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�

The�Observations�of�Comets�17P/Holmes,�C/2007�W1�(Boattini),�

and�C/2007�N3�(Lulin)�
�

C.H.�Lin( ),Z.Y.�Lin( ),W.H.�Ip( ),T.W.�Chen( ),Y.C.�Cheng( ),�

C.S.�Lin( ),C.Y.�Shih( ),H.Y.�Hsiao( ),H.C.�Lin( )�

Graduate�Institute�of�Astronomy,�National�Central�University�

�

At�the�October�24�2007,�the�short�period�comet�17P/Holmes�was�observed�to�brighten�up�extremely�

and� reached�magnitude� 2.5th� from�17th�within� 42� hours.� This� comet�whose� period� is� 6.88� yrs� had�

passed�its�perihelion�(2.053AU)�at�May�in�2007,�and�the�outburst�happened�near�the�perigee�(1.62AU�

on�Nov.� 6).�We�have�observed�17P�with� LOT� since� last�Oct.� 24� and� continued�monitoring� it� in� the�

following� months.� Except� for� the� BVRI� broad�band� filters,� we� also� used� the� Rosetta� narrow�band�

filters�including�CN,�NH2,�H2O
+,�C2,�Rc,�Bc�in�several�days.� �

�

� �

Figure�1:�The�contour�plot�of�R�band�images�of�17P/Holmes�from�Oct.�24,�2007�to�Jan.�

4,� 2008.� The� white� arrows� point� out� the� projected� solar� direction.� The� FOV� of� all�
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frames�is�11’�x�11’.�Every�step�of�the�contour�is�3%�of�the�brightness.� �

�

As�shown�in�Figure.1,�at�the�first�day�of�Oct�24,�17P�just�looked�like�a�small�fuzzy�spot.�In�the�following�

days,�there�was�an�apparent�condensation�cloud,�so�called�the�coma�blob,�traveling�apart�from�the�

cometary� nucleus� and� also� expanding� spherically� in� early� evolution.� In� the� latter� phase� after� the�

mid�November,� the� coma� blob� was� no� longer� like� a� circular� condensation� part� but� diffused� and�

dragged�by�the�gravity�of�the�Sun�into�a�drill�shape.�

�

�
Figure�2:�The�series�of�images�processed�by�ring�masking�method�from�Oct.24�to�Nov.18.�

FOV�is�0.86’�x�0.86’,�about�60,000�km�in�width.�The�yellow�arrows�point�out�the�minor�

jets.�

�

One�of� the� image�procession�we�use�here� is�Azimutahl�Media�Subtraction� (ring�masking),� and� this�

method�will� reveal� the�detailed� structure�around� the�nuclear� region.� Except� for� the�main�eruption�

region�for�the�2007�outburst�in�our�resulted�images�(Figure�2),�we�also�find�a�minor�jet�revealing�since�

Oct.�27�relative�another�active�region�on�the�nucleus�surface.�This�minor�jet�has�lasted�for�at�least�two�

weeks.�

�

� � � � � �
Figure�3:�The�left�diagram�shows�the�separating�distance�between�the�nucleus�and�the�

coma� blob� and� is� estimated� to� be� a� constant� rate� as� 0.132±0.004km/s.� The� right�

diagram�shows�the�radial�distance�of�the�sunward�coma�and�is�also�estimated�to�be�a�

constant�rate�as�0.554±0.005km/s.�

�

We�also�roughly�estimated�the�ejected�mass�of�the�very�first�outburst�to�be�about�0.25%�of�the�total�

nuclear�mass�and�the�gas�production�rate�with�Af��(related�to�dust�production�rate)�of�the�inner�coma.�
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The�paper�of�these�results�has�been�submitted�to�The�Astronomical�Journal�(AJ).� �

The� comet�C/2007�W1� (Boattini)� reached� perihelion� on� June� 24,� 2008.� It� was� a� naked�eye� object�

when� it� was� close� to� Sun� with� m~6.� The� filters� of� LOT� applied� to� this� new� comet� also� contain�

broad�band�and�Rosetta�narrow�band�filters.�Therefore�it�could�be�very�useful�in�the�detailed�study�of�

the�outgassing�activity�and�production�rates�of�daughter�species,�dust�to�gas�ratios.�

�

The�new�comet�C/2007�N3� (Lulin),�hereafter�comet�Lulin,� is� the� first�discovery�of�a� comet�by�Lulin�

Observatory�with�41cm�telescope�(SLT)�in�Taiwan�on�July�11,�2007.�It�reached�the�perihelion�with�1.21�

AU�from�the�sum�on�Jan.�10,�2009.�And�this�comet�may�be�the�most�luminous�comet�of�the�year�on�

Feb.�24,�which�is�in�the�perigee�phase.�We�have�monitored�comet�Lulin�for�a�long�time�scale�since�its�

discovery� with� both� LOT� and� SLT.� The� original� magnitude� as� we� first� saw� is� about� 19� only� and� it�

reached�the�brightest�value�to�be�about�6�when�the�comet�traveled�close�the�Earth.� �

�

We�applied�Rosetta�narrow�band�filters�consisting�CN,�NH2,�H2O
+,�H2O�continuum,�C2,�R�continuum,�

and�B�continuum�to�observe�comet�Lulin�for�a�shorter�period�observation�with�LOT.�It�will�help�us�to�

evaluate� the� production� rate� of� molecular� gas� and� the� correlated� dust� color.� It� revealed� high�

production�rate�and�Af��since�the�existence�of�the�apparent� jets�around�the�cometary�nucleus�(see�

Figure�5).� �

Figure�4:�The�R�band�image�of�

C/2007�W1�(Boattini)�taken�on�

May�3,�2008.� �
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� � �

Figure�5:�The�left�diagram�is�the�unfilter� image�of�comet�Lulin�taken�by�H.C.�Lin�on�

July�23,�2008.�The�right�diagram�is�the�same�enlarged�image�with�the�left�frame�but�

processed�by�Azimuthal�media�subtraction�(Ring�masking).� �

�

We�can�already�see�that�the�coma�of�comet�Lulin�in�the�left�diagram�of�Figure�5�is�nearly�in�spherical�

shape�and�with�a�tiny�anti�tail.�It�may�be�caused�by�the�cometary�orbit�to�which�parallel�the�ecliptic.�

And�after�the�procession�of�the�original�image�centered�on�the�nucleus,�we�see�an�apparent�spiral�jet�

due�to�the�rotation�of�the�nucleus�(see�the�right�frame�of�Figure�5).�By�different�narrow�bands�of�the�

images�after�the�subtraction�of�continuous�flux,�the�detailed�structures�of�different�daughter�species�

can� be� revealed.� We� will� estimate� the� more� precise� gas� production� rate� calibrated� by� the�

spectroscopic�standard�stars�and�derive�more�detailed�the�evolution�of�both�coma�and�tails�from�the�

enormous�data�set�of�comet�Luin�in�the�future.� �

�
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ABSTRACT

Results from the first 2 years of data from the Taiwanese-American Occultation Survey (TAOS) are presented.
Stars have been monitored photometrically at 4 or 5 Hz to search for occultations by small (∼3 km) Kuiper Belt
objects (KBOs). No statistically significant events were found, allowing us to present an upper bound to the size
distribution of KBOs with diameters 0.5 km ! D ! 28 km.

Subject headings: Kuiper Belt — occultations — solar system: formation

1. INTRODUCTION

The study of the Kuiper Belt has exploded since the dis-
covery of 1992 QB1 by Jewitt & Luu (1993). The brightness
distribution of objects with R magnitude brighter than ∼26 is
relatively well established by many surveys, most recently by
Fraser et al. (2008) and references therein. The brightness dis-
tribution is adequately described by a simple cumulative lu-
minosity function deg , wherea(R�R ) �20S(! R) p 10 R ∼ 230

and , for objects with magnitude . There is cleara ∼ 0.6 R ! 26
evidence for a break to a shallower slope for fainter objects:
the deepest survey, conducted using the Advanced Camera for
Surveys on the Hubble Space Telescope (Bernstein et al. 2004),
extended to , and found a factor of ∼25 fewer objectsR p 28.5
than would be expected if the same distribution extended into
this range.

The size distribution of Kuiper Belt objects (KBOs) is be-
lieved to reflect a history of agglomeration during the planetary
formation epoch, when relative velocities between particles
were low and collisions typically resulted in particles sticking
together, followed by destructive collisions when the relative
velocities were increased by dynamical processes after the giant
planets formed (Stern 1996; Davis & Farinella 1997; Stern &
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Colwell 1997; Kenyon & Luu 1999a, 1999b; Kenyon & Brom-
ley 2004; Pan & Sari 2005). The slope of the distribution
function for larger objects reflects the early phase of agglom-
eration, while the shallower distribution for smaller objects
reflects a subsequent phase of destructive collisions. The lo-
cation of the break moves to larger sizes with time, while the
distribution for smaller objects is expected to evolve toward a
steady state collisional cascade (Kenyon & Bromley 2004; Pan
& Sari 2005). Models for the spectrum of small bodies differ
between Pan & Sari (2005) who derived a double-power-law
distribution, and Kenyon & Bromley (2004) whose simulations
show more structure, depending on material properties.

Thus, the size spectrum encodes information about the his-
tory of planet formation and dynamics. However, the size spec-
trum for small KBOs is not constrained by the imaging surveys
because the objects of interest are too faint for direct detection
using presently available instruments. These small objects may,
however, be detected indirectly when they pass between an
observer and a distant star (Bailey 1976; Dyson 1992; Axelrod
et al. 1992; Brown & Webster 1997; Roques & Moncuquet
2000; Cooray & Farmer 2003; Nihei et al. 2007). The challenge
confronting any survey exploiting this technique is the com-
bination of very low anticipated event rate and short duration
of the events (typically !1 s).

Other groups are attempting similar occultation surveys.
Roques et al. (2006) reported three events in 10 star-hours of
photometric data sampled at 45 Hz, which they modeled as
objects at 15, 140, and 210 AU, respectively, placing the in-
ferred objects outside the Kuiper Belt. Bickerton et al. (2008)
reported results of 5 star-hours of data sampled at 40 Hz, during
which no events were detected. Chang et al. (2006) reported
a surprisingly high rate of possible occultation events in RXTE
X-ray observations of Sco X-1, but many of these events have
since been attributed to instrumental effects (Jones et al. 2008;
Chang et al. 2007).

We report here the first results of the Taiwanese American
Occultation Survey (TAOS). TAOS differs from the previously
reported projects primarily in the extent of the photometric time
series, a total of star-hours, and in that data are col-51.53 # 10
lected simultaneously with three telescopes. Some compromises
have been made in regard to the signal-to-noise ratio (S/N), which
is typically lower than in previously reported surveys, and in
cadence, which is 4 or 5 Hz, in contrast with the higher rates
mentioned above. The substantial increase in exposure more than
compensates for the lower cadence and S/N, and we are able to
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Fig. 1.—Demonstration of detrending by the filtering process. The left panel shows a raw light curve set , and the right panel shows the light curve setf(t)
after filtering. The total number points in the light curve set is 26,622, corresponding to 89 minutes. Here only one of every 10 points is plotted, for readability.h(t)

Fig. 2.—Rank-rank plots of the light curve set shown in Fig. 1. Each point
shows the ranks at a single time point for telescopes A and B. The ranks from
the raw light curves (Fig. 1, left) are shown in the left panel, and the ranks
from the filtered light curves (Fig. 1, right) are shown in the right panel.

probe significant ranges of the model space for small KBOs. We
have also developed a statistical analysis technique which allows
efficient use of the multitelescope data to detect brief occultation
events that would be statistically insignificant if observed with
only one telescope.

2. DATA AND ANALYSIS

TAOS has been collecting scientific data since 2005. Ob-
servations are normally carried out simultaneously with three
50 cm telescopes (A, B, and D, separated by distances of 6 m
and 60 m; this system is described by Lehner et al. 2008). Over
15 TB of raw images have been taken. We report here on the
first 2 years of data taken simultaneously with all three tele-
scopes. The data set comprises 156 data runs, where a data
run is defined as a series of three-telescope observations of a
given field for durations of ∼90 minutes. Thirty data runs with
a 4 Hz sampling rate were taken before 2005 December 15,
and 126 data runs were collected subsequently with a sampling
rate of 5 Hz. Only fields with ecliptic latitudes wereFbF ! 10�
analyzed. Over 93% of the data were collected in fields with

, so the results of our analysis are relevant to the sumFbF ! 3�
of the cold and excited KBO populations (Bernstein et al.
2004). No data run was included unless each star was sampled
more than 10,000 times in each telescope. The angle from
opposition in these data runs is distributed from to . The0� 90�
number of stars (with , which typically gives a S/N ≥R ! 13.5
5) monitored in the data runs ranges between 200 and 2000.14

The images were analyzed using an aperture photometry
package (Z.-W. Zhang et al. 2008, in preparation) devised ex-
clusively for TAOS images. Light curves were produced for

14 Information on the TAOS fields is available at http://taos.asiaa
.sinica.edu.tw/taosfield/.

each star by assembling the photometric information into a
time series. A star in each data run has a light curve from each
of the three telescopes. The data presented in this Letter com-
prise 110,895 light curve sets (where a light curve set is defined
as a set of three light curves, one for each telescope, for the
same star in a single data run), containing individual97.1 # 10
photometric measurements.

The photometric data are not calibrated to a standard system.
Changes in atmospheric transparency during a data run produce
flux variations (Fig. 1) that could undermine our occultation
search algorithm. Such low-frequency trends in a light curve
can be removed by a numerical high-pass filter that preserves
information of a brief occultation event, typically with a du-
ration less than 1–2 data points with the TAOS sampling rate.
Our filter takes a time series of measured at time to producef ti i

an intermediate series where is the running av-¯ ¯g p f � f fi i i i

erage of 33 data points centered on . The series is thent gi i

scaled by the local fluctuation, with beingh p g /j(g ) j(g )i i i i

the standard deviation of of 151 data points centered at .g ti i

Both the mean and standard deviation are calculated using 3
j clipping. This filtering proves effective to remove slow-vary-
ing trends in the light curve, while preserving high-frequency
fluctuations that we aim to detect, as illustrated in Figure 1.

We now confront the two central challenges in the search
for extremely rare occultation events in these data: (1) to search
for events simultaneously in three parallel data streams, and
(2) to determine the statistical significance of any rare events
that are found. The second is not straightforward because the
statistical distribution of our photometric measurements is not
known in advance; approximations based on Gaussian statistics
are unreliable far from the mean. This motivates a nonpara-
metric approach.

We thus found it useful to represent each data point by its
rank in the filtered, rescaled light curve data . That is, thehi

rank of a data point ranges from (lowest h) tor p 1 r p NP

(highest h), for a data run comprising photometric mea-NP

surements taken with telescope A, B, or D. The rank triples
form the basis of further analysis of the multi-A B D(r , r , r )i i i

telescope data. The statistical distribution of these ranks is
known exactly, since each rank must occur exactly once in
each time series. Thus, the probability that a given rank will
occur at time is . When the photometric data aret P(r ) p 1/Ni i P

uncorrelated, the probability that a particular rank triple will
occur is simply . This allows a straight-A B D 3P(r , r , r ) p 1/Ni i i P

forward test for correlation between the photometric data taken
in the three telescopes: the rank triples should be distributed
uniformly in a cube with sides of length . A nonuniformNP

pattern in the cube, on the other hand, indicates correlation.
Figure 2 shows an example of the rank series of one telescope
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Fig. 3.—Histogram of h for a light curve set implanted with a simulated
occultation by a 3 km KBO. Each light curve comprises 26,637 points and
the ranks from the three telescopes are found to be 1, 3, and 1. The event is
clearly visible at , and the probability of a rank product of 3 orh p 29.47
lower from random chance is . The overlaid dashed line is�13P p 3.7 # 10
the theoretical distribution of h. The theoretical and implanted light curves
are shown in the inset, offset vertically for clarity.

against another; this indicates that the raw photometric data
are strongly correlated, but the filtered data are not.f hi i

Given that the rank triples are uncorrelated, the ranks can
be used to search for possible occultation events, as follows:
A true occultation event will exhibit anomalous, correlated low
ranks in all three telescopes. The rank triples thus allow an
elegant test for the statistical significance of a candidate event.
Consider the quantity

A B D 3h p � ln (r r r /N ).i i i i P

Since the ranks are uncorrelated (unless we have an occultation
event), we can calculate the exact probability density function15

for h. This in turn allows us to compute the probability that a
given triple of low ranks randomly occurred in an uncorrelated
light curve set; this is our measure of statistical significance. An
illustration of the power of this approach is shown in Figure 3,
where a simulated occultation event is readily recovered.16

We thus screened all of our series of rank triples for events
with low ranks in all three telescopes. In the analysis reported
here, we considered only events for which ,�10P(h ≥ c) ≤ 10
which leads to an expected value of 0.24 false positive events
in the entire data set of rank triples. No statistically92.4 # 10
significant events emerged from this analysis.17

3. EFFICIENCY TEST AND EVENT RATE

While the example event shown in Figure 3 is readily re-
covered, objects with smaller diameters or which do not directly
cross the line of sight might not be so easily detected. An
efficiency calculation is thus necessary for understanding the
detection sensitivity of our data and analysis pipeline to dif-
ferent event parameters, notably the KBO size distribution. Our
efficiency test started with implanting synthetic events into
observed light curves, with the original noise. Each original
light curve was modified by the implanted occultation,fi

, where is the simulated event light curve¯k p f � (1 � d )f di i i i i

(with baseline far from the event; Nihei et al. 2007),d r 1i

and is the average of the original series over a 33 point rollingf̄i

window. Since we preserved the original noise in the modified
light curves, the noise where the implanted occultation event
takes place—for which the flux diminishes—would be slightly
overestimated; hence our efficiency estimate is conservative.

We assumed spherical KBOs at a fixed geocentric distance
of AU. (Given our sampling rate, varying the KBOD p 43
distance within the Kuiper Belt has little effect on our simulated
light curves.) The event epoch was chosen randomly andt0

uniformly within the duration E of the light curve set. The
angular size of each star, necessary for the simulated lightv∗
curve calculation, was estimated using stellar color and ap-
parent magnitude taken from the USNO-B (Monet et al. 2003)
and 2MASS (Skrutskie et al. 2006) catalogs. The impact pa-
rameter of each event was chosen, again randomly and uni-

15 For small h, this distribution can be approximated by a G distribution of
the form , where is the number ofN �1 �hTP(h) p h e /(N � 1)! N p 3T T

telescopes.
16 Details of our statistical methodology will be described in M. J. Lehner

et al. (2008, in preparation).
17 A candidate event was reported in Chen et al. (2007). This event had a

significance of , which did not pass our cut on h. We expect to�103.7 # 10
have ∼1 false positive event at that significance level or higher.

formly, between 0 and , where H is the event cross sectionH/2
(Nihei et al. 2007),

3/2 3/2 2/3�H p 2[( 3F) � (D/2) ] � v D.∗

Here D is the diameter of the occulting object, and F is the
Fresnel scale, , where nm is the median1/2F p (lD/2) l p 600
wavelength in the TAOS filter. The relative velocity between
the Earth and KBO , necessary for the conversion of thevrel

occultation diffraction pattern to a temporally sampled light
curve, is calculated based on the angle from opposition during
each data run.

To adequately cover a wide range of parameter space, two
efficiency runs were completed in which we implanted each
light curve set with exactly one simulated occultation event.
For each event, the diameter of the KBO was chosen randomly
according to a probability, or weighting factor, . In the firstwD

run, objects of diameters , 0.5, 0.6, 0.7, 0.8, and 0.9D p 0.4
km were added with for each diameter. In the secondw p 1/6D

run, objects of diameters , 2, 3, 5, 10 and 30 km wereD p 1
added with weights p {100, 100, 100, 30, 5, 1}/336. ThewD

modified light curves were reprocessed using the same pro-ki

cedure described in § 2. The recovered events and the event
parameters were then used to calculate the number of expected
occultation event in our survey. That is, we calculated the
quantity

�1 2Q (D) p w [E v H (D)/D ],�e D j jrelj
j

where the sum is over all light curve sets where a simulated
event is successfully recovered in the reanalysis (Fig. 4). Es-
sentially is the effective solid angle of our survey, insofarQ (D)e

as TAOS can be considered equivalent to a survey that is
capable of counting every KBO of diameter D in a solid angle

with 100% efficiency.Qe

The expected number of detected events by KBOs with sizes
ranging from to can then be written asD D1 2

D1
dn

N p Q (D)dD, (1)exp � edDD2
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Fig. 4.—Effective solid angle of the TAOS survey as a function of KBO
diameter D (solid line), and the product of the upper limit of the differential
surface density by the effective solid angle (dashed line, in arbitrary units).

Fig. 5.—TAOS upper limit to the size spectrum (solid line) assuming a
power-law distribution; double-power-law fit from Bernstein et al. (2004)
(dashed line; extrapolation at km shown with dotted line). Results fromD ! 28
Bernstein et al. (2004) are shown as data points. Upper limits from Bickerton
et al. (2008) (BKW) and Jones et al. (2008) (RXTE) are also shown. An albedo
of 4% is assumed for computing magnitude.

where is the differential surface number density ofdn/dD
KBOs. The integrand of equation (1) contains two factors: the
model-dependent size distribution , and the model-in-dn/dD
dependent effective solid angle , which describes the sen-Q (D)e

sitivity of the survey to objects of diameter D. Given the ob-
served number of events and the value of resulting fromQ (D)e

the efficiency calculation, we can place model-dependent limits
on the population of KBOs. Based on the absence of detections
in this data set, any model with a size distribution such that

is inconsistent with our data at the 95% confidenceN ≥ 3.0exp

level.
Note that there are an infinite number of models that satisfy

the above requirement. We thus make the reasonable choice of
a power-law size distribution , where�qdn/dD p n (D/28 km)B

is chosen such that the cumulative size distribution is con-nB

tinuous at 28 km with the results of Bernstein et al. (2004).
We integrate equation (1) from km down to our de-D p 282

tection limit of km, and solve equation (1) withD p 0.51

, to find . Our null detection thus eliminatesN p 3 q p 4.60exp

any power-law size distribution with at the 95% c.l.,q 1 4.60
setting a stringent upper limit (see Fig. 5) to the number density
of KBOs.

4. CONCLUSION

We have surveyed the sky for occultations by small KBOs
using the three telescope TAOS system. We have demonstrated
that a dedicated occultation survey using an array of small

telescopes, an innovative statistical analysis of multitelescope
data, and a large number of star-hours, can be used as a pow-
erful probe of small objects in the Kuiper Belt, and we are
thus able to place the strongest upper bound to date on the
number of KBOs with km. We continue to0.5 km ! D ! 28
operate TAOS, soon with an additional telescope, and will
report more sensitive survey results in the future.
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ABSTRACT

We report the detection of early (60–230 s) optical emission of the gamma-ray burst afterglow of GRB 071010B.
No significant correlation with the prompt g-ray emission was found. Our high time resolution data combining
with other measurements within 2 days after the burst indicate that GRB 071010B is composed of a weak early
brightening ( ), probably caused by the peak frequency passing through the optical wavelengths, followeda ∼ 0.6
by a decay ( ), attributed to continuous energy injection by patchy jets.a ∼ �0.51

Subject headings: gamma rays: bursts — gamma rays: observations

Online material: color figures

1. INTRODUCTION

With the launch of the Swift g-ray explorer (Gehrels et al.
2004) in late 2004, great progress has been made in the study
of early optical afterglow of gamma-ray bursts (GRBs). Two
broad classes have been proposed (Vestrand et al. 2006) for
the optical emission detected during the first few minutes after
a GRB: (1) prompt optical emission correlated in time with the
prompt g-ray emission (e.g., GRB 041219 and GRB 050820a;
Vestrand et al. 2005, 2006); (2) early optical afterglow after
the g-ray emission (e.g., GRB 990123 and GRB 050401; Ak-
erlof et al. 1999; Rykoff et al. 2005).

The standard relativistic blast wave (“fireball”) model (e.g.,
Sari & Piran 1997a; Meśzaŕos 2002) attributes the prompt g-
ray emission to the internal shocks in the ultrarelativistic jet
generated by the central engine (Narayan et al. 1992; Rees &
Meśzaŕos 1994; Sari & Piran 1997b). The prompt optical emis-
sion is known to vary simultaneously with the prompt g-ray
emission, indicative of their common origin. The early optical
afterglow, on the other hand, is considered to arise from in-
teraction between the internal shocks and the surrounding me-
dium (so-called “external shocks”; Rees & Meśzaŕos 1992;
Meśzaŕos & Rees 1993; Katz 1994; Sari & Piran 1995). The
early optical afterglow may start during the prompt g-ray emis-
sion, and persist for 10 minutes or longer after the prompt g-
ray emission has faded. So far, only GRB 050820a has been
observed to show a temporal correlation between the two dif-

1 Institute of Astronomy and Astrophysics, Academia Sinica, P.O. Box 23-
141, Taipei 106, Taiwan.

2 Division of Geological and Planetary Sciences, California Institute of Tech-
nology, 1201 East California Boulevard, Pasadena, CA 91125.

