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� 2 �several new variants of suh spetrosopi indiators whih are easy to automateand whih minimize the e�ets of noise. We show that these spetrosopi indi-ators an be measured by proposed JDEM missions suh as SNAP and JEDI.Subjet headings: osmology: dark energy � stars: atmospheres � supernovae1. IntrodutionType Ia supernovae are now reognized as one of the most important osmologialprobes. Astronomial interest has been foused on Type Ia supernovae sine it was reog-nized long ago (Wilson 1939; Kowal 1968) that they are good �standard andles� and heneare useful osmologial probes. Their use as osmologial beaons led to the disovery of the�dark energy� (Riess et al. 1998; Garnavih et al. 1998; Perlmutter et al. 1999) and they arean integral part of plans to further haraterize the nature of the dark energy equation ofstate with a wide �eld satellite probe, the �Joint Dark Energy Mission� (JDEM) as well asground-based studies. The reliability of SNe Ia as distane indiators improved signi�antlywith the realization that the luminosity at peak was orrelated with the width of the lighturve (Phillips 1993) and hene that SNe Ia are orretable andles in muh the same waythat Cepheids are (Phillips et al. 1999; Goldhaber et al. 2001; Riess et al. 1995). To date,osmology with Type Ia supernovæ has used photometry exlusively over spetrosopy, ex-ept that a spetrum is required for supernova type on�rmation and an be used for theredshift determination, the luminosity at peak is always determined photometrially (bymathing lighturve templates). However, there exist spetrosopi luminosity indiators�rst disussed by Nugent et al. (1995). Garnavih et al. (2004) showed that ℜSi (Nugentet al. 1995) is well-orrelated with ∆m15. Of ourse, the value of MB at maximum light isalso well orrelated with ∆m15 (Phillips et al. 1999; Phillips 1993). Thus, the spetrosopiluminosity indiator should be well orrelated with the peak luminosity, making it a usefulseondary luminosity indiator for osmologial studies. Even though it is orrelated withpeak luminosity via the photometri indiator ∆m15, it is still useful as an independent hekbeause it will have di�erent systemati errors than light urve shape �tting via templates.We study the orrelation of the two spetrosopi luminosity indiators ℜSi and ℜCawith luminosity, both for observed supernovæ and for syntheti spetra of the parameterizedexplosion model W7 (Nomoto et al. 1984) alulated using PHOENIX (Haushildt & Baron1999, 2004) in LTE. We de�ne new, more robust spetrosopi luminosity indiators and weshow that these indiators an be used with good auray via proposed JDEM missionssuh as SNAP (SNAP Collaboration 2005) and JEDI (Crotts et al. 2005).



� 3 �2. Spetral Indies ℜSi & ℜCaWhile most Type Ia supernovæ fall into the ategory of �Branh normal� (Branh et al.1993) with B−V olors at peak lose to 0, there are known to be a lass of bright �1991T-like�supernovæ that have weak Si ii lines at maximum, but whih develop harateristi Si ii linesshortly after maximum light. Additionally there is a lass of dim �1991bg-like� supernovæ,whih are quite red and are thought to produe very low amounts of nikel, MNi ∼ 0.1 M⊙as opposed to MNi ∼ 0.6 M⊙ for Branh normals (Mazzali et al. 1997).Nugent et al. (1995) showed that the diversity in the peak luminosity from the dim1991bg-likes, to the bright 1991T-likes ould be interpreted in terms of a single parameter
Tmodel in syntheti spetral models, with the dim, low nikel mass 1991bg-likes being ooland the bright 1991T-likes being hot. Furthermore, Nugent et al. (1995) found that the ratioof the depth of the harateristi de�ning feature of SNe Ia, Si ii λ6355, to that of anothersilion line Si ii λ5972 is orrelated with the spetral sequene and hene with the peakluminosity. The obvious interpretation is that this is a sequene in nikel mass produed,although that interpretation is not ompletely proven. Nugent et al. (1995) also de�nedanother spetrosopi indiator using the ratio of two peaks near the Ca II H+K feature.2.1. De�nition of ℜSi

ℜSi is named for the harateristi Si ii trough found at ≈ 6100Å and usually assoiatedwith the absorption trough of the Si ii λ6355 Si ii line P-Cygni feature.Fig. 1, illustrates the de�nition of ℜSi, using the observed spetrum of SN 1992A 3 daysafter maximum. The dashed lines are the polynomial �ts used to determine the maximaTable 1. ℜSi de�nition zonesFeature Lower Wavelength (Å) Upper Wavelength (Å)First maximum 5500 5700Si ii λ5972 minimum Variable VariableSeond maximum 5850 6000Si ii λ6355 minimum 6050 6250First maximum 6200 6450



� 4 �

RSi=Blue/Red

Fig. 1.� The de�nition of the method used for determining ℜSi. The observed spetrum isthat of SN 1992A 3 days after maximum and the dashed lines indiate the polynomial �tsto determine the maxima and minima. The arrows indiate the depths dred and dblue usedto ompute ℜSi.
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RCa=Red/Blue

Fig. 2.� The de�nition of ℜCa. The dashed lines indiate the polynomial �ts used todetermine the maxima, whih are indiated by the arrows.



� 6 �found in the wavelength zones de�ned in Table 1. The two depths are indiated by arrows.The Si ii λ6355 minimum band is entered on the Si ii λ6355 line blueshifted approx-imately 10, 000 km s−1 (Due to homologous expansion, it is ustomary to use veloitiesinterhangeably with wavelength shifts when analyzing supernovæ spetra.). The value of10,000 km s−1 orresponds to the average veloity at whih the Si ii line is observed to form.The ≈ 200Å wide wavelength zone where we searh for the seond minimum is noted as�variable� beause it is entered on the Si ii λ5972 line blueshifted by nearly the same atualveloity as the Si ii λ6355 minima. This to ensure that the right trough is found, whih isassumed to be at least partly reated by the Si ii λ5972 Si ii line, thus it should form in thesame physial region.
ℜSi is de�ned as the ratio of the vertial distanes between eah minima and the referenelines drawn between two onseutive maxima dblue and dred, as shown in Fig. 1,

ℜSi =
dblue
dred . (1)This de�nition di�ers slightly from the one of Nugent et al. (1995), where tangents tothe spetrum were manually seleted instead of the referene lines between two onseutivemaxima. These two methods mainly di�er when the zones searhed for maxima only displayin�etion points, but our method was easier to automate.Finally, beause it is de�ned as the distane between points of the spetrum and ref-erenes linearly oupling points of the spetrum, ℜSi is independent of the absolute �uxalibration. Moreover, as it is alulated within a wavelength region only ≈ 1000Å wide, itwill be relatively insensitive to both the relative �ux alibration and reddening.2.2. De�nition of ℜCaFollowing Nugent et al. (1995), we de�ned two zones in the 3000Å�4000Å region of thespetrum, entered on the Ca ii 3650Å and 3933Å lines, as shown in the right hand side ofFig. 2. ℜCa is de�ned as the ratio of the ≈ 3933Å maximum, max(F (3933)), to the one at

≈ 3650Å, max(F (3650)).
ℜCa =

max(F (3933))

max(F (3650))
(2)The width of the zones searhed for these maxima are displayed in Table 2.The maxima are almost never found at the exat wavelength of the Ca ii lines. This is



� 7 �expeted sine even if we had pure Ca ii, e�ets other than resonant-sattering ould movethe feature's maximum wavelength. Moreover, these features are line blends, and not pureCa ii lines.The study of these wavelength zones with PHOENIX showed that the dominant elementsof these blends had lines displaying the same qualitative evolution as ℜCa with luminosity.This leads us to propose that the maxima ratio orrelation with luminosity is only a orollaryof the existene of a orrelation between the blends. Hene, we de�ned an integral ratio wenamed ℜCaS (the S stands for surfae) as
ℜCaS =

∫ 4012

3887
Fλdλ

∫ 3716

3620
Fλdλ

(3)The wavelength regions were empirially hosen in order to group all the ontributions withthe same evolution with luminosity than ℜCa. We hose the wavelength limits in Eq. 3in order to produe a spetral index that is well orrelated to luminosity and robust towavelength errors.Both the ℜCa and ℜCaS ratios, like ℜSi, are independent of the absolute �ux alibration,and not too sensitive to the relative alibration quality or reddening.2.3. Dealing with Noise:The main merit of ℜCaS over ℜCa is the inreased signal to noise ratio. On the otherhand, ℜCa and ℜSi will be highly sensitive to noise sine they rely on maxima and minimadetetions. In order to redue this e�et, we �t eah wavelength zone onsidered with a 4thdegree polynomial and searh for their loal maximum or minimum.Beause we want ℜSi and ℜCa alulation algorithms to be automati and robust, weneed to searh wavelength regions wide enough to be sure to �nd the right maxima andTable 2. ℜCa Maximum ZonesCentral Wavelength (Å) Zone half-width (Å)3650 483933 65



� 8 �minima. But in these large zones the spetral feature shapes are more omplex than that ofa seond degree polynomial. On the other hand, noise may generate osillations whih willbe followed by a polynomial of too high a degree. We hose 6th degree polynomials as theyempirially proved to be a good ompromise between these two e�ets.3. Correlation of ℜSi & ℜCa with LuminosityWe applied these de�nitions to the publi supernovæ spetra we were able to gather,listed in Table 3. The absolute magnitudes of Reindl et al. (2005) are derived for a ommonarbitrary value of the Hubble Constant H0 = 60km s−1 Mp−1. The values of the reddeningand δm15 were hosen to minimize deviations from the Hubble law for a set of 66 SNe Ia in theHubble �ow. While other presriptions for determining MB would give somewhat di�erentresults, with our small sample it is advantageous to use a single onsistent presription todetermine MB rather than relying on a variety of methods to determine the distanes tonearby SNe Ia. When present surveys that will onstrut large homogeneous samples ofSNe Ia in the Hubble �ow are omplete, it will be simple and neessary to redo our analysis.Nevertheless, we don't expet to alter our qualitative onlusions. Reindl et al. (2005) wereunable to determine a unique solution for the reddening to SN 1986G, and thus we have two
MB values for SN 1986G whih we arry through in our analysis. In the following, we willalulate results for both values of the absolute B magnitude of SN 1986G, we will refer tothe MB = −17.58 ase as �Case A�, and −19.16 as �Case B�. Sine the analysis of Reindlet al. (2005) is the most reent and areful, we onsider Case B to be the more likely valuefor MB and we will present plots of our results for Case B only, however sine the reddeningorretion is unertain and we are dealing with only a small number of supernovae, we willpresent our results for both ases in tabular form. For our alibration, we restrit ourselvesto �Branh Normals� whih we de�ne to be SNe Ia with −19.0 < MB < −19.8, thus in CaseA, SN 1986G is not inluded in the set of alibrators, whereas in Case B it is. As morespetra of SNe Ia with well-measured values of MB beome available they are easily addedto our analysis.Even though ℜSi and ℜCa were originally de�ned for SNe Ia spetra at maximum light,we used spetra ranging from 5 days prior to maximum to 5 days after maximum. Weexamined various epohs around maximum in order to determine whether or not the date ofthe spetra has a ritial impat on the ratio's orrelation with luminosity. Moreover, sinespae programs like SNAP will only take one spetrum per supernova, we wanted to quantifythe time window where spetra are usable for luminosity measures with line ratios. Notethat JEDI proposes to take multiple spetra of eah SN, at 5-day intervals in the observer's
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Table 3. List of Observed supernovæSN Epoh (day wrt max) MBSN 1998aq -3, 0, 1, 2, 3, 4 -19.56SN 1981B 0∗ -19.54SN 1998bu -4, -2, -1 -19.49SN 1994D 2∗, 3∗, 4∗, 5∗, -3, -4, -5 -19.47SN 1996X -4, -2, 4, 0∗, 1∗ -19.43SN 1989B -1, -5 -19.42SN 1992A 0, -1, -5, 3, 5 -19.32SN 1986G -1, -3, -5∗, 1, 3 -19.16 or -17.58
aSupernovæ used in our simulation. Absolute mag-nitudes are taken from from Reindl et al. (2005). Thespetra from the epohs denoted with an asterisk lakedoverage in the blue and were exluded from the alu-lations of ℜCa and ℜCaS (see text).



� 10 �frame.On the other hand, beause of time dilatation, the rise time for supernovæ at z ≈ 1 istwie as slow in the observer's rest frame. Relaxing the time onstraint to ±5 days aroundmaximum was thus onservative.3.1. ℜCa & ℜCaS Correlation with LuminositySome of the spetra listed in Table 3 laked the wavelength overage needed to alulate
ℜCa and ℜCaS , those epohs are indiated with an asterisk. Negleting these, the results forCase B are plotted in Figs. 3 and 4.The ℜCa values for maximum light spetra agree with Nugent et al. (1995) to within afew perent. In order to alibrate the luminosity relations, we omputed the linear regressionof ℜCa and ℜCaS values with respet to blue magnitude. This linear regression should be validin the restrited set of �Branh Normals�. 3-D de�agration models have di�ulty reproduingthe very low nikel mass of SN 1991bg-like supernovæ and we illustrate below that synthetispetra of W7 (Nomoto et al. 1984) indiate that there may be a departure of the spetralratios from linearity for 1991T-like supernovæ. Thus, by restriting our alibrators to BranhNormals we might be using a more similar population. From the linear regression we obtain

ℜCa = aℜCa
MB + bℜCa

(4)
ℜCaS = aℜCaS

MB + bℜCaS
(5)We list the resulting parameters in Table 4. Sine we have no information on theexperimental errors, we set them arbitrarily equal to unity.We also alulated the standard deviation σℜCa

for ℜCa and ℜCaS , de�ned as thequadrati mean of the distane of eah supernova from the linear regression, and have listedthem in the same table. This de�nition of the error ombines measurement errors, timedependene, and intrinsi dispersion.Luminosity measure preision using ℜCa or ℜCaS: With the linear regression al-ibration of ℜCa and ℜCaS with respet to blue magnitude and the assoiated variane, wewhere able to estimate the luminosity preision measure using these ratios as follows:
ℜCa = aℜCa

MB + bℜCa

σℜCa
= aℜCa

σMB
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Fig. 3.� ℜCa alulated using supernovæ listed in Table 3 (Case B). The line is the resultof the linear regression.
Table 4. ℜCa & ℜCaS luminosity measure preision

σℜCa
aℜCa

σMB

ℜCa (Case B) 0.20 2.1 0.10
ℜCaS (Case B) 0.31 3.1 0.10
ℜCa (Case A) 0.19 1.2 0.16
ℜCaS (Case A) 0.39 1.4 0.28
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Fig. 4.� ℜCaS alulated using supernovæ listed in Table 3 (Case B). The line is the resultof the linear regression.
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σMB

=
σℜCa
aℜCa

∆L

L
≈

σℜCa
aℜCaWe display in Table 4 the present measurement auray on the blue magnitude asestimated for ℜCa and ℜCaS . We �nd in Case B that the auray of the method reahesthe 0.1 magnitude level. 3.1.1. ℜSi orrelation with luminosity:The orrelation alibration Fig. 5 shows the ℜSi values alulated with supernovæ fromTable 3, inluding spetra at all epohs. We exluded a negative ℜSi value from the −5 daySN 1994D spetrum, for whih the blue trough assoiated with the Si ii λ5972 feature doesnot exist. The ℜSi ratio is of ourse mathematially well de�ned even in this peuliar ase,but sine this point falls out of the general trend and inreases the ℜSi slope, we removedit from the linear regression. This seletion is ompatible with observational onstraints, assuh spetra are easily identi�ed when the signal to noise is large enough to measure ℜSi.The linear regression and the orresponding relative dispersion for this seletion ofsupernovæ is also shown in Fig. 5.

ℜSi = aℜSi
MB + bℜSi

(6)We also alulated the assoiated standard deviation and found it to be σℜSi
≈ 0.09(Case B) or σℜSi

≈ 0.06 (Case A). This variane inludes the measurement errors, timedispersion, as well as the intrinsi dispersion of the supernovæ.Luminosity measure preision: As in �3.1 we estimate the auray of the luminositydetermination using ℜSi diretly from the dispersion with respet to the linear regression.Table 5 summarizes the results.4. ℜSiS: A New Spetral RatioDue to the ℜSi orrelation with luminosity, we have foused on the formation of featuresin the ℜSi zone. More will be said about the line formation in this spetral region in a
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Fig. 5.� ℜSi alulated using supernovæ in Table 3 (Case B). The line is the result of ourlinear regression.
Table 5. ℜSi luminosity measure preision

σℜSi
aℜSi

σMB

ℜSi (Case B) 0.05 0.75 0.07
ℜSi (Case A) 0.06 0.59 0.10
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RSiS=Red/Blue

Fig. 6.� The de�nition of the method used for determining ℜSiS. The arrows indiate themaxima used to ompute ℜSiS.



� 16 �forthoming publiation (S. Bongard et al., in preparation), but the lari�ation of thespetrum formation proess led us to devise a new line ratio indiator whih we all ℜSiS.
ℜSiS is de�ned as the ratio of two maxima. The �rst maximum is the one used in the

ℜSi alulation, loated around Si ii λ6355, and the seond one is the bluer peak of due tosulfur (hene the name Si+S a mixture of silion and sulfur) loated in the 5600 − 5700Åregion as shown in Figure 6. The zones where we look for these maxima are listed in Table 6.As was the ase for ℜSi and ℜCa, we used a 4th order polynomial to �t the regions searhedfor the maxima, in order to inrease robustness of the ratio with respet to Poisson noise.We also de�ne the integral ratio ℜSiSS as:
ℜSiSS =

∫ 5700

5500
Fλdλ

∫ 6200

6450
Fλdλ

. (7)One again, the simpliity of this integral ratio alulation and its insensitivity to noisemakes it an interesting alternative to the line �tting method.5. ℜSiS orrelation with luminosityWe plot the linear regression of ℜSiS orrelation with luminosity in Fig. 7 We also plotin Fig. 8 the ℜSiSS orrelation with luminosity. Table 7 summarizes the results for bothquantities. 5.1. Luminosity measure preisionWe summarize the di�erent slopes and dispersion values for ℜSiS and ℜSiSS alulatedwith or without the time dispersion orretion in Tables 7 and 10.Table 6. ℜSiS zonesLower Wavelength (Å) Upper Wavelength (Å)First maximum 6200 6450Third maximum 5500 5700
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Fig. 7.� ℜSiS (Case B) alulated using the supernovæ of Table 3. The line is the result ofour linear regression.
Table 7. ℜSiS luminosity measure preision

σ a σMB

ℜSiS (Case B) 0.06 0.67 0.09
ℜSiSS (Case B) 0.06 0.73 0.09
ℜSiS (Case A) 0.06 0.43 0.14
ℜSiSS (Case A) 0.07 0.53 0.11
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Fig. 8.� ℜSiSS (Case B) alulated using the supernovæ of Table 3. The line is the resultof our linear regression.



� 19 �With this spetral indiator family, even without time orretion, we have augmentedthe blue magnitude auray by a fator of two ompared to ℜCa. In Case A, ℜSi and ℜSiShave similar auraies; however, in Case B ℜSiS is slightly better. Sine ℜSiS and ℜSi annotbe onsidered as independent, we still have only two independent spetral indiators with
ℜCa. But sine one of them is as aurate as the light urve method, oupled with enoughsupernovæ they have the possibility to onstrain evolutionary e�ets.6. Time Evolution of Spetral IndiesWe plot in Fig. 9 and Fig. 10 the ℜCa and ℜCaS time dependene for eah supernova.Whenever enough data points were available, we interpolated the t = 0 point using a 2nddegree polynomial. For the ases with two points only, we used a straight line.The supernova SN 1994D had enough points for a 2nd order polynomial interpolation,but sine all of them are for t ≤ −3 days, and sine the trend is di�erent from the other super-novæ, we onsidered the t = 0 point to be too muh of an extrapolation to be used. Whetherthe SN 1994D dispersion in ℜCa or ℜCaS is intrinsi or due to measurement unertainties isstill an open question.Replaing eah ℜCa and ℜCaS by the orresponding t = 0 alulated value, we reom-puted the linear regression, and the assoiated standard deviation. These results are shownin Table 8.More spetra are needed in order to show if there is a orrelation in the evolution ℜCaor ℜCaS with epoh, but it is apparent that there is no uniform trend with time, and theattempted orretion to maximum light has inreased the dispersion from Table 4 to Table 8.Therefore, it is onservative to treat the time dependene of ℜCa and ℜCaS as an unontrolleddispersion.Fig. 11 displays the ℜSi time dependene of the supernovæ we used. We alulated aquadrati regression for eah supernova with three or more ℜSi values. We then replaedeah ℜSi value by the orresponding value at t = 0 obtained via either interpolation orextrapolation. The new linear regression alulated for ℜSi orrelation with luminosity isalso plotted in Fig. 11. We alulated the same orretion for the less favored luminosityhoie for SN 1986G (Case A).For the favored SN 1986G luminosity ase (Case B) the extrapolation to t = 0 sig-ni�antly improves the measurement, as seen in Table 9 and lowers the dispersion to 0.1blue magnitude so that the ℜSi ratio probes �Branh normal� SNe Ia luminosities with good
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Fig. 9.� ℜCa time evolution

Fig. 10.� ℜCaS time evolution
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Table 8. ℜCa and ℜCaS interpolated linear regression

σ a σMB

ℜCa (Case B) 0.26 0.93 0.27
ℜCaS (Case B) 0.35 1.19 0.30
ℜCa (Case A) 0.23 0.48 0.48
ℜCaS (Case A) 0.24 0.75 0.31

aℜCa and ℜCaS linear regression onthe observed supernova spetra withsu�ient wavelength overage usingthe values interpolated to t = 0.
Table 9. ℜSi interpolated luminosity measure preision

σℜSi
aℜSi

σMB

ℜSi (Case B) 0.06 0.79 0.07
ℜSi (Case A) 0.04 0.35 0.12

aℜSi linear regression on the ob-served supernova spetra with su�-ient wavelength overage using thevalues interpolated to t = 0.



� 22 �auray.The standard deviation alulated with respet to this new regression, still removingthe events with negative ℜSi, is now σℜSi
≈ 0.07 (Case B) or σℜSi

≈ 0.12 (Case A). Thetop panel of Fig. 11 shows that there is no general time dependene trend for our supernovæsample.In Fig. 12 and Fig. 13 we plot the time dependene of ℜSiS and ℜSiSS as well as the linearregression alulated on the values at t = 0 interpolated or extrapolated with quadrati �ts.The three supernovæ with su�ient data do not display a ommon time evolution, makingdoubtful the existene of an universal ℜSiS or ℜSiSS time orretion.We again alulated the standard deviation, the results of the time orretion are sum-marized in Tab. 10.Correting for the time evolution inreases the ℜSiS and ℜSiSS e�ieny both by inreas-ing the slope and dereasing the dispersion, the only drawbak is the need of at least threepoints to interpolate or extrapolate to t = 0 with a quadrati �t. Sine there is no ommontrend for the three supernovæ that were �t, this orretion remains purely empirial.7. Comparison with syntheti spetraIn order to asertain whether the trends that we have found for the spetral indiesan be reprodued by models, we have alulated a set of loal thermodynami equilibrium(LTE) models using the generalized stellar atmosphere ode PHOENIX (Haushildt & Baron1999, 2004) of the parameterized SN Ia de�agration model W7 where we varied the totalluminosity bolometri luminosity in the observer's frame. We alulated one set at 20 daysafter explosion (the �duial time of maximum in V ) and another at 25 days after explosion.We have assumed LTE for omputational expediene. Studies by Baron et al. (1996) andWheeler et al. (1998) have shown that LTE is a reasonable approximation in SNe Ia. TheSi ii λ6355 feature is not reprodued by W7, as shown by Baron et al. (2005), who usedextremely detailed NLTE. Only the general trends of the syntheti spetra an then beexpeted to be mathed by the real data. The use of PHOENIX with W7 models is desribedin detail in Lentz et al. (2001).We display in Figs. 14�15 the omparison between ℜCa and ℜCaS alulated on observedsupernovæ of Table 3 (all dates) and on PHOENIX spetra. These syntheti spetra overa large range in MB. Sine the blue magnitude inreases monotonially in the PHOENIXmodels with the bolometri magnitude, these �gures indiate the existene of a spetrosopi
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Fig. 11.� ℜSi time evolution (top panel, Case B) and ℜSi orrelation with values interpo-lated to t = 0 (bottom panel).
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Fig. 12.� ℜSiS time evolution (top panel), ℜSiS orreted for the time dependene (bottompanel).
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Fig. 13.� ℜSiSS time evolution (top), ℜSiSS orreted for the time dependene (bottom).



� 26 �Table 10. ℜSiS and ℜSiSS linear regression with t = 0 extrapolated values
σ a σMB

ℜSiS (Case B) 0.03 0.67 0.04
ℜSiSS (Case B) 0.04 0.80 0.05
ℜSiS (Case A) 0.02 0.49 0.05
ℜSiSS (Case A) 0.04 0.59 0.06
aℜSiS and ℜSiSS linear regressionon observed supernovæ with su�ientwavelength overage using the t = 0interpolated values

Fig. 14.� ℜCa for Case B. Blak: Observed supernovæ, Blue: day 20 W7 PHOENIX synthetispetra, Pink: day 25 W7 PHOENIX syntheti spetra.
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Fig. 15.� ℜCaS for Case B. Blak: Observed supernovæ, Blue: day 20 W7 PHOENIX synthetispetra, Pink: day 25 W7 PHOENIX syntheti spetra.



� 28 �sequene with the bolometri luminosity. The slope of the observed spetra is loser to thatobtained from the models 25 d after explosion. The inrease in ℜCa and ℜCaS begins forlower blue magnitudes in the PHOENIX syntheti spetra than in the observed spetra.Figs. 16�18 display the same syntheti and observed spetra for ℜSi, ℜSiS, and ℜSiSS.Again, the existene of the spetrosopi sequene is lear in both the observed and thesyntheti spetra. Moreover, while the general trend is only qualitatively similar for ℜCaand ℜCaS , ℜSi and to a lesser extent ℜSiS and ℜSiSS show that these ratio behave in thesame way with respet to the blue magnitude evolution for syntheti as well as for realspetra. 8. Use of line ratios in the SNAP ontextIn order to estimate the luminosity measure auray of these spetral indiators in aosmologial ontext, we simulated SNAP exposures (SNAP Collaboration 2005) at di�er-ent redshifts. We used them to estimate the auray on the determination of the meanluminosity of �Branh normal� supernovæ, whih is the value needed to devise the Hubblediagram and the determination of osmologial parameters.8.1. SNAP simulator8.1.1. The SNAP spetrometerTo simulate the SNAP spetrometer, we assumed 50% optial and 70% CCD e�ienies(Kim et al. 2004). We onsidered the mirror surfae to be π m2 (i.e. a 2m mirror diameter)and implemented the re-binning of the supernovæ spetra to SNAP binning in the observerrest frame. The red and blue hannel resolution of SNAP we used are summarized inTable 11 (A. Ealet, private ommuniation; Ealet et al. [2003℄).The separation between the two spetrograph hannels is not yet preisely de�ned,therefore we treated the spetra as if the red and the blue detetor properties were the same.Sine the edges of the spetral range are harder to alibrate, their atual loation an impatthe �nal results.
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Fig. 16.� ℜSi for −19.16 (top) and −17.58 (bottom) SN 1986G blue magnitude. Blak:real supernovæ. Blue: day 20 W7 PHOENIX syntheti spetra. Pink: day 20 W7 PHOENIXsyntheti spetra. For Day 10 there is a disontinuity in ℜSi around MB = −18.9, this isreal and is aused by the hange in the formation of the Si ii λ5972 feature as disussed inBongard et al.(in preparation). The very steep dependene of the various ℜSi ratios as offuntion of MB in the range −19.5 < MB < −20 is remarkably well reprodued by PHOENIXat day 25. The data points at low luminosity suggest a smaller slope. This justi�es thelimited luminosity range for the evaluation of the slopes in � 3�6
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Fig. 17.� ℜSiS for −19.16 (top) and −17.58 (bottom) SN 1986G blue magnitude. Blak:real supernovæ. Blue: day 20 W7 PHOENIX syntheti spetra. Pink: day 20 W7 PHOENIXsyntheti spetra.
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Fig. 18.� ℜSiSS for −19.16 (top) and −17.58 (bottom) SN 1986G blue magnitude. Blak:real supernovæ. Blue: day 20 W7 PHOENIX syntheti spetra. Pink: day 20 W7 PHOENIXsyntheti spetra.
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Table 11. SNAP blue and red hannel resolutionBLUE RED
λ (Å) λ

∆λ
λ (Å) λ

∆λ
λ (Å) λ

∆λ
λ (Å) λ

∆λ4000 295. 7500 95.4500 235. 8000 90.5000 185. 8500 85.5500 155. 9000 80.6000 130. 9500 78.6500 115. 10000 75.7000 105. 10000. 78. 14000. 86.10500. 77. 14500. 90.11000. 77. 15000. 93.11500. 78. 15500. 97.12000. 79. 16000. 100.12500. 80. 16500. 105.13000. 82. 17000. 110.13500. 84.
aThe resolution is taken from A. Ealet (private ommu-niation).



� 33 �8.1.2. The simulated supernovæIn order to simulate SNAP exposures, we alibrate eah supernova to its absolute bluemagnitude and then redshift it to the desired z.
Nγ(z) = Nγ(0)(1 + z)

(

d0

dL

)2 (8)Eq. (8) shows how the number of photons per unit time and per unit area in theredshifted B band in the supernova rest frame at redshift z, Nγ(z) =
∫

B(z)
dNγ(z)

dλ
dλ, isrelated to Nγ(0) =

∫

B(0)
dNγ (0)

dλ
dλ, the number of photons per unit of time and of surfae inthe B band at rest in the supernova rest frame for a supernova at 10 p.The �ux dilution fator for a supernova at z is d2

0

d2

L

where d0 = 10 p, but the reddeningfator 1 + z inluded in dL gets anelled when photons are ounted in redshifted spetralbands. We also introdued eletroni and statistial noise using the values given in Table 12.The eletroni noise for eah 2000s exposure was alulated using
n2

electronic = 172 · t

2 × 103
(9)and assumed to be a Gaussian with zero mean. The Poisson noise of the signal was alsoinluded for eah of the 2000 s exposures needed to omplete the total exposure time.In Table 13 we display the number of photons per seond expeted in the B Bessel�lter for a SN Ia of absolute blue magnitude MB = −19.42, not aounting for the CCDand optial transmission. The exposure time we use have been assumed to follow a (1 + z)6power law for 1 < z < 1.7 and an exposure time of 10 hours for z = 1.7, hosen in order tomaintain a onstant signal to noise as z inreases (A. Ealet, private ommuniation).8.2. Results at z = 1.5We display in Fig. 19 the number of photons per bin simulated obtained for the standardsupernova SN 1992A at z = 1.5 and z = 1.7, respetively. This quantity di�ers from theusual �ux per Å, whih explains the �atter shape of the spetrum as there is a di�ereneof 1/λ between them. For z = 1.7, the wavelength overage will be too small to allowthe alulation of ℜSi and ℜSiS, although it would be aessible to JEDI (the proposedspetrosopi wavelength overage for JEDI is 0.8�2 µm).
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Table 12. Noise per pixel per 2000 s.

readout noise/pixel √
2 · 5eslow drift ontribution 7 · 1.2eLeakage urrent �ut. for 2000s 6eTotal eletroni noise per pixel: 10ePresene of a osmi ray (20% of ases) 12eTotal Eletroni noise per ∆λ (3 spatial pixels) 17e

Table 13. SNAP simulator Nγ s−1 in Bessel B
z Blue �lter (Nγ s−1 cm2) Exposure Time

1.0 4.32 5980s

1.5 1.75 22700s

1.7 1.3 36000s

aThe number of photons does not take into a-ount the fator 0.5 ∗ 0.7 from the CCD e�ieny.It is alulated here for a MB = −19.42 SN Ia.



� 35 �We simulated 100 exposures for every supernova listed in Table 14 and alulated thespetral indiators previously de�ned for eah of them and found the mean and standarddeviation (see Tables 15, 16, 18, and 19). From this we alulate σMB
assuming that theslope of the linear regression is known perfetly. In order to onentrate on the auray ofthe spetrosopi indiators in SNAP, and sine at redshifts of z ≈ 1 time dilatation doublesthe evolution time of the light urve, we assumed that the spetra will be taken almost atmaximum light. We thus inluded in our sample only the supernova spetra that were thelose to the light urve maximum. 8.2.1. ℜSiWe list in Table 15 the luminosities measured for the simulated supernovæ without anyseletion ut on the simulated ℜSi values for Case A. The RMS dispersion due to the noiseis displayed as well as the mean ℜSi used to alulate the blue magnitude. In this �rst tablewe used the linear regression alulated with ℜSi values extrapolated to t = 0 when possible.Table 16 lists the same values but for the linear regressions orresponding to Case B. Thelarge disrepanies observed for SN 1991T and SN 1991bg between the inferred (using ℜSi)luminosity and the atual value suggests that the linear regression is invalid at low and highmagnitudes, we disuss this further below; however, no �rm onlusion an be drawn fromthe single ases in our urrent sample.In order to estimate the mean auray for JDEM we add the values of δMB listed in thelast olumn of the table in quadrature and divide by N − 2. We lose two degrees of freedomby �nding the mean and the slope with the same sample of supernovæ in Tables 15�16 (andthen we assume that the slope used is known perfetly); these values are listed in Table 24.Red, dim SN 1991bg-like SNe Ia will be strongly seleted against due to Malmquist bias indeep osmologial surveys, therefore we shall never onsider them in our analyses (in CaseA we inlude SN 1986G in the 91bg-like lass). Similarly SN 1991T-likes would also not beused for preision osmology, but we quote results both inluding and exluding 91T-likes.In Case B where blue magnitude of SN 1986G is MB = −19.16 as is favored by Reindl et al.(2005). the mean auray on the blue magnitude beomes ≈ 0.17(0.66) blue magnitudeexluding (inluding) 91T-likes.Table 24 summarizes the total error expeted in SNAP. We have alulated the totalerror by adding the �intrinsi σMB

� (obtained from the linear regression �t) in quadraturewith the σMB
estimated above due to noise from our simulations. We note that both errorestimates inlude errors due to the same systematis and thus our estimate of the total errorusing Method 1 is quite onservative



� 36 �Table 14. Supernovæ simulated in the SNAP ontext.Supernova Date (wrt maximum) MBSN 1991T 0 −20.01SN 1998aq 0, 1, 2 −19.56SN 1981B 0 −19.54SN 1998bu −2,−1 −19.49SN 1994D −3 −19.47SN 1996X −2, 0, 1 −19.43SN 1989B −1 −19.42SN 1992A −1 −19.32SN 1986G −1 −17.58 or −19.16SN 1991bg 0 −16.62

Table 15. ℜSi (Case A)SN name mean σℜSi
Inferred MB σMB

δMB91T 1.16 0.81 -16.84 2.34 -3.1798aq 0.18 0.08 -19.66 0.23 0.1081B 0.33 0.09 -19.24 0.26 -0.398bu 0.17 0.05 -19.70 0.16 0.2194D 0.29 0.09 -19.35 0.27 -0.1296X 0.27 0.09 -19.42 0.27 -0.0189B 0.36 0.09 -19.14 0.33 -0.2792A 0.26 0.11 -19.44 0.36 0.1286G 0.32 0.16 -19.26 0.47 1.6891bg 0.56 0.37 -18.58 1.09 1.96
aδMB is the di�erene between the true value andthat inferred using our orrelation with the spetral in-dex ℜSi
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Fig. 19.� SNAP SN 1992A z = 1.5 simulated exposure (top), and z = 1.7 (bottom). Blakurves are only the supernova, red urves inlude Poisson and eletroni noise.
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Table 16. ℜSi (Case B)SN name mean σℜSi
Inferred MB σMB

δMB91T 1.16 0.81 -18.33 1.02 -1.6898aq 0.18 0.08 -19.56 0.10 0.0081B 0.33 0.09 -19.37 0.12 -0.1698bu 0.17 0.05 -19.58 0.07 0.0994D 0.29 0.09 -19.43 0.12 -0.0496X 0.27 0.09 -19.46 0.12 0.0289B 0.36 0.09 -19.34 0.15 -0.0892A 0.26 0.11 -19.47 0.16 0.1486G 0.32 0.16 -19.39 0.21 0.2291bg 0.56 0.37 -19.08 0.48 2.47
aδMB is the di�erene between the true value andthat inferred using our orrelation with the spetral in-dex ℜSi



� 39 �We also note that our estimate of �the intrinsi σMB
� is strongly dependent on the slopeof the linear regression and thus our restrition to Branh normals in obtaining the slope isoptimisti. Nevertheless, the results of the syntheti spetral alulations bolster our viewthat the linearity is more pronouned in the Branh normal region. For ℜSi, using the

t = 0 extrapolated linear regression instead of the one without orretion inreases the slopeenough to give a signi�ant e�et in the less favored Case A, by ≈ 0.1 blue magnitude. Thus,to take full advantage of this luminosity measure, we need spetra as lose to to maximumlight as possible, whih will be feasible at z = 1.5 sine the elapsed time between −1 and
+1 days around maximum is 2.5 × 2 = 5 days and sine SNAP will try to obtain spetranear peak to maximize signal to noise, the proposed JEDI mission will easily ful�ll this goalsine they will obtain multiple spetra every ≈ 7 days.As shown in Table 17, SNAP is expeted to �nd ≈ 107 SNe Ia at z = 1.5. Theauray expeted on the luminosity measure with ℜSi would then be statistially improvedby a fator of √107 ≈ 10 (although as disussed above this �oor will truly be determinedby the systemati error). The mean SNe Ia blue magnitude at z = 1.5 that is the quantityof osmologial interest, will be determined with an auray of ≈ (0.2)/10 ≈ 0.02bluemagnitude in Case A, exluding 91T-likes. Clearly in Case A if 91T-likes are inluded themethod is not useful. It seems likely that 91T-likes will be identi�able by JDEM, so thesmaller error is more reasonable. In Case B where its blue magnitude is −19.16, the meanauray would be ≈ (0.01− 0.07), depending on whether 91T-likes are inluded. Thus ℜSiappears to be a good andidate for a supplementary tool to determine the equation of stateof the universe using supernovæ.Table 17. Number of supernovæ in redshift bins for SNAP.

z 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 1.6 1.7# of SN 150 171 183 179 170 155 142 130 119 107 94 80
aThese results were obtained from (Aldering et al. 2004)



� 40 �8.2.2. ℜSiSIn Tables 18, and 19 we list the results of our simulations for both Cases A and B.Table 24 shows that ℜSiS is learly a superior luminosity indiator in that the total error isnearly onstant at ∼< 0.2MB for all ases. This makes this ratio appear to be an exellentseondary probe of SNe Ia blue magnitudes and to independently test evolutionary e�ets.In Case B, where 91T-likes are rejeted, the preferred ase, the mean blue magnitudeauray beomes ≈ 0.10 blue magnitude, inluding 91T-likes inreases the dispersion toonly 0.16 whih is similar to the ≈ 0.2 blue magnitudes dispersion of the SNe Ia after strethfator orretion. We see that ℜSiS is more robust than ℜSi as the total error remains below
0.20 blue magnitudes for any of our assumptions.We found that ℜSiSS did not improve the results. This is due to the large wavelengthbinning in the SNAP design that already e�etively transforms ℜSiS into an �integral� ratioompared to the 10Å binning we previously used, as an be seen from the low dispersion dueto Poisson noise(> 5%). Thus ℜSiSS results are almost idential to those of ℜSiSS, sometimeseven a bit worse beause the larger SNAP binning an inlude more of the Fe ii ≈ 5600Åpeak into the integral, reduing its quality as a luminosity indiator.With more supernovæ added to our analysis it may be possible to inlude both 1991bg-like events into our alibration for the spetral indies.8.2.3. ℜCaSimilar to ℜSiSS, ℜCaS has a smaller dispersion due to noise, but a larger alibrationerror beause of the oarse SNAP binning. We thus only display ℜCa results in this setion.
ℜCa alibration also su�ers from the oarse sampling of SNAP spetrograph, as ould beseen in the rightmost olumn of Tables 20�21. Sine we found no trend with epoh, we haveused the results for the slope without orretion to t = 0 (Table 4).As an be seen in these tables that summarize the luminosity measure preision esti-mated for ℜCa, the systemati error dominates, the error due to the Poisson noise beingalways lower than 0.19 blue magnitudes.
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Table 18. ℜSiS Case ASN name mean σℜSiS
Inferred MB σMB

δMB91T 0.66 0.03 -19.71 0.07 -0.3098aq 0.69 0.03 -19.64 0.06 0.0881B 0.78 0.04 -19.47 0.07 -0.0798bu 0.86 0.05 -19.31 0.11 -0.1894D 0.77 0.04 -19.48 0.07 0.0196X 0.74 0.04 -19.54 0.08 0.1189B 0.83 0.06 -19.37 0.13 -0.0592A 0.89 0.07 -19.24 0.15 -0.0886G 1.06 0.07 -18.89 0.15 1.3191bg 0.94 0.21 -19.15 0.43 2.52
aδMB is the di�erene between the true value andthat inferred using our orrelation with the spetralindex ℜSiS



� 42 �Table 19. ℜSiS Case BSN name mean σℜSiS
Inferred MB σMB

δMB91T 0.66 0.03 -19.64 0.05 -0.3698aq 0.69 0.03 -19.60 0.04 0.0481B 0.78 0.04 -19.48 0.05 -0.0698bu 0.86 0.05 -19.36 0.08 -0.1394D 0.77 0.04 -19.49 0.05 0.0196X 0.74 0.04 -19.53 0.05 0.1089B 0.83 0.06 -19.40 0.10 -0.0292A 0.89 0.07 -19.31 0.11 -0.0186G 1.06 0.07 -19.04 0.11 -0.1291bg 0.94 0.21 -19.23 0.32 2.61
aδMB is the di�erene between the true value and thatinferred using our orrelation with the spetral index

ℜSiS Table 20. ℜCa Case A z = 1.5SN name mean σℜCa
Inferred MB σMB

δMB91T 0.88 0.03 -19.81 0.02 -0.2081B 1.20 0.08 -19.53 0.07 -0.0198bu 1.20 0.06 -19.53 0.05 0.0494D 1.28 0.08 -19.46 0.07 -0.0196X 1.42 0.08 -19.35 0.07 -0.0889B 1.06 0.08 -19.65 0.07 0.2392A 1.28 0.10 -19.47 0.08 0.1591bg 2.43 1.71 -18.48 1.46 1.86
aδMB is the di�erene between the true value and thatinferred using our orrelation with the spetral index

ℜCa.



� 43 �8.3. Evolution with zSNAP wavelength overage does not allow the use either ℜSi, or ℜSiS for z = 1.7.On the other hand ℜCa will be measurable. JEDI would allow the measurement of ℜSi at
z = 1.7, but ℜCa falls outside the range of its proposed IR spetrograph. Sine the exposuretime has been alulated so that the number of photons per bin will remain almost onstant,the signal to noise will not be degraded too muh. The dispersion due to noise (Tables 22�23and Table 24) remains small ompared to the intrinsi dispersion of the supernovæ.The ℜCa blue magnitude auray remains dominated by the intrinsi dispersion of thesupernovæ orresponding to σMB

≈ 0.2. This result an again be improved by using the 80supernovæ expeted. The blue magnitude preision would then be ∆MB ≈ 0.02, whih iswithin the SNAP osmologial requirements.9. ConlusionsWe have presented a way to automatially measure the value of the spetral indies ℜCaand ℜSi, whih should be robust. We have de�ned three new spetral indies ℜCaS , ℜSiS,and ℜSiSS, whih are less sensitive to noise in the spetrum. We have shown that for thelimited set of Branh Normal supernovae where publi spetra are available near maximumlight that there is a good orrelation between the spetral indies and the luminosity at peak.Within the aveat of small size of our sample we found that there is not a general trend inthe spetral indies with epoh as long as the epoh is lose to maximum light. We have usedsyntheti spetral models to show qualitatively that there does appear to be a deviation fromlinearity in the spetral indies, partiularly among the dim, fast-delining supernovæ, suhas SN 1991bg. This result is in agreement with that of Phillips et al. (1999) who also foundthat there is a deviation from linearity in peak magnitude with δm15 as δm15 inreases (seetheir Figure 8). It is also in agreement with some theoretial hydrodynamial results whihsuggest it may be di�ult to produe a SN Ia with suh low nikel mass via a de�agration(W. Hillebrandt, private ommuniation), although Hö�ih et al. (2002) are able to varythe nikel mass by varying the density of the de�agration to detonation transition. It hasbeen suggested that there is both a variation in SNe Ia luminosity with galaxy type (Branhet al. 1996; Hamuy et al. 2001) and that there are two populations of SNe Ia progenitors(Sannapieo & Bildsten 2005; Mannui et al. 2005) whih ould be related to the deviationin the linearity of the spetral indies.Restriting ourselves to the sample of Branh Normal supernovæ we �nd that the pro-posed JDEM mission SNAP ould in fat use ℜSiS as a omplementary luminosity indiator.



� 44 �Table 21. ℜCa Case B z = 1.5SN name mean σℜCa
Inferred MB σMB

δMB91T 0.88 0.03 -19.65 0.01 -0.3681B 1.20 0.08 -19.49 0.04 -0.0498bu 1.20 0.06 -19.49 0.03 0.0094D 1.28 0.08 -19.46 0.04 -0.0196X 1.42 0.08 -19.39 0.04 -0.0489B 1.06 0.08 -19.56 0.04 0.1492A 1.28 0.10 -19.46 0.05 0.1491bg 2.43 1.71 -18.92 0.8 2.29
aδMB is the di�erene between the true value and thatinferred using our orrelation with the spetral index

ℜCa.
Table 22. ℜCa Case A z = 1.7SN name mean σℜCa

Inferred MB σMB
δMB91T 0.80 0.03 -19.87 0.02 -0.1381B 1.32 0.07 -19.43 0.06 -0.1198bu 1.26 0.14 -19.48 0.12 -0.0094D 1.25 0.09 -19.49 0.07 0.0296X 1.3 0.05 -19.45 0.04 0.0289B 1.04 0.08 -19.67 0.07 0.2592A 1.32 0.12 -19.42 0.1 0.191bg 2.39 1.41 -18.51 1.2 1.89

aδMB is the di�erene between the true value and thatinferred using our orrelation with the spetral index
ℜCa.



� 45 �While the results may appear somewhat irular in that we have restrited our alibratorsto have a small dispersion and then shown that the orrelation based on that result alsoreovers the small dispersion, the ability to use a separate observable from light-urve shapewill provide for a omplementary measurement of the luminosity distane as a funtion ofredshift in the proposed JDEM wide-�eld high-redshift spaed based surveys suh as SNAPand JEDI. The lighturve based method of template �tting will have a ertain set of sys-tematis that depends on exatly how �like versus like� is hosen, whereas the spetral indexmethod will have a di�erent set of systematis. In addition, the spetral index methods arevery weakly sensitive to both the e�ets of dust and of the �ux alibration of the spetrum,sine they are de�ned in a very narrow wavelength range.Our simulations show that the single spetrum obtained by SNAP for type identi�ationwill have su�ient signal to noise to measure the spetral indies to the required preision.JEDI, whih will obtain multiple spetra for eah supernova, would be even better suited tousing ℜSiS sine they would have a larger sample of spetra very lose to maximum light.As more spetra from nearby supernovæ with known peak luminosities beome availablewe should be able to re�ne our alibration, and thus improve its auray for JDEM andother supernovæ surveys. We note that our atual numerial results rely on both a very smallsample and also on the value of the absolute magnitudes assigned by Reindl et al. (2005),although sine we quote results with both Case A and B the sensitivity to the assignedabsolute magnitudes an be gauged somewhat. All available distane estimates (and heneabsolute magnitudes) to our sample will ontain errors, and we have hosen to use theresults of Reindl et al. (2005) beause they are derived in a spei� somewhat homogeneousmanner. Thus, we regard this work as a �proof of onept� and the spei� numerial valuesas our best urrent estimate. Clearly when 300 Hubble-�ow supernovae are available fromurrent ground-based surveys (i.e. in the next 3-5 years), this analysis should be reomputed.One aurate values are in hand, omparing absolute magnitude (determined from light-urve shape) and ℜSiS determined at high redshift may provide a useful measure of theevolutionary e�ets in the high-redshift sample. We disuss this further in a forthomingpubliation where we study the formation of the Si ii λ5972 line.We thank Anne Ealet for information about the harateristis of SNAP and PeterNugent for helpful disussions. This work was supported in part by NASA grants NAG5-3505and NAG5-12127, NSF grants AST-0204771 and AST-0307323, and the Region Rhone-Alpes.PHH was supported in part by the P�le Sienti�que de Modélisation Numérique at ENS-Lyon. This researh used resoures of: the National Energy Researh Sienti� ComputingCenter (NERSC), whih is supported by the O�e of Siene of the U.S. Department ofEnergy under Contrat No. DE-AC03-76SF00098; and the Höhstleistungs Rehenzentrum
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Table 23. ℜCa Case B z = 1.7SN name mean σℜCa
Inferred MB σMB

δMB91T 0.80 0.03 -19.68 0.01 -0.3381B 1.32 0.07 -19.43 0.03 -0.1098bu 1.26 0.14 -19.47 0.06 -0.0294D 1.25 0.09 -19.47 0.04 -0.0096X 1.3 0.05 -19.45 0.02 0.0289B 1.04 0.08 -19.57 0.04 0.1592A 1.32 0.12 -19.43 0.06 0.1191bg 2.39 1.41 -18.93 0.66 2.31
aδMB is the di�erene between the true value and thatinferred using our orrelation with the spetral index

ℜSiS.
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Table 24. Summary of Spetral Indiator Preision for SNAPIndex σMB

σMB
σMB(intrinsi) (noise) (total)

ℜCa (z = 1.5, no 91T, Case A) 0.16 0.14 0.21
ℜCa (z = 1.5, with 91T, Case A) 0.16 0.16 0.23
ℜCa (z = 1.5, no 91T, Case B) 0.10 0.10 0.14
ℜCa (z = 1.5, with 91T, Case B) 0.10 0.19 0.21
ℜCa (z = 1.7, no 91T, Case A) 0.16 0.16 0.23
ℜCa (z = 1.7, with 91T, Case A) 0.16 0.15 0.22
ℜCa (z = 1.7, no 91T, Case B) 0.10 0.11 0.15
ℜCa (z = 1.7, with 91T, Case B) 0.10 0.18 0.20
ℜSi (no 91T, Case A) 0.12 0.24 0.27
ℜSi (with 91T, Case A) 0.12 1.31 1.32
ℜSi (no 91T, Case B) 0.10 0.14 0.17
ℜSi (with 91T, Case B) 0.10 0.65 0.66
ℜSiS (no 91T, Case A) 0.05 0.11 0.12
ℜSiS (with 91T, Case A) 0.05 0.16 0.17
ℜSiS (no 91T, Case B) 0.04 0.09 0.10
ℜSiS (with 91T, Case B) 0.04 0.16 0.16

aThe methods used to estimate the error is desribed in the text.The method is very onservative and double ounts the systematierror. Clearly ℜSiS without 91T-likes is the preferred method.
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