ........ 337 325 250 202 203 291 175 188 1998). Without any other constraints on the total reddening,
55.0 ... 345 333 263 219 223 321 195 208 these supernovae become quite ineffective in discriminating
60.0 ........ 353 341 277 237 244 351 215 228 popeen various cosmological models.
65.0 ........ 362 350 292 245 253 381 233 246 .
7200 ... 370 358 306 254 261 412 252 264 Not only does our current understanding of the UV affect

our interpretation of the very high-redshift SNe la, but it affects
our knowledge of nearby supernovae and therefore our current
la in the UV (Branch et al. 1997) and the larger uncertainties understanding of the relationship between light-curve shape
in absolute UV photometry due to extinction, one can easily and peak brightness as well. In Table 3, we present the dif-
see that working in this area of the spectrum is problematic atferences between SN 1992A and SN 1994D in their rest-frame
best. Here we provide two examples of how the above-statedU—B andB—V colors and inKg; if these SNe la were found
problems affect our current understanding of SNe la. at a redshift ofz = 0.1 . These two SNe la have very similar

-0.1

-0.2

Fic. 7.—Kg as a function of for three different cases in which we assign an uncertainty in the obs&wédolor of 0.02 plack), 0.05 ¢ed), and 0.10
(blue). Note how the uncertainty iKg; vanisheszat 0.49 , where the rest-flanend deredshifteR-band filters nicely overlap, regardless of the uncertainty
in the color measurement. In practice, one does notkyse in the green regions, where a switch is made to a more appropriate filter.
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TABLE 3 (2000) has quantified these effects by varying the metallicity
Kyp(z = 0.1) For Two SNE la in the unburned layers and computing their resultant spectra at
SN 1994D SN 1992A maximum light with the spectrum synthesis code PHOENIX

(Nugent et al. 1997; Nugent 1997). The differences seen in

t—t, U-B B-V Kgz=01) U-B B-V Kgz=01 _ _ .
2 wel ) el ) the theoretical calculations easily span the range seen between

(;5 """ :g'g :8'8; :8'8‘2‘ :8'2 :g'gi 8'83 SNe 1994D and 1992A and are quite plausible as an expla-
5  _03 004 006 -01 026 015 nation for the large intrinsic scatter in the UV for SNe la given
10 ....... -0.2 0.22 0.10 0.1 0.40 0.24 the range in progenitor environments for these objects (Hamuy
15 ....... 0.0 056 0.20 03 074 0.34 et al. 2000).

20 ....... 0.2  0.90 0.33 04 111 0.42

We conclude this section with a final note on how the in-
trinsic differences in théJ-band photometry can affect a bias
on the high-redshift search for SNe la. Given the differences
seen in theU—B colors for the two SNe la above, we can
perform a simple Monte Carlo search for supernovae along the

stretchesq~ 0.81 ) but very different colors in the blue, as is
seen quite clearly in Figure 4 of Patat et al. (1996). Table 3
highlights how these differences lead to very different

K-corrections as a function of time. Depending on the sampling, Ii_ne§ of Gillland et al. (19?9) to estimate the Iikelihooij of
an SN la observed at this redshift whdéeorrection did not  1nding the bluer SN 1994D's over the redder SN 1992A's. In

account for color differences in the UV could yield reduced Figures 8, 9, and 10, we have plotted the discovery rate for a
B-band light-curve shapes that are incorrect by greater thansearch.wnh a 50-50 split between supernovae like 1994D and
10%. This difference would create a 0.17 mag offset in the those like 1992A. In th&-band search, we have modeled the
distance modulus (see eq. [2]). SNe Ia at this redshift are par_Monte Carlo after a typical 4 m telescope run like those carried
ticularly important for the Hubble diagram since they are well out by the SCP (SCP99) andz&ST (Riess et al. 1998a)
out in the Hubble flow and are thus unaffected by host-galaxy between 1995 and 1998. The search covers 4 ity a 28
peculiar velocities. One possible explanation of the difference day separation between the reference and discovery images and
in the UV color can be found in the work of Hliwh, Wheeler, has limiting magnitudes, typical for those searches, of 23.0,
& Thielemann (1998), where the metallicity of the progenitor 23.5, and 24.0. What is clearly seen from the figures is the
can have a strong influence on the UV spectrum. Lentz et al.strong bias above a redshift of 0.5 (where the rest-frame