3 Institute of Astronomy, National Central University, Chung-Li 32054,
Taiwan.

4 Harvard-Smithsonian Center for Astrophysics, 60 Garden Street, Cam-
bridge, MA 02138.

5 Initiative in Innovative Computing, Harvard University, 60 Oxford Street,
Cambridge, MA 02138.

6 Kavli Institute of Particle Astrophysics and Cosmology, 2575 Sand Hill
Road, MS 29, Menlo Park, CA 94025.

7 Institute of Geophysics and Planetary Physics, Lawrence Livermore Na-
tional Laboratory, Livermore, CA 94550.

8 Department of Physics, University of California, Berkeley, CA 94270.
9 Department of Astronomy, Yonsei University, 134 Shinchon, Seoul 120-

749, Korea.
10 Department of Physics, Saitama University, Shimookubo, Saitama 338-

8570 Japan.

ferent optical components. Such a correlation suggests that the
early afterglow is associated with the impulsive energy released
by the prompt emission, which is consistent with what is ex-
pected in the fireball model for an external forward shock. Fast
photometry in the early phase of emission is therefore important
to reveal the two optical components and to study the inter-
action of the GRB ejecta with the surrounding medium.

In this Letter, we report on our high time resolution detection
of the optical emission of GRB 071010B in the first few
minutes with the TAOS (Taiwanese-American Occultation Sur-
vey) telescopes (Alcock et al. 2003; Chen et al. 2007).

2. THE TAOS OBSERVATION AND RESULTS

The TAOS system consists of an array of four robotic tele-
scopes, TAOS-A, TAOS-B, TAOS-C, and TAOS-D, with sep-
arations ranging from 6 to 65 m. Each telescope has a 50 cm
aperture imaging to a corrected Cassegrain focus at f/1.9 with
a 5000–7200 passband. Each telescope is equipped with aÅ
Spectral Instruments Series 800 CCD camera with a 2048 #
2052 E2V CCD 42-40 chip with two readout channels. The
optical system gives a 3 deg2 field of view. More details about
the TAOS telescope system are described by Lehner et al.
(2008). The main scientific goal of the TAOS project is to
detect and characterize the small (a few km across) objects
beyond Neptune, but the robotic system is well suited to re-
spond efficiently to GRBs.

Upon arrival of a GCN alert, the TAOS scheduler daemon
makes the decision whether to interrupt the regular observing
session to follow up on the GRB, based on the observability
of the target, duplicate packets, alert retracted by the GCN, etc.
Currently the TAOS system responds to, weather permitting,
any GRB above 25� elevation, within 2 hours of the burst. The
advantage of the TAOS system for the GRB studies is its ca-
pability to respond rapidly to an alert with fast photometry.
This allows us to study early optical behavior of a GRB. Cur-
rently our system can point to the burst coordinates provided
by Swift in less than 30 s and start observing. A GRB alert is
followed up for 30 minutes, with each TAOS telescope taking
a different exposure time, i.e., with different cadences between
telescopes, from a fraction of a second to tens of seconds.
Targets brighter than mag can be readily detected. ThisR ∼ 18
setup of multiple telescopes taking different exposure times
maximizes the chance to detect various types of GRB optical
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Fig. 1.—One of the TAOS afterglow images taken with the TAOS-B tele-
scope at 60 s after the burst of GRB 071010B. The integration time was 5 s.

TABLE 1
Log of GRB 071010B Optical Afterglow Observations

tstart tend

Exposure
(s) Magnitude Telescope

60.28 . . . . . . . 65.28 5 16.88 � 0.15 TAOS-B
64.87 . . . . . . . 145.19 1 s # 20 16.64 � 0.19 TAOS-A
68.48 . . . . . . . 73.48 5 16.84 � 0.19 TAOS-B
76.78 . . . . . . . 81.78 5 17.01 � 0.19 TAOS-B
80.38 . . . . . . . 105.38 25 16.66 � 0.05 TAOS-D
84.98 . . . . . . . 89.98 5 16.95 � 0.19 TAOS-B
93.28 . . . . . . . 98.28 5 16.74 � 0.15 TAOS-B
101.59 . . . . . . 106.59 5 16.70 � 0.14 TAOS-B
108.59 . . . . . . 133.59 25 16.59 � 0.06 TAOS-D
109.79 . . . . . . 114.79 5 16.63 � 0.13 TAOS-B
118.09 . . . . . . 123.09 5 16.60 � 0.13 TAOS-B
126.29 . . . . . . 131.29 5 16.42 � 0.12 TAOS-B
134.49 . . . . . . 139.49 5 16.41 � 0.11 TAOS-B
136.90 . . . . . . 161.90 25 16.52 � 0.06 TAOS-D
142.80 . . . . . . 147.80 5 16.51 � 0.09 TAOS-B
149.49 . . . . . . 226.41 1 s # 19 16.55 � 0.18 TAOS-A
151.10 . . . . . . 156.10 5 16.67 � 0.12 TAOS-B
159.30 . . . . . . 164.30 5 16.53 � 0.12 TAOS-B
165.20 . . . . . . 190.20 25 16.68 � 0.07 TAOS-D
167.50 . . . . . . 172.50 5 16.50 � 0.12 TAOS-B
175.80 . . . . . . 180.80 5 16.86 � 0.20 TAOS-B
184.00 . . . . . . 189.00 5 16.59 � 0.14 TAOS-B
192.20 . . . . . . 197.20 5 16.48 � 0.13 TAOS-B
193.51 . . . . . . 218.51 25 16.68 � 0.08 TAOS-D
200.41 . . . . . . 205.41 5 16.67 � 0.14 TAOS-B
208.61 . . . . . . 213.61 5 16.65 � 0.12 TAOS-B
216.91 . . . . . . 221.91 5 16.88 � 0.17 TAOS-B
225.11 . . . . . . 230.11 5 16.57 � 0.15 TAOS-B

counterparts and enables cross-checking of photometric
reliability.

On 2007 October 10, the Swift Burst Alert Telescope (BAT)
detected GRB 071010B at 20:45:47 UT. This burst showed a
main FRED (fast rise–exponential decay) pulse lasting ∼20 s,
with a precursor some 45 s before the main pulse, an extended
tail emission, and a third, weak peak around 95 s after the burst
(Markwardt et al. 2007). The duration of this event is 35.74T90

� 0.5 s in the 15–350 keV range (Markwardt et al. 2007).
Suzaku WAM also detected the main spike (Kira et al. 2007;
Y. Urata et al. 2008, in preparation).

A bright X-ray afterglow was detected by the Swift X-Ray
Telescope (XRT) 6800 s after the burst (Kennea et al. 2007).
In addition, a bright optical afterglow was detected by several
ground-based telescopes (Oksanen 2007; Kann et al. 2007a;
Im et al. 2007a; Kocevski et al. 2007; Xin 2007; Klunko et al.
2007; Rumyantsev & Pozanenko 2007). The spectral mea-
surements of the afterglow by the Gemini North telescope
(Cenko et al. 2007) and Keck telescope (Stern et al. 2007)
indicate a redshift of for this event. A jet break wasz p 0.947
also detected with late-time observations (Kann et al. 2007c;
Im et al. 2007a; Y. Urata et al. 2008, in preparation).

The TAOS telescopes began to observe GRB 071010B about
38 s after the GCN alert—or 52 s after the burst. A sequence
of 1, 5, and 25 s exposures were taken, respectively, by TAOS-
A, TAOS-B, and TAOS-D. The sky conditions were favorable
but observations were terminated after 3 minutes because of
the twilight shutdown set by the scheduler. Such a constraint
has since been lifted to allow completion (30 minutes) of a
GRB follow-up, with the fourth TAOS telescope now desig-
nated to take 0.25 s data.

The images were processed by a standard routine including
bias subtraction and flat-fielding using IRAF. Detection was
clearly seen in the individual images of TAOS-B and TAOS-
D, but not in TAOS-A. The images of TAOS-A were co-added
to increase the signal-to-noise ratio in the analysis. The DAO-
PHOT package (Stetson 1987) was then used to perform point-
spread function (PSF) photometry. In each image, six stars
around the GRB position were used to create the PSF model.
For photometric calibration, we used nine reference stars
( ) in the GRB field given by Henden0.29 ! V � R ! 0.61
(2007). Our photometric results, including those of individual
images by TAOS-B (Fig. 1) and TAOS-D, and of stacked im-
ages by TAOS-A, are listed in Table 1. Both the photometric
and systematic calibration errors were included in the magni-
tude error. A similar result was obtained with differential pho-

tometry by the SExtractor software package 2.3 (Bertin & Ar-
nouts 1996) using a nearby reference star (USNOB1
1355.0217787, R.A. p 10h02m23.577s, decl. p
�45�34�54.38�, R2 p 15.12 mag). The detection threshold
was that an object must have at least 3–10 connected pixels
and a flux in excess of 1.5 times the local background noise.
The MAGAPER estimator in SExtractor was used to determine
the magnitude of the source. The TAOS camera employs a
broad, nonstandard filer, with an effective wavelength close to
standard R (Lehner et al. 2008). Zero point transformation to
standard R can be effected with a deviation of ∼0.007 to the
result in Henden (2007).

Figure 2 shows the optical light curves of GRB 071010B
taken by the three TAOS telescopes during 60–230 s after the
burst. Our data from three telescopes showed consistently a
mild increase in flux, with a best-fit power-law index a p

( p 1.15 for ), defined by ,2 a0.10 � 0.07 x /n n p 26 F(t) ∝ t
where F is the flux at time t after the burst. Following this
mild brightening, GRB 071010B appeared to show a shallow
decay ( ) during 1020–21,600 s after the burst (Tem-a ∼ �0.48
pleton et al. 2007). To combine our TAOS measurements with
GCN reports covering up to 2 days after the burst (Oksanen
2007; Kann et al. 2007b; Kocevski et al. 2007; Im et al. 2007b;
Klunko et al. 2007; Antonyuk et al. 2007), we recalibrated all
the data using the reference stars in Henden (2007) in the GRB
071010B field. The data of Oksanen (2007) and Im et al.
(2007b) were calibrated by USNO B1.0 stars with red mag-
nitude; the USNO B1.0 values are on average 0.09 mag fainter
than those reported by Henden. The reference star (R.A. p
10h02m09.93s, decl. p �45�41�41.1�) reported by Kann et al.
(2007b), Klunko et al. (2007), and Antonyuk et al. (2007) is
0.227 mag fainter than that given by Henden. The entire, re-
scaled light curve, covering from 1 minute to almost 2 days
after the burst, was then fitted with a broken power-law func-
tion, , where is the break∗ �a �a1 2F(n, t) p F /[(t/t ) � (t/t ) ] tn b b b
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Fig. 2.—Early optical light curves of GRB 071010B taken with TAOS-A
(squares; stacked images), TAOS-B (circles), and TAOS-D (asterisks). The
linear least-squares fit (dotted line) to all TAOS data shows a mild increase
of flux. The dashed line is the best broken power-law fit with other measure-
ments as shown in Fig. 3. [See the electronic edition of the Journal for a color
version of this figure.]

Fig. 3.—Optical light curve of GRB 071010B. The dashed line indicates
the best fit by the broken power-law function to the TAOS observations in
the first 3 minutes (this work) and data from the literature up to 2 days after
the burst (Oksanen 2007; Kann et al. 2007b; Kocevski et al. 2007; Im et al.
2007b; Klunko et al. 2007; Antonyuk et al. 2007). [See the electronic edition
of the Journal for a color version of this figure.]

Fig. 4.—Swift 15–350 keV BAT light curve (5 s binning) and the TAOS-
B light curve (5 s sampling). The inserted arrow denotes the weak third peak
of the BAT data.

time, and are the power-law indices before and after ,a a t1 2 b

and is the flux at (Beuermann et al. 1999). Figure 3 shows∗F tn b

the TAOS and recalibrated measurements, together with the
best-fit broken power-law function. It is seen that the light curve
has an initially rising phase ( p 0.62 � 0.34) followed bya1

a decay ( ) after the break timea p �0.51 � 0.01 t p2 b

s ( p 0.98 for n p 31). For clearance, the2137.0 � 19.0 x /n
best broken power-law fit is also shown in Figure 2 with TAOS
data only.

3. DISCUSSION AND CONCLUSIONS

The TAOS light curve was compared with the g-ray obser-
vations for possible temporal correlation. The preliminary high-
level BAT data (15–350 keV), downloaded from the Swift Data
Center (SDC),11 were binned to 5 s in order to compare with
the TAOS-B 5 s data set (Fig. 4). The optical and g-ray light
curves appear quantitatively similar. In particular the optical
brightening during 80–140 s after the burst seems to correspond
to the weak, third peak at 95 s in the BAT light curve reported
by Markwardt et al. (2007). The g-ray signal was, however,
already too weak in this time interval for the optical emission
to be the counterpart of the prompt g-ray emission.

The early optical emission of GRB 071010B, with a bright-
ening followed by a shallow decay, is unusual. The initial
deceleration of the fireball by the reverse shock would produce
a bright peak, such as observed in the well-known GRB
990123, which exhibited a sharp brightening of ∼3 mag within
25 s, until 50 s after the burst (Akerlof et al. 1999). The reverse
shock is short-lived and subsequent cooling results in a fast
decay, e.g., for GRB 990123 (Akerlof et al. 1999).a ∼ �2.52

In comparison, GRB 071010B brightened only 0.6 mag in 80
s, and had a later break time ( s) plus a much shallowert ∼ 140b

decay ( ). The reverse shock therefore should nota ∼ �0.512

be responsible for the optical emission that we detected.
Electrons accelerated in the shock emit synchrotron radia-

tion. As the fireball slows down, the synchrotron peak fre-
quency moves progressively to a lower frequency. The optical

11 See http://heasarc.gsfc.nasa.gov/docs/swift/sdc/data_products.html.

weak brightening that we detected could arise when the syn-
chrotron peak frequency passed through the optical wave-
lengths. The optical light curve of the forward-shock emission
is expected to show an initial rising ( ), followed by a normal0.5t
decay , where p is the power-law index of the electron3(1�p)/4t
spectrum with (e.g., GRB 041006; Urata et al. 2007).p 1 2
The optical light curve of GRB 071010B has a rising rate
( ) consistent with what is expected from thea p 0.62 � 0.341

forward-shock mechanism.
On the other hand, considering the case of , then ! n ! nm opt c

decay phase of the light curve ( ) woulda p �0.51 � 0.012

give p p 1.68 for the uniform ISM case and p p 1.01 for the
preburst wind case in the standard afterglow model. These
values are smaller than the expected value ( ). Moreover,p 1 2
if we consider the afterglow with a flat-spectrum electron dis-
tribution ( ), the obtained value for the uni-1 ! p ! 2 p p 0.74
form ISM case and for the preburst wind case arep p �3.92
also inconsistent with the theoretical value (Dai & Cheng
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2001). The decay phase in GRB 071010B therefore cannot be
well explained by the standard afterglow model. Without spec-
tral or other multiband measurements in the early phase of
GRB 071010B, it is not possible to verify whether the bright-
ening was indeed caused by the synchrotron peak frequency,
but even if it was, an additional mechanism is probably needed
to account for the shallow decay after the brightening.

GRB 071010B was detected to have a jet break (Kann et al.
2007c; Im et al. 2007c; Y. Urata et al. 2008, in preparation),
suggesting a viewing angle nearly along the jet axis. This ex-
cludes the possibility that a tail of prompt emission combined
with an afterglow could produce a shallow decay when ob-
serving outside the edge of the jet (Eichler & Granot 2006) in
GRB 071010B.

The standard GRB afterglow model assumes an initially
steady energy. The GRB is produced by the “internal shocks,”
i.e., a series of collisions between shells moving at different
velocities. The energy hence changes when the slow material
starts to be left behind. As the initially high-speed material is
slowed down by the surrounding environment, the slower ma-
terial eventually catches up and produces refreshed shocks.
Significant continuous energy injection is possible and influ-
ences the fireball during the deceleration phase. The forward
shocks will be refreshed and decelerate slower than in the
standard scenario. This would change the decay slope of the
light curve from the canonical one to a shallower one, as is
evidenced in GRB 071010B.

Energy injection is expected if the energy distribution over
the fireball surface is not uniform. The two-component jet and
the patchy jet model have been proposed to explain the non-
uniformity. The two-component jet model requires one com-
ponent to be ultrarelativistic to power the GRB, whereas the
other component is a moderately relativistic cocoon (Meśzaŕos
& Rees 1993; Berger et al. 2003; Zhang et al. 2004; Huang et
al. 2004; Granot 2005). The afterglow of the cocoon contains
more energy than the narrow component, thereby producing a
noticeable “bump” in the light curve, instead of just changing
the rate of the flux decay, but such a bump should be visible

only after s after the burst (e.g., GRB 030329; Huang et410
al. 2006). It is obvious that the two-component jet model cannot
explain the GRB 071010B light curve.

Alternatively, the light curve of GRB 071010B can be ex-
plained by the patchy jet model (Kumar & Piran 2000), which
assumes the initial fireball ejecta to have large energy fluctu-
ations in angular direction. This results in jets with distributed
values of the Lorentz factor (G), so observers along different
viewing angles would receive different fluxes. Furthermore,
with diversified values of , emission from different patches1/G
becomes observable at different time, thus rendering a shallow
afterglow light curve as detected in GRB 071010B.

In summary, the prompt optical emission for GRB 071010B
was detected within 1 minute after the burst. No significant
correlation with the prompt g-ray emission was found. Our
data of the first 3 minutes combined with measurements made
by other groups within 2 days after the burst show the temporal
evolution of GRB 071010B to consist of a slight brightening
followed by a shallow decay. It is likely that the synchrotron
peak frequency passed through the optical wavelengths and
caused the early brightening, whereas the continuous injection
by patchy jets was responsible for the slow decay that followed.
The detection of GRB 071010B demonstrates the potential of
the TAOS system to respond efficiently to a GRB alert to detect
both prompt optical emission and early afterglow.
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ABSTRACT

We report on the analysis of 436.1 hr of nearly continuous high-speed photometry on the pulsating DB white
dwarf GD358 acquired with the Whole Earth Telescope (WET) during the 2006 international observing run,
designated XCOV25. The Fourier transform (FT) of the light curve contains power between 1000 and 4000 μHz,
with the dominant peak at 1234 μHz. We find 27 independent frequencies distributed in 10 modes, as well as
numerous combination frequencies. Our discussion focuses on a new asteroseismological analysis of GD358,
incorporating the 2006 data set and drawing on 24 years of archival observations. Our results reveal that, while
the general frequency locations of the identified modes are consistent throughout the years, the multiplet structure
is complex and cannot be interpreted simply as l = 1 modes in the limit of slow rotation. The high-k multiplets
exhibit significant variability in structure, amplitude and frequency. Any identification of the m components
for the high-k multiplets is highly suspect. The k = 9 and 8 modes typically do show triplet structure more
consistent with theoretical expectations. The frequencies and amplitudes exhibit some variability, but much less
than the high-k modes. Analysis of the k = 9 and 8 multiplet splittings from 1990 to 2008 reveal a long-term
change in multiplet splittings coinciding with the 1996 sforzando event, where GD358 dramatically altered
its pulsation characteristics on a timescale of hours. We explore potential implications, including the possible
connections between convection and/or magnetic fields and pulsations. We suggest future investigations, including
theoretical investigations of the relationship between magnetic fields, pulsation, growth rates, and convection.

Key words: stars: evolution – stars: individual (GD358) – stars: oscillations – white dwarfs

1. INTRODUCTION

Asteroseismology of stellar remnants is traditionally the study
of the interior structure of pulsating white dwarfs and subdwarfs
as revealed by global stellar oscillations. The oscillations allow
a view beneath the photosphere, and contain information about
basic physical parameters, such as mass, rotation rate, internal

transition profiles, and compositional structure. This informa-
tion (see, for example, Nather et al. 1990; Winget et al. 1991;
Winget et al. 1994; Kepler et al. 2000; Kanaan et al. 2005)
provides important constraints on fields ranging from stellar
formation and evolution, chemical evolution in our galaxy, the
age of the galactic disk, the physics of Type Ia supernovae, and
neutrino physics (Winget et al. 2004).
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Asteroseismology is now expanding its focus to attack prob-
lems that at first consideration may not seem best suited for
the technique. Convection remains one of the largest sources of
theoretical uncertainty in our understanding of stars. This lack
of understanding leads to considerable systematic uncertainties
in such important quantities as the ages of massive stars where
convective overshooting is important (Di Mauro et al. 2003)
and the temperatures and cooling ages of white dwarfs (Prada
et al. 2002; Wood 1992). One important early result from the
Canadian asteroseismology mission Microvariability and Oscil-
lations of Stars (MOST) is the difficulty in detecting predicted
oscillations in Procyon A, implying possibly serious incom-
pleteness in our understanding of stars even slightly different
from the Sun (Matthews et al. 2004; Marchenko 2008).

Montgomery (2005) shows how precise observations of vari-
able star light curves can be used to characterize the convection
zone in a pulsating star. Montgomery bases his approach on
important analytical (Goldreich & Wu 1999; Wu 2001) and nu-
merical precursor calculations (Brickhill 1992). The method is
based on three assumptions: (1) the flux perturbations are sinu-
soidal below the convection zone, (2) the convection zone is so
thin that local angular variations of the nonradial pulsations may
be ignored, i.e., we treat the pulsations locally as if they were
radial, and (3) the convective turnover time is short compared
with the pulsation timescale, so the convection zone can be as-
sumed to respond instantaneously. Using high signal-to-noise
light curves to model nonlinear effects, this approach can obser-
vationally determine the convective time scale τ0, a temperature
dependence parameter N, and, together with an independent Teff
determination, the classical convective efficiency parameter (the
mixing length ratio) α.

Montgomery (2005) applies this theoretical construct to two
large amplitude, monoperiodic white dwarf variables where it is
possible to fold long light curves to obtain high signal-to-noise
pulse shapes. The test candidates are a hydrogen atmosphere
DAV (G29−38) and a helium atmosphere DBV (PG1351+489).
G29−38 is a well-studied DAV known for the complexity of its
pulsations (Kleinman et al. 1998). However, G29−38 was nearly
monoperiodic during the 1988 Whole Earth Telescope (WET)
campaign (Winget et al. 1990). PG1351+489 is dominated by
a single mode and its harmonics, and was WET target in 1995
(Alves et al. 2003). Using folded light curves, Montgomery
(2005) obtained results for these two stars which are consistent
with mixing length theory (MLT) and other calculations of
convective transport.

This significant theoretical advance offers the first empirical
determination of convection parameters in stars other than the
Sun. However, a result from one star in each white dwarf insta-
bility strip provides an insufficient basis for global statements
about the nature of the convection zones for all white dwarfs.
The next logical step is to map a population spanning a range of
temperatures and masses across each instability strip, enabling
us to determine the depth of their convection zones as a function
of Teff and log g.

PG1351+489 and G29−38 are examples of relatively rare,
large amplitude, monoperiodic pulsators where it is possible to
fold long light curves to obtain a high signal-to-noise pulse
shapes. Simulations by Montgomery (2006) show that this
approach is not sufficient for the more common pulsators
demonstrating variable complexity in their pulsation spectra.
In these cases, we require at least 5 hr of very high signal-to-
noise photometry (S/N ≈ 1000) coupled with accurate real time
frequency, amplitude, and phase information for the pulsations

present in the high S/N light curve. The frequency, amplitude,
and phase information, provided by a long timebase, multisite
observing run, is used to fit the high S/N light curve and extract
the convection parameters. The criteria for such a candidate star
include nonlinear pulsations, a fairly bright target, and prior
knowledge of the l and m values of the pulsations. The bright
(mv = 13.5) DB GD358 fits these criteria. GD358 is the best
studied DB pulsator, and the only DB with existing, detailed
asteroseismology (Winget et al. 1994, hereafter W94; Bradley
& Winget 1994; Kepler et al. 2003, hereafter K03; Metcalfe
et al. 2003).

In cooperation with the Delaware Asteroseismic Research
Center (Provencal et al. 2005), we organized a WET run in May
of 2006 (XCOV25) with GD358 as the prime target for Mont-
gomery’s light curve fitting technique. Our purpose was twofold:
(1) obtain at least 5 hr of S/N ≈ 1000 photometry and (2) accu-
rately identify the frequencies, amplitudes and phases present
in GD358’s current pulsation spectrum. The 2006 XCOV25
data set contains ≈436 hr of observations, with ≈29 hr of high
S/N photometry. While GD358 is the best studied DB pul-
sator, the star’s behavior is by no means well understood. The
2006 data set contains a great deal of interesting information on
GD358’s pulsational behavior. Before we can proceed with de-
tailed lightcurve fitting, we must thoroughly understand the data
set, examine GD358’s pulsation spectrum, and extract accurate
frequency, amplitude, and phase information. In the following,
we will present an overview of the data set and reduction proce-
dures. Our discussion will expand the existing asteroseismolog-
ical analysis of GD358, exploring the 2006 XCOV25 identified
modes, combination frequencies, and multiplet structure. We
will compare our results with previous observations and exam-
ine the complexity and evolution of GD358’s pulsations over
time. Our investigation will lead us to consider connections be-
tween GD358’s pulsations, its convection zone, and a possible
surface magnetic field. The remarkable event that occurred in
1996 August (K03) will play an important role in this discus-
sion. Finally, we present implications for our understanding of
GD358’s physical properties and suggest future investigations.

