A Unified Lightcurve Fitting Algorithm for Type Ia Supernovae

Lifan Wang Lawrence Berkeley National Laboratory 50-232, University of California, Berkeley, CA 94720

lwang@lbl.gov

Received ; accepted

SN Ia Lightcurve Fit

– 2 –

ABSTRACT

I describe a new algorithm for modeling SN Ia lightcurves which can reduce significantly fitting errors and can be generalized to achieve accurate fits for lightcurves obtained at any color. It can be applied to derive quantities that can be used for distance estimates using SN Ia supernova as probes of cosmological parameters.

Subject headings: supernova: general, distance scale

1. Lightcurves of Type Ia Supernovae

Lightcurves of SN Ia are found to be powerful tools for deriving cosmological distances. When coupled to decline rate (Pskovskii 1977; Phillips 1993), or modeled by template fitting (Riess et al. 1996), or corrected by stretches of the time coordinates (Perlmutter et al. 1997), they provide distance estimates accurate to around 0^m.1-0^m.18 (e. g., Phillips et al. 1999). SN Ia were used to derive cosmological parameters and it was found that a non-zero cosmological parameter (or dark energy) is required to explain the apparent deceleration of the universe at redshift around 0.5 (Riess et al. 1998; Perlmutter et al. 1999).

Existing lightcurve fitting procedures, however, often fail in making precise fits to the observed data points. In many cases the fits apparently systematically miss the observed data points around optical maxima and various other stages of the lightcurves. In several cases such as SN 2000cx (Li et al. 2001) the fits provide no reasonable description to the data at all.

The purpose of this letter is to present a unified lightcurve fitting algorithm (ULFA) which can accurately fit SN Ia lightcurves to within observational errors.

– 3 –

2. Mathematical Model

Perlmutter et al. (1997) showed that the B and V lightcurves of a Type Ia supernova can be fitted by template lightcurves at corresponding filters by stretching the time coordinates. Stretch fit is a linear transformation in time coordinate and it is known that it does not apply to data close to and after nebular phase. This transformation can be generalized by allowing the time transformation to be nonlinear. Experimenting with available lightcurves published by Hamuy et al. (1996) and Riess et al. (1998), I found the following equation provides excellent fits to practically all of those supernovae,

τ_n(t) = t + t_0(1 − e^{−t2/2τ 20} )t/|t|, (1)

where τ_n is the transformed time coordinate, t the redshift corrected original time, t_0 and τ_0 parameters to be determined from the lightcurve fits. In general, dτ_n/dt > 0 is required to ensure one to one transformations of time. For equation (1), this requirement leads to the constraint −τ_0e^{1/2} < t_0 < τ_0e^{1/2}. Other forms of functions similar to the one above can be constructed. I have tested the procedure using

τ_n(t) = t + t_0 tanh(t/τ_0) (2)

where tanh is the hyperbolic tangent function, and

τ_n(t) = (1 + t_0/τ_0) t for |t − τ_0| < 0

τ_n(t) = t_0 + τ_0 for |t − τ_0| ≤ 0. (3)

Equation (3) is similar to the conventional stretch method but the stretch only applies between day −τ_0 and τ_0. These functions are plotted in Figure 1. For both equations (2) and (3), the results are comparable to the ones given by equation (1), and differ significantly only for a few peculiar cases. The above functional forms can in fact be constructed from

– 4 –

well observed supernovae, more high quality supernova light curves are needed for this purpose.

With the above time transformation, and using the B and V templates constructed by Riess et al. (1999) (modified to ensure smoothness of second order derivatives and extrapolations to allow for more time coverages pre-max and the nebular phase), significant improvements are achieved for the fits to all of the B and V lightcurves of supernovae in the samples of Hamuy et al. (1996) and Riess et al. (1998). The fits are equally good for data points at all epochs.

Although the above prescription works perfectly well for the B and V lightcurves, it does not provide as good fits to R band data, and fails in most cases for I band data. A new method must still be constructed for modeling the lightcurves in these colors.

To achieve this goal, I constructed a multi-component model to the observed lightcurve. In the simplest case of a two component fit, the second component can just be a time delayed “echo bump” of the first component, i. e. f_{obs}(t) = α [f_T (t − t_{max} + τ_n(t − t_{max})) + δ f_T (t − t_{max} − t_d + τ_n(t − t_{max} − t_d))], (4) where f_{obs}(t) is the observed magnitudes converted into flux, f_T the template magnitudes converted into flux, t_{max} time at maximum, τ_n the transformed time coordinates as given in equation (1), or in any other parameterized forms to be determined by better data, t_d a parameter measuring the time delay of the second component, α and δ two parameters that provide the flux levels of the supernova and the relative contributions of the second component. Equation (2) has four parameters characterizing a supernovae lightcurve. Modeling well observed lightcurves should determine possible ranges and correlations among them. Inverting equation (2) should also provide more realistic lightcurve templates.

– 5 –

I have applied equation (2) to all the available supernova lightcurves and found that satisfactory fits can always be achieved for data before day 60 by applying the V lightcurve to all lightcurves in all colors. At very late phases, the B and V light curves depends linearly with time and is easy to model either with an additional coefficients on equations (1), (2), and (3), or by constructing template light curves for each individual filter.