T T T ] T T T T T T T T T T T T I T T T T

— Total SNe
— 94D-like SNe

IHIIIII!II[IIE”[ITIIT]ITII

R=235

1IITIITIITIITHHIHHI]TIH

R=23.0

= Il\II‘IHII‘IHII‘II\II‘IIII \II\lI\IHlI\IIHl\IHII\IH IIEII[]IEIM]HI\[HIHIHII

0

z

Fic. 8.—R-band Monte Carlo search for SNe la coveria 1 month gap between reference and discovery and Aafethe sky given an equal distribution
between the blue SN 1994D-like supernovae and the red SN 1992A-like supernovae. The solid black line plots the total number of supernovae atiscovered p
0.025lz, while the filled red area shows the total fraction that are 1994D-like. The bias becomes appare6t&at
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Fic. 9.—Same as Fig. 8, except for &band search covering only 1 deglere this bias is moved out iIn>0.9 , as that is where the rest-fldrband light

enters thd-band filter.

U-band light slips into theR-band filter) for discovering blue

and 25.0. Going to the redder filter, we see the bias affecting

SNe la. Of the SNe la presented in the aforementioned papersthe search foz>0.9 .

over 33% are at> 0.5 and thus susceptible to this bias. More

How would such an effect alter the measurement of the

recently, the searches conducted by both teams have been cacosmological parameters? First, one would have to know the

ried out in thel band with the goal of discovering even higher

relative rates of 1994D-like to 1992A-like supernovae at any

redshift supernovae. For this Monte Carlo, we assumed a searclgiven redshift, which is completely uncertain at the moment.

gap of 28 days and 1 détp limiting magnitudes of 24.0, 24.5,

1.0

0.9

0.8
0.7
0.6

0.9

94D-like/(94D-like + 92A-like)

0.7

0.5

Fic. 10.—Data from Figs. 8 and 9 presented as the ratio of SN 1994D-like
supernovae to the total number of supernovae found in jusRthe23.0
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However, even assuming an equal distribution of the rate of
both populations, on face value there would be little difference.
Both SN 1992A and SN 1994D appear to have similar absolute
peak brightnesses in the rest-fraBidand, given the intrinsic
uncertainties in the SN la calibration and the distances to their
host galaxies (Ajhar et al. 2001). The major difference would
lie in color corrections based on the uncertainties in the
K-corrections for those supernovae at redshifts where the rest-
frame U-band light contaminates the correction to Band
measurement. Given a split distribution and the Monte Carlo
simulations above, we would expect to find, on average, bluer
supernovae at higher redshift and potentially underestimate the
correction due to host-galaxy extinction. This would lead one
to overestimate distances to these objects.

However, in general, this effect is quite limited. This is due
to the fact that the total amount of reddening a supernova can
have that is discovered near the edge of detection is quite small.
This is further amplified by the fact that since one is looking
at the rest-frame UV light, which suffers a higher relative ex-

and tinction, even less reddening is allowed before the supernova

becomes too extinguished to discover. Even for those 1994D-



812 NUGENT, KIM, & PERLMUTTER
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Fic. 11.—SN 1994D Klack) at 24 days after maximurB-band light (Patat et al. 1996). Highlighted are the strongnQR triplet feature ¢reen) and the
Bessell-band filter function (ed). Errors in theK-corrections can be quite significant, even at low redshift, if one does not compensate for the change in the
feature’s strength with epoch and luminosity class.