2. OBSERVATIONS AND DATA REDUCTION

GD358 (V777 Her), the brightest (mv = 13.7) and best
studied helium atmosphere white dwarf pulsator, was the target
of the 25th Whole Earth Telescope (WET) run (XCOV25), the
first sponsored by the Delaware Asteroseismic Research Center
(DARC). The observations span 2006 May 12 to June 16, with
the densest coverage between May 19 and May 31. Nineteen
observatories distributed around the globe contributed a total
of 88 individual runs (Table 1). The final XCOV25 light curve
contains 436.1 hr of high speed photometry.

A goal of any WET run is to minimize data artifacts by ob-
taining as uniform a data set as possible (Nather et al. 1990).
Early WET runs (e.g., Winget et al. 1991) comprised mainly
3-channel blue-sensitive photomultiplier tube (PMT) photome-
ters that monitored the target variable, a comparison star, and
sky brightness. CCDs now bring improved sensitivity and bet-
ter sky measurements, but individual CCDs have distinct effec-
tive bandpasses resulting in different measured amplitudes from
different observing sites. Recent WET runs (examples include
Kanaan et al. 2005 and Vuckovic et al. 2006) comprise a mixture
of CCD and PMT observations, and XCOV25 is no exception.
CCDs were employed at sixteen observatories, and 3-channel
PMT photometers at the remaining three sites. We attempt to
minimize bandpass issues by using CCDs with similar detectors
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Table 1
Journal of 2006 XCOV25 Observations

Run Name Telescope Instrument Date Length
(hr)

konk20060512 Konkoly 1.0 m CCD 2006 May 12 6.8
konk20060515 Konkoly 1.0 m CCD 2006 May 15 6.3
mole20060515 Moletai 1.65 m PMT 2006 May 15 1.3
mole20060517 Moletai 1.65 m PMT 2006 May 17 3.5
konk20060517 Konkoly 1.0 m CCD 2006 May 17 5.3
cuba20060517 Mt. Cuba 0.6 m CCD 2006 May 18 5.4
kpno20060518 KPNO 2.1 m CCD 2006 May 18 7.0
ctio20060518 CTIO 0.9 m CCD 2006 May 19 4.4
kpno20060519 KPNO 2.1 m CCD 2006 May 19 7.3
hawa20060518 Hawaii 0.6 m CCD 2006 May 19 2.2
luln20060519 Lulin 1.0 m CCD 2006 May 19 5.0
cuba20060519 Mt. Cuba 0.6 m CCD 2006 May 20 2.5
ctio20060519 CTIO 0.9 m CCD 2006 May 20 2.1
kpno20060520 KPNO 2.1 m CCD 2006 May 20 7.6
hawa20060519 Hawaii 0.6 m CCD 2006 May 20 1.7
ters20060520 Peak Terskol 2.0 m CCD 2006 May 20 5.8
cuba20060520 Mt. Cuba 0.6 m CCD 2006 May 21 7.1
kpno20060521 KPNO 2.1 m CCD 2006 May 21 7.3
ctio20060520 CTIO 0.9 m CCD 2006 May 21 0.7
hawa20060520 Hawaii 0.6 m CCD 2006 May 21 3.5
ters20060521 Peak Terskol 2.0 m CCD 2006 May 21 6.0
tueb20060521 Tuebingen 0.8 m CCD 2006 May 21 6.6
lapa20060521 La Palma WHT 4.2 m CCD 2006 May 22 0.9
cuba20060521 Mt. Cuba 0.6 m CCD 2006 May 22 4.4
ctio20060521 CTIO 0.9 m CCD 2006 May 22 4.5
kpno20060522 KPNO 2.1 m CCD 2006 May 22 1.0
cuba20060521 Mt. Cuba 0.6 m CCD 2006 May 22 1.7
hawa20060521 Hawaii 0.6 m CCD 2006 May 22 7.8
luln20060522 Lulin 1.0 m CCD 2006 May 22 4.5
konk20060522 Konkoly 1.0 m CCD 2006 May 22 4.2
ters20060522 Peak Terskol 2.0 m CCD 2006 May 22 1.3
mcdo20060523 McDonald 2.1 m CCD 2006 May 23 7.4
kpno20060523 KPNO 2.1 m CCD 2006 May 23 2.9
hawa20060522 Hawaii 0.6 m CCD 2006 May 23 6.6
boao20060523 BOAO 1.8 m CCD 2006 May 23 7.1
mcdo20060524 McDonald 2.1 m CCD 2006 May 24 7.2
cuba20060523 Mt. Cuba 0.6 m CCD 2006 May 24 4.0
hawa20060523 Hawaii 0.6 m CCD 2006 May 24 3.7
boao20060524 BOAO 1.8 m CCD 2006 May 24 6.7
ters20060524 Peak Terskol 2.0 m CCD 2006 May 24 6.1
haut20060524 OHP 1.93 m PMT 2006 May 24 2.3
mcdo20060525 McDonald 2.1 m CCD 2006 May 25 6.4
hawa20060524 Hawaii 0.6 m CCD 2006 May 25 5.7
ters20060525 Peak Terskol 2.0 m CCD 2006 May 25 7.1
haut20060525 OHP 1.93 m PMT 2006 May 25 4.2
ctio20060525 CTIO 0.9 m CCD 2006 May 26 4.0
hawa20060525 Hawaii 0.6 m CCD 2006 May 26 8.8
haut20060526 OHP 1.93 m PMT 2006 May 26 4.0
ters20060526 Peak Terskol 2.0 m CCD 2006 May 27 7.1
ctio20060526 CTIO 0.9 m CCD 2006 May 27 4.3
hawa20060526 Hawaii 0.6 m CCD 2006 May 27 9.1
chin20060527 BAO 2.16 m PMT 2006 May 27 4.5
haut20060527 OHP 1.93 m PMT 2006 May 27 4.6
cuba20060527 Mt. Cuba 0.6 m CCD 2006 May 28 6.2
lna20060528 Itajuba 1.6 m CCD 2006 May 28 3.1
mcdo20060528 McDonald 2.1 m CCD 2006 May 28 0.7
mcdo20060528b McDonald 2.1 m CCD 2006 May 28 7.2
hawa20060527 Hawaii 0.6 m CCD 2006 May 28 7.8
chin20060528 BAO 2.16 m PMT 2006 May 28 5.2
haut20060528 OHP 1.93 m PMT 2006 May 28 5.2
vien20060528 Vienna 1.0 m CCD 2006 May 28 2.2
cuba20060528 Mt. Cuba 0.6 m CCD 2006 May 29 3.4
mcdo20060529 McDonald 2.1 m CCD 2006 May 29 8.2
cuba20060528 Mt. Cuba 0.6 m CCD 2006 May 29 2.6
hawa20060528 Hawaii 0.6 m CCD 2006 May 29 9.1

Table 1
(Continued)

Run Name Telescope Instrument Date Length
(hr)

ters20060529 Peak Terskol 2.0 m CCD 2006 May 29 6.0
haut20060529 OHP 1.93 m PMT 2006 May 29 5.3
cuba20060529 Mt. Cuba 0.6 m CCD 2006 May 30 2.7
ters20060530 Peak Terskol 2.0 m CCD 2006 May 30 6.9
haut20060530 OHP 1.93 m PMT 2006 May 30 4.2
hawa20060530 Hawaii 0.6 m CCD 2006 May 31 8.7
chin20060531 BAO 2.16 m PMT 2006 May 31 3.9
ters20060531 Peak Terskol 2.0 m CCD 2006 May 31 7.0
nord20060606 NOT 2.7 m CCD 2006 Jun 6 5.9
tueb20060607 Tuebingen 0.8 m CCD 2006 Jun 7 4.2
nord20060607 NOT 2.7 m CCD 2006 Jun 7 7.1
tueb20060608 Tuebingen 0.8 m CCD 2006 Jun 8 4.7
nord20060608 NOT 2.7 m CCD 2006 Jun 8 8.0
tueb20060609 Tuebingen 0.8 m CCD 2006 Jun 9 5.4
nord20060609 NOT 2.7 m CCD 2006 Jun 9 7.9
tueb20060610 Tuebingen 0.8 m CCD 2006 Jun 10 5.2
tueb20060611 Tuebingen 0.8 m CCD 2006 Jun 11 5.1
tueb20060612 Tuebingen 0.8 m CCD 2006 Jun 12 4.5
lapa20060613 La Palma WHT 4.2 m CCD 2006 Jun 13 1.8
tueb20060613 Tuebingen 0.8 m CCD 2006 Jun 13 5.2
lapa20060614 La Palma WHT 4.2 m CCD 2006 Jun 14 1.4
lapa20060615 La Palma WHT 4.2 m CCD 2006 Jun 15 2.6
lapa20060616 La Palma WHT 4.2 m CCD 2006 Jun 16 2.0

and equipping each CCD with a BG40 or S8612 filter to nor-
malize wavelength response and reduce extinction effects. The
bi-alkali photomultiplier tubes are blue sensitive, so no filters
are required. We also made every attempt to observe the same
comparison star at each site, but given plate scale differences,
that is not always possible.

We employ a 10 s contiguous integration time with the PMT
photometers, while the cycle time for the CCD observations,
including exposure and readout times, varies for each instru-
ment. To illustrate the extremes, the Argos camera (Nather
& Mukadam 2004) at McDonald Observatory uses a frame-
transfer CCD and 5 s integrations with negligible deadtime,
while the camera on the CTIO 0.9m telescope operated by the
SMARTS consortium uses 10 s integration and a 25 s readtime
for a total cycle time of ≈35 s.

Data reduction for the PMT observations follows the prescrip-
tion outlined in Nather et al. (1990) and W94. In most cases,
a third channel continuously monitored sky, allowing point by
point sky subtraction. For two channel observations, the tele-
scope is occasionally moved off the target/comparison for sky
observations. We examined each light curve for photometric
quality, and marked and discarded “bad” points. “Bad” points
are those dominated by external effects such as cosmic rays
or clouds. We divided GD358’s light curve by the comparison
star to remove first order extinction and transparency effects. If
necessary, we fit a low order polynomial to the individual light
curves to remove remaining low frequency variations arising
from differential color extinction. We divided by the mean light
curve value and subtracted 1, resulting in a light curve with
amplitude variations as fractional intensity (mmi). The unit is
a linear representation of the fractional intensity of modulation
(1 mmi ≈ 1 mmag). We present our Fourier transforms (FT) in
units of modulation amplitude (1 mma = 1 × 10−3 ma).

XCOV25 marked an evolution of WET headquarters’ role in
CCD data reduction. A standard procedure for a WET run is for
observers to transfer observations to headquarters for analysis
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Figure 1. Fourier Transform of the 2006 GD358 photometry observations (note vertical scale in each panel). Arrows are labeled with k values for independent modes
(single values) and first order combination frequencies. The unlabeled peaks are second and third order combinations. The spectral window is plotted in the last panel.
Table 2 lists exact identifications.

at the end of each night. In the past, CCD observers completed
initial reductions (bias, flat, and dark removal) at their indi-
vidual sites, performed preliminary aperture photometry, and
transferred the result to WET headquarters. For XCOV25,
the majority of participants transferred their raw images, en-
abling headquarters to funnel data through a uniform reduction
pipeline. The few sites unable to transfer images nightly per-
formed preliminary reductions on site using the same procedures
as those at headquarters, and sent their images at a later date.

CCD data reduction follows the pipeline described by Kanaan
et al. (2002). We corrected each image for bias and dark counts,
and divided by the flat-field. Aperture photometry with a range
of aperture sizes was performed on each image for the target
and selected comparison stars. For each individual nightly run,
we chose the combination of aperture size and comparison star
producing the highest signal/noise as the final light curve. Each
reduced CCD light curve consists of a list of times and fractional
intensities. As with the photometer observations, we examined
each light curve for photometric quality and discarded “bad”
points.

Finally, we combined the individual PMT and CCD light
curves to produce the complete light curve for XCOV25.
This last step requires detailed assessment of overlapping
observations. We make two assumptions in this process: (1) our
observational technique is not sensitive to periods longer than a
few hours, and (2) we assume GD358 oscillates about a mean
light level. These assumptions allow us to carefully identify and
correct vertical offsets in overlapping segments.

This data set does contain a significant fraction of overlapping
lightcurves. We experimented with the effects of overlapping

data on the FT by computing FTs with (1) all data included,
(2) no overlapping data, where we kept those data with higher
signal-to-noise ratio, and (3) weighting the overlapping light
curves by telescope aperture size. We found no significant
differences between the noise levels or FTs of overlapping
versus non-overlapping versus weighted data.

Despite the favorable weather enjoyed by many participating
sites, there are gaps within our light curve, especially near the
beginning and end of XCOV25 when fewer telescopes were
on-line. These gaps produce spectral leakage in the amplitude
spectrum, resulting in a pattern of alias peaks associated
with each physical mode that is not of astrophysical origin.
To quantify this, we sampled a single sinusoid exactly as
our original data and calculated its amplitude spectrum. The
“spectral window” is the pattern produced by a single frequency
in our data set. The Fourier transform and spectral window of
the final complete light curve are given in Figure 1.

3. FREQUENCY IDENTIFICATION

3.1. Stability

Before we can look in detail at the 2006 XCOV25 FT, we must
investigate GD358’s amplitude and frequency stability over the
entire timebase. GD358 is known for large scale changes in
amplitudes and small but not insignificant frequency variations
on a variety of timescales (K03). Amplitude and/or frequency
variations produce artifacts in FTs, greatly complicating any
analysis. We divided the data set into three chunks spanning
≈180 hr and calculated the FT of each chunk (Figure 2). For
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Figure 2. FTs of the 2006 data set subdivided into three chunks of ≈180 hr each. The changes in each FT can be explained as differences in the window structure/
resolution for each chunk. GD358 was relatively stable over this time frame.

the dominant peak, the frequencies are consistent to within
measurement error and the amplitudes remain stable to within
3σ . The differences between each FT are explained by variation
in window structure and resolution from chunk to chunk. We
are confident that GD358 was fairly stable over the length of
XCOV25.

3.2. The 2006 Fourier Transform

To select the statistically significant peaks in the Fourier
transform, we adopt the criterion that a peak have an amplitude
at least 4.0 times greater than the average noise level in the
given frequency range. This leads to a 99.9% probability that
the peak is a real signal present in the data, and is not due to
noise (Scargle 1982; Breger et al. 1993, K03, for example). Here,
“noise” is defined as the average amplitude after prewhitening by
the dominant frequencies in the FT, and is frequency dependent.
This is a conservative estimate, as it is impossible to ensure that
all of the “real” frequencies are removed when calculating the
noise level. This is most certainly the case in GD358, where the
FT contains myriad combination frequencies. Figure 3 displays
the average amplitude, specified as the square root of the average
power after prewhitening by 50 frequencies, as a function of
frequency, for 2006, and previous WET runs on GD358 in 2000,
1994, and 1990.

The amplitude limit we select is very important in deter-
mining “real’signals. To confirm our uncertainty estimates, we
performed several Monte Carlo simulations using the routine
provided in Period04, software devoted to the statistical analy-
sis of time series photometry (Lenz & Breger 2005). The Monte
Carlo routine generates a set of light curves using the orig-
inal times, the fitted frequencies and amplitudes, and added

Gaussian noise. A least-squares fit is performed on each simu-
lated light curve, with the distribution of fit parameters giving
the uncertainties. Our Monte Carlo results are consistent with
our average amplitude noise estimates (Table 2), confirming our
use of the average amplitude after prewhitening.

For both Fourier analysis and multiple least squares fitting, we
use the program Period04. The basic method involves identify-
ing the largest amplitude resolved peak in the FT, subtracting that
sinusoid from the original light curve, recomputing the FT, ex-
amining the residuals, and repeating the process. This technique
is fraught with peril, especially in multiperiodic stars, where it
is possible for overlapping spectral windows to conspire to pro-
duce alias amplitudes larger than real signals. Elimination of this
alias issue was the driving motivation behind the development
of the WET, whose goal is to obtain nearly continuous coverage
over a long time baseline. Our current data set on GD 358 does
contain gaps, but we have minimized the alias problem.

To illustrate the procedure we followed, let us examine the
region of dominant power at 1234 μHz (Figure 4). Comparison
of this region with the spectral window demonstrates that most
of the signal is concentrated at 1234 μHz. We fit the data with
a sine wave to determine frequency, amplitude, and phase, and
subtract the result from the original light curve. The second
panel of Figure 4 shows the FT prewhitened by this frequency.
Careful examination reveals two residual peaks (arrows) that are
clearly not components of the spectral window. We next subtract
a simultaneous fit of the 1234 μHz frequency and these two
additional frequencies, with the results displayed in panel 3 of
Figure 4. At this point, we must proceed with extreme caution.
The remaining peaks, which correspond closely with aliases
in the spectral window, are significant and cannot be ignored.
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Figure 3. A comparison of the average noise from the 1990, 1994, 2000, and 2006 WET runs. Each data set was prewhitened by the 50 largest amplitude frequencies.
This is a conservative estimate of the noise in each data set.

Figure 4. Demonstration of prewhitening using the dominant 1234 μHz mode in the 2006 FT. We begin with the removal of the largest amplitude resolved peak, a
careful comparison of the residuals with the spectral window (last panel), and the subsequent removal of additional peaks.

We are faced with two possibilities: (1) these peaks represent
real signals, and (2) amplitude modulation is present. While
we have ruled out large modulations in frequency/amplitude
during XCOV25, small scale amplitude modulation may be

intrinsic to GD358, or artificially present in the data set. An
examination of data from individual sites reveals that although
the frequencies from each site are the same within the statistical
uncertainties, two observatories, one using a CCD and one a
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Table 2
Table of 2006 Independent Frequencies

k(l = 1) 2006 Frequency Amp S/N MC σamp

(μHz) (mma) (mma)

21 1039.076 ± 0.002 7.96 ± 0.07 27 0.08

19 1173.042 ± 0.002 7.28 ± 0.07 25 0.08

18 1222.751 ± 0.001 5.0 ± 0.07 18 0.6

18 1228.792 ± 0.002 5.7 ± 0.07 19 0.07

18 1234.124 ± 0.001 24 ± 0.07 88 0.09

18 1239.540 ± 0.002 4.7 ± 0.07 18 0.07

18 1245.220 ± 0.003 4.7 ± 0.07 17 0.6

17 1295.533 ± 0.008 1.4 ± 0.08 5 0.6

15 1421.012 ± 0.008 2.8 ± 0.08 7 0.07

15 1423.942 ± 0.008 1.3 ± 0.08 6 0.07

15 1429.210 ± 0.002 5.6 ± 0.07 23 0.07

15 1434.784 ± 0.008 1.4 ± 0.07 4.4 0.06

15 1440.622 ± 0.008 1.4 ± 0.07 4.3 0.06

14 1512.010 ± 0.007 3.6 ± 0.08 8 0.07

12 1736.302 ± 0.001 17.0 ± 0.07 75 0.07

12 1737.962 ± 0.007 5.6 ± 0.07 8 0.08

12 1741.665 ± 0.001 10.9 ± 0.07 50 0.07

12 1743.738 ± 0.002 5.6 ± 0.07 8 0.07

12 1746.673 ± 0.007 1.8 ± 0.08 8 0.08

12 1749.083 ± 0.001 12.9 ± 0.07 50 0.07

11 1856.845 ± 0.009 1.4 ± 0.08 6.4 0.08

9−1 2150.395 ± 0.003 4.2 ± 0.07 17 0.07

90 2154.222 ± 0.002 5.5 ± 0.07 22 0.07

9+1 2158.071 ± 0.002 7.2 ± 0.07 29 0.07

8−1 2359.064 ± 0.002 5.87 ± 0.07 22 0.07

80 2363.058 ± 0.007 1.82 ± 0.08 6 0.07

8+1 2366.523 ± 0.002 6.54 ± 0.07 23 0.07

PMT, report consistently lower amplitudes, probably due to
beating effects. Removing the suspect observations from the
data set does not alter the prewhitening results for the 1234 μHz
region. As an additional test, we closely examined the FTs from
Figure 2. Prewhitening the 1234 μHz regions of each chunk
consistently produces the same five peaks. Finally, we note that
one of these peaks appears in combination with other modes
(Table 3). Therefore, we believe our first possibility is most
probable, all five peaks are real and are listed in Table 2.

We employed this procedure to identify frequencies satisfying
our criteria of amplitudes 4σ above the average noise. The large
amplitude power at 1740 μHz is particularly complex. Unlike
our example at 1234 μHz, this mode contains three peaks
with amplitudes over 10 mma and contains as many as nine
frequencies (Figure 5). Figure 6 demonstrates the prewhitening
results for modes at 2154 and 2362 μHz.

Our final identifications result from a simultaneous nonlinear
least squares fit of 130 frequencies, amplitudes, and phases. We
adopt the l = 1 mode identifications for GD358 established in
W94. We emphasize, however, that k, representing the number
of nodes in the radial component of displacement from the center
to the stellar surface, cannot be observationally determined
and may not correspond precisely to the values given here.
Tables 2 lists 27 identified independent frequencies. Table 3
presents significant combination frequencies. In the interest of
space, we do not list all of the combination frequencies.

Table 3
2006 Combination Frequencies

Frequency Combination(s) fobs − fcalc Amp (S/N) Rc

(μHz) k (μHz) (mma)

195.085 1234 − 21 0.04 2.7 7.7 . . .

507.523 1741.7 − 1234 −0.02 3.0 8.2 . . .

622.798 2358.1 − 1736.3 −1.0 2.8 7.5 . . .

920.039 90 − 1234 −0.06 1.9 4.5 . . .

2078.187 2 × 1039.1 −0.1 0.74 3.2 2.4
2273.244 1234 + 21 0.05 4.2 10.8 9.6
2407.205 1234 + 19 0.07 3.8 9.7 9.1
2462.989 1234 + 1228.8 0.07 3.7 8.2 11.4
2468.282 2 × 1234 0.034 5.1 13.1 1.8
2479.358 1234 + 1245.2 0.014 1.5 4.1 5.6
2663.369 1234 + 1429.2 0.04 2.9 7.3 9.4
2780.786 1741.7 + 1039.1 0.014 1.4 4.0 7.1
2909.416 1736.3 + 19 0.1 1.0 2.6 3.5
2964.917 1228.8 + 1736.3 −0.18 1.1 2.8 5.0

1222.8 + 1741.7 −0.46 1.1 2.8
2970.400 1234 + 1736.3 0.025 3.0 7.6 3.1

1228.8 + 1741.7 −0.057
2972.085 1234 + 1737.9 0.036 2.82 7.6 8.8

1222.8 + 1749.1 −0.22
2975.814 1234 + 1741.7 −0.024 3.4 8.7 5.5

1239.5 + 1736.3 −0.039
2977.885 1228.8 + 1749.1 0.01 1.7 4.4 11.9

1234 + 1743.8 0.02
2981.032 1239.5 + 1741.7 0.17 1.3 4.0 11.2
2981.947 1245.2 + 1736.3 −0.45 3.5 7.9 20.6
2983.266 1234 + 1749.1 0.057 3.1 7.9 4.66
2988.643 1239.5 + 1749.1 −0.42 1.1 3.9 9.36
3388.400 1234 + 90 0.052 1.5 4.0 4.75
3392.185 1234 + 2150.4 −0.013 1.7 4.4 7.35
3472.552 2 × 1736.3 −0.052 1.5 4.8 1.2
3477.939 1736.3 + 1741.7 0.06 1.7 4.5 4.0
3485.387 1741.7 + 1743.7 −0.02 5.7 16.7 11.6

1736.3 + 1749.1 0.003 5.7 16.8
3490.720 1741.7 + 1749.1 0.03 1.3 4.0
3593.136 1234 + 2359.1 −0.041 1.6 4.2 4.8
3600.577 1234 + 2366.5 −0.071 1.7 4.5 4.5
3702.443 3 × 1234 0.071 2.0 5.3
3890.607 1736.3 + 90 0.08 1.5 4.8 7.0
3894.392 1736.3 + 2158.1 0.016 2.7 7.7 6.8
3907.140 1749.083 + 2158.1 −0.014 1.6 5 7.7
4095.326 1736.302 + 2359.1 −0.03 1.2 4.0 5.2
4102.850 1736.302 + 2366.5 0.024 2.2 7.3 4.0
4108.130 1749.083 + 2359.1 −0.06 1.7 5.6 9.8
4209.941 2 × 1234 + 1741.7 0.028 1.3 4.8
4308.536 2 × 90 −0.092 1.0 4.6 11.7
4517.044 80 + 90 −0.24 1.1 4.7 48.5

2359.1 + 2158.1 0.13
2150.4 + 2366.5 −0.08

4719.483 2 × 2359.064 −1.4 2.1 7.2 13.2
4718.268 2 × 2359.064 −0.14 1.1 4.7
5221.734 1736.3 + 1741.7 + 1743.7 0.034 1.3 4.2

2 × 1736.3 + 1749.1 −0.049
5643.452 1736.3 + 1749.1 + 2158.1 0.05 1.2 4.1

4. GD358 IN 2006

4.1. Independent Modes

The 2006 XCOV25 data set illustrates GD358’s continuing
tendency for changing the distribution of amplitudes among its
excited modes. Using the k identifications established in W94,
we detect power at k = 21, 19, 18, 17, 15, 14, 12, 11, 9, and 8. The
principal frequency is at 1234 μHz (k = 18) with an amplitude
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Figure 5. Prewhitening of the complex k = 12 mode. We find three peaks over 10 mma at 1736, 1741 and 1749 μHz, and numerous additional peaks (Table 2). This
mode could contain as many as 9 components.