3. Examples of the Fits

The template used in these examples is a slightly modified version of the one given in Riess et al. (1996). Some of the four parameters characterizing equations (1) and (2) can actually be determined from observations, and are not really free parameters. I have left all four parameters free in these examples, however.

Normal supernovae are all fitted well by this method. I show here only cases which are considered peculiar and existing fitting procedures fail to provide good fits. Figure 1 shows the fits to SN 1995bd. The data are taken from Riess et al. (1999). The MLCS fit to this supernova can be found in Figure 3 of Riess et al. (1996), where it is clearly seen that there are significant systematic deviations of the data points from the fitted curves. A uniform time stretch provides poor fits even to data around maximum. In particular, the observed peak in the B-band was not well fit (as is also true for many other supernovae shown in Figure 3 of Riess et al. (1996)) which can cause severe errors in determining color around maximum. The ULFA fits shown in Figure 1 uses only the V band template and the χ^2 per degree of freedom (dof) are around 1 for data in all four filters (B, V , R, and I). The parameters used in the fits are shown in Table 1.

I show also fits to the sub-luminous SN 1999by in Figure 2. The data are from Garnavich et al. (2001). Both fits to B and V give χ^2 per degree of freedom below one. The

– 6 –

Table 1. Examples of SN Ia Light Curve Fits

Filter t_{max}^a M_{max} δ t_0 τ_0 t_d χ^2/dof

SN 1995bd

B 0086.330 17.309 -0.060 -6.432 13.604 36.221 1.118 V 0087.773 16.489 0.107 -6.675 18.650 24.531 0.613 R 0087.330 16.029 0.232 -6.471 16.240 27.767 2.002 I 0085.453 16.026 0.411 -1.373 8.497 30.772 1.915

SN 1999by

B 1308.843 13.661 -1.525 -18.632 18.607 6.488 0.256 V 1310.869 13.135 -0.409 -1.322 3.084 6.961 0.395

SN 2001el

J 2179.630 13.076 0.327 -42.278 41.244 32.271 22.125 H 2181.102 13.076 0.781 6.388 58.723 26.037 2.287 K 2180.877 12.878 0.702 -13.430 31.456 26.535 1.522

aIn JD-2,450,000

– 7 –

observations have poor coverage at around day 25 to constrain the second component in the R and I band. The fits to R and I are consistent with no significant secondary component.

ULFA can also be applied in a consistent way to J, H, and K band. As examples I show such fits for SN 2001el in Figure 3. The fits are not as good as those for the other filters at shorter wavelengths, but there is ample room for improvement in both the templates and the time transformation formula.

4. Conclusions and Discussions

I have developed a robust algorithm that can be used to fit observed SN Ia lightcurves at various colors. The algorithm has yet to be finalized by more thorough analysis of existing data and by more high quality observations in all wavelengths. More details will be given in a subsequent paper which will study the correlations between the parameters and their consequences on distance calibrations.

Future attempts should focus on constructing the correct time transformation equations and the template light curves on different filters. These equations and templates should also be combined with the constraints derived from the CMAGIC method (Wang 2002) to deduce simulaneously color-excess due to dust extinction, the light curve properties, and the magnitudes required for distance calibrations.

The code used in these fits can be obtained by contacting the author. I am grateful to K. Krisciunas for providing SN 2001el data before publications. I am also indebted to G. Goldhaber, and S. Perlmutter for discussions. This work was supported by the Physics Division, E. O. Lawrence Berkeley National Laboratory of the U. S. Department of Energy under Contract No. DE-AC03-76SF000098.

– 8 –

Fig. 1.— Time transformation functions for t_0 = 10 and τ_0 = 15. The top panel shows the difference between the new coordinate and the original time coordinate. The lower panel shows the transformed time versus the original time. The curves are for equations (1) (red solid line), (2) (blue dotted line), and (3) (green dashed line).

– 9 –

– 10 –

Fig. 3.— ULFA fits of SN 1995bd. All of the fits were performed using a V -band template. (a), (b), (c), and (d) are for data of B, V , R, and I filters. The top panel shows the observed data (solid dots) with the fitted curve over-plotted. The vertical axis is in flux scale and is normalize to the peak flux. The middle panel shows the absolute values of the various components of the fits. The un-delayed and delayed (first and second terms in equation (2)) are shown in purple and pink lines respectively. The green lines show the composite lightcurves identical to the green lines in the top panels. For (a) the second component is shown in dashed line and is actually negative. The lower panels show the deviations from the fitted curves divided by corresponding errors.

– 11 –

Fig. 2.— Same as Figure 1, but for the B and V band of the sub-luminous supernova SN 1999by.

– 12 –

– 13 –

Fig. 3.— Same as Figure 1, but for the J, H, and K band data of SN 2001el.