like supernovae with a small amount of extinction that still get pernovae and is much stronger when it peaks compared to the
discovered, the effect of undercorrecting for extinction, and fainter supernovae.
thus overestimating the distance to those supernovae, is com- In the rest frame, thé band straddles this P Cygni profile,
pensated by the fact that these supernovae are brighter in thevhich is almost 1000 Avide as seen in Figure 11. Even for
UV and the flux in the observed filter is higher than average. low-z supernovae, this feature poses a problem. At a redshift
In practice, as was reported in Knop (2002), one can useof just a few percentz(= 0.05 ), the-band filter moves com-
both the 1994D-like templates and the 1992A-like templates pletely off the emission feature. Thuk;corrections that are
to compute th&k-corrections for the high-redshift supernovae. based on the template method outlined above, which cannot
The differences in the overall fits to the cosmological param- compensate for the change in this feature’s strength because
eters are quite small, although one definitely produces system-of epoch and luminosity class, can be in significant error. In
atic differences in the color distributions of the high-redshift Strolger et al. (2002), differences approaching 0.3 mag were
supernovae based on the choice of template. The simple soseen using various template methods compared to using the
lution to this problem is to observe the high-redshift SNe la actual supernova spectra to perform eorrection. Clearly,
farther into the red where the rest-fratdeband light does not  the solution to this problem is to derive separate templates based
play a significant role in determining the correctBeband on luminosity class for performing thi€-corrections. This is

magnitude. exactly the same type of problem mentioned before inBhe
band for the low-luminosity SNe la due to the presence of the
6.2. Problems with Rest-Frame |-Band Photometry Ti u trough.

One of the interesting characteristics of SNe la is the shape
of the light curves in the near-IR. In tHeband, there exists a 7. REDDENING
secondary peak, which occurs more strongly, and at a slightly We now turn our attention to the effects of reddening on the
later epoch, for the more luminous supernovae, while less lu- light curves of SNe la. There are two factors we must consider
minous SNe la such as SN 1991bg hardly show this secondaryhere. First, as pointed out by KGP96, the observed color excess
peak at all (see, e.g., Hamuy et al. 1996; Riess et al. 1999b;of an SN la will vary slightly with time because the rapidly
Krisciunas et al. 2001). This feature in théand light curves  varying SED shifts the effective wavelength of each filter. Sec-
is in part due to the presence of the strong emission from theond, P99 have noted that the observed decline rate of an
Can IR triplet. The emission is delayed in the brighter su- SN la is a weak function of the dust extinction that affects the
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Fic. 12.—Relative variations oR, = AJ/E(B—V) as a function of time. Fic. 13.—Relative difference iB-band magnitude (normalized at maximum
The calculations were performed fB; R, andl (V = R; — 1.0 by definition light) between an unextinguished light curve and several increasingly extin-

and thus is not shown). BoRy,,, afd,. are displayed. Each serves a purposeguished light curves.
for performing color corrections depending on whether one wants to correct
photometry based on their observed colors or if one a priori kng{gs-V

Jou. along the line of sight to the SN la in question. SNe la gebroader as they become more extinguished by dust.

In Figure 13, we plot the relative difference Biband mag-
nitude (normalized at maximum light) between an unextin-
guished light curve and several increasingly extinguished light
curves. These curves were calculated using the spectral tem-
plate from § 5 and the same reddening law employed by P99
(Cardelli et al. 1989). Here one can clearly see the result found
by P99; however, the premaximum portion of the light curve
does not behave in a similar way. Our results show that extin-
guished light curves are narrower prior to maximum light and
broader past maximum light. The explanation for this result is
_ N quite simple. For a given epoch, a reddened spectrum produces
Re= AJE(B-V) ©) a shift in the effective wavelength,; of the spectriif\)
as a function of time. The calculations were performedgpr ~ Integrated through the filte¥(\)  toward the red;;  is given
R andl (V = R, — 1.0 by definition and thus is not shown) PY the following equation:
using the spectral template of § 5. We display bBth_ and [AEQISOAN
Rs,.. Each serves a purpose for performing color corrections =
depending on whether one wants to correct photometry based JEQ)SN)AN
on their observed colors or if one a priori KNnOESB—V), ..
along the line of sight to the SN la in question. Over the first In Figure 14, we have plotteN.; as a function of time for
40 days of the light curveR, is found to vary considerably, various levels of extinction in th& band. We note that a
—0.1=< R, =< 0.4 The variation is caused by the rapid evo- supernova naturally becomes cooler and redder as a function
lution in the spectra of SNe la around maximum light noted Of time after maximum light, and, for a given amount of ex-

light curves. Both of these effects directly affect one’s ability
to accurately measure the light-curve shape and peak correcte
magnitude of an SN la.