Figure 6. Prewhitening of the k = 9 and 8 modes. These modes are triplets consistent with previous reports of W94 and K03.
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Figure 7. A “snapshot” of the 2006 largest amplitude modes and their multiplet structure. The left panels plot the observed FT, and the right panels presents the
prewhitening results. The 1σ frequency errors are ≈0.001 μHz. Each panel spans 50 μHz. Note the changes in y scale.

of 24 mma. The previously dominant k = 17 and 15 modes
(K03) are greatly diminished in amplitude (1.4 and 5.6 mma,
respectively), and we do not detect the k = 16 or k = 13 modes
reported by W94 and K03. We cannot identify the suspected l =
2 mode at 1255.4 μHz or k = 7 at 2675.5 μHz noted by K03).
K03 suggest that k = 7 may have been excited to visibility
via resonant coupling with k = 17 and 16. Since neither has
significant amplitude in 2006 (Figure 1), it logically follows that
this mode would not be detected. Perhaps the greatest surprise
from XCOV25 is the appearance of prominent power at the
predicted value for k = 12, a region of the FT previously devoid
of significant peaks.

Figure 7 presents a “snapshot” of multiplet structure in
the XCOV25 FT. The only modes exhibiting structure with
splittings in agreement with previous observations are k =
9 and 8. We find average multiplet splittings of 3.83 and
3.75 μHz, respectively. The dominant k = 18 is a quintuplet
with an average splitting of 5.6 μHz. The 5.6 μHz splitting also
appears in the k = 15 and k = 12 modes. The k = 15 mode
contains five peaks, only three of which are split by 5.6 μHz.
The k = 12 mode could contain as many as nine components,
if we relax our 4.0 σ detection criteria slightly. A possible
interpretation for k = 12 is two, perhaps three, overlapping
triplets, each with ≈ 5.6 μHz splitting. An l = 2 mode is
predicted at ≈1745μHz, so a second possible interpretation is
an overlap of l = 1 and l = 2 modes. We point out that the
other high-k modes (17, 16, 14, and 13) reported by W94 to
have frequency splittings of ≈ 6 μHz are either not detected
here, or do not have sufficient amplitude to investigate multiplet
structure.

Our goal for XCOV25 is the identification/confirmation of
l and m values for modes in GD358’s 2006 light curve. This
information is required to fit our high signal-to-noise lightcurve
using Montgomery’s technique. However, the 2006 multiplet
structure proves to be puzzling. In the limit of slow rotation, we
expect each mode to be split into 2l + 1 components. Except for
k = 9 and k = 8, we do not find the distinct triplets attributable to
l = 1. Indeed, k = 18 is a quintuplet at first glance suggesting
l = 2, and k = 15 and 12 are both complex but lacking equal
splittings. We cannot confirm the l or m designations of W94
and K03 based on multiplet structure alone. Fortunately, the
identification of the spherical degree of GD358’s pulsation
modes as l = 1 does not rely solely on multiplet structure.
Table 4 presents the mean period spacing for XCOV25, as
well as WET runs from 1990, 1991, 1994, and 2000. The
average period spacing, which is dependent on stellar mass,
is 38.6 s. If GD358’s modes are consecutive l = 1, the period
spacing corresponds to a stellar mass of ≈ 0.6 Mo, in agreement
with spectroscopic results (Beauchamp et al. 1999). If they are
consecutive l = 2 modes, the derived stellar mass becomes
≈ 0.2 Mo, making GD358 one of the lowest mass field white
dwarfs known and incompatible with the spectroscopic log g. In
addition, the distance of 42 ± 3pc derived from GD358 models
assuming l = 1 is consistent with the trigonometric distance of
36 ± 4pc. The distance derived derived from models assuming
l = 2 is ≈75 pc (Bradley & Winget 1994). Is it possible that
we have an amalgam of l = 1 and 2 modes? l = 2 modes
are predicted to be quintuplets, fitting with our results for k =
18. However, we expect the ratio of rotational splittings between
l = 1 and l = 2 to be R1,2 = 0.60 (Winget et al. 1991). Assuming
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Table 4
Mean Period Spacing

Year Time ΔPav

BJED (s)

1990 2440831.772 38.60 ± 0.3
1991 2448356.716 38.39 ± 0.3
1994 2449474.998 38.67 ± 0.3
2000 2451702.402 38.77 ± 0.3
2006 2453868.311 38.77 ± 0.3

Notes. The spacing from the “period transform is given as PT, and the value
from the subtracting of low- and high-k periods is “K.”

k = 8 and 9 are l = 1 as indicated by their triplet structure, we
expect an l = 2 splitting of 6.3 μHz, much larger than the
observed 5.6 μHz splitting. We have no easy explanation for
the 5.6 μHz splitting, and hesitate to identify k = 18 as an
l = 2 mode solely on the basis of a quintuplet. The k = 12 and
k = 15 modes contain the mysterious 5.6 μHz splitting, but
the splittings are unequally spaced. The “best fit” pulsation
models do predict l = 2 modes at 1250 μHz (near k = 18) and
1745 μHz (near k = 12) (Metcalfe et al. 2003). The 1250 μHz
mode is not detected in this data set. Some of the complex peaks
at k = 12 could correspond to an underlying l = 2 mode, but
the splittings do not support this conclusion. Finally, optical and
UV radial velocity variations have been used to determine the
l values for several modes in GD358, including k = 18. Kotak
et al. (2003) identified radial velocities corresponding to k =
18, 17, 15, 9, and 8 in their time-resolved optical spectra. They
determined that these modes all share the same l value, which
is probably l = 1. Castanheira et al. (2005) use HST UV time
resolved spectroscopy to determine that k = 9 and 8 are best
explained as l = 1.

While we are fairly certain that the majority of GD358’s
modes are l = 1, except for k = 9 and 8, we cannot directly
provide m identifications for the observed multiplet components
or confirm the m identifications of W94 and K03. For this data
set, we must resort to indirect means. In the next section, we
examine the combination frequencies, and, limiting ourselves
to l = 1, explore their potential for pinning down the multiplet
m components in GD358.

4.2. Combination Frequencies

GD358’s 2006 FT contains a rich distribution of combination
frequencies, from differences to simple harmonics to fourth or-
der combinations. Combinations peaks are typically observed in
the FTs of large amplitude pulsators (Dolez et al. 2006; Yeates
et al. 2005; Thompson et al. 2003; Handler et al. 2002, W94).
Their frequencies correspond to integer multiples of a single fre-
quency (harmonics), combinations (both sums and differences)
of different components of a given multiplet, or combinations
(again both sums and differences) of components of different
modes (cross combinations). The general consensus on the ori-
gin of these combinations dictates that they are not independent
modes, but are the result of nonlinear mixing induced by the
convection zone in the outer layers of the star (Brickhill 1992;
Wu 2001; Ising & Koester 2001). The convection zone varies
its depth in response to the pulsations, distorting and delaying
the original sinusoidal variations, and redistributing some power
into combination frequencies. While combinations themselves
do not provide additional direct information about the interior
structure of the star, they are sensitive to mode geometry, mak-
ing them potential tools for identifying l and/or m values and
orientation for each mode.

Wu (2001) provides a theoretical overview of combinations
and their interpretation. Handler et al. (2002) and Yeates et al.
(2005) apply Wu’s approach to several ZZ Ceti (DA) stars.
Yeates et al. (2005) focus on the dimensionless ratio Rc first
introduced by van Kerkwijk et al. (2000). The theoretical value
of Rc is given as Rc = F(ωi, ωj, τc0 , 2β + γ )G(l, m, θ ). The first
term, F, includes the frequencies of the parent modes (ωi, ωj ),
as well as properties inherent to the star, such as the depth of the
stellar convection zone at equilibrium (τc0 ) and the sensitivity
of the convection zone to changes in temperature (β, γ ). The
second term, G, includes geometric factors such as the l and
m values of the parent modes, and the inclination angle of
the pulsation axis. Both Wu (2001) and Yeates et al. (2005)
present theoretical predictions for various combinations of l and
m values.

The observed value of Rc is defined as the ratio between the
observed amplitude of a combination and the product of the
observed amplitudes of its parent modes, including a correction
factor incorporating the bolometric correction and an estimate
for the convective exponent. The convective exponent appears
in theoretical estimations of the thermal response timescale of
the convection zone. From Montgomery (2008), we estimate
the bolometric flux correction for GD358 to be 0.35 and the
convective exponent to be 25. For harmonic combinations, this
produces a corrective factor of 0.22. Cross combinations include
an additional factor of 2, resulting in a correction of 0.44. With
this formalism, and limiting ourselves to the previous identifica-
tion of the principal modes as l = 1, and with the smorgasbord of
combination frequencies present in GD358, it should be possi-
ble to determine m values of the parent modes, to provide limits
on the inclination angle, and to further study convection in white
dwarfs. However, interpretation of the combination frequencies
is not as straightforward as we would hope.

The analysis of Rc for harmonic combinations is simplified
by the fact that we are certain that the combination contains a
single parent, and so single values for l and m. In the 2006 data
set, we detect the dominant 1234 μHz mode’s first, second, and
third harmonics, and place upper amplitude limits of ≈ 0.3 mma
on higher orders. The first harmonic, at 2468.282 μHz with an
amplitude of 5.1 mma, is the 12th highest amplitude peak in the
FT and the second highest amplitude combination frequency
observed.

The second largest mode and most complicated multiplet in
the 2006 FT is k = 12. Focusing on its three large amplitude
components (Table 3), we find the first harmonic of 1736 μHz,
near 3472 μHz with an amplitude of 1.5 mma. Interestingly, the
largest peak near 3472 μHz is actually a sum of k = 12 compo-
nents (see Table 3), not a simple harmonic, a behavior distinctly
different from k = 18. We place an upper limit of 0.5 mma for
a 1st harmonic of 1741.67 μHz, 0.6 mma for 1749.08 μHz,
and upper limits of 0.3 mma for all higher orders for all other
components of k = 12.

For the remaining modes in Table 2, we detect the first
harmonic of 1039 μHz (k = 21) with an amplitude of 0.7 mma.
For k = 19, 17, 15, 14, and 11, we place upper limits of 0.5 mma
for their first harmonics. The 2154 μHz peak, identified as k = 9,
m = 0 (k = 90) in W94, has a first harmonic with an amplitude
of 1.0 mma. It is surprising that we do not detect a harmonic
of the larger amplitude k = 9+1 component. We place upper
limits of 0.4 mma for harmonics of the k = 9±1 components.
Finally, the 2359 μHz component of k = 8, identified as k = 8−1

in W94, has a first harmonic at 4719.483 μHz (2.1 mma). We
place upper limits of 0.4 mma for harmonics of the k = 80 and
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Figure 8. Observed Rc values (ratio of amplitude of the combination to the product of the parent amplitudes) for detected harmonics. The open circles denote detected
harmonics with estimated errors, and the vectors plot upper limits on other harmonics. The solid lines represent theoretical values for the harmonics of m = 0 modes
for inclinations of 0, 20, 40, and 60◦. The dotted line gives the theoretical value for the harmonics of m = 1 and m = −1 modes, which do not depend on inclination.
We rely on previous identifications of m values for k = 9 and 8.

k = 8+1 components. We note again that the larger amplitude
k = 8+1 does not have a significant harmonic.

We begin by plotting the observed values of Rc for first order
harmonics in Figure 8. If no harmonic is detected, we present
upper limits. Since we do not have m identifications for most
modes but we know that m must be the same for harmonic
parents, we plot theoretical predictions for l = 1, m = 0, 0
combinations for inclinations of 0, 20, 40, and 60◦ (solid lines)
and l = 1, m = 1, 1 and m = −1,−1 (dotted line). Rc values
for m = 1, 1 and m = −1,−1 combinations do not depend on
inclination. Surprisingly, the observed Rc values and upper limits
for the high-k modes are lower than the theoretical predictions.
We could argue that, under the theoretical assumptions of
Wu (2001), the detected high-k multiplet components are not
consistent with m = 0.

From the k = 9 harmonics, we find behavior closer to
theoretical predictions. The k = 90 harmonic is consistent
with an inclination of between 0 and 40◦, while the k = 9±1

components are in the direction of theoretical predictions.
However, for k = 8, the k = 8−1 harmonic has a larger value
of Rc than the k = 8+1 upper limit, something that is difficult
to explain using current theory and simple viewing arguments.
The upper limit of Rc for k = 80 is 29, and is not shown in
Figure 8.

The most eye-catching example of cross combination peaks
is found near 3000 μHz (Figure 1), corresponding to linear
combinations between the two largest multiplets, k = 18 and
k = 12. Our resolution and sensitivity are sufficient to reveal
nine combinations, with amplitudes ranging from 3.4 mma
to 1.1 mma. In several cases, multiple parent identifications
are possible for each mode. For the following discussion,

we include identifications for detected combinations involving
at least one large amplitude parent, with most including the
1234 μHz mode in combination with components of k = 12
(Table 3). The 1234 μHz mode also produces large amplitude
combinations (4.2 and 3.8 mma) with the 1039 (k = 21) and
1173 (k = 19) μHz modes.

Figure 9 presents observed Rc values and upper limits for
first order cross combinations including the dominant 1234 μHz
mode as one parent. We include the same theoretical predictions
as in Figure 8, adding predictions for l = 1, m = +1,−1
combinations for inclinations of 20, 40, and 60◦ (dotted lines),
and m = 0,±1 combinations (dot/dash line). The Rc values for
combinations of 1234 μHz with the high-k modes 21, 19, 15,
and one component of k = 12 (1739 μHz) are consistent with
either m = 0, 0 combinations with an inclination of roughly
40◦ or m = +1,−1 combinations with an inclination closer to
50◦. Recalling that the harmonic combinations (Figure 8) argue
that none of the high-k modes are m = 0, the second choice
of m = +1,−1 combinations seems more likely. This further
implies that 1234 μHz is either m = +1 or m = −1, and the
other modes are all the remaining value.

The relative values of Rc among the 3000 μHz combinations
(k = 18+12), while independent of most model parameters,
do depend on inclination, and should reflect their respective
projection in our line of sight. We should find Rc values
corresponding to combinations of m = 0,±1, m = 0, 0,
m = −1, +1, and m = same. However, even incorporating
our tenuous identification of 1234 μHz as m = −1, given the
number of multiplet components and large uncertainties in the
inclination angle, our analysis based on Wu (2001) predictions
produces no clear identification.
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Figure 9. Observed Rc values (ratio of amplitude of the combination to the product of the parent amplitudes) for cross combinations including 1234 μHz as one parent
mode. The k value of the second parent is given along the bottom of the figure, and different point types indicate combinations of 1234 μHz with different ks. The
solid lines represent theoretical predictions for m = 0, 0 combinations with inclinations of 20, 40, and 60◦, the dotted lines are for m = +1, −1 combinations with the
same inclinations, and the dot/dash line represents m = 1, 1 and m = −1,−1, and m = 0,±1 combinations. Error bars are 1σ formal errors.

Our analysis of GD358’s combination frequencies is com-
plex. We find a very tenuous identification for the 1234 μHz
mode of m = ±1, requiring the remaining high-k modes’ largest
component to be the remaining value. We find no clear m iden-
tifications for the components of k = 12. This mode is clearly
more complex than the simple multiplet structure expected in
the limit of slow rotation.

There are multiple reasons why GD358’s combination fre-
quencies defy simple interpretation. First, this star simply has
too many principal modes simultaneously excited to large ampli-
tude. The cross-talk between them is large, and the perturbative
treatment of Wu (2001) may not be valid. Second, both Wu
(2001) and Yeates et al. (2005) assume the intrinsic amplitudes
are the same for every component in a multiplet, and this may
simply not be the case for GD358. Third, the theoretical value of
Rc relies on correct identification of l and m, although in simpler
cases, as in Yeates et al. (2005), it can be used as a mode iden-
tification technique. While we are fairly certain that GD358’s
pulsations are l = 1, the assumption of a classical triplet split
by rotation is not valid for GD358’s high-k modes. Finally, we
raise a possibility suggested by the k = 9 and 8 components
and their harmonics: to first order, the m = 0 components sam-
ple the radial direction, and the m = ±1 components sample
azimuthal direction. Components of the same mode have the
same inclination, so cancellation effects should be the same.
The k = 9 and 8 multiplet amplitudes and presence/absence of
harmonics argue that something is interrupting the azimuthal
symmetry of GD358. It is possible that the pulsations do not all
share the same inclination, in which case they would not com-
bine as expected by Wu (2001). The oblique pulsator model

is well known, especially in the case of roAp stars. For exam-
ple, Bigot & Dziembowski (2002) show that the main mode of
HR 3831, a pulsating roAp star, departs from alignment with
the magnetic axis. GD358’s combinations are trying to tell us
something important about the pulsation geometry, but we do
not yet understand how to interpret it.

While the general frequencies of the high-k multiplets agree
with the identifications of W94 and K03, the 2006 multiplets
themselves are complex, and cannot be explained by simply
invoking rotation using standard theory and simple geometric
viewing arguments. Except for the k = 9 and k = 8 modes, we
do not find triplet structure as reported in W94 and cannot
provide m identifications. The facts that the multiplets do
change and the 2006 combinations do not conform to theoretical
predictions leads us to expand our investigation to include
archival observations of GD358. In the following, we will
examine the structure of GD358’s multiplets in detail over
timescales of years.

5. MULTIPLET STRUCTURE CHANGE AND
COMPLEXITY

Each multiplet in GD358’s FT should represent a quantized
g-mode pulsation, described theoretically by a spherical har-
monic of index l and overtone k, which has been split into
multiple components (2l + 1) by the star’s rotation. As com-
ponent frequencies are determined by the star’s structure and
rotation rate, we would expect the multiplet structure to remain
stable over long time periods. The classic example is the DO
pulsator PG1159-035, which exhibits prototypical triplets, cor-
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Figure 10. FTs of GD358 from 1982 to 2007, with each spectral window given in the upper right corner of each panel. Each panel spans 2800 μHz. The filled squares
in the bottom panel mark the predicted locations of GD358’s pulsation modes (l = 1). GD358 changes its distribution of amplitudes of the excited modes, but the
modes are consistently in the same general locations. High-k modes exhibit the largest variation in amplitude. Note the appearance of k = 12 in 2006.

responding to l = 1, and quintuplets, corresponding to l = 2 (see
Figures 5 and 6 in Winget et al. 1991).

W94 based the first asteroseismological analysis of GD358 on
the identified modes and multiplet structure in the 1990 data set.
The frequency splittings within the 1990 multiplets range from
3.5 to 6.5 μHz, vary as a function of the radial number k, and are
not always symmetric with respect to the central frequency. W94
interpreted the trend with k as differential rotation within the
star, and used the splitting asymmetry to determine an average
magnetic field strength of 1300 ± 300 G. If we assume that
GD358’s structure is constant in time, then we would expect
to find similar multiplet structure in other observing seasons,
including XCOV25.

Figure 10 displays FTs for seasons spanning GD358’s 1982
discovery to 2007. The 1990 (W94), 1991, 1994, 2000 (K03),
and 2006 FTs are from WET runs, while the other FTs are
single site, obtained from McDonald Observatory or Mt. Cuba
Observatory (2007 season). The large amplitude peaks are
consistently found between 1000 and 1800 μHz, and individual
modes are close to predicted values for l = 1 (the filled boxes
in the last panel of Figure 10 marks the periods of the best
fit model from Metcalfe et al. 2003). Using the 2006 data set,
we calculated an average period spacing of 38.77 s using the
measured periods of the lowest and highest k modes. This is
consistent with results from previous observations (Table 4),
demonstrating that GD358’s general internal structure is largely
unchanged.

We extracted the k = 8, 9, 15, and 17 multiplets from the
1990, 1991, 1992, 1994, 1996, 2000, and 2006 seasons, using
the techniques discussed in Section 3. The multiplets are plotted
in Figures 11, 12, 13, and 14. The low-order k = 8 and 9
modes consistently display the triplet structure expected for

l = 1g-modes in the limit of slow rotation (Figures 11 and 12).
While the component amplitudes vary from season to season,
the frequencies and splitting within the triplets remain roughly
the same. The story changes for the k = 15 and 17 multiplets
(Figures 13 and 14). The multiplet structure of these modes
exhibit dramatic changes from year to year. If rotational splitting
is the dominant mechanism producing the high-k multiplets, we
expect them to share the same splitting with other detected
modes within the same data set. We have shown that this is not
the case (Figure 7).

We now turn our attention to the frequency stability of the
k = 8, 9, 15, and 17 mode components. Both W94 and
K03 report small but significant frequency changes within the
identified multiplets, and Figures 11–14 support this finding. For
k = 8, 9, and 17 we select the component identified as m = 0 in
W94. For k = 15, however, we choose m = −1 since a peak was
present near this frequency more often than the m = 0 frequency.
Figure 15 plots the frequencies of the identified peaks versus
time. In all cases, the frequencies shift by several times the
statistical errors, where the average error for all the data sets is
σ = 0.06 μHz. The high-k frequencies wander by over 30 σ ,
much more than the detected 8 σ changes for k = 8 and 9. While
these variations are small, they point to very definite changes in
the g-mode propagation cavity in this star.

Summarizing our results, we find a clear difference between
high- and low-k modes. The high-k multiplets are highly variable
in amplitude and frequency, and exhibit large changes in
multiplet structure. The multiplets within these modes appear
to be almost randomly present with the m = 0 component
not necessarily preferred. The low-k modes typically show a
stable triplet structure, but the amplitudes of the components
are moderately variable. All the multiplets exhibit significant
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Figure 11. Multiplet structure associated with the k = 8 mode in GD358 from different observing seasons. The left panels plot the original FTs, and the right panels
give the prewhitening results. The largest 1σ frequency error bar is 0.06 μHz (1996). Each panel spans 18 μHz. The horizontal line through each right panel gives the
noise level for that season, and the dotted line marks the 2006 detected frequency.

Figure 12. Multiplet structure associated with the k = 9 mode in GD358 from different observing seasons. The left panels plot the original FTs, and the right panels
give the prewhitening results. The largest 1σ frequency error bar is 0.06 μHz (1996). Each panel spans 18 μHz. The horizontal line through each right panel gives the
noise level for that season, and the dotted line marks the 2006 detected frequency.
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Figure 13. Multiplet structure associated with the k = 15 mode in GD358 from different observing seasons. The left panels plot the original FTs, and the right panels
give the prewhitening results. The largest 1σ frequency error bar is 0.06 μHz (1992). Each panel spans 65 μHz. The horizontal line through each right panel gives the
noise level for that season, and the dotted line marks the 1990 detected frequency.

Figure 14. Multiplet structure associated with the k = 17 mode in GD358 spanning 1990 to 2006. The left panels present the yearly FTs, and the right panels represent
the prewhitening results. The largest 1σ frequency error bar is 0.06 μHz (1992). Each panel spans 65 μHz. The horizontal line through each right panel gives the
noise level for that season, and the dotted line marks the 1990 detected frequency. The 2006 peak is difficult to detect due to the y scale.
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Figure 15. Frequency of the largest component for the k = 17, 15, 9, and 8 modes. For k = 17, 9, and 8, the m = 0 component was selected. For k = 15, the m = −1
mode was detected more often at larger amplitude. While all modes exhibit some variation in frequency, the high-k modes wander by over 30 σ . The dotted lines mark
the reported 1990 frequencies (W94).

wanderings in frequency, with the frequency changes observed
in the high-k modes being much larger than those seen in the
low-k modes.

6. IMPLICATIONS FOR GD358

GD358’s 2006 FT contains 27 independent frequencies dis-
tributed in 10 excited modes. The locations of the modes agree
with previous observations and predicted values for l = 1
g-mode pulsations. The average period spacing ΔPav, calcu-
lated using the lowest-k and highest-k modes, is identical from
1990 to 2006 (Table 4). As ΔPav is fixed by stellar mass and
temperature, GD358’s basic physical properties have remained
unchanged over a timescale of years, as expected. The changes
we observe in GD358’s pulsation spectra and multiplet structure
are not due to gross changes in structure or temperature.

We have shown that the standard model of a pulsating white
dwarf in the limit of slow rotation cannot adequately explain
the observations of GD358’s multiplet structure and behav-
ior. The fine structure of the high-k modes is inconsistent
with the expectations of slow rotational splitting, the amplitudes
of multiplet components for all ks cannot be explained using
simple viewing arguments, and the observed frequency varia-
tions imply changes in the g-mode propagation medium that are
much more rapid than expected from evolutionary changes.

The qualitative behavior of the low-k and high-k modes can
be explained in the context of a general model. g-modes are
standing waves of buoyancy in a spherical cavity, and they are
thought of as superpositions of traveling waves bouncing back
and forth between an inner and an outer turning point. These
turning points depend on the mode’s period: short period (low-k)

modes have deeper outer turning points than long period (high-k)
modes, so high-k modes sample the outer regions of the star more
than low-k modes. If we introduce an additional, non-spherical
structure in the star’s outer layers, due to magnetic fields or
convection, for example, the effect should be much larger on
the high-k modes. In effect, GD358 is telling us where this
perturbation to its structure must be, but it is still incumbent
upon us to diagnose the actual cause.

We do find a clear difference in the photometric behavior
of GD358’s high- and low-k modes, leading us to consider a
connection between the outer layers and its pulsation changes.
The following discussion requires that we draw into the mix a
remarkable sequence of events that occurred over ≈30 days in
1996. We follow Castanheira et al. (2005) in calling the event
the sforzando. In classical music, sforzando is an abrupt change
in the character of music, usually accompanied by an increase
in volume. We begin with a description of the sforzando. We
will examine the implications and connections between our
asteroseismic results, the sforzando and two possibilities that
may affect GD358’s photometric behavior: a surface magnetic
field and the convection zone.

6.1. GD358 in 1996

In 1996 June, GD358’s light curve (third panel, Figure 16)
was typically nonlinear, with a dominant frequency of 1297
μHz corresponding to k = 17, and a peak to peak inten-
sity variation of ≈15%. The k = 9 and 8 modes were
present with amplitudes of 8 and 9 mma, respectively. On
August 10 (suh-0055, second panel Figure 16), the light curve
was again typical, with a 20% peak to peak intensity varia-

鹿林天文台2008年報

32



580 PROVENCAL ET AL. Vol. 693

Figure 16. Light curve of GD358 on August 12 (an-0034, top panel) and August 13 (suh-056, second panel), during the 1996 sforzando. On 1996 August 10 (suh-0055,
third panel), the light curve was typically nonlinear, as it was in 1996 June (fourth panel), and 2006 May (bottom panel).

tion, and main frequencies consistent with previously observed
high-k modes. The k = 9 and 8 modes had upper amplitude
limits of 8 mma. On August 12, 27 hr later, GD358 exhibited
completely altered pulsation characteristics (an-0034, top panel
Figure 16). The lightcurve was remarkably sinusoidal, with an
increased peak to peak intensity variation of ≈50%. The k = 8
mode dominated the lightcurve with a amplitude of 180 mma,
the highest ever observed for GD358. The k = 9 mode was also
present, with an amplitude of ≈20 mma. The high-k modes,
dominant 27 hr prior, had upper detection limits of 7 mma. Over
the next 24 hr, the k = 8 mode began to decrease in amplitude
(Figure 17). Between Aug 13 and 14, k = 9 grew in amplitude
as k = 8 decreased, reaching a maximum of ≈57 mma, and then
began to decrease as the k = 8 mode continued to dissipate. By
August 16, a mere 96 hr after the sforzando began, GD358 was
an atypically low amplitude pulsator, with power detected in the
k = 9 and 8 modes at amplitudes of ≈7 mma, and upper limits
of less than 5 mma for the high-k modes. By September 10, less
than a month after the start of the sforzando, the high-k modes
had reappeared, with the dominant mode at ≈1085 μHz at an
amplitude of 29 mma.

The only observations we have during the maximum
sforzando are the PMT photometry (Table 5) observations. Dif-
ferential photometry does not measure standard stars. However,
we can calculate the ratio between the average counts from
GD358 and its comparison star, assuming the same compari-
son star was used each night, and accounting for factors such
as extinction and sky variation. In the following, we calculate
ratios based on sky subtracted counts obtained within ±1.5 hr
of the zenith. We focus on the McDonald 2.1 m runs an-0034,

Table 5
GD358 1996 August

Run CH1 CH2 CH1/CH2 Time Date Length
GD358 Comp (BJED) (hr)

McDonald
an-0034 343727 279268 1.23 2450307.6170160 Aug 12 4.7
an-0036 308308 290898 1.06 2450308.6309639 Aug 13 3.2
an-0038 269937 251923 1.07 2450309.6362315 Aug 14 3.5
an-0040 250813 248479 1.01 2450310.6294625 Aug 15 3.5
Mt. Suhora
suh-0055 12786 114746 0.11 2450306.4793479 Aug 10 4.8
suh-0056 29408 181597 0.16 2450308.3533174 Aug 12 3.0
suh-0057 20271 158035 0.12 2450309.3015281 Aug 13 5.9
suh-0058 15974 130814 0.12 2450310.4729899 Aug 14 1.0
suh-0059 15434 127672 0.12 2450314.3776294 Aug 18 3.0

Notes. Observations made with McDonald 2.1 m. The same comparison star
was used in each instance.

an-0036, an-0038, and an-0040. The ratio between GD358 and
the comparison star decreased from 1.23 during the height of
the sforzando (an-0034, Aug 12) to 1.01 on Aug 15 (an-0040).
We also examined observations from Mt. Suhora (Table 5).
Suh-0055 was obtained ≈24 hr before the sforzando, and
the ratio between GD358 and the comparison star was 0.11.
Suh-0056 took place 18 hr after the sforzando maximum but be-
fore the pulsations had completely decayed. For suh-0056, the
ratio between GD358 and the comparison star increased to 0.16.
For the remaining Mt. Suhora observations, obtained during the
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Figure 17. The first three panels give the measured amplitudes for k = 8 (top panel), the high-k modes, and k = 9 during the 1996 sforzando. The solid lines give
fits using a simple exponential decay model. For k = 8 and the high-k modes, the damping time was 1.4 days. Note that the “high-k” points do not correspond to any
particular k value, but give the highest amplitude (or upper limit) between 1000 and 1500 μHz at that time. The k = 9 mode grew in amplitude as k = 8 decayed. The
last panel gives the ratio between GD358 and its comparison star from the McDonald 2.1 m photometry. Note the change in y-axis units.

following days, the ratio between GD358 and the comparison
star decreased to 0.12. Observation logbooks at Mt. Suhora
demonstrate that the same comparison star, but not the same
one used at McDonald, was used each night (Zola 2008). While
we cannot pin down any exact numbers due to the nature of
differential photometry, the observations of GD358 are consis-
tent with a flux increase in the observed bandpass during the
maximum sforzando.

6.2. Convection and GD358

The onset of convection goes hand in hand with the initi-
ation of pulsation in both hydrogen and helium white dwarfs
(Brickhill 1991; Wu 2000; Montgomery 2005). A primary goal
of XCOV25 is to use GD358’s nonlinear lightcurve to character-
ize its convection zone, improving the empirical underpinnings
of convective heat transport theory. Our asteroseismological in-
vestigation points to evidence that something in the star’s outer
surface layers is influencing its pulsation modes. The convection
zone lies in the outermost regions of GD358, so we are led to
consider the relationship between the star’s convection zone and
its photometric behavior, both typical and during the sforzando.

In general, theoretical studies of convective energy transport
are based on the mixing length theory (MLT) (Bohm-Vitense
1958). Originally intended to depict turbulent flows in engi-
neering situations, MLT enjoys success in describing stellar
convection (Li & Yang 2007). It remains, however, an incom-
plete model with unresolved problems. The actual mixing length
is not provided by the theory itself, but is defined as (αHp),
where Hp is the pressure scale height, and α is an adjustable
variable. This adjustable parameter undermines the ability of
theoretical models to make useful predictions. Advances in con-
vection theory include stellar turbulent convection (Canuto &
Mazzitelli 1991; Canuto et al. 1996), which establishes a full
range of turbulent eddy sizes. Work is currently underway em-

ploying helioseismology to compare MLT and turbulent convec-
tion models (Li & Yang 2007). Our work with convective light
curve fitting will also provide important tests for convection
theory.

Physical conditions in white dwarf atmospheres differ by or-
ders of magnitude from those in envelopes of main sequence
stars like the Sun. For GD358, models indicate that the con-
vection zone is narrow, with a turnover time of ≈1 second and
a thermal relaxation timescale of ≈300 s (Montgomery 2008).
The pressure scale height is small, limiting the vertical height
of the convective elements. Montgomery & Kupka (2004), em-
ploying an extension of stellar turbulent convection, calculate
that 40–60% of GD358’s flux is carried by convection, depend-
ing on the adopted effective temperature.

Convective lightcurve fitting is based on the assumption that
the convection zone, by varying its depth in response to the
pulsations, is responsible for the nonlinearities typically ob-
served in GD358’s lightcurves (Montgomery 2005). During the
sforzando, within an interval of 27 hr, GD358’s lightcurve be-
came sinusoidal, arguing that the convection zone was inhibited,
at least as sampled by the k = 8 mode. For example, if this large
amplitude mode was the m = 0 member of the triplet, then its
brightness variations would be predominantly at the poles and
not the equator. Thus, all that is required to produce a sinusoidal
lightcurve is a mechanism to inhibit convection near the poles.

How could convection in any star be decreased on such short
timescales? The obvious method, but not necessarily the most
physical, is to raise GD358’s effective temperature, forcing it to
the blue edge of the instability strip, and decreasing convection.
Such a temperature increase has the observable consequence of
increasing the stellar flux. A flux increase of 20% in our effective
photometric bandpass would produce an equivalent change in
the bolometric flux of ≈40%, corresponding to a temperature
change of ≈2200 K. The sforzando photometry is consistent
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with such an increase in flux, and Weidner & Koester (2003)
find that Teff ≈ 27, 000 K is required to simulate GD358’s light
curve during the maximum sforzando. Castanheira et al. (2005)
use FOS spectroscopy of GD358 obtained on 1996 August 16
to determine Teff = 23900 ± 1100 K, a number not inconsistent
with previous observations (Beauchamp et al. 1999). However,
the FOS spectra were acquired after the pulsations had greatly
decreased in amplitude (Figures 16 and 17). It is possible that
GD358 had cooled by this point. Recent theoretical evidence
also indicates that simply “turning off” convection would have
minimal observable effects on GD358’s spectrum (Koester
2008).

The connection between convection and pulsation during the
sforzando may also depend on the origin of the event. Was the
sforzando a short-term change, such as a collision, or a more
global event intrinsic to GD358? The growth and dissipation
of modes during the sforzando could be connected to pulsation
growth timescales, or may be governed by a completely different
mechanism. Pulsation theory predicts that growth rates for high-
k modes are much larger than for low-k modes. This simply
means that high-k modes are easier to excite and have growth
times (and decay times) of days rather than years (Goldreich
& Wu 1999). This makes sense for GD358, where we typically
find the high-k modes to be much more unstable in amplitude
over time than k = 9 and 8 (Figure 10). Figure 17 plots the
amplitudes for the k = 8, k = 9, and “high-k” modes during the
sforzando. We note that the “high-k” points do not correspond
to any particular k value, but give the highest amplitude (or
upper limit) between 1000 and 1500 μHz. We fit the observed
amplitudes for k = 8 and the high ks with a simple exponential
decay model A(t) = A0e

−t/τd + c, where A(t) is the amplitude
at time t and τd is the damping constant. Our fits give a damping
timescale of τd = 1.5 ± 0.2 days for both the k = 8 mode and
the high ks. The k = 9 mode, which actually grew in amplitude
later, as k = 8 decayed, has an upper limit of τ9d < 1.1 days. We
only have a few points measuring the growth timescale (τg) of
k = 8 and 9, so we place an upper limits for k = 8 of τ8g � 1.2
days. For k = 9, we find an upper limit of τ9g � 2.2 days.
These timescales are all roughly equivalent, are all much longer
than the dynamical timescale, and not distributed as predicted by
theoretical pulsation growth rates. The results for k = 9 and 8 are
much shorter than the expected pulsation damping timescale of
about two months (Montgomery 2008a), arguing that the source
of the sforzando was capable of interacting with the pulsations
to produce changes on faster timescales than theoretical growth
rates.

Our purpose in entering this discussion of the sforzando
was to provide insight into connections between convection
and pulsation in GD358. We find evidence that convection
diminished during the sforzando. The decreased convection
was accompanied by the rapid disappearance of GD358’s
high-k modes and the transfer of energy to the k = 8 and
9 modes. The photometry is consistent with a temperature
increase, which would inhibit convection. The sudden transfer
of energy from the high-k modes to k = 9 and 8 argues that a
mechanical (radial or azimuthal) or thermal structural change
altered GD358’s outer layers, modifying mode selection. We
find that the growth/damping timescales during the sforzando
for the k = 9 and 8 modes do not agree with the expectations of
pulsation theory, and may be governed by a completely different
mechanism.

Magnetic fields have long been known to be capable of
inhibiting convection. For example, localized fields associated

with sunspots in the Sun are observed to inhibit convection in
the surrounding photosphere (Biermann 1941; Houdek et al.
2001). Winget (2008) estimates that the magnetic decay time at
the base of the convection zone is ≈3 days. In the next section,
we investigate the possible implications of magnetic fields on
GD358 and its pulsations.

6.3. Magnetic Fields

Our current understanding of magnetic fields in stars like
the Sun invokes the dynamo mechanism, which is believed to
function in the narrow region where rotation changes from the
latitudinal rotation of the outer convective layers to spherical
rotation in the radiative zone (Morin et al. 2008). The solar
magnetic field consists of small, rapidly evolving magnetic
elements displaying large scale organization, with a cycle time
of 22 years during which the polarity of the field switches.
Localized fields, with strengths hundreds of times stronger than
the global field, exert non-negligible forces on charged particles,
influencing convective motion. Solar pulsations are observed to
vary in frequency with the solar cycle in these regions (Schunker
& Cally 2006). Although the exact mechanism is uncertain, the
frequency shifts are interpreted as representing change in the
Sun’s internal structure or driving (Woodward & Noyes 1985;
Kuhn 1998; Houdek et al. 2001).

A pulsating white dwarf represents an extreme environment.
The atmosphere and the convection zone are thin, the surface
gravity orders of magnitude higher, and differential rotation may
or may not play a role (Kawaler et al. 1999). The magnetic field
in a typical white dwarf is confined to the nondegenerate outer
layers. The field may dominate near the surface, but deeper in
the atmosphere, gas pressure will prevail. Drawing an analogy
with the Sun, a surface magnetic field in GD358 probably has
an associated cycle time similar to the solar cycle. Hansen
et al. (1977) and Jones et al. (1989) discuss this topic from
a theoretical perspective, predicting cycle times ranging from
two to six years.

What are the observable consequences of a magnetic field
on white dwarf pulsations? Jones et al. (1989) find that, in the
presence of a weak field, defined as strong enough to perturb but
not dominate mass motions, multiplet frequencies are increased
with respect to the central mode in a manner proportional to m2.
The m = 0 mode is also shifted, unlike the case for rotation. Each
g-mode pulsation samples the magnetic field at a different depth.
A logical expectation is that, for low-k modes with reflection
points below the convection zone, we can treat the magnetic
field as a perturbation, while for high-k modes such a treatment
is not valid.

Our best candidates to investigate the influence of a magnetic
field on multiplet structure are GD358’s k = 9 and 8 modes.
These two modes are consistent with rotationally split triplets
and we can examine their multiplet structure in detail over
16 years of observations (Figures 18 and 19). From 1990 to
2006, k = 9 had an average multiplet width of 7.7 ± 0.1 μHz,
while k = 8 is similar, at 7.5±0.1 μHz. Figures 18 and 19 show
that the complete multiplet width and the splittings with respect
to the central mode wander up to 0.5 μHz from the average
values. Both Figures 18 and 19 reveal a dramatic change during
the sforzando. In June 1996, both multiplets increased in total
width by ≈1μHz. Prior to August 1996, the retrograde splitting
(0, −1) for k = 8 was consistently smaller by ≈0.2 μHz than
the prograde splitting (0, +1). After 1996 August, the retrograde
splitting became consistently larger by ≈0.5 μHz than the
prograde splitting and has remained so through 2007, at the
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Figure 18. Multiplet structure within the k = 9 multiplet. The x-axis is time in years, and the y-axis is in μHz. The bottom panel plots the width of the entire multiplet
over time. The top panel examines the m = 0, +1 (dotted line) and m = 0, −1 (solid line).

Figure 19. Multiplet structure with k = 8 multiplet. The x-axis is time in years, and the y-axis is in μHz. The bottom panel plots the width of the entire multiplet over
time. The top panel examines the m = 0, +1 (dotted line) and m = 0,−1 (solid line).

resolution of our observations. The case is not so straightforward
for k = 9, but this mode clearly shows a large change in 1996,
especially for the (0, −1) splitting (Figure 18). In the previous
section, we questioned whether the sforzando was a short-term
event or a global, enduring change. This analysis of k = 9 and 8
points toward a long-term change in GD358’s resonance cavity.
The changes we observe in the multiplet structure could be
explained by a change in magnetic fields.

A magnetic field also introduces an additional symmetry
axis. Our analysis of GD358’s harmonics and combination
frequencies hints that something is disrupting its azimuthal
symmetry. It is conceivable that high-k modes would align more
or less with the magnetic field, while the low-k modes align with
the rotation axis. Wu (2001) & Yeates et al. (2005) do not explore
the possibility of multiple axes or the effects of a magnetic field
on nonlinear mixing by the convection zone. Future work could
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Figure 20. Fit to k=12 components assuming the dominant splitting mechanism
is a magnetic field using the model of Unno et al. (1979) rather than rotation.
The black lines are the observed multiplet components, including several below
our detection limits that are not listed in Table 2. The light gray lines are
the theoretical predictions. Theoretical predictions overlap the four largest
amplitude peaks, although they are difficult to distinguish in the figure.

explain why GD358’s modes do not combine as expected by
simple theory.

The presence of the k = 12 mode offers a final hint of a
possible surface magnetic field. The second largest mode in the
2006 FT, k = 12 appears in a region that is normally devoid of
significant power. If, for this mode, the magnetic field can no
longer be treated as a perturbation, we would expect a multiplet
with (2l + 1)2 components, as opposed to the three expected
from rotation (Unno et al. 1979). For l = 1, this corresponds
to nine magnetic components. We do find six peaks above our
4σ limit, with three additional peaks slightly just our criteria.
Using the magnetic model of Unno et al. (1979), we are able to
match the frequencies of the k = 12 mode components, but not
the amplitudes (Figure 20).

7. SUMMARY AND CONCLUSIONS

GD358 is the best studied of the DB pulsators, yet our work
shows that this object is by no means completely understood.
The 2006 XCOV25 observations were obtained with the goal
of using GD358’s nonlinear lightcurve to characterize its con-
vection zone, but our initial asteroseimological analysis of the
data set reveals a great deal of interesting information about
GD358’s pulsational behavior. Our investigation began with an
analysis of GD358’s 2006 XCOV25 FT. We explored the iden-
tified modes, combination frequencies, and multiplet structure.
Difficulties in identifying the m components of the 2006 mode
multiplets, both directly and indirectly using the combination
frequencies, lead us to examine the multiplet structure in detail
over time. Our investigation expanded to include observations
of GD358 over the 24 years since its discovery, focusing on the
multiplet structure, frequency stability, and photometric behav-
ior of GD358. We summarize our results concerning GD358’s
pulsation properties:

1. The 2006 FT contains 27 independent frequencies dis-
tributed in 10 modes (k = 21, 19, 18, 17, 15, 14, 12, 11, 9,
and 8). The dominant frequency is at 1234 μHz (k = 18)
with an amplitude of 24 mma.

2. We find significant power at k = 12, a region of the FT
previously devoid of significant power.

3. The frequency location of each mode in the 2006 FT
is consistent with previous observations and theoretical
predictions, assuming l = 1.

4. The k = 9 and 8 modes exhibit triplets in agreement with
theoretical predictions for l = 1 in the limit of slow rotation.
The amplitudes and frequencies of the components exhibit
some variability over time, but much less than the high-k
modes.

5. Our analysis of GD358’s high-k multiplets over time reveal
that they are variable in multiplet structure, amplitude, and
frequency. The variability and complexity of the high-k
multiplets cannot be interpreted simply as l = 1 modes in
the limit of slow rotation.

6. We cannot provide m identifications for most of the multi-
plet components in the 2006 FT, with the exception of k =
9 and 8.

7. The 2006 FT contains a rich assortment of combination
frequencies. They are potential tools for identifying m
values and orientation for each mode. However, their
amplitudes do not agree with theoretical predictions from
Wu (2001).

8. The k = 9 and 8 multiplet amplitudes and presence/absence
of harmonics cannot be explained by simple geometric
viewing arguments, and argue that something is interrupting
GD358’s azimuthal symmetry.

9. The linear, sinusoidal shape of the lightcurve indicates that
GD358’s convection zone was diminished during the 1996
sforzando.

10. Photometry taken during the maximum sforzando is con-
sistent with a flux increase in the effective bandpass.

11. We find damping/growth timescales during the sforzando
that are not consistent with the expectations of pulsation
theory.

12. Changes in the splittings of the k = 9 and 8 multiplets
indicate that some mechanism, perhaps a magnetic field,
induced a long-term change in the multiplet structure of
these modes during the sforzando.

Our investigation raises a number of interesting implications
for our understanding of the physics of GD358, many beyond
the scope of this paper, and some blatantly skirting the realm
of speculation. While we cannot pretend that our investigation
has unearthed unshakable evidence thereof, we do find tanta-
lizing indications pointing to connections between convection,
magnetic fields, and pulsation in GD358. We suggest future
investigations:

1. Theoretical investigation of the relationship/connection be-
tween magnetic fields, convection, and pulsation will in-
crease our understanding of GD358’s photometric behav-
ior. The typical static model of a pulsating white dwarf is
too limiting. The dynamic model must accommodate the
observed changes in pulsation frequencies and multiplet
structure.

2. GD358’s multiplets do not conform to theoretical expec-
tations based on rotation. Other mechanisms must be con-
sidered. Examination of the influence of a nonspherical
asymmetry in the outer layers on the multiplet structure is
required to understand GD358’s multiplets. Identification
of spherical degree by multiplet structure alone should be
highly suspect in any large amplitude pulsator.

3. Further work on the theoretical aspects of combination
frequencies should explore the effects of multiple symmetry
axes and the effects of a magnetic field on nonlinear mixing
by the convection zone.
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4. Detailed investigation of the FOS spectrum obtained during
the sforzando for possible metals may provide insight into
the mechanism producing the event.

5. Theoretical predictions for growth and damping rates have
been calculated using static models. The timing of the
growth and decay of k = 8 and 9 during the sforzando
indicates interaction between these two modes. A theoret-
ical examination of growth rates in the presence of other
modes, including the interaction of a mode with itself, is
necessary to better understand both the growth and dissi-
pation of modes during the sforzando and typical mode
selection in all large amplitude DB and DA pulsators.

6. A detailed examination of behavior of white dwarf pul-
sators, both low and high amplitude, spanning both the DA
and DB instability strips (and hence a range of convective
depths) will improve our understanding of convection’s role
in mode selection.

7. Theoretical work is needed to improve the treatment of
convection. Lightcurve fitting of GD358 and other pulsators
is an important step towards that goal.

8. Continued observation of GD358 will better define its
dynamic behavior. We would like to observe another
sforzando.

The practice and theoretical development of asteroseismology
of GD358 and other pulsating stars continues to reward us with
a rich scientific return. Our focus here on GD358 shows us that
stellar seismology can challenge our current paradigm of the
interior and behavior of pulsating white dwarfs.
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�

Abstract�
�

The�transient�X�ray�source�Swift� J1753.5�0127� is�considered�as�an�accreting�black�hole�binary�

system�with�a� late�type�mass� losing�star.� � It� is�still� in� its�outburst�state�since� its�discovery�on�2005�

June�30� by� the�Swift� Burst�Alert� Telescope� and� thus� its� optical� counterpart� is� bright� enough� to� be�

observed�(V~16.6)�with�small�telescope�in�these�years.� � We�report�our�optical�observation�results�of�

Swift� J1753.5�0127� using� Lulin� one�meter� telescope� (LOT)� from�May� 13� to� 17,� 2008.� � Multi�band�

photometry�(V,�R�and�I)�was�preformed�to�study�its�variability.� � The�light�curves�of�these�three�bands�

show�complex�modulation�morphology.� � A�strong�~3.2�hrs�period�was�detected� in�all� three�bands.� �

A�distinct�analysis�method,�combined�with�Lomb�Scargle�periodogram�and�multi�frequency�sinusoidal�

fitting,�was�applied�to�all�the�light�curves�to�further�reveal�its�periodicity.� � The�best�period�evaluated�

from� our�method� is� 3.2527� ±0.0032� hrs,� consistent�with� the� one� proposed� by� Zurita� et� al.� (2008)�

(3.2454±0.0080�hrs).� � After�removing�this�~3.2�hrs�modulation,�no�clear�side�band�was�found�in�the�

spectra�of�residual�light�curves�so�the�nature�of�this�variation�(orbital�or�superhump)�is�still�uncertain�

although� Zurita� et� al.� (2008)� claimed� that� it� is� superhump� modulation� because� of� its� complex�

modulation�profile.� � More�LOT�observations�are�planned�to�further�study�the�origin�of�this�variation.� �

�

�

Introduction�
� � � � � Superhump� phenomenon�was� first� observed� in� the� SU� UMa� type� stars,� a� subclass� of� dwarf�

nova.� � During�the�superoutburst�state,�superhump�variation�with�period�~1%�to�~7%�longer�than�its�

orbital� period� is� detected.� � The� thermal�tidal� instability�model�was�proposed�by�Whitehurst�et� al.�

(1988)� to�explain� the�phenomenon.� � As� the�mass� ratio� (� � � � � � � � � � ;�M1,�M2� :� the�masses�of� the�

accretor�and�the�donor�respectively)�is�less�than�0.33,�the�accretion�disk�may�be�larger�than�the�3:1�

resonance�radius,�and�the�accretion�disk�is�elongated�by�the�tidal�force�and�starts�to�precess.� � Since�

low�mass� X�ray� binary� (LMXB)� is� similar� to� Cataclysmic� Variable� (CV),� superhump� may� also� be�

detected� in� LMXB.� Because� the� mass� ratio� should� be� less� than� 0.33,� LMXBs� with� black� holes�

(MBH>3.2M )�are�good�candidates�to�find�superhump�phenomena.�

Swift� J1753.5�0127� is� a� LMXB�with�a�black�hole� candidate.� � It�was�discovered�on�30th� June,�

2005� by� the� Swift� Burst� Alert� Telescope.� � Its� optical� counterpart� was� found� with� the�MDM� 2.4m�

telescope�with�R�~15.8.� � The�RXTE/ASM�light�curve�shows�it�remains�bright�in�X�ray�band�(~33�mCrab)�
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since� its�outburst� in�2005� (Fig�1).� � Therefore,� its� optical� counterpart� is� also�observable�with� small�

telescope�because�the�optical�emissions�of�a�Soft�X�ray�Transient� (SXT)� in�outburst�state�are�mainly�

from�the�X�ray�reprocessing�in�accretion�disk.� � Zurita�et�al.�(2008)�concluded�that�their�detection�of�

~3.2� hrs� periodicity� is� owing� to� the� superhump� variation� based� on� its� complex� modulation�

morphology� instead� of� investigating� the� properties� of� the� period� (e.g.� stability),� the� conventional�

ways�to�verify�orbital�and�superhump�periods.� � We�therefore�proposed�to�perform�the�multi�band�

photometry�with�Lulin�One�meter�Telescope�(LOT)�to�do�the�verification.�

�
Fig.�1:�The�X�ray�light�curve�from�June�2005�to�December�2008.�

�

Observation�and�data�analysis�
�
Observation�and�data�reduction�

We�observed�Swift�J1753.5�0127�for�4�nights�between�May�13�to�17�with�LOT.�The�photometry�

was�made�in�V,�R�and�I�bands�with�exposure�time�from�60s�to�120s�depending�on�the�photometric�

condition�and�sufficient�SNR�(>100).� � All� the� images�were�calibrated�with�bias,�dark�and�flat�field�

frames� with� IRAF.� � Aperture� photometry� was� performed� to� gain� the� magnitude� and� the�

comparison�stars�suggested�by�Zurita�et�al.�(2008)�were�applied�in�our�analysis.� � After�subtracting�

the� mean� magnitude� of� the� comparison� stars,� daily� mean� values� were� removed.� � Typical� light�

curves�are�shown�in�Fig�2.� �

� �

鹿林天文台2008年報

40



� � �

Fig.�2:�The�V,�R�and�I�band�light�curves�of�May�2008�(the�upper�panels).�The�V,�R�and�I�band�light�

curves�of�May�15,�2008�(the�lower�panels).�

�

Timing�analysis�and�models�

� � We� first� attempted� to� verify� the� periodicity� of� these� three� bands’� light� curves� with� Lomb�

Scargle�(LS)�periodogram�(Lomb,�1976� � Scargle,�1982),�which�is�suitable�for�smooth�variation,�and�

phase� dispersion� minimization� (PDM)� ( ),� which� is� more� sensitive� to�

non�sinusoidal�modulation.� � Strong� detections� of� ~3.2� hrs� periodicity�were� yielded� from� all� three�

bands’�light�curves�with�both�methods�(see�Fig�3).�

�
Fig.�3:�Left:�LS�periodogram�of�R�band.�The�frequency�with�the�maximum�power�is�f~7.38�c/day.� �

Right:�The�PDM�result�of�R�band.�

�

� � We�further�processed�multi�frequency�sinusoidal� fitting�using�Period04,�which�allow�us�to�do�

multi�frequency�sinusoidal�fitting�up�to�256�components,�to�refine�the�detected�periods,�obtain�their�

corresponding�errors,�and�minimize�the�effects�of�aliases�in�power�spectra�due�to�observation�gaps�to�

reveal�other�possible�periodicity�with�weaker�power.� � We�first�selected�the�peak�frequency�from�LS�

power�spectrum�as� the� initial�guessing�value�of�primary� frequency� for�single�sinusoidal� fitting�with�

Period04.� � This�program�is�able�to�automatically�process�the�non�linear� 2�fitting�to�yield�the�best�

frequency,�amplitude�and�phase.� � The�best�fitted�model�was�then�subtracted�from�the�original�light�

curve.� � As�shown�in�the�Fig.�4,�the�frequency�of�the�last�step�and�its�aliases�are�removed.� � The�peak�

frequency�from�the�power�spectrum�of�residual�light�curve�was�chosen�as�the�initial�guessing�value�of�

secondary�frequency.� � As�shown�in�the�Fig.�4,�the�frequency�~7.38�c/day�and�its�aliases�are�removed.� �

Combined�with�the�primary�result,� the�double�sinusoidal� fitting�was�also�performed�with�Period04.� �

This�process�above�was�repeated�until�the�peak�power�in�the�LS�power�spectrum�of�the�residual�light�

curve� was� less� than� 12� (<� 95%� confidence� level).� � The� fitting� results� of� three� bands’� models� are�

shown�in�table�1.�
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�

Fig.�4:�The�frequency�~7.38�c/day�and�its�aliases�are�removed.�

�

Table�1:�The�results�of�models�in�V,�R�and�I�bands�by�LS�periodogram.�The�models�are�expressed�in�

the�form:� � �� �0 sin 2n nn
tfA A � �	 
 
 
 	� ,�and�the�period�is�derived�from�the�best�fitted�

frequency�of�component�1.�

�

� � � � Three� best�fitted� periods� got� from� all� bands� were� then�weight�averaged� using� the� inverse� of�

square� of� the� corresponding� errors� as�weighting� factors� and� obtained� the�mean� period� of� 3.2527�

±0.0032�hrs.� � This�value�is�consistent�with�that�proposed�by�Zurita�et�al.�(2008)�(3.2454±0.0080�hrs).� �

The� folded� light� curve� (Fig.� 5)�was�made� through� folding� the� nightly�R� band� light� curves�with� the�

following�ephemeris:�

0N P NT T� 	 
 � �

where�P�is�the�mean�period�(3.2527�hrs)�and�the�phase�zero�epoch�(T0=MJD�54599.675)�was�selected�

from�one�of� the�peak� fluxes� in�R�band� light�curve.� � No�clear� side�band�whose�period�close� to� the�

~3.2�hrs�period�was�found.� � However,�after�removing�the�f�~7.38�c/day�signal,�a�significant�periodic�

signal�with�period�~2.95�hrs�(f�~8.13�c/day,�see�Fig�6)�can�be�seen�in�PDM�spectra�from�R�band�light�

curve.� � This�frequency�is�also�shown�in�LS�periodogram�of�R�and�I�bands’�models,�but�it’s�in�the�form�

of� 2f� (~16.2� c/day,� the� f� ~17.2� c/day� in� the�models� is� the� result� of� one�day� alias).� � If� it�were� the�

orbital� period� and� the� ~3.2� hrs� period� were� superhump,� the� period� exceeding� � � � � � � � �

>10%,�larger�than�the�1%�to�7%�period�exceeding�for� �

other�superhump�system.� � However,�if�the�frequency�~8.13�c/day�is�in�fact�just�an�one�day�alias�of�

Band� Parameters�of�Model Period
� (hr)�

��
2

component� Frequency (f)�
(c/day)�

Amplitude (A)
(magnitude)�

Phase(�) A0

(magnitude)�

V� 1� 7.3710±0.0070� 0.0330±0.0049 0.5187±0.0099 �0.0015±0.0014� 3.2560±0.0058� 3.5039�
2� 12.7447±0.0185� 0.0124±0.0019 0.8759±0.0255

�

R�

1� 7.3866±0.0062� 0.0309±0.0036 0.9863±0.0086 �0.0013±0.0011� 3.2490±0.0055� 3.8020�
2� 17.2494±0.0168� 0.0113±0.0017 0.3945±0.0233
3� 12.7428±0.0215� 0.0093±0.0016 0.1898±0.0287
4� 22.4339±0.0197� 0.0096±0.0016 0.7668±0.0272

�

I�

1� 7.3773±0.0073� 0.0278±0.0037 0.8500±0.0103 �0.0014±0.0012� 3.2532±0.0055� 2.9776�
2� 13.7237±0.0162� 0.0131±0.0018 0.1303±0.0215

3� 17.2541±0.0188� 0.0108±0.0017 0.6689±0.0262
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the�frequency�~7.13�c/day�(period�~3.36�hrs),�the�period�exceeding�is�only�4%.� � If�this�is�confirmed,�

the� ~3.2� hrs� period� will� be� the� orbital� period� whereas� ~3.36� hrs� period� will� be� the� positive�

superhump�period,�contrary�to�the�conclusion�of�Zurita�et�al.�(2008).�

�
Fig.�5:�The�fold�light�curve�of�R�band.�Folded�period�is�

3.2454�hrs.�The�phase�zero�epoch�(T0)�is�MJD�54599.675.� �

�

�

Fig.�6:�The�frequency�~8.13�(c/day)�is�the�second�minimum after�removing�the�

frequency�~7.38�c/day.� � The�frequency�~2.86�c/day�is�from�the�observational�time�span.�

�
Discussion�and�conclusion�

We�have�performed�multi�band�observations�for�black�hole�binary�Swift�J1753.5�0127�between�

May�13�to�17�2008�using�LOT.�The�~3.2�hrs�periodicity�can�be�detected�in�the�light�curves�of�all�three�

bands.� � The� multi�frequency� sinusoidal� fitting� method� was� applied� to� verify� other� possible�

periodicity�in�the�light�curves.� � Although�no�clear�side�band�is�found�in�the�spectra�of�residual�light�

curves,�the�nature�of�this�variation�(orbital�or�superhump)�is�still�uncertain.� � A�marginal�evidence�of�

a�period�~3.36�hrs�was� inferred�from�the�R�band� light�curve.� � If� this�period�can�be�confirmed,� it� is�

likely� that� the� ~3.2� hrs� period� is� orbital� period� whereas� ~3.36� hrs� period� is� possible� superhump�

period.� � On�the�other�hand,�after�significant�signals�being�removed,�there�is�still�clear�variability�in�

the�light�curves�since�the�reduced 2�are�still�too�large�(>�3)�to�be�statistic�acceptable,�which�indicates�

that� the�modulation� is� indeed� complex� as� Zurita� et� al.� (2008)� suggested.� � More� observations� for�

Swift�J1753.5�0127�are�planned�to�process�in�April,�May�and�June�this�year.�
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Optical rebrightening of the blazar AO 0235+16 observed by 
the GASP 

ATel #1785; M. Villata and C. M. Raiteri (INAF, Osservatorio Astronomico di Torino, Italy), V. M. 
Larionov, T. S. Konstantinova, E. N. Kopatskaya, and L. Larionova (Astronomical Institute, St.-

Petersburg State University, Russia, and Pulkovo Observatory, Russia), W. P. Chen and E. 
Koptelova (Institute of Astronomy, National Central University, Taiwan), K. Nilsson and M. 
Pasanen (Tuorla Observatory, University of Turku, Finland), R. Ligustri (Circolo Astrofili 

Talmassons, Italy), M. B�ttcher, P. Roustazadeh, and C. Diltz (Astrophysical Institute, Department 
of Physics and Astronomy, Ohio University, OH, USA), for the GASP Collaboration

on 17 Oct 2008; 10:47 UT
Password Certification: Claudia M. Raiteri (raiteri@oato.inaf.it) 

Subjects: Optical, AGN 
Referred to by ATel #: 1849  

With reference to ATels #1724, #1735, #1744, #1784 on the high radio-to-optical and gamma-ray 
activity of the blazar AO 0235+16, the GLAST-AGILE Support Program (GASP) of the Whole Earth 
Blazar Telescope (WEBT) reports on the recent observation of a strong optical rebrightening of the 
source. After the optical peak of R ~ 14.2 reached on September 24.1, 2008, the brightness rapidly 
decreased by 2 mags in the following 10 days. Since then, the source has been quickly rebrightening 
toward the R ~ 14.5 level achieved on October 13.1 and maintained, with slight variations, on October 
14 and 15. Further observations in the last two nights have been prevented by the close full Moon. The 
preliminary GASP light curve can be seen at http://www.oato.inaf.it/blazars/webt/gasp/lc/g0235r.png. 

Optical and near-IR brightening of the blazar 3C 66A detected 
by the GASP 

ATel #1755; V. M. Larionov (Astronomical Institute, St.-Petersburg State University, Russia, and 
Pulkovo Observatory, Russia), M. Villata and C. M. Raiteri (INAF, Osservatorio Astronomico di 

Torino, Italy), D. Gorshanov, T. S. Konstantinova, E. N. Kopatskaya, and L. Larionova 
(Astronomical Institute, St.-Petersburg State University, Russia, and Pulkovo Observatory, Russia), 
W. P. Chen and E. Koptelova (Institute of Astronomy, National Central University, Taiwan), for the 

GASP Collaboration
on 2 Oct 2008; 13:36 UT

Password Certification: Claudia M. Raiteri (raiteri@oato.inaf.it) 

Subjects: Infra-Red, Optical, AGN 
Referred to by ATel #: 1759  

With reference to ATel #1753 announcing the detection of >100 GeV gamma-ray emission from the 
blazar 3C 66A in September 25 � October 1, the GLAST-AGILE Support Program (GASP) of the 
Whole Earth Blazar Telescope (WEBT) reports on the observation of an optical and near-IR 
brightening of the source occurred in the same period: from R ~ 14.3 on September 24 to R ~ 13.7 on 
September 30, while the J mag varied from about 12.8 to 12.3. 

GASP observation of a spectacular optical-to-radio brightening 
of the blazar AO 0235+16 

ATel #1724; M. Villata and C. M. Raiteri (INAF, Osservatorio Astronomico di Torino, Italy), D. 
Carosati (Armenzano Astronomical Observatory, Italy), W. P. Chen and E. Koptelova (Institute of 

Astronomy, National Central University, Taiwan), V. M. Larionov, D. Gorshanov, T. S. 
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Konstantinova, E. N. Kopatskaya, and L. Larionova (Astronomical Institute, St.-Petersburg State 
University, Russia, and Pulkovo Observatory, Russia), K. Nilsson and M. Pasanen (Tuorla 

Observatory, University of Turku, Finland), M. A. Gurwell (Harvard-Smithsonian Center for 
Astrophysics, MA, USA), P. Leto (INAF, Istituto di Radioastronomia Sezione di Noto, Italy), C. S. 
Buemi, C. Trigilio, and G. Umana (INAF, Osservatorio Astrofisico di Catania, Italy), M. F. Aller 

and H. D. Aller (Department of Astronomy, University of Michigan, MI, USA), for the GASP 
Collaboration

on 19 Sep 2008; 14:23 UT
Password Certification: Claudia M. Raiteri (raiteri@oato.inaf.it) 

Subjects: Radio, Millimeter, Infra-Red, Optical, AGN 
Referred to by ATel #: 1735, 1744, 1785, 1849  

The GLAST-AGILE Support Program (GASP) of the Whole Earth Blazar Telescope (WEBT) reports 
on the recent observation of a spectacular optical-to-radio brightening of the blazar AO 0235+16, 
reaching levels comparable to those of the 2006-2007 outburst (see Raiteri et al. 2008, A&A, 480, 
339). On August 12, 2008, the source was at R ~ 17.5 and brightened by 1 mag in the next 3 days; 
after an oscillating and increasing trend it was at R ~ 16.1 on September 8, and a further brightening 
led to R ~ 14.75 on September 17.8, followed by a slight dimming to R ~ 15.1 at September 18.0. Last 
night (September 18-19) the level was more or less the same, but the bright close Moon prevented 
precise measurements. The same behaviour has been observed in the near-IR (Campo Imperatore), 
with the September 18.0 peak at J ~ 12.55. At mm wavelengths (SMA), the source has been around 3 
Jy in the last 30 days, and previously showed a progressive flux increase from the base level of ~ 0.5 
Jy following the 2006-2007 outburst. Similarly, at 43 GHz (Noto) and 14.5-4.8 GHz (UMRAO) the 
source brightened from about 1 Jy in early 2008 to 4-5 Jy and 3.5-2.5 Jy, respectively, in mid 2008, 
then remaining in a bright state.  

GASP detection of a bright optical flare and mm-cm activity 
from the blazar 3C 454.3 

ATel #1625; M. Villata and C. M. Raiteri (INAF, Osservatorio Astronomico di Torino, Italy), V. M. 
Larionov and E. N. Kopatskaya (Astronomical Institute, St.-Petersburg State University, Russia), 

M. A. Gurwell (Harvard-Smithsonian Center for Astrophysics, MA, USA), K. Nilsson and M. 
Pasanen (Tuorla Observatory, Finland), M. Lister (Purdue University, USA) and the MOJAVE 
Collaboration, M. F. Aller, A. Arkharov, P. Calcidese, D. Carosati, W. P. Chen, E. Forn�, E. 

Koptelova, P. Leto, and the GASP Collaboration
on 22 Jul 2008; 11:30 UT

Password Certification: Claudia M. Raiteri (raiteri@oato.inaf.it) 

Subjects: Radio, Millimeter, Infra-Red, Optical, AGN, Quasars 
Referred to by ATel #: 1628, 1849  

The GLAST-AGILE Support Program (GASP) of the Whole Earth Blazar Telescope (WEBT) reports 
on the recent observation of a very bright optical flare from the blazar 3C 454.3. After a moderate flare 
in June 2008, the source rebrightened from R ~ 15 to ~ 13.4 between the end of June and mid July. 
Noticeable activity has been also observed in the near-IR (Campo Imperatore), at mm wavelengths 
(SMA), at 43 GHz (Noto) and 14.5 GHz (UMRAO). A VLBA intensity and polarization image of 
June 25 (MOJAVE) at 15 GHz is shown at    
http://www.cv.nrao.edu/2cmVLBA/data/2251+158/2008_06_25/2251+158.u.2008_06_25.pcn.jpg
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Observations of (3200) Phaethon and its Possible

Fragment

Kinoshita Daisuke
Institute of Astronomy, National Central University

31 March 2009

Abstract

Ohtsuka et al. (2006) carried out numerical integrations of orbits of (3200) Phaethon and (155140)
2005 UD, and pointed out possible association between these two Apollo type near-Earth asteroids
from dynamical study. Jewitt and Hsieh (2006) and Kinoshita et al. (2007) performed visible photo-
metric observations of (155140) 2005 UD, and they confirmed bluish surface colors of (155140) 2005
UD are similar to those of (3200) Phaethon suggesting rare F/B-type among near-Earth asteroids,
and a possible link between these two objects was also confirmed by observational studies. Further-
more, Kinoshita et al. (2007) pointed out the variation of (R−I) color along the rotation of the body.
A part of the surface of (155140) 2005 UD may be originated from the sub-surface of the precursor
object. These observational results support the idea that the fragmentation of (3200) Phaethon pro-
duced a large amount of dust particles and formed a meteor stream complex. In order to confirm this
hypothesis, we carried out observations of (3200) Phaethon and (155140) 2005 UD. Time-resolved
low dispersion spectroscopic observation of (3200) Phaethon was performed at Lulin Observatory
in Taiwan in Nov./Dec. 2007. Basically, the spectra of (3200) Phaethon exhibit bluish colors with
negative spectral gradient for most part of the rotational phase. The change of the spectral gradient
was recognized, and a clear trend was seen when we folded the time-series spectral gradient by a
possible rotational period estimated by the lightcurve obtained at the same time of the observation
in Japan. It could be a signature of the split event on (3200) Phaethon. In Oct. 2008, we carried
out intensive time-series photometric observation of (155140) 2005 UD at Lulin Observatory for six
nights. The purpose of this observation is to search for the complex rotation of (155140) 2005 UD.
If the non-principal axis rotation is detected, it is a strong piece of evidence for the fragmentation
process for (3200) Phaethon and (155140) 2005 UD system. The data analysis of this observation is
in progress.

1 Background

An Apollo-type near-Earth asteroid, (3200) Phaethon (= 1983 TB), was discovered by the InfraRed
Astronomical Satellite (IRAS) in October 1983 (Green & Kowal 1983). Although the appearance of
(3200) Phaethon is asteroidal, its orbit is highly eccentric with e = 0.89, like those of comets. In addition,
(3200) Phaethon is a strong candidate for the Geminid meteor stream (Whipple 1983; Gustafson 1989;
Williams & Wu 1993), so it is regarded as one of the most likely dormant cometary nuclei, whose cometary
activity is sporadic, or as extinct cometary nuclei whose activity has already stopped. Many attempts
have been made to detect the faint coma of this object (Cochran & Barker 1984; Chamberlin et al. 1996;
Hsieh & Jewitt 2005). No cometary activity has been observed yet; therefore, (3200) Phaethon seems to
be one of the most peculiar and enigmatic objects in the solar system.

On October 22, 2005, an Apollo-type, near-Earth asteroid was discovered by the Catalina Sky Survey,
and the provisional designation of (155140) 2005 UD was given to this object (McNaught et al. 2005).
Ohtsuka et al. (2005) immediately pointed out that (155140) 2005 UD was probably the parent body of
the daytime Sextantids meteor stream, based on the orbital similarity. Thus, (155140) 2005 UD is very
likely a large member of the Phaethon-Geminid stream complex. Furthermore, Ohtsuka et al. (2006)
performed both forward and backward 10,000-yr numerical integrations of the Kustaanheimo-Stiefel (K-
S) regularized equation of motion (Arakida & Fukushima 2000, 2001) for (3200) Phaethon and (155140)
2005 UD. The results of this numerical work show quite similar evolutional behaviors along with the
time shift by ∼ 4600-yr; hence, they suggest that both bodies are dynamically related and (155140) 2005
UD is most likely a km-sized fragment of (3200) Phaethon. Ohtsuka et al. (2006) also point out that
fragmentation processes are important in forming the complex meteor stream.
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Jewitt and Hsieh (2006) have reported their analysis of the photometric observation of (155140) 2005
UD. The results of their broadband multi-color photometry support the possible dynamical association
between (155140) 2005 UD and (3200) Phaethon. The mass-loss rate from (155140) 2005 UD, based on
the point-spread function (PSF) fitting, is found to be very small or negligible. They also mention that
a mainbelt comet (MBC) could be a possible origin of (3200) Phaethon and (155140) 2005 UD, although
testing their idea currently does not seem to be easy.

Kinoshita et al (2007) carried out observational studies of 2005 UD. The primary aim of observations
was to verify the dynamical relationship between (3200) Phaethon and (155140) 2005 UD through the
similarity of surface physical properties. If (155140) 2005 UD exhibited photometric properties similar
to those of (3200) Phaethon, we can confirm prior research by providing another strong piece of evidence
for their genetic relationship. Second, they tried to detect the surface color variation of (155140) 2005
UD. Ohtsuka et al. (2006) concluded (155140) 2005 UD is very likely a km-order fragment from (3200)
Phaethon from the standpoint of dynamics; therefore, there may be non-uniformity of photometric prop-
erties if the fresh materials are exposed elsewhere on the surface. This sort of exposed fresh materials
may create color variations during the rotation of the body. The time-resolved photometry in the R-band
showed a rotational period of 5.2310 hours. The lower limit of the axis ratio a/b ∼ 1.50 is estimated from
the amplitude of the lightcurve. The lower limit of the bulk density of (155140) 2005 UD is estimated as
1.5 × 103 kg/m3. Results of multi-color photometry show a bluish surface for (155140) 2005 UD, which
is consistent with (3200) Phaethon, and this supports the hypothesis that (155140) 2005 UD is a km-
sized fragment of (3200) Phaethon. Furthermore, surface colors of (155140) 2005 UD exhibit variations
during the rotation of the body. This surface inhomogeneity may be associated with the fragmentation
or collisional processes.

2 Observation

Apollo-type near-Earth asteroid (3200) Phaethon and (155140) 2005 UD have been suggested to be
associated each other. Previous dynamical study and observational results support the idea that the
fragmentation of (3200) Phaethon produced a large amount of dust particles and formed a meteor stream
complex. In order to confirm this hypothesis, we carried out observations of (3200) Phaethon and (155140)
2005 UD.

2.1 Time-Resolved Spectroscopy of (3200) Phaethon

In 2007B semester, time-resolved low dispersion spectroscopy of (3200) Phaethon was carried out using
Lulin One-meter Telescope and the low dispersion spectrograph “Hiyoyu”. The aim of this observation is
to search for a signature of the split event on the surface of (3200) Phaethon. A 300 gr./mm grating was
used to cover the wavelength region of 380 < λ < 760 nm. The visible spectra of (3200) Phaethon were
continuously taken for three nights on 30 Nov., 1 Dec., and 2 Dec. in 2007. The geocentric distance of
(3200) Phaethon at the time of observation ranged from 0.198 to 0.236 AU. Because of small geocentric
distance, the apparent motion of (3200) Phaethon was relatively large. The apparent motions of (3200)
Phaethon for RA and Dec. directions ranged from 380 to 515 arcsec per hour and from 140 to 230 arcsec
per hour, respectively. The integration time of each exposure is set to be 300 sec. 600 sec integration
time was also tested, but the signal-to-noise ratio didn’t seem to improve due to poor tracking. A
spectrophotometric standard star and a solar analogue star were also observed several times at different
airmass on each night. 70 spectra were obtained in total.

2.2 Intensive Time-Resolved Photometry of (155140) 2005 UD

In 2008B semester, intensive time-resolved photometry of (155140) 2005 UD was carried out using Lulin
One-meter Telescope and the imaging CCD camera. The purpose of this observation is to search for
complex rotation of (155140) 2005 UD. The non-principal axis rotation, or tumbling motion, may be
excited by the fragmentation event of an asteroid. After the excitation of tumbling motion, the tumbling
motion is damped toward the lowest energy state by the internal stresses. The damping time scale
depends on the size and rotation period of the asteroid, and is estimated by

τ ∼ μQ

ρK2
3R2ω3

, (1)

where R is asteroid size, ω is angular velocity of the asteroid spin, μ is rigidity, Q is quality factor, and
K2

3 is shape-dependent factor. For an asteroid with R = 1 km and P = 5.2 hr, the damping timescale is
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a few 107 years (Fig. 1). On the other hand, a typical dnamical lifetime of a near-Earth asteroid is an
order of 106 years. (155140) 2005 UD may still have non-principal axis rotation. If the non-principal axis
rotation is detected, it is a strong piece of evidence for the fragmentation process for (3200) Phaethon
and (155140) 2005 UD system.
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Figure 1: The size and rotation period of asteroids are plotted. Red squres denote asteroids with size
estimation by IRAS infrared data, and green triangle denote asteroids with size estimation by the absolute
magnitude under the assumption of typical albedo. The damping timescale of 1 Myr, 10 Myr, 100 Myr,
1.0 Gyr, and 4.5 Gyr are overlayed on the figure.

We had seven nights allocated for our observing program from 22 to 28 October 2008. We had six
observable nights. on each night, time-resolved photometry of (155140) 2005 UD was carried out. The
apparent magnitude of (155140) 2005 UD at the time of observation was about V ∼ 18.7 mag. In order to
search for complex rotation, one has to perform the periodicity analysis to the residual of the periodicity
analysis. This analysis requires excellent quality of the data. Hence, The target signal-to-noise ratio of
this observation was about 100, and the integration time was set to 300 sec. R-band filter was used for
this observation. 324 images of (155140) 2005 UD were obtained in total.

3 Preliminary Results

The data reduction and analysis of spectroscopic data obtained in 2007B semester has been completed.
Basically, the spectra of (3200) Phaethon exhibit bluish colors with negative spectral gradient for most
part of the rotational phase. The change of the spectral gradient was recognized, and a clear trend was
seen when we folded the time-series spectral gradient by a possible rotational period estimated by the
lightcurve obtained at the same time of the observation in Japan. It could be a signature of the split
event on (3200) Phaethon.

The data reduction and analysis of photometric data obtained in 2008B semester is in progress. The
CCD data reduction of raw data are completed, and we soon start the periodicity analysis to derive the
rotational lightcurve. After the derivation of the rotational lightcurve, we apply the periodicity analysis
to the residual of the fitting to search for the non-principal axis rotation.

4 Future Work

For the spectroscopic data of (3200) Phaethon, we are now preparing a paper, and will soon submit a
manuscript to a refereed journal.
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For the photometric data of (155140) 2005 UD, we plan to complete the data analysis in a few months.
We plan to submit a manuscript to a refereed journal by the end of 2009.
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The Dark Current and Gain Measurements of  
CCD Camera PI1300B at Lulin Observatory 

Hsiang-Fu Huang 1, Daisuke Kinoshita 1, and Chia-You Shih 2 
1 Institute of Astronomy, National Central University 

2 Institute of Astronomy and Astrophysics, Academic Sinica 

 

Abstract 

The condition of the instrument may vary through time, and influences the basic 

properties and performance of instruments. In order to ensure the stable science 

operation of observation, the characteristics and performance of CCD needs to be 

re-examined regularly. We have measured the dark current, gain, and readout noise of 

CCD camera PI1300B mounted on Lulin One-meter Telescope (LOT) at Lulin 

Observatory. We have obtained dark and flatfield frames to estimate the gain and 

readout noise. The dark current generation rates at different CCD cooling temperatures 

were measured. Results are compared with the previous study (Kinoshita et al. 2005), 

and it is found to be consistent. The instrument is found to be stably operated. 
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1. Introduction 

Charge-coupled devices (CCD) are the most 

popular detectors which are used in optical astro- 

nomical observations for many advantages. These 

advantages include low noise, high quantum 

efficiency, good linearity and high dynamic range. 

The brief description of the operation of CCD is 

as follows. The electrons are freed by the energy 

of incoming photons during the integration. When 

exposure ends, charges have been collected and 

the voltage has been converted into digital units. 

In order to obtain precise measurements for 

scientific study, observer must know the noise 

occurred within the instrument first. (Martinez 

and Klotz 1998; Howell 2000) 

The CCD camera PI1300B was mounted   

on Lulin One-meter Telescope (LOT) at Lulin 

Observatory being the main instrument after 

January 2003. Its basic characteristics were 

surveyed in 2004, and results were reported by 

Kinoshita et al. (2005). Condition of the 

instrument may vary with time; so the regular 

re-estimates are necessary to confirm its stable 

science operation. We measured the gain, readout 

noise and dark current generation rate in 

November 2007 in this work. Table 1 lists the 

basic properties provided by the manufacturer, 

Roper Scientific, Inc. 

 
2. Measurements and Results 
2.1 Gain and Readout Noise 

The gain [e-/ADU] is defined as the number of 

electrons required to produce a unit of digital 

number, which is often represented by analog- 

to-digital unit (ADU), in output image,                           

ADUe nGn �         (1) 

Where ne is the number of electrons, G is the gain, 

and nADU is the value of ADU. The total noise 

consists of two components. One is the contri- 

bution from the Poisson noise, which is square 

root of the signal. The other is the readout noise. 

So the relation between total noise N and signal S 

can be represented as (Motohara et al. 2002; 

Kinoshita et al. 2005),                           
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Where R is readout noise [e-], the number of 

electrons introduce into final signal accompanies 

with data readout. N, S/G and R/G are the total 

noise, mean signal level, and readout noise, 

respectively, in the unit of ADU. From Howell 

(2000), we know that subtracting two flatfields 

can get the standard deviation which includes 

both background Poisson and readout noises, and 

it can be written as,                                          
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Where
21 FF �� is the standard deviation of 

Table 1. The basic properties of CCD PI 1300B provided 
by the manufacturer (adopted from Kinoshita et 
al. 2005). 

CCD Chip EEV CCD36-40 
(back-side illuminated) 

Pixel Number 1340 × 1300 
Pixel Size 20 μm × 20 μm 

Imaging Area 26.8 mm × 26.0 mm 
CCD Grade Scientific Grade; Grade 1 

Full Well 200,000 e� 
AD Conversion 16 bits 

Sampling 50 kHz (slow mode), 
1 MHz (fast mode) 

Readout 36 sec @ 50 kHz 
1.8 sec @ 1 MHz 

Read Noise 3e� rms @ 50 kHz 
10e� rms @ 1 MHz 

Dark Current 0.1 e�/sec/pixel @ �40°C 
0.5 e�/hr/pixel @ �110°C 
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subtracting two flat field frames. Thus, we can 

estimate the value of gain and readout noise by 

using flatfields. 

We followed the method used by Kinoshita et 

al. (2005), to obtain five flatfields and five dark 

frames under the same CCD temperature and 

exposure time. Each frame was divided into 4 

regions which every subframe contains 300 × 300 

pixels. Fig. 1 is the schematic drawing to show 

locations of subframes. Using the Eq. (2), we can 

fit data points to estimate the gain and readout 

noise values. Fig. 2 and Fig. 3 show the fitting 

results under CCD temperature of -50°C for the 

fast readout of 1 MHz sampling (hereafter “fast 

mode”) and the slow readout of 50 kHz sampling 

(hereafter “slow mode”), respectively. The com- 

parison between previous work and our measure- 

ment are collated in Table 2.                             
 

 
Fig. 1: Sketch of subframes of four regions. Coordinates of 

four regions are listed as following in the unit of pixel. 
Region A (301 q X q 600, 301 q Y q 600); 
Region B (301 q X q 600, 701 q Y q 1000); 
Region C (701 q X q 1000, 301 q Y q 600); 
Region D (701 q X q 1000, 701 q Y q 1000). 

 
 
 
Fig. 2: The gain and readout noise of different regions for fast 

mode. Horizontal and vertical axes are the mean signal 
and noise in the unit of ADU, respectively. G 
represents gain and R indicates readout noise. Dashed 
curves are the least square fits to the data using Eq. (2). 
We used 240 data points to fit, and these data points 
are roughly uniformly distributed over the signal level. 
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Table 2. The average gain and readout noise of CCD 

PI1300B at -50°C. 
 This work Kinoshita et al. 

2005 
Gain 2.95 ± 0.05 3.0 Fast 

mode Readout noise 7.0 ± 0.3 7.1 – 7.4 
Gain 1.95 ± 0.02 2.0 Slow 

mode Readout noise 4.6 ± 0.5 4.4 – 4.5 

 
 
2.2 Dark Current  

Dark current electrons are electrons generated 

by thermal influence within instrument. It is 

usually represented for the generation rate per 

second per pixel [e-/s/pix], and has highly corre- 

lation with CCD temperature. The theoretical 

behavior of thermal electron production rate D 

against temperature can be expressed as Howell 

(2000),                                                  
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Where T is temperature, Eg is the band gap energy 

for silicon, k is the Boltzmann constant, and the C 

value depends on CCDs. 

We took dark frames using slow mode at the 

temperature from 0°C to -50°C. Six dark and six 

bias frames were taken for each temperature 

setting, then we subtracted bias from dark frames 

to calculate the dark current generation rate. Fig. 

4 is our measurement and we use Eq. (4) to fit the 

data points. For CCD PI1300B, we get the C 

value = 7.24 × 107. Because the gain depends on 

the temperature, we used linear fitting to estimate 

gain values under different CCD temperature con- 

ditions, and the fitting result is showed in Fig. 5. 

 

Fig. 3: The gain and readout noise of different regions for slow mode. Legend is as the same as Fig. 2. 
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Fig. 4: Dark current performance of CCD PI1300B againsts 

the CCD cooling temperature. The dashed line is the 
fitting curve using Eq. (4). 

 

 
 
Fig. 5: Gain values at CCD temperature -50, -45, -40, -30°C 

are labeled as triangle symbols with error bars. The 
solid line is the linear fitting of these four gains, and 
we applied this fitting result to estimate dark current in 
Fig. 4. 

 
3. Discussion 
3.1 Comparison with the previous work 

We can compare our results with the previous 

work by Kinoshita et al. (2005). For gain and 

readout noise, we divide four regions in each 

image frame in our processing as Fig. 1 shows. 

This method can help us to check uniformity of 

the CCD. From the results showed in Fig. 2 and 

Fig. 3, the CCD PI1300B still performs uni- 

formity well. Our measurements, both for slow 

and fast mode, are within or quite similar with the 

range of previous work. 

For dark current generation rate, we pick the 

values from previous work and the manufacturer 

to check our results. Both the previous work   

(D = 0.064 e-/s/pix at -50°C) and the manufacturer 

value (D = 0.1 e-/s/pix at -40°C) are within the 

error range of our measurements. Because we 

lack direct gain measurements except for -30, -40, 

-45, -50°C conditions, we adopted gain values 

from linear fitting based on these four measure- 

ments. It may cause errors, especially we have no 

actual measurements for temperature higher than 

-30°C. 

The influence of dark current can be reduced 

with lower CCD temperature. Using Eq. (4) and 

(5), we can estimate dark current generation rate 

at lower CCD temperature. If the CCD camera 

can achieve the operation temperature of -100°C, 

dark current generation rate will be about 0.015 

e-/hr/pix. In other words, effect of dark current is 

negligible even under long time exposure as one 

hour. 

 

3.2 Comparison with other instrument 

In order to show the comparison between 

PI1300B and other instruments, here we also 

summarize the signal-to-noise ratio (SNR) cal- 

culations of PI1300B and the other CCD camera 

once used by LOT. 

The previous CCD camera mounted on LOT 

was AP8, which was manufactured by Apogee 

Instruments Inc., and became backup camera after 

PI1300B has started to serve as a main instrument. 

Kinoshita et al. (2004) has measured its basic per- 

formance. AP8 only has one readout mode for 35 

kHz sampling. Its gain was estimated as 4.4 ± 0.4 
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e-/ADU, and the readout noise was 15.7 ± 4.7 e-. 

The dark current generation rate of AP8 was 

measured as 0.49 e-/s/pix for the CCD tem- 

perature -45°C. Comparing to AP8, PI1300B has 

much lower readout noise and dark current 

generation rate. We can use the CCD Equation as 

Eq. (6) to estimate difference of signal-to-noise 

ratio between these two CCDs (Mortara and 

Fowler 1981; Howell 2000), 

)( 2
RDBpixS

S

NNNnN

N
N
S

			
�     (6) 

Where NS is the total number of photons from 

the target, npix is the number of pixels for 

calculation, NB is the total number of photons per 

pixel from background sky, ND is the total number 

of dark current electrons per pixel, NR is the total 

number of electrons per pixel from readout noise. 

First of all, we assume 300 seconds integration in 

V-band for a source which magnitude is 20 and 

seeing is 1.5 arcseconds, and then we insert dark 

current generation rate and readout noise to 

calculate the ratio of PI1300B to AP8. Under the 

condition defined above, PI1300B at slow mode 

achieves 1.1 times higher signal-to-noise ratio 

than that of AP8. 

 Similar calculations under different 

conditions can be made. Fig. 6 shows the 

signal-to-noise ratios of PI1300B and AP8 with 

different integration time for a 20 magnitude 

target. We take ratios of SNRs achieved by 

PI1300B and AP8, and then Fig. 7 is constructed. 

Fig. 7 demonstrates the ratio of SNRs achieved by 

PI1300B and AP8 for different target magnitudes 

under the integration time of 30, 60, 120, and 300 

seconds. We can see that the ratio of SNRs 

achieved by PI1300B and AP8 are about 1.06 for 

magnitude range between 12 to14, and become 

larger when fainter objects are observed. For 

example, the difference is as large as 15% for 18 

magnitude target with 120 seconds integration 

time. The parameters for the calculation of SNR 

and limiting magnitude are listed in the Table 3. 

 

 
Fig. 6: The signal-to-noise ratio of PI1300B and AP8 versus 

different integration time for a 20 magnitude target. 
 

 
Fig. 7: The ratio of SNRs achieved by PI1300B and AP8 

versus target magnitude. Different symbols of data 
points represent different integration time. 

 
4. Conclusion 

We have measured the gain, readout noise of 

CCD camera PI1300B at 1 MHz and 50 kHz 

readout mode. Under the CCD cooling 
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temperature of -50°C, the average gains are 1.95 

r 0.02 and 2.95 r 0.05 e-/ADU for slow and 

fast mode, respectively; The average readout 

noise is 4.6 r 0.5, and 7.0 r 0.3 e- for slow 

and fast mode, respectively. We have also 

measured the dark current generation rate for slow 

mode at difference cooling temperatures. The 

average value is 0.04 r 0.04 e-/s/pix for -50°C. 

Our measurements are consistent with previous 

study (Kinoshita et al. 2005), and it is found the 

instrument is stably operated.  

 
Acknowledgement 

This work was partially supported by the 

project “Comprehensive Understanding of Solar 

System Small Bodies” (NSC 96-2911 –M -008 

-015 –MY3) which Principal Investigator is 

Daisuke Kinoshita, and it is supported by 

National Science Council of Taiwan. During our 

observation, we received many helps from Lulin 

Observatory staff. Here we present our gratitude 

to Jin-Chiuan Du, Hao-Wei Shih, Jiun-Shiung 

Shih, and Rong-Jin Wang for their local support at 

Lulin Observatory. 

 

References 

Howell, S. B., 2000, Handbook of CCD Astro- 

nomy, Cambridge University Press 

Kinoshita, D.; Chen, C.-W.; Lin, H.-C.; Lin, Z.-Y.; 

Huang, K.-Y.; Chang, Y.-S.; Chen W.-P., 

2005, ChJAA, 5, 3, 315. 

Kinoshita, D.; Huang, K.-Y.; Wu, Y, -L.; Chang, 

Y.-S.; Urata, Y., 2004, Annual Report of 

Lulin Observatory (2003), 30. 

Martinez, P. and Klotz, A., 1998, A Practical 

Guide to CCD Astronomy, Cambridge 

University Press. 

Mortara, L and Fowler, A., 1981, Proc. SPIE, 290, 

28. 

Motohara, K; Iwamuro, F.; Maihara, T.; Oya, S.; 

Tsukamoto, H.; Imanishi, M.; Terada, H.; 

Goto, M.; Iwai, J.; Tanabe, H.; Hata, R.; 

Taguchi, T.; Harashima, T., 2002, PASJ, 54, 

2, 315. 

Table 3. Parameters for the Calculation of the relation between SNR and limiting magnitudes. 
 AP8 PI1300B 
Quantum Efficiency 0.8 0.9 
Dark current [e-/s/pix] 0.49 0.07 
Readout noise [e-] 15.7 4.6 
Pixel scale [arcsec/pix] 0.619 0.516 
PSF size [arcsec] 1.5 
Aperture size [arcsec] 2.25 (PSF size × 1.5) 
Central wavelength of V-band [Å] 5500 
Bandwidth of V-band [Å]  900 
Zero magnitude flux at V-band [W /m2/micron] 3.58 × 10-8 
Sky background brightness at V-band [mag./arcsec2] 21.0 
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TAOS at Lulin in 2008 
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1. A statistics of the TAOS zipper observation in 2008 is shown in Figure 1. The 

total observation time (spending in taking TAOS zipper images on a TAOS field) 
is 878.6 hours where auto-focus, pointing, slewing, special events (e.g. GRB, 
asteroid, exoplanet, etc.) and overhead are not included. Those zipper hours 
includes 1132 zipper runs in 188 days, where zipper hours longer than 1.5 hours 
were obtained in 152 days. As TAOS-C running on-line since last August, we 
have four telescopes running for 349.4 hours in 2008. Joint observation using 
TAOS-A, B, and D lasted for 615.3 hours (which was 309.7 hours in 2007). For 
855.6 hours, we have more than one telescope running (which was 444.8 hours 
in 2007). Data is under processing. 

2. For a possible variable star study, 52 TAOS fields were observed. Among them, 
46 have zipper data longer than 1.5 hours from more than one telescope. The 
next table shows the zipper hours (from more than one telescope) of the seven 
most observed TAOS fields in 2008. 
Field F060 F054 F133 F074 F043 F146 F061 
hours 217.0 118.2 63.3 47.8 47.2 46.1 43.4 

 
3. The first set of data, which was taken in 2005 and 2006, shows no significant 

event. (See Zhang et al. 2008) 
4. Using a special de-trending algorithm, an expected exoplanet event was observed. 

A flux drop of about 1% was detected. The light curve is shown in Figure 2. The 
de-trending is described in Kim et al. 2008.
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TAOS and Related Publications in 2008 (journal article, preprint, thesis) 
1. The Taiwanese-American Occultation Survey: The Multi-Telescope Robotic 

Observatory, Lehner, M. J. et al., arXiv:0802.0303v1 [astro-ph] (in press) 
2. The Early Optical Brightening in the GRB071010B, Wang, J. H. et al., ApJ, 679, 

L5 (DOI: 10.1086/588814) 
3. A Study of the Diffraction Pattern by Trans-Neptunian Objects of Irregular Shape, 

Kao, Chih-Hao ( ), Master's Thesis (in Chinese), National Taiwan 
University, July, 2008 

4. First Results from the Taiwanese-American Occultation Survey (TAOS), Zhang, 
Z.-W. et al., ApJ, 685, L157 (DOI: 10.1086/592741) 

5. De-Trending Time Series for Astronomical Variability Surveys, Kim, Dae-Won 
et al., arXiv:0812.1010v1 [astro-ph] 
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Figure 1. The total hours of TAOS zipper mode data taken by four TAOS telescopes in 2008. 

 
Figure 2. As a test, a predicted transit of an exoplanet XO-2b was observed by the TAOS telescopes on 
Feb. 9, 2008. The transit depth ~1.15% was well resolved after de-trending and binning. The transit 
duration was 145 minutes. A 45-minute data in the middle was lost due to manual error. A light curve of 
a comparison star is shown at the bottom. (Figure prepared by Pavlos Protopapas & Dae-Won Kim.) 
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Multi-color photometry of the high orbital eccentricity 
asteroid, 1998 BE7, was conducted in the course of 
Lulin Sky Survey (LUSS) from 2008 October 1 to 
November 5. These data allowed determination of the 
rotation period to be 6.6768 ± 0.0001 h, as well as color 
indices of B-V = 0.727 ± 0.063, V-R = 0.405 ± 0.008, 
and V-I = 0.897 ± 0.009. These indices suggest that 
1998 BE7 could be a D-type asteroid. Assuming a slope 
parameter G = 0.086 and albedo (pV) 0.058 ± 0.004, the 
absolute magnitude H is estimated to be 14.773 ± 0.323, 
with a corresponding diameter of 5.0-7.0 km. 

Asteroid 1998 BE7 was discovered by the NEAT program on 
1998 January 24 (Williams, 1998) with orbital elements of a = 
3.08, e = 0.51. It made close approaches to Earth in 1998 and 2003 
but no photometric observations were made due to unfavorable 
positions. The asteroid made another close approach to the Earth 
in 2008 November, reaching V = 15.3 mag – the brightest over the 
decade. Hence, it was chosen for photometric purpose in the 
course of Lulin Sky Survey (LUSS). From 2008 October 1 to 
November 5, 10 nights of data were obtained using our 0.41-m 
Ritchey-Chretien telescope equipped with a 4-mega pixel back-
illuminated CCD. Data from two nights were calibrated with 
standard fields. The data were reduced with Raab’s Astrometrica 
and Warner’s MPO Canopus. The observations clearly yielded a 
period of 6.6768 ± 0.0001 h (Figure 1). Considering the relatively 
large magnitude amplitude (about 0.97 mag) and phase angle of 
the target at the time (~ 25°), it can be suggested that 1998 BE7 
has an elongated shape. 

BVRI-filter observations of 1998 BE7 and Landolt fields were 
made on 2008 November 5. This enabled us to measure the 
asteroid’s color indices. The results are B-V = 0.727 ± 0.0.063,  
V-R = 0.405 ± 0.008, and V-I = 0.897 ± 0.009. From the asteroid 
taxonomic method describe by Bus and Binzel (2002), it can be 
inferred that the color indices of BE7 are consistent with a D-type 
asteroid. Since VR-filter observations of BE7 and Landolt fields 
were obtained on both 2008 October 27 and November 5, it was 
possible to compute the absolute magnitude based on a given 
slope parameter G. Assuming G = 0.086 (Harris, 1989), the 
absolute magnitude (H) is estimated to be 14.773 ± 0.323 (Figure 
2). We should point out that there is a systematic error among the 

data due to unsatisfactory quality of the standard field 
observations, which might be as large as 0.15 mag.  

The approximate size of an asteroid can be determined by (Warner 
2007): 

logD = 3.1235 – 0.2H – 0.5log(pV) 

Where D is diameter of the asteroid in km, H is absolute 
magnitude, and pV is albedo of the asteroid. Assuming the 
asteroid’s albedo is 0.058 ± 0.004, which is based on the assumed 
type, the diameter is estimated to be 5.0-7.0 km. 

The lack of calibrated observations caused some difficulties when 
doing our lightcurve analysis, specifically because different 
solutions were possible by simply adjusting nightly zero points. 
This becomes a significant issue for targets without a prominent 
feature in their lightcurve. We recommend that lightcurve data 
should always be calibrated, at least on an internal system, in 
order to rule out false solutions. 
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Lightcurve analysis of asteroids 3316 Herzberg, 6377 
Cagney, 12880 Juliegrady, 14040 Andrejka, (24222) 
1999 XW74, 32776 Nriag, (51840) 2001 OH65, (57478) 
2001 SW151, (153462) and (190637) is reported. The 
lightcurves are noisy since most of asteroids were fainter 
than magnitude 16. The long rotation period of 14040 
Andrejka was estimated with the help of MPC data. 

Rotations of asteroids of magnitude 16 are usually studied with a 
0.60-m f/5.5 telescope and AP8p CCD-camera at Modra. 
However, the 25’x25’ field of view often enables us to study other 
targets down to magnitude 18 at the same time. The rotation 
period of such faint asteroids can usually be found only if the 
amplitude of their lightcurves is large because the noise does not 
then dominate the total amplitude of the lightcurve. Most of the 
asteroids presented here are faint with previously unknown 
rotational properties. The results of lightcurve analysis are 
summarized in Table I and appropriate lightcurves are in the 
figures, which include correction for light-travel time.  

3316 Herzberg. Only tentative results on the order of 9.6 h for the 
rotation period and a low amplitude were obtained based on 
previous observations by Bernasconi in 2006 (Behrend 2009). 
More recent linked observations at Modra did not shed more light 
on the result. Since the amplitude of the lightcurve seems to be 
low (< 0.15 mag), many possible rotation periods fit data. The new 
tentative result presented here is visually the best one within 2-18 
h range. However, linkages to the same instrumental magnitude 
scale were not perfect and even a tiny shift of individual sessions, 
or enhancing order of the Fourier fit, produces a completely 
different best solution. 

6377 Cagney and 32776 Nriag. These two asteroids were observed 
on three consecutive nights as they lay in the same field of view. 
Their rotation periods were unambiguously derived from those 

sessions. 

12880 Juliegrady. Ascending and descending branches of the 
asteroid’s lightcurve seem to have been obtained during two 
consecutive nights. The object was extremely faint (fainter than 18 
mag), but the large amplitude of the lightcurve was apparent. The 
period was estimated assuming two extremes in the composite 
lightcurve.  

14040 Andrejka. As a first discovery with a provisional 
designation and named after my wife, this object was of special 
personal interest. It reaches magnitude 17 at a favourable 
opposition, such as in 2008. Three linked sessions at the end of 
November revealed just the ascending branch of the lightcurve, 
indicating a long rotation period (P > 200 h). Two previous short 
sessions were not linked, so they were of limited use, if at all. No 
other data were obtained from Modra due to weather and other 
observations of higher priority. However, the large amplitude and 
long period encouraged me to examine some observations sent to 
MPC having one-decimal magnitude estimates. Among them were 
observations in the V band covering six nights from Steward 
Observatory, Kitt Peak-Spacewatch, that were promising. In 
combination with the Modra observations these led to P ~ 310 h. 
Two more stations, Mt. Lemmon Survey and Catalina Sky Survey, 
also reported observations in the V band. Despite having only two 
sessions provided by each of these stations, they were not in 
contrast with previous estimate for P. Each of those observations 
was just shifted by +0.20 mag to fit other data better. The fit was 
not expected to be perfect in any case since such small, long-
period objects are usually tumblers. 

(24222) 1999 XW74 and (51840) 2001 OH65. While three 
sessions were done every other night, some ambiguity in the 
rotation period exists for both 18 mag targets. Except for the 
results reported here, a period of 3.6390 h fits data similarly well 
for the former, while one of 3.215 h fits just as well for the latter. 
Moreover, (51840) was at the edge of images in the first session. 

(57478) 2001 SW151. This asteroid was also a faint 18 mag target 
with large lightcurve amplitude. Its rotation period was 
unambiguously derived from just one long session covering more 
than a full cycle. The second session on the following night 
refined the previous result. 

(153462) 2001 RE2 and (190637) 2000 WE155. Errors for these 
two 19 mag asteroids were roughly 0.2 mag. Data were linked to 
the same instrumental magnitude scale since the sessions were 
obtained on consecutive nights. Despite the fact that the amplitude 
of the lightcurves appear to be large, they are only estimated and 
so the rotation periods are far from being unambiguous. Except for 
the presented tentative results, a period of 8.90 h fits data similarly 
well for the former, while one of 15.2 h also fits for the latter. 
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The near-Earth asteroid (162900) 2001 HG31 was 
observed by the authors in 2008 October and November. 
Indications are that the asteroid may be in non-principal 
axis rotation.  Depending on which subset of available 
data was used, a period of either 59.58 ± 0.01 h or 60.57 
± 0.01 h was found, each with a lightcurve amplitude of 
0.60 ± 0.02 mag. No simple, single period could be 
found that satisfied all observations.  

Near-Earth Asteroid (NEA) (162900) 2001 HG31 was observed 
by the authors in 2008 October and November. With an H 
magnitude of 14.7 (IAU Minor Planet Center), the size of this 
object is likely in the range of 3 km. The specific observing dates 
and instrumentation are listed in Table 1. During the range of 
dates, the asteroid started at a phase angle (α) of approximately 
14°, which decreased to α ~4° on Nov. 15, and increased to α ~ 
14° at the end of the observing period. Observations by BDW and 
RDS were unfiltered with exposures of 240 s and 180 s, 
respectively. QY observed with V and R filters using exposures of 
120 s. All images were measured using MPO Canopus, which was 
also used for period analysis using the Fourier algorithm of Harris 
et al. (1989). 
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Night-to-night calibration of the data sets from Warner and 
Stephens was done using the 2MASS-BVRI conversions 
developed by Warner (2007) and as described by Stephens (2008) 
while Ye used calibrations from a standard star reference field to 
place his observations on a standard system. Ye used his V and R 
observations from Nov. 4 to determine a V-R = 0.443 ± 0.005. 
The sessions within the independent data sets could be matched to 
within 0.03 mag in most cases. However, the matching of the 
independent sets to a common zero point proved much more 
difficult and was so uncertain as to prevent unambiguous results. 
Using the single-period analysis method in Canopus, we found 
two periods that fit most (but not all) of the data when using the 
same subsets.  

Using most of the data from only BDW and QY, we found a 
period of 59.58 ± 0.01 h with an amplitude of 0.60 mag. Using 
that same set plus one other session, Petr Pravec of the 
Astronomical Institute, Czech Republic, also found that period 
(private communications). That non-fitting additional session from 
PDO on Nov. 10, gave rise to the possibility that the asteroid was 
in non-principal axis rotation (NPAR, see Pravec et al., 2005). The 
lack of sufficient zero-point calibration across the entire data set 
prevented the determination of the independent periods of a so-
called “tumbling” asteroid. In hopes of obtaining sufficient data 
that could be well-matched, Stephens observed the asteroid in late 
2008 November. Using his data from Nov. 30 in combination with 
a different subset of the previously obtained data, we were able to 
determine a synodic period of 60.57 ± 0.01 h. Note that the zero-
point calibration of some of the previous sessions had to be 
adjusted anywhere from 0.03 to 0.1 mag in order to obtain the new 
period. The amplitude of the curve remains at about 0.60 ± 0.02 
mag. It’s possible that a more thorough analysis using the entire 
data set with period search code designed to handle non-additive 
periods, as seen with tumbling asteroids, may find a solution that 
includes all data points. However, before that is possible, all the 
data would have to be placed on a common zero point with a 
much higher degree of certainty. 

Acknowledgements 

Funding for observations at the Palmer Divide Observatory is 
provided by NASA grant NNG06GI32G, National Science 
Foundation grant AST-0607505, and by a 2007 Gene Shoemaker 
NEO Grant from the Planetary Society. QY thanks Hsiang-Yao 
Hsiao and Chi Sheng Lin for their assistance on obtaining the 
observations. His work is at Sun Yat-sen University is supported 
by a 2007 Gene Shoemaker NEO Grant from the Planetary 
Society. The 0.41-m Ritchey-Chretien telescope at Lulin 
Observatory is operated with support from the Graduate Institute 
of Astronomy, National Central University. 

References 

Harris, A.W., Young, J.W., Bowell, E., Martin, L.J., Millis, R.L., 
Poutanen, M., Scaltriti, F., Zappala, V., Schober, H.J., Debehogne, 
H., and Zeigler, K.W. (1989).  “Photoelectric Observations of 
Asteroids 3, 24, 60, 261, and 863.”  Icarus 77, 171-186. 

Stephens, R.D. (2008). “Long Period Asteroids Observed from 
GMARS and Santana Observatories.” Minor Planet Bulletin 35, 
21-22. 

Pravec, P., Harris, A.W., Scheirich, P., Kušnirák, P., Šarounová, 
L., Hergenrother, C.W., and 14 colleagues. (2005). “Tumbling 
asteriods.” Icarus 173, 108-131. 

Warner, B.D. (2007). “Preliminary Results from a Dedicated H-G 
Project.” Minor Planet Bulletin 34, 113-119. 

 

Observer Dates (mm/dd/2008) Inst. 

Warner 10/27-11/02, 07, 08, 15 
0.35-m SCT 
STL-1001E 

Ye 11/03, 04, 06 
0.41-m R/C 
 4-Mp CCD 

Stephens 11/29, 30 
0.35-m SCT, 
STL-1001E 

Table 1. Observer details. 

 
Date (mm/dd/2008) Phase PABL PABB 

10/27 13.7 47.8 0.8 

11/15 4.3 53.7 3.8 

11/30 13.6 58.6 6.8 

Table 2. Observing circumstances for (162900) 2001 HG31 at the 
start, middle, and end of the observing sessions. 
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Development of a Visible Four-Color Simultaneous

Imager for the Lulin 2-m Telescope
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Abstract

The development of four-color simultaneous imager has been started. This instrument is the first
generation astronomical instrument for 2-m telescope which is being built at Lulin observatory in
Taiwan. The aim of this instrument is to conduct immediate and intensive follow-up observations
for newly discovered objects from Pan-STARRS PS1 sky survey. The reasons we decided to develop
four-color simultaneous imager as a first generation instrument is based on the site characteristics
and targets of follow-up observations. First, the sky at Lulin observatory is not always stable and we
only have limited number of photometric nights. In order to carry out accurate color measurements,
we have to complete number of exposures before the sky condition changes. Second, main targets for
PS1 follow-up observations are (1) transient objects, such as gamma ray bursts, soft X-ray transients,
and supernovae, and (2) moving objects, such as asteroids, comets, and trans-Neptunian objects.
These objects change their brightness with time, and simultaneous imaging at two of more bands is
essential to perform reliable color measurements. We report the scientific objectives, design of the
instrument, development strategy, current status of the development, and future schedule.

Key words: Instrumentation: detectors – Techniques: photometric

1 Introduction

The Institute of Astronomy at National Central University participates PS1 Science Consortium of Pan-
STARRS project1. PS1 utilizes 1.8-m wide-field telescope and 1.4 giga pixel camera at the summit of
Haleakala in Hawaii, and conduct the cyclical sky survey for 3/4 of the whole sky (Kaiser 2004). It is a
first trial to image such a wide area of the sky repeatedly in systematic way. It opens new opportunities
for knowing the variable universe. Intensive studies of transient objects and moving objects are expected.

In order to maximize the scientific outputs of PS1 sky survey, follow-up observations are essential
to investigate physical properties and chemical composition of newly discovered objects. A new 2-m
telescope is being built at Lulin observatory for follow-up observations of PS1. The primary mirror has
an effective diameter of 2-m, and the manufacturing of the mirror has been completed in late-2008. The
focal ratio of the telescope will be F/8, and the 2-m telescope will be able to share some instruments
with the existing 1-m telescope at Lulin. The mount of the telescope is chosen to be the alt-az system
to reduce the dimension and construction cost of the system. The maximum slew speed is 4 degree per
second, and it enables us to do quick pointing right after the trigger of the transient alert.

A visible four-color simultaneous imager was selected to be the first generation instrument for the
2-m telescope. There are two reasons for this decision. First, the site condition of Lulin observatory
is not as good as that of excellent astronomical sites, such as Mauna Kea and northern Chile. The
sky condition is often unstable, and is variable during the night. We only have limited number of
photometric nights. We have to consider how to utilize the observing time on poor condition nights.
The simultaneous imager splits the beam from the telescope using dichroic mirrors and records two or
more images at different wavelength regions at the same time. It makes the calibration and data analysis
easier under the assumption that the transmittance of the cirrus is neutral over the wavelength coverage
of the instrument. The use of the simultaneous imager increases the observable nights, and it is critically
important for the operation and scientific productivity of Lulin observatory. Second, We focus on the
follow-up observations for astronomical objects discovered by PS1 sky survey. Then, the main targets
for the 2-m telescope are (1) transient objects, such as gamma ray bursts (hereafter, GRBs), soft X-
ray transients, and supernovae, and (2) moving objects, such as asteroids, comets, and trans-Neptunian

1http://pan-starrs.ifa.hawaii.edu/
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objects. Needless to say, transient objects change the brightness and/or colors by their nature. Moving
objects, or small solar system bodies, also have changes in the brightness and/or colors in general due to
rotation of irregularly shaped bodies. It means that we need to complete the brightness measurements
at two or more pass bands before those objects change their brightness for accurate color determination.
A reliable and efficient way to achieve color measurements for transient and moving objects is the use of
the simultaneous imager. The images at different wavelength regions are recorded exactly at the same
time, and derived colors are less affected by the variability of the atmospheric condition.

In this report, the design of our visible four-color simultaneous imager is described in Section 2, the
strategy for the instrument development is introduced in Section 3, the current status of the development
is explained in Section 4, and the future schedule of the development is presented in Section 5.

2 Design of Instrument

In astronomy, color measurements are often used to obtain the first look at the physical conditions and
chemical composition of astronomical objects. In a conventional method of color measurements, we image
the target using a filter, then later re-image the same object using another filter. In this way, there is a
time lag between two measurements at different wavelength. Our targets, transient and moving objects,
change their brightness with time, and the conventional color measurements may produce false colors.

A different and new approach is proposed here. That is, accurate measurements can be achieved by
observing the target at two or more different wavelength regions simultaneously. This is realized by beam
splitting using dichroic mirrors. The dichroic mirror is an optical device that reflects the light shorter
than the characteristic wavelength and transmits the light longer than the characteristic wavelength. A
sample of the transmittance property of a dichroic mirror is shown in Fig. 1. A group of astronomers
in Japan produced such an instrument for small telescopes for GRBs studies. They developed tricolor
camera named “MITSuME” (Multicolor Imaging Telescopes for Survey and Monstrous Explosions). The
instrument is equipped with two dichroic mirrors, and three images at g’, RC , and IC-band are recorded
simultaneously (Kotani et al. 2005). By using three dichroic mirrors and four bandpass filters and
detectors, one is able to measure the target flux at four different wavelength regions at the same time.
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Figure 1: A simulated transmittance property of a dichroic mirror. The simulation is performed by Asahi
Spectra, Inc. This dichroic mirror is designed to split the beam for PS1 r’-band and PS1 i’-band, and the
characteristic wavelength is set at 700 nm. The light shorter than the wavelength of 700 nm is reflected
at the mirror, and the light longer than the wavelength of 700 nm is transmitted.

The conceptual design of the visible four-color simultaneous imager is shown in Fig. 2. Three dichroic
mirrors on the optical path split the light from the telescope into four components. These three beams
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go through the bandpass filters (PS1 r’, i’, z’, and y filters), and the signals are received by four detectors
at the same time. In order to compare data both from PS1 in Hawaii and the 2-m telescope in Taiwan,
the filter system of our visible four-color simultaneous imager is designed to be compatible with those of
PS1 filter system. The transmittance properties of PS1 r’, i’, z’, and y filters are shown in Fig. 3.

CCD4

CCD3

CCD1

CCD2

DM1
DM2

DM3

y filter

z’ filter

r’ filter

i’ filter

signal from telescope

CCD controller

(Leach controller)

computer

r’ i’ z’ y

images

observers

Figure 2: The conceptual design of the visible four-color simultaneous imager. Three dichroic mirrors
split the signal from the telescope into four different wavelength regions, and four detectors receive signals
at the same time.

The development of the instrument can be devided into two parts, (1) development of CCD cameras,
and (2) design and manufacturing of optics and enclosure.

2.1 CCD Cameras and Readout Electronics

Four CCD cameras are the key components of the instrument. Because excellent scientific outputs are
more easily produced by an instrument with unique features, we extensively discussed the specifications
of CCD cameras to be used for our visible four-color simultaneous imager. The conclusion is that it is
critically important to have higher sensitivity at y-band (λ ∼ 1.0 μm) to archieve a big advantage over
many other 2-m class telescopes now in existence. For solar system studies, the wavelength of λ ∼ 1.0 μm
is important due to the presence of mineral absorption features. For photometric redshift measurements
to estimate the distances of objects at cosmological distances, it is essential to include the y-band data
for wide wavelength coverage for reliable distance determination.

Recently, thinned back-illuminated CCDs have been widely used for astronomical observations. Thinned
back-illuminated CCDs have high quantum efficiency, and the peak quantum efficiency reaches ∼ 90%.
The problems of this type of CCDs are (1) poor quantum efficiency at longer wavelength region, say about
10% at λ = 1.0 μm, and (2) fringe pattern at longer wavelength region which brings larger photometric
errors. It is not easy to carry out observations at y-band for small telescopes due to low sensitivity and
serious fringe pattern. To overcome these problems, there has been some efforts to develop a new type
of CCDs. Lawrence Berkeley National Laboratory2 has developed fully depleted back-illuminated CCDs
(Bebek et al. 2004). The thickness of the CCDs is 200-300 μm, while conventional thinned CCDs has
∼ 15 μm thickness. Thanks to the thicker depletion layer, the CCD can reach more than 50% quantum
efficiency at λ = 1.0 μm. This CCD was used for the 4-m telescope and the prime focus spectrograph at

2http://www.lbl.gov/
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Figure 3: The transmittance properties of PS1 r’, i’, z’, and y-band filters. The filter system of visible
four-color simultaneous imager will be compatible with those of PS1 filter system. The filter transmittance
data is obtained from PS1 Internal Wiki Page.

Kitt Peak National Observatory. Because of the larger thickness of the CCD, high back bias voltage is
required to drive this type of CCDs for reasonablly small point spread function.

National Astronomical Observatory of Japan (hereafter, NAOJ) has also developed fully depleted
CCDs in a collaboration with Hamamatsu Photonics3 (Kamata et al. 2004, Fig. 4). The large format-
ted 4K × 2K fully depleted CCDs with the depletion layer thickness of 200 μm has been successfully
fabricated, and this CCD has more than 40% quantum efficiency at λ = 1.0 μm under the operation
temperature of −100◦C (Kamata et al. 2008). NAOJ has replaced thinned back-illuminated CCDs of the
prime focus wide-field imager “Suprime-Cam” for the 8.2-m Subaru telescope with newly developed fully
depleted CCDs manufactured by Hamamatsu Photonics in summer 2008. NAOJ plans to utilize more
than 100 fully depleted CCDs to develop the next generation wide-field imager “Hyper Suprime-Cam”
(Komiyama et al. 2004). The Institute of Astronomy and Astrophysics at Academia Sinica (hereafter,
ASIAA) is now collaborating with NAOJ on the development of this state-of-art instrument, and all the
fully depleted CCDs are to be purchased and tested by ASIAA (Wang 2009). Fully depleted CCDs of
Hamamatsu Photonics are commercially available. A company named e2v also developed fully depleted
CCDs, and test devices are now being examined.

We finally decided to use a fully depleted CCD for y-band imaging, and three more deep depletion
CCDs, with the depletion layer thickness of 40 μm, for r’, i’, and z’-band imaging. A CCD camera for
y-band imaging is not commercially available, and we will need to develop it by ourselves. Three CCD
cameras for r’, i’, and z’-band imaging are commercially available, and we plan to purchase these cameras.
A possible candidate product is the CCD camera manufactured by Spectral Instruments, Inc.4 Spectral
Instruments, Inc. offers custum made CCD cameras, and one is able to order CCD cameras with specific
CCD chips. Both kinds of CCDs have 4096 × 2048 pixels with 15 μm pixel size. The focal length of the
2-m telescope at Lulin is 16-m, and resultant pixel scale and field-of-view of the instrument is 0.19 arcsec
per pixel and 13.2 × 6.6 arcmin, respectively. All the CCD chips for the four cameras will be cooled
down to −100◦C with cryogenic system to achieve lower noise.

For the CCD camera part, the key issue is the development of the readout electronics. For this part,
we first use a commercially available product to drive a CCD. Astronomical Research Cameras, Inc.5

provides number of controller boards for CCD drive. These products are known as GenIII boards or
3http://jp.hamamatsu.com/en/
4http://www.specinst.com/
5http://www.astro-cam.com/
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Figure 4: A fully depleted CCD manufactured by Hamamatsu Photonics. The photo was taken at the
Institute of Astronomy and Astrophysics of Academia Sinica by courtegy of Dr. Wang Shiang-Yu.

Leach controller (Fig. 5). The GenIII controller has no experience of controlling fully depleted CCDs.
Although, Astronomical Research Cameras, Inc. soon starts to manufacture high voltage bias board for
fully depleted CCDs, we need some tests. We will collaborate on the driving of fully depleted CCDs using
GenIII controller with the Solar Terrestrial Environment Laboratory6 (hereafter, STE Lab.) of Nagoya
University in Japan, because the STE Lab. has experiences of driving e2v CCDs using the GenIII system
(Sako et al. 2008), and is also interested in developing a CCD imager with fully depleted CCDs for
its 1.8-m telescope in New Zealand. At the same time, the instrumentation group at ASIAA plans to
develop its own high voltage bias board for fully depleted CCDs (Wang 2009), and the use of this high
voltage bias board may be an option in the future. A laboratory is necessary for the test of CCD driving,
evaluation of CCD cameras, and integration of the instrument. We are currently preparing a laboratory
with a clean room, dark room, optical bench, and electronics workshop. The detail of the laboratory
set-up is reported by Wu Ching-Huang in the Annual Report of Lulin Observatory 2008. In the next
step, we plan to collaborate with the Institute of Astronomy at University of Tokyo7 to develop our own
CCD controller.

2.2 Optics and Enclosure

The optics of the visible four-color simultaneous imager includes re-imaging optics, dichroic mirrors to
split the beam, and band-pass filters. The instrument has a single shutter only. For the design of the
optics part, Photocoding, Inc.8 kindly provided a proposal of the preliminary optical design (Fig. 6).
The sizes of the CCD cameras are taken account into the design. The optical design will be fixed shortly,
and we will work on the mechanical design and enclosure design in 2009.

3 Development Strategy

For the development of the visible four-color simultaneous imager, we focus on two aspects: (1) in-
house development of key components to accumulate our experiences, and (2) quick development of the
instrument to give early science results right after the first-light of the 2-m telescope at Lulin observatory.
These two aspects are somehow imcompatible with each other. If we emphasize the importance of in-
house development of CCD cameras, it may take a while to complete the development of the instrument.

6http://www.stelab.nagoya-u.ac.jp/
7http://www.ioa.s.u-tokyo.ac.jp/
8http://www.photocoding.com/
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Figure 5: The GenIII CCD controller (or Leach controller) manufactured by Astronomical Research
Cameras, Inc. The photo was taken at Solar Terrestrial Environment Laboratory of Nagoya University
in Japan by courtesy of Prof. Sako Takashi.

Figure 6: A preliminary optical design for visible four-color simultaneous imager proposed by Photocod-
ing, Inc. A courtesy by Dr. Ikeda Yuji at Photocoding, Inc.
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This means that the instrument may not be ready at the time of the telescope first-light, and we will
lose the chance of quick scientific outputs. On the other hand, we will be able to start the scientific
observations at the time of the telescope first-light, if we purchase commercially available products and
assemble them into an instrument. In this case, we learn a little about the instrumentation, and we
will not have enough skill and experience for future instrumentation programs. We noticed the balance
between these two aspects is essential for the instrument development through the discussion among
project members and our partners.

For the CCD camera part, we decided to purchase three cameras with deep depletion CCD chips for r’,
i’, and z’-band and develop our own camera with the fully depleted CCD chