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ABSTRACT

Aims. A number of recent works have suggested that the periodalosity (PL) relation for the Large Magellanic Cloud (LMC)
Cepheids exhibits a controversial nonlinear feature withemk period at 10 days. Therefore, the aim of this Reseaoté i to test
the linearitynonlinearity of the PL relations for the LMC CepheidsBN1.JHKg band, as well as in the Wesenheit functions.
Methods. We show that simply comparing the long and short period sipfagiether with their associated standard deviationdslea
to a strictly larger error rate than applying rigorous statal tests such as thetest. We applied various statistical tests to the current
published LMC Cepheid data. These statistical tests imcthe F-test, the testimator test, and the Schwarz informatioterioin

(SIC) method.

Results. The results from these statistical tests strongly suggestthe LMC PL relation is nonlinear iBVI.JH band but linear in
theKs band and in the Wesenheit functions. Using the propertipsiddd-color relations at maximum light and multi-phadatiens,
we believe that the nonlinear PL relation is not caused biyetkon errors.
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1. Introduction MACHO LMC Cepheids, and a random-phase correction to de-
rive the mean magnitudes of these 2MASS data.

Our motivation for this Research Note is to extend the previ-
ous work inBVI.JHKg band, using the LMC Cepheid data from
de uqué et al[(2007), with various rigorous statisticatseThe
Ksband data used in Fouqué et al. (2007) are the 2MASS data
tched to the OGLE Cepheids, and the mean magnitudes are
rived using the method presented in Soszynski et al.5)200

Recently, Fouqué et al. (2007) have derived the Galactih€iel
period-luminosity (PL) relation with several ftBrent tech-
niques, including parallax measurements (frblipparcos and
HST), variants of the Baade-Wesselink method, and distan
inferred from open clusters. We point out that such an ap:
proach has been applied before in Ngeow & Kanpur (2004) a

Groenewegen et all (2004). In addition, Fouqué et[al. (po07; "= -> .
also derive Large Magellanic Cloud (LMC) PL relations in thgvh'Ch is diferent from the Qata l.Jsed in Ngeow et al. (2005). It
BVR:Ic.JHKs band, and refer to the work of Sandage et als important to test the nonlinearity resultsiH Ks band results

(2004), which suggests a possible change of slope for the Lt different Cephelq samples andfdrent methods deriving

PL relation at 10 days. In fact, there are several other [gaper the JHKs mean magpnitudes.

the topic of nonlinearLMC PL relations (see Kanbur & Ngeow  As emphasized in Ngeow & Kanbuir (2006a), statistical tests

2004,20056; Kanbur et &l. 2007, Ngeow et[al. 2005; Ngeow &re needed to test and detect the existence of the nonlihear P

Kanbur 20064, 2006b; Koen et al. 2007). relation. We also point out that in searching for nonliniaor
These previous works concentrate on e band (Kanbur @ change of slope at 10 days, the method of comparing the short

& Ngeow[2004| 2006; Ngeow & Kanblir 2006b)dband only and long period slope with their associated standard dewit

(Ngeow & Kanbuf 2006a; Kanbur et al. 2007), with data mostlg more prone to error than applying a statistical test, siscie

from the OGLE (Optical Gravitational Lensing Survey, Udls F-test as indicated by the following, purely analytical exzden

et al[1999) database. For thil K band PL relations, Ngeow et A statement such as the “the slopexis: 6x” means that the

al. (2005) investigated possible nonlinearities using2kihSS ~ Probability that the slope is in the intervat ¢ 6x, x + 0X) is

data from Nikolaev et al[{2004) that cross-correlated whn 1 — @, wherea is the desired significance level. TherAfs the
event that the calculated short period slope is wrong Rnsl

the event that the calculated long period slope is wrong,ave h
Send offprint requests to: C. Ngeow P(A) = @ andP(B) = a. Then in comparing the short and long
1 By nonlinearity we mean that the PL relation can be brokea inperiod slopes using just their calculated standard dewviatithe
two relations, with a break period adopted at 10 days. probability of at least one mistake A U B) = P(A) + P(B) —
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P(ANB) = 2a —a?. If 1 > @ > 0, then 2 — o? > a. If the

F-test or any other statistical test is carried out to thelleve uf E
significancer, then this states that the probability of makingan ,, ¢ AT E
errorin just comparing long and short period slopes thrahgh 3 R L i E
standard deviations is greater than the probability thaFttest -~ ° AL -~ ]
makes a mistake. In essence fhéest compares both shortand 4 Miﬁ' E
long period slopes (as well as the zero-points) of the nealin 15 observation E
PL relations simultaneously. I T L A L L I R =
12 o Y K E
2. Data & Results from Statistical Tests L13F ,5,;,2;'.;.‘9' o .
The BVIcJHKs band LMC Cepheid data were kindly provided Mﬁﬂ E
by P. Fouqué. It iexactly the same dataset used in Fouqué etal. 15 ¥ linear PL E
(2007). We do not include thB; band data because the num- , +—F+—+—+——+—+—F+—+—+——+—+—+—+—
ber of Cepheids ifR; band data is much smaller than in other g e ]
band and some of them have a small number of data points per ** | Y E
light curve. In addition to th&VI.JHK band, we also include 13- PR L E
the two Wesenheit functions considered in Fouqué ef a0 (R0 uE X E
namelyW,; andW,;. We fit a linear PL relation to these data and s F o8l non-linear PL E
obtain identical PL relations as presented in table 8 of Eéuq o |
et al. [2007). The statistical tests we employed in thisystoel 05 1 15
clude theF-test (Kanbur & Ngeow 2004; Ngeow et al. 2005), log(P)

the testimator test, and the Schwarz information crite(®IC)

method (Kanbur et al. 2007). Details regarding the formalisfig. 1. The top panel shows th&band data from Fouqué et al.
and description for these statistical tests are given irati@ve (2007). Both of the middle and lower panels are from simatati
references and will not be repeated here. The simulation in the middle panel uses an intrinsic linelar P
To illustrate the diiculty of visualizing the nonlinear PL re- relation as input, while the PL relation in the bottom parsel i
lation, if it truly exists, and the need for rigorous statiat tests  simulated from an intrinsic nonlinear PL relation. TReest as
to detect such nonlinearity, we simulate th&and PL relation described in Section 2.1 returfs= 0.68 andF = 7.62 for the
using the method detailed in Ngeow & Kanbur (2006a). The ifPL relations in the middle and bottom panels, respectiviig
put linear band PL relation is taken from Fouqué et @l. (2007 -test correctly identified the PL relations that are inticatly
and the input nonlinear PL relation in the simulation is @édp linear and nonlinear, respectively.
from Table[1. Figur&ll compares theband PL relation from
the real data and the two simulations. The three PL relafions

Figurel] look similar and linear by eye. However the PL relati js compared to the slope from the previous sub-sample (éxcep
in the bottom panel is constructed from a nonlinear PL refeti the first sub-sample) using thstatistical test. The null hypoth-
As pointed out in Ngeow & Kanbur (2006a), thefliulty of vi-  egis for the-test is that the two slopes are statistically equal, and
sualizing such a nonlinear PL relation is due to the exist@ic he alternate hypothesis is that they are not. If the nullotlyp
intrinsic dispersion of the PL relation caused by the finitdtly  ggjs i rejected, a new slope, called the testimator, isitze.

of the instability strip. The ratio,k, of the observed values and the critical value is
calculated for each sub-sample (see Kanbur &t al.[2007 fog mo
2.1. The F-Test Results details). The case & > 1 indicates that the null hypothesis can

be rejected for a given sub-sample, and the slope for this sub
For the F-test, the null hypothesisHp) is a single regression sample is statistically ¢tierent to the slope in the previous sub-
line is suficient, while the alternate hypothesi3y) is that two sample. This ensures that the testimator tests only the siog
regression lines separated at 10 days are needed to fit the datt diferences in zero point. In Figué 2, we presentkhal-
In Table[d, we present the results from freest, which include ues of each of the sub-samples under the testimator tesh Fro
the fitted PL relations for the short (I69< 1.0) and long period the figure, it can be seem that in tB&|.JH band, the slopes
Cepheids, th& values and the probabilitp(F), under the null change (withk > 1) for sub-samples that bracket the assumed
hypothesis. As in our previous work, the thresholdi(F) was break period at 10 days afwd the sub-samples with longer pe-
set to be M5 (corresponds to 95% confident level). For a largéod Cepheids. In contrast, the slopes do not change #tatlgt
sample N > 100),F ~ 3 atp(F) = 0.05. Hence ouiF-test in the sub-samples fa¢ W, W,; band.
results indicate that the LMC PL relation is not lineaB | JH
band but linear irkK W, W, band. Note that some of the slopes
andor zero-points in TablE]1 appear to be consistent betwe@rf: 1€ SIC-Test Results

the short and long period Cepheids, but this does not negate tor the SIC test, the null hypothesis is taken to be a linear re
nonlinearity of the PL relation as pointed out in the Introtion. gression model, while the alternate hypothesis is a noafire:

gression model with a break periodRg. This break period is
22 The Testimator-Test Results varied over the entire period range and likelihoods undenthil

and alternate hypotheses are calculated. We look for valfies
Briefly, the testimator test requires the Cepheid sampletdib Py for which the likelihood under the alternative hypothesis i
vided into a number of sub-samples, after the sample has bgesater than that under the null hypothesis. The model \with t
sorted according to the periods. The slope of each sub-sampivestSIC value is the preferred model. Figure 3 summarizes
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Table 1. F-test Results of the LMC PL Relations.

Band as bs Js Ns a bL oL N F p(F)

B -2.628+0.072 17493+0.046 0.262 618 -2402+0192 17419+0.238 0.316 96 7.10 0.001
\% -2.899+ 0052 17148+0.033 0.191 621 -2763+0.141 17127+0.176 0.233 95 6.83 0.001
le -3.073+0.035 16657+0.022 0.126 604 -2951+0104 16609+0.129 0.162 88 7.15 0.001
J -3237+0.040 16330+0.025 0.126 481 -3.035+0.151 16184+0.179 0.134 48 5.00 0.007
H -3.347+0036 16116+0.023 0.114 481 -3.099+0.137 15925+0.162 0.122 48 7.69 0.001
Ks -3.294+ 0043 16027+0.028 0.137 481 -3211+0.144 15992+0.171 0.128 18 1.98 0.140
Whi -3463+ 0021 15933+0.013 0.074 598 -3507+0.055 15999+0.068 0.086 88 0.886 0.413
Wi -3.349+ 0019 15897+0.012 0.069 601 -3.316+0050 15883+0.062 0.078 87 1.631 0.196

The subscriptg and_ are for the short (lo§ < 1.0) and long period Cepheids, respectively, wlaleb and o are the slope, zero-point and
dispersion of the fitted PL relations.
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Fig. 2. The results from the testimator test. The horizontal bagsteek values for each sub-samples. The size of the bars indicates
the period range covered in each sub-samples. The numbeatapdints in each sub-samples ranges from 45 to 88. Thediashe
lines are for the cade= 1.
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Fig. 3. The results from the SIC test. The thick horizontal lineadsiit is independent of logy) and the “curves” are for the null
and alternate hypothesis, respectively. The verticalefhtihes indicate the adopted break period at 10 days.
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the results from this SIC test. BVI.JH band, the SIC test finds long period end, Ngeow & Kanbur (2006a) included various ad-
evidence that there is a rangeRyd where the alternate hypoth-ditional data from literature (see table 1 of Ngeow & Kanbur
esis is a preferred model. This rangeRef includes the adopted2006a), and again found strong evidence of nonlinearity of
break period at 10 days (except in theand, however the rangethe LMC PL relation. In this Research Note, results using the
of the break period is still close to 10 days). The existerfae o Fouqué et al.[(2007) data alone, and with additional dattan fr
range ofPy and the dfficulty of pin-pointing the break period Persson et al[ (2004), further supports the conclusionngive

in the SIC test is mainly due to the finite width of the instipil Ngeow & Kanbur [(2006a): that the sample selection does not
strip (see more detailed discussion in Kanbur étal. RPOOMKE play an important role in detecting the nonlinear LMC PL +ela
band results do not show any preferred alternate modelsidrotion. However, Fouqué et al. (2007) have suggested thahitke

10 days. The SIC results for the two Wesenheit functions@dso ture of data used in previous work may lead to the nonlingarit
not prefer the alternate hypotheses acros®allinterestingly, seen in the statistical tests. This may certainly be the aade
theHKg band imply that at logg ~ 0.5 the alternate hypothesisthe analysis of a homogeneous sample, such as that prowded b
show a smaller value of SIC than the null hypothesis. Culyenthe “LMC shallow survey” (Fouqué 2007; Gieren 2007 — prvat
there is no explanation to account for this. communication) is desirable.

The nonlinearity of the PL relation that is seen in the opti-
cal andJH band but not in the reddening insensitikg band
and the Wesenheit function may suggest that extinctionds th
cause of the nonlinearity. However, extinction is not théyon
In contrast to other band, th#HKs data from Fouqué et al. explanation and there is some evidence against the hypethes
(2007) only consist of the OGLE Cepheids. Therefore, we igf extinction errors as a cause for the apparent nonlinediite
clude additionallHKs band Cepheid data from Persson et alinearity of theKs band PL relation, as compared to other shorter
(2002) to the sample, as suggested by the referee. As in KanW@avelength PL relations, is expected from black-body argyuts
& Ngeow (2006) and Fouqué et al. (2007), we only includeNgeow & Kanburi 200€a). Simply speaking, the temperature
Cepheids with logp) < 1.8 in the sample. Further we removevariation dominates the luminosity variation in the optieand
Cepheid HV 12765 from the sample as suggested in Perssogéends taJH band for Cepheid-like temperatures. But in te
al. (2004). Since thdHK; data from Fouqué et al. (2007) is inband the luminosity variation is dominated by the radius-var
2MASS system and the Persson et al. (200MXs data is in ation of Cepheid variables. The proposed mechanism that may
LCO system, we convert the Persson et [al. (204K data cause the nonlinear PL relation, the interaction betweeryh
to the 2MASS system using a shift e0.02mag. as stated in drogen ionization front and the stellar photosphere (Kargu
Fouqué et al.[(2007). After applying the extinction cotiet, Ngeow 2006), will only &ect the temperature variation and not
the linearJHK; PL relations with the combined 615 Cepheid#e radius variation. The linearity of the Wesenheit fuoiesi is
are: also not a surprise, and has been studied and discussedawNge

& Kanbur (2005) and in Koen et al. (2007), and will not be re-

peated here.

m(J) = —-3.121(0.018) logP) + 16.263(=0.014) Since the additional data used is mainly at the long period

m(H) = —3.228(:0.016) logP) + 16.047(+0.013) end, th_e possibil_ity remains of systematic errors in redd;eas

a function of period. However we note that a reddening ersor a
m(Ks) = -3.249¢0.018) logP) + 16.001(:0.015) a function of long period LMC Cepheids would also change the
observed properties of LMC Cepheids at other phases. A redde
ing error as a function of period such that LMC Cepheids obey a
linear PL relation at mean light would force the LMC Cepheids
) . i _ to have a period-color relation such that they get bluer a¢f ho
test are collectively summarized in Figliie 4. All threeistatal o1 ot maximum light as the period increases (see Figure 5 for
tests again found strong evidence of nonlinéidrband PL rela- 5 gchematic illustration). This is in stark contrast to te@dy-

tions, at the assumed break period of 10 days, for the combing, ot Galactic Cepheids and long period LMC Cepheids, which
Cepheid data. For this band, theF-test shows that the PL re- 56 known to have a flat period-color relation at maximumtligh
lation is marginally linear, w_lth th_e support from the tesditor (Code 1947; Simon et al 1993; Kanbur & Ngebw 2004, 2006:
ano! SIC tests that the nonlinearity is not detected at thakbrgcpur et al 2004). Moreover, it is fticult to explain, theoret-
period of 10 days. ically, how a Cepheid could get hotter at maximum light as the
period increases.

The PL relation at phase 0.8 described in Ngeow & Kanbur
(2006b) presents clearly the dramatic nature of the noatitye
Combining the results from the three statistical testseuresl  at 10 days and the dynamic nature of the PL relation as a func-
in the previous sections, we find that there is strong sigdist tion of phase. It is dficult to reconcile this behavior as being
evidence to suggest the LMC PL relation is nonlinear in thdue to sampling errors ayat reddening errors. It is worth to
BVI.JH band but linear in the&K;\Wh,W,; band. Including ad- point out that the mean light PL relation used in the literatis
ditional data from Persson et dl. (2004) for theKs band does an average of the PL relations in all phases (Kanbur & Ngeow
not alter the results as well. We have to emphasize that Hoth2804; Kanbur et al. 2004; Ngeow & Kankur 2006b). nonlinear-
the testimator and SIC methods are applied t®hdHKsband ity of the PL relations at certain phases will certainfjeat the
and the Wesenheit functions for the first time, in contragh& linearity/nonlinearity of the mean light PL relation.

V band data that has been studied in Kanbur et al. (2007). We have to remind that the data used in this study (and

The nonlinear LMC PL relation has been found from & most of our previous work) were published data that have
Cepheid sample that consists of OGLE Cepheids only (Kanthgen corrected for extinction using the “state-of-thé-artd
& Ngeow[2004). To extend the OGLE sample, mostly at theell-developed methodology. If extinction error is bebevto

2.4. Tests for the JHKs Band PL Relations with Additional
Data

with dispersion of AL30, 0117 and (133 respectively.
The F-test results for the combinelHKs data is presented
in Table[2, while the results from the testimator test and3t@

3. Conclusion & Discussion
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Table 2. F-test Results of thdHKs PL Relations with additional data from Persson et al. (2004)

Band as bg TJs Ns a b|_ oL N, F p(F)

J -3.234+0.038 16328+ 0.024 0.125 499 -3.255+0.077 16416+0.098 0.144 116 7.29 0.001
H -3.343+0.034 16114+0.022 0.113 499 -3300+0.066 16158+0.084 0.123 116 8.44 0.000
Ks -3.300+0.041 16030+0.026 0.135 499 -3371+0.065 16169+0.083 0.121 116 3.03 0.049

The symbols are same as in Table 1.
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Fig. 4. Test results for the testimator test (left panel) and the t88C (right panel) for thdHKs band PL relations with additional
data from Persson et al. (2004). See Fidure Z@nd 3 for theingeahthe lines and curves.

extinction correction done previously in the literaturdrisor-
At mean light At maximum light rect angor incomplete. This wouldféect the previous work that
using these extinction corrections, and those results tebd
revised in future work.

color color Acknowledgements. We would like to thank the referee, P. Fouqué, for useful
discussion. We also thank P. Fouqué and |. Soszynski farirgh their data.
CN acknowledges support from NSF award OPP-0130612 and\aetdity of

lllinois seed funding award to the Dark Energy Survey. SMikramvledges

support from the Chretien International Research Awardnftbe American

log (P) tog (P) Astronomical Society.
Arrow: extra extinction to make Same extra extinction apply
PC(mean) relation linear at PC(max) R f
color - ¢ color ererences
// < Code A. D., 1947, ApJ, 106, 309

Fouqué, P., Arriagada, P., Storm, J., et al., 2007, A&A espi(arXiv:0709.3255)
Groenewegen, M. A. T., Romaniello, M., Primas, F. & Mottiki,, 2004, A&A,

log (P) log (P) 420, 655

Kanbur, S. & Ngeow, C., 2004, MNRAS, 350, 962
Kanbur, S., Ngeow, C. & Buchler, R., 2004, MNRAS, 354, 212

Fig. 5. Schematic illustration for the argument with PC(max) re<anbur, S. & Ngeow, C., 2006, MNRAS, 369, 705

; i nbur, S., Ngeow, C., Nanthakumar, A. & Stevens, R., 206BRP 119, 512
lat'?nd Pp petl_nelts shov;/ the obsiervtladftPC reIIat|0r(;s (aft_er Céﬁen, C., Kanbur, S. & Ngeow, C., 2007, MNRAS, 380, 1440
rected for extinction) at mean (top-left panel) an Maximulcow, C. & Kanbur, S., 2004, MNRAS, 349, 1130

(top-right panel) light. Bottom panels show that if addit@bex- Ngeow, C. & Kanbur, S., 2005, MNRAS, 360, 1033
tinction as function of period to make the mean light PC fetat Ngeow, C., Kanbur, S., Nikolaev, S., et al., 2005, MNRAS, 3531
linear, then the same extinction will cause the colors atimagigeow, C. & Kanbur, S., 2006a, ApJ, 650, 180

; . : , eow, C. & Kanbur, S., 2006b, MNRAS, 369, 723
mum light get bluer as period increases, which are against Kolaev, S.. Drake, A. J.. Keller. S. C.. of al.. 2004, Ap]6260

servation and theoretical expectation. Persson, S., Madore, B., Krzeminski, W., Freedman., Wth Rd. & Murphy,
D., 2004, AJ, 128, 2239
Sandage, A., Tammann, G. A. & Reindl, B., 2004, A&A, 424, 43
Simon, N., Kanbur, S. & Mihalas, D., 1993, ApJ, 414, 310
be the cause of nonlinear PL relations, it would imply tha& thsoszynski, I., Gieren, W. & Pietrzyfiski, G., 2005, PASF7,1823


http://lanl.arXiv.org/abs/0709.3255

6 Ngeow et al.: Nonlinear PL RelatioriRN)

Udalski, A., Soszyhski, I., Szymanski, M., et al., 1999taAstron., 49, 223



	Introduction
	Data & Results from Statistical Tests
	The F-Test Results
	The Testimator-Test Results
	The SIC-Test Results
	Tests for the JHKs Band PL Relations with Additional Data

	Conclusion & Discussion