We start with a few definitionsEE(B—V),. is @ measure of
the absorbing gas and dust along the line of sight to the su-
pernova, not the observed color exc&$B—V),,, which will
vary with supernova epoch and total extinction. In Figure 12,
we have plotted the relative variations of

(7)

by the change i\, as mentioned above. tinction, there is also the expected shift in the effective wave-
P99 found the following relationship between tteue  length. Thus, a simpleminded explanation for the change in a

decline rate and thebserved decline rate as a function of heavily reddened SN la’B-band light curve is that the shift

E(B—V),ue in effective wavelength makes the light curve act more like a

V-band light curve, which is broader after maximum light but
AMo(B) yue= AM,dB) .ot 0.1E(B—V) ;e (6) narrower prior to it (see Table 2). Therefore, it would be in-
correct to interpret the equation in P99 as something that is
This shows that from peak te-15 days, the light curves of  applied to a givemsm,¢(B) light-curve class. Rather, it should
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sight to the supernovae, their distance moduli would be over-
estimated by 0.05, 0.09, and 0.19 mag, respectively.

A secondary effect one needs to consider is that a given
stretch implies a particulaB—V color evolution for the su-
. pernova. If one used the peak obsergdV color of these
supernovae coupled with their observ@édand stretch, they
would falsely arrive at a higher value &(B—V) for each.
_ This is simply due to the fact that the obsernidand stretch
of an extinguished SN la is broader than its true, intrinsic
stretch, and a narrower stretch SN la is redder than a broader
one. Therefore, using the stretch corrections to the extinguished
SNe above coupled with equation (3), we see that the true
value of A; would be altered by the following amounts:
SN 1998bu, 0.02; SN 1986G, 0.04; and SN 1996ai, 0.09 mag.
30 This goes in the opposite direction of the corrections outlined
t-1 above and thus slightly mitigates the overall effect that red-
dening has on the distance determinations to SNe la. However,
ignoring this effect increases the overall dispersion in the

4700 . , . | . . ,

4600

B 4500

4400

Fic. 14.—\, as a function of time for various levels of extinction in the . . . .
B band. Note that for a given amount of extinction, a supernova naturally stretch-lummosny relatlonshlp.
be_comes cooler gnd redder as a function c_)f time, in ad_dltlon to the expected8_2_ SN 1994H
shift in the effective wavelength as a function of extinction. ) .
As seen in SCP99, SN 1994H (one of the first seven su-
) o ) pernovae published in SCP97) was one of two large outliers
be used only in the strict interpretation®fn,(B) , the change i, the Hubble diagram of the SCP's high-redshift SNe la. It

in magnitude from peak te-15 days. was also one of the few supernovae without a spectrum to
confirm its classification, and it was excluded from all of the
8. EXAMPLES OF EXTINCTION AND primary fits of SCP99. Using a brute-force multidimensional
K-CORRECTIONS ON OBSERVED DATA x° fitting program that incorporates the template in § 5, we

In this section, we look at the application of the template have calculated the best fit to the light curve of this supernova
method with regards to both reddening corrections on three(a modified version of this method was used in SCP99). From
nearby SNe la an&-corrections on one of the SCP’s first set this we find the best-fit stretch to e= 0.90+ 0.06 . The

of seven high-redshift supernovae. supernova had an observed color that was bluer than
B—R = 0.7at 0.0+ 0.6 days at the 95% confidence limit. An
8.1. SNe 1998bu, 1986G, and 1996ai SN la at this redshift4 = 0.374 ) and stretch will have an