– 14 –

REFERENCES

Garnavich, P. M., Bonanos, A. Z., Jha, S., Kirshner, R. P., Schlegel, E. M., Challis, P., Macri, L. M., Hatano, K., Branch, D., Bothun, G. D., & Freedman, W. L. 2001, in 28 preprint pages including 17 figures. Submitted to ApJ. High-resolution version available from http://www.nd.edu/ pgarnavi/sn99by/sn99by.ps, 5490

Hamuy, M., Phillips, M. M., Suntzeff, N. B., Schommer, R. A., Maza, J., Antezan, A. R., Wischnjewsky, M., Valladares, G., Muena, C., Gonzales, L. E., Aviles, R., Wells, L. A., Smith, R. C., Navarrete, M., Covarrubias, R., Williger, G. M., Walker, A. R., Layden, A. C., Elias, J. H., Baldwin, J. A., Hernandez, M., Tirado, H., Ugarte, P., Elston, R., Saavedra, N., Barrientos, F., Costa, E., Lira, P., Ruiz, M. T., Anguita, C., Gomez, X., Ortiz, P., della Valle, M., Danziger, J., Storm, J., Kim, Y.-C., Bailyn, C., Rubenstein, E. P., Tucker, D., Cersosimo, S., Mendez, R. A., Siciliano, L., Sherry, W., Chaboyer, B., Koopmann, R. A., Geisler, D., Sarajedini, A., Dey, A., Tyson, N., Rich, R. M., Gal, R., Lamontagne, R., Caldwell, N., Guhathakurta, P., Phillips, A. C., Szkody, P., Prosser, C., Ho, L. C., McMahan, R., Baggley, G., Cheng, K.-P., Havlen, R., Wakamatsu, K., Janes, K., Malkan, M., Baganoff, F., Seitzer, P., Shara, M., Sturch, C., Hesser, J., Hartig, A. N. P., Hughes, J., Welch, D., Williams, T. B., Ferguson, H., Francis, P. J., French, L., Bolte, M., Roth, J., Odewahn, S., Howell, S., & Krzeminski, W. 1996, AJ, 112, 2408

Li, W., Filippenko, A. V., Gates, E., Chornock, R., Gal-Yam, A., Ofek, E. O., Leonard, D. C., Modjaz, M., Rich, R. M., Riess, A. G., & Treffers, R. R. 2001, PASP, 113, 1178

Perlmutter, S., Aldering, G., Goldhaber, G., Knop, R. A., Nugent, P., Castro, P. G., Deustua, S., Fabbro, S., Goobar, A., Groom, D. E., Hook, I. M., Kim, A. G., Kim, M. Y., Lee, J. C., Nunes, N. J., Pain, R., Pennypacker, C. R., Quimby, R., Lidman,

– 15 –

C., Ellis, R. S., Irwin, M., McMahon, R. G., Ruiz-Lapuente, P., Walton, N., Schaefer, B., Boyle, B. J., Filippenko, A. V., Matheson, T., Fruchter, A. S., Panagia, N., Newberg, H. J. M., Couch, W. J., & The Supernova Cosmology Project. 1999, ApJ, 517, 565

Perlmutter, S., Gabi, S., Goldhaber, G., Goobar, A., Groom, D. E., Hook, I. M., Kim, A. G., Kim, M. Y., Lee, J. C., Pain, R., Pennypacker, C. R., Small, I. A., Ellis, R. S., McMahon, R. G., Boyle, B. J., Bunclark, P. S., Carter, D., Irwin, M. J., Glazebrook, K., Newberg, H. J. M., Filippenko, A. V., Matheson, T., Dopita, M., Couch, W. J., & The Supernova Cosmology Project. 1997, ApJ, 483, 565

Phillips, M. M. 1993, ApJ, 413, L105

Pskovskii, I. P. 1977, Soviet Astronomy, 21, 675

Riess, A. G., Kirshner, R. P., Schmidt, B. P., Jha, S., Challis, P., Garnavich, P. M., Esin, A. A., Carpenter, C., Grashius, R., Schild, R. E., Berlind, P. L., Huchra, J. P., Prosser, C. F., Falco, E. E., Benson, P. J., Briceño, C. ., Brown, W. R., Caldwell, N., dell’Antonio, I. P., Filippenko, A. V., Goodman, A. A., Grogin, N. A., Groner, T., Hughes, J. P., Green, P. J., Jansen, R. A., Kleyna, J. T., Luu, J. X., Macri, L. M., McLeod, B. A., McLeod, K. K., McNamara, B. R., McLean, B., Milone, A. A. E., Mohr, J. J., Moraru, D., Peng, C., Peters, J., Prestwich, A. H., Stanek, K. Z., Szentgyorgyi, A., & Zhao, P. 1999, AJ, 117, 707

Riess, A. G., Nugent, P., Filippenko, A. V., Kirshner, R. P., & Perlmutter, S. 1998, ApJ, 504, 935

Riess, A. G., Press, W. H., & Kirshner, R. P. 1996, ApJ, 473, 88

Wang, L., Goldhaber, G., Aldering, G., & Perlmutter, S. 2002, ApJ, to be submitted

– 16 –

This manuscript was prepared with the AAS L^ATEX macros v5.0.