SNe 1998bu (Suntzeff et al. 1999; Jha et al. 1999), 1986Gunextinguished?:—R color of 1.63 = 0.05 (the error bars are

(Phillips et al. 1987), and 1996ai (Riess et al. 1999b) were the result of the uncertainties in the time of maximum light
three well-observed éNe la caught prior to maximum light and and stretch). The difference between the observed color and

followed regularly for over 2 months in multiple filters. Al the one calculated for an SN la of this stretch are many standard

three suffered from a large amount of extinction: SN 1998bu deviations apart. Reddening, of course, only makes this

had E(B-V)~0.37, SN 1986G hadE(B-V)~0.6, and  SuPermova more discrepant. - _
SN 19(96ai r)1acE(B—V) ~1.68° ( ) This result, seen in SCP99, differs from the result first pre-

As outlined in the previous section, the biggest effect that sented in SCP97 because of the fact that the fitting procedure

the reddening has on an SN la (outside of the obvious colorused at that timg did not_ vary tfie-corrections as a fupction
change) is its ability to alter the observed stretch of the light of stret(_:h. At this redshlft,_ where the extrapolation is large,
curve. For these three SNe, tBeband stretch should bde- these d_|fferences are con5|derablg. For SCP97, the _stretch was
creased from the observed values by the following amounts: determlned o bel.09+ 0‘95 » hich would place this super-
SN 1998bu, 3%: SN 1986G. 5%: and SN 1996ai, 11%. Equa—nov‘? in the very broad brlght—blue category of SNe la along
tion (2) implies that without performing the aforementioned the lines of SN 1991T (Phillips et al. 1992). TBe-R color

. N ; f an SN 1991T-like supernova at this redshiftBs-R=
tion to the stretch due to the extinction along the line of °
correction to the streteh due fo the extinction along the iné o 1.0 = 0.15 which, as pointed out in SCP97, is only in mild

disagreement with the observed cdlor.

3 Here the values for the extinction were determined via a fitting method
that incorporates the spectral template mentioned in § 5. Within their corre-  *In addition, one should note that improved final-reference photometry taken
sponding uncertainties, they agree with the values published in the photometryof SN 1994H after SCP97 was published produced small changes in the overall
papers mentioned above. light-curve shape.
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The implication of this result is that SN 1994H was most smaller when compared to the uncertainties in the extinction
likely a Type IIL or lIn supernova caught at an early phase. corrections. Future data will certainly improve upon this
Given that most SNe Il look like blackbodies early in their method considerably, especially if properly calibrated spectral
light curves, theB—R color of 0.7 mag is not too surprising. templates can be acquired for each subclass of SNe la. We
In fact, the color at this redshift implies a blackbody temper- have also examined the effects of reddening on the light curves
ature of 9750 K, which is quite consistent with an SN Il at of nearby SNe la and how our current, poor understanding of
this phase. Given a cosmology bf= 0.635 Q,, = 0.3 , and the behavior of SNe la in the UV effect the use of SNe la at
Q, = 0.7 with a Kz = —0.68 for a 9750 K blackbody, we  both high and low redshift.
find that SN 1994H would have avfi; = —19.60 . This would
make it a rather luminous SN Il along the lines of SN 1979C
(Branch et al. 1981; de Vaucouleurs et al. 1981). This result We would like to thank Mark Phillips for many helpful dis-
strengthens the case for the primary cosmology fit of SCP99, cussions, particularly those concerning theandl-band pho-
which excluded SN 1994H. tometric measurements of nearby SNe la. We would also like
to thank Adam Riess and Weidong Li for a discussion that led
to a great simplification of the section on extinction corrections
and Robert Knop for supplyingr- and I-band templates of

We have presented a method for performing generalizednearby SNe IA prior to publication. This work was supported
K-corrections for SNe la that allows us to compare these objectsby a NASA LTSA grant to P. E. N. and by the director, Office
from the UV to near-IR over the redshift range &@< 2.0 of Science under US Department of Energy contract DE-ACO03-
along with the corresponding uncertainties currently associated76SF00098. A. G. K. acknowledges support from NSF grant
with this method. These uncertainties are in general much21434-13066.

9. CONCLUSIONS

APPENDIX A
PHOTON VERSUS ENERGY K-CORRECTIONS

Measurements of the cosmological parameters using distance indicators rely on the redshift-dependent evolution of the distanc
modulusu. The distance modulus is measured as the difference between observed and absolute magnitudes of a “standard cand|
afterK-correction (Oke & Sandage 1968) for the redshifting of its spectrum. The theoretical valuésfalated to the luminosity
distanced, (z) defined such that a source with luminokitgt redshiftz has observed energy fluxas if the energy has been
diluted to the surface of a sphere with raddis , ile+ 4nd?f (e.g., Carroll, Press, & Turner 1992). Cosmological parameters
can then be measured from their functional dependenad on

Observations are in fact made with photon counters (CCDs, photomultipliers), and the luminosity distance is not the same as
the “photon luminosity distanced, ; iN is the photon luminosity and is the observed photon flux, théi = 4zd’n , where
d. = d,(1+ 2)"2 This has led to some confusion as to whether a “photon” distance modulus should be used to measure cosmologica
parameters, whether the magnitude system is photon-based or energy-based, and-edrigttions should be applied. Such
distinctions, which previously have been unimportant, are significant as we move into an era of precision cosmology. In this
appendix, we rederive and expand upon kKieorrection results of Schneider, Gunn, & Hoessel (1983). We comment on the
magnitude system and the Johnson-Cousins system in particular (8 Al). We find that any ambiguity can be removed with the
proper definition of theK-correction for which we derive the equations for both photon and energy systems (§ A2). We conclude
that although the differences between the ti{korrections are small, the distinction between energy and photon systems is
important for planned future high-precision supernova experiments (§ A3).

Al. MAGNITUDE SYSTEMS

The primary standards of a photometric system can have their magnitudes measured by either their energy or photon flux ratio:
Unless a photon—energy conversion correction is later applied, the flux system is determined by the detectors used to measure tl
primaries. The type of detector used in subsequent observations does not determine whether the magnitude system is photon-
energy-based; in principle, the color and air-mass corrections put observed magnitudes into the primary system.

The Johnson-Cousins magnitude system prevalent today is a photon system, what Johnson & Morgan (1953) describe as
system of photoelectric photometry.” As described in Johnson & Morgan (1951), their observational setup employed a photo-
multiplier as a detector, with the counts being the number of “deflections” recorded by a potentiometer. After an air-mass correction,
these counts were directly converted to magnitudes. The secondary stars of Landolt (1973, 1983, 1992) (whose raw data also we
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obtained with photon counters) are calibrated via Johnson and Cousins primary standards and thus must be in the photon syster
Observed magnitudes are therefore photon-based and should be analyzed as such.

An illustrative example of where there is a numerical difference between the two magnitude systems is a star that has the same
integratedB-band energy flux as Vega (which for simplicity we consider to be the zero point of the magnitude system) but has a
different photon flux since it has a different SED. Relative magnitude measurements with a single filter of a set of stars with
similar spectral energy distributions are independent of whether we are photon counting or measuring energy; two stars with the
same SED but differing brightness will have

Am = M, — My, = m5— mg,

wherem, andm, are the stars’ magnitudes. It follows that since the zero point of magnitude system is based on Vega, the energ)
and photon magnitudes of A0 V stars are identicdl;,, = Mo,

As an aside, one of the Johnson & Morgan (1953) criteria for a photometric system is “a determination of the zero point of
the color indices in terms of a certain kind of star which can be accurately defined spectroscopically.” Such knowledge, along
with the shapes of the passband transmission functions, does allow for calculated transformation between photon and energ
magnitude systems. Indeed, much effort has been placed in measuring and modeling the intrinsic SED of Vega (Dreiling & Bell
1980, and references therein).

A2. THE K-CORRECTION
We explicitly review theK-correction calculation of Kim et al. (1996) that has been used in SCP cosmological analysis to
remove any ambiguity. We define tiecorrectionK,, such that

me = M2 + u(2) + Kg (AL)

Xy?

wherea = {v, ¢ for photon or energy magnitude systems. The observed magnitude in pgsslmpd is , and the absolute magnitud
in passband 81, . We adopt the theoretical expression for the distance madwdsed on luminosity distance. In other words,

the functional form ofu(z, H,, @, ©,) in equation (Al) is identical for photon and energy systems. Gjien as the energy
flux density of a supernova 10 pc away, we can compute the corresponding energy and photon fluxes at high redshift: energy flu
density ind\ bin of a supernova 10 pc away:

fL(N)dN;
photon flux ind\ bin of a supernova 10 pc away:

AdA
MmN = == H(N);

energy flux density ird\ bin of a supernova at

, N A\ (10 pd?
A = 1+ zf* (1+ z) (dL(z) :

and photon flux density g\ bin of a supernova at

o M) (20 pg?
M = g (1 + Z) (dL(Z) .

The (1 + 2)~* terms in the redshifted flux densities are due to wavelength dilution (Oke & Sandage 1968). The ratio between high-
and low-redshift photon flux is a factor &f+ z  greater than the corresponding ratio for energy flux, which suffers from redshifted
energy loss. More precisely,

nN) @+ 2R\
n(NM1+2) fNA+2)

(A2)
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The fact that the relative photon fluxes of high-redshift supernovaé are “brighter” than energy fluxes can be interpreted as
being due to the latter’'s extra energy loss due to redshift.
Using the fact thay = —5log (10 pcd, (2)) , we can compute and compare energy and pKetorrections:
Zi(N)S(N)dA NS (N)dA
K, = —2.5 og(&) +25log (1+2) + 25 Iog( JHOS M) ) , (A3)
[ Z5(N)S (N)dA [HINM( + IS (A)dA
AZY(N)S(N)dN INNONSTENeIN
Kj, = —25 og(w) +25log (1+2) + 25 Iog( JAMSM) ) . (A4)
JAZI(NS (N)dN [ MIN( + 2]S,(N)dA
The filter transmission functions are given$@\) , wHgre is the rest-frame filteg and is the observer filter. (The transmission

functions give the fraction of photons transmitted at a given wavelength where we assume no down-scattering.) For the standar
star (i.e., calibrator) SELZ(\) , we assume the existence of a standard star with identical properties as the supernova, i.e., witl
exactly the same color and observed through the same air mass. Pragmatically, this assumption affirms perfect photometric calibratic
to all orders of color and air mass. For convenience, we choose these secondary standards to have zero magnitude. In principl
a different standard will be needed for each filter, choice of photon or energy flux, and each source SED. Each standard is labele
Zyx whereX ={U, B, V, R |, ...} and a = {v, ¢ for photon or energy flux as defined earlier.

Equations (A3) and (A4) generalize tiecorrections of Schneider et al. (1983)nd are precisely those given and calculated in
KGP96. In that paper, it was found that the differences between thektaarrections are nonzero but smak;, — K} | <0.07
mag. They are a function of redfthfilters, and supernova epoch and thus can cause small systematic shifts in light-curve shapes
and magnitude deviations in the Hubble diagram. The use of the incéreatrection will have a significant effect on experiments
with small, less than 0.1, targeted magnitude errors.

To illustrate, in Figure 15 we pld{s, — Kz, (whei2zrefers to the passband and not redshift) for a standard Type la supernova
at B maximum and 15 rest-frame days after maximum outzte 2 . The differences are close to zeroldt , where
B(\/(1 + 2)) ~ Z(N\). Beyond this optimal redshift, the differences can be greater than 0.01 mag. The redder color of the supernova
at the later epoch gives relatively larger phot&itorrections over almost all redshifts.

The similarity in the twdK-corrections is due to two competing terms that nearly cancel. A phétoorrection isl + z brighter
because the supernova does not suffer redshifting energy loss. However, the zero point of the redder filter used to observe tt
redshifted supernova is larger, since an A0 V photon spectrum is flatter than its energy spectrum. This makes the observed superno

magnitude numerically fainter. Consider the special case wg€x¢ = S(MN(1 + 2)) . With perfect filter matching, the specifics
of the supernova spectrum are unimportant andtfmrrections depend on the zero points:
Zi(N)S(N)dA
Ky =—-25 Iog(&) , (A5)
[ Z;(N)S (N)dA
1+ 2)[NZY(N)S(N)dN
< = _2_5|Og(( ) INZIVSON) ) (A6)
[AZ;NS (NN
1 +2 N JZMNS(NdA
= —2.5log , (A7)
A\ JZ5 (NS (N)dN
where(\) is the effective wavelength of the standard through the filter. As long as the standard star is well behaved, we expec
the effective wavelength of the redshifted filter to be- z greater then that of the rest-frameXfjjter (1 + 2) (\,) so that
Zi(N)S(N)dN
Ky~ —25 Iog(&) = K. (A8)
[ Z,(NS (N)dA

Choosing filters that accept the same spectral region at both low and high redshifts not only reduces errors but also reduces tt
difference between energy and photgscorrections.
The effect of using the “energy” distance modulus in definingKheorrection in equations (Al), (A3), and (A4) are seen in

the open-filterK-corrections. Wher§ = §, = 1 , the enerd¢-correction is unnecessary, and indé€g = 0 . For the photon
K-correction, we findK}, = —2.5log (1+ 2) , the difference between “energy” and “photon” distance moduli.
® Note that in the notation of Schneider et al. (1983), #&pd, are the same function evaluated at different frequencies.
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Fic. 15.—K§, — K%, for a standard Type la supernovaBatmaximum and 15 days after maximum as a function of redshift. Measuremen&nahbluer filters
for z< 1 supernovae and and redder filters foz> 1.5 would provide a better match of observed spectral regions.

A simple measure for the difference between single-fltezorrections is the ratio in effective wavelength of a redshifted and
unredshifted source through that filter. For example, sources with power-law SEDs have identical photon arg-eosegtions.
For low-redshift objects, the difference in effective wavelength should be very small (unless they have pathological spectra) and
thus make little difference in distance determinations. For example, a Type la supernova at maxamdri.at observed through
the B band would have a distance modulus error of 0.02 mag if the wkorgrrection were applied.

A3. FINAL NOTES ON K-CORRECTIONS

In this appendix, we have shown that the measurenrey®d) — M, do depend on whether the magnitude system is based ol
energy or photon flux. Although the “photon luminosity distance” is shorter than the standard luminosity distance, we can still
use the relatiom,(z) = M, + u(2) + K,, with the appropriate definitions ofkheorrections: the ones of KPG1996 are appropriate.

With this definition, the standard equations linking the energy distance modulus to cosmology are applicable. The Johnson-Cousin:
magnitude system is in fact photon-based. Thereforekth&-correction should be and has been used in the supernova cosmology
analysis of the Supernova Cosmology Project. Although application of the incétreatrection would contribute negligibly to

the error budget of the current supernova sample, the distinction is important for precision experiments that require 0.02 mag
accuracies, such as ti8apernova Acceleration Probe. With the choice of well-matched filters, differences between energy and
photonK-correction can be minimal.

Using the “count” distance modulus baseddyn  in equation (A1) would provide a more physically satisfying definition of the
countK-correction. Recall that* = u* + 2.5log (1+ 2) . Then the ext2ab log (1+ 2) in tkecorrection would give

L szz(x)@(x)dx) ( [A)SVAA )
= 2'5'°g(wz(x>a(x)dx + 2510\ sl + avian) (49)

In other words, thé-correction would depend simply on the ratio of supernova photons in the rest-frame filter and a blueshifted
observer filter, and the zero point. This methodology would preserve the physical meanings that we associate with both distance
modulus andK-correction. For simplicity, however, we here adopt the energy distance modulus foKbuitrections to be
consistent with the literature and to ensure unambiguity when referrikgdorrected magnitudes and distance moduli.
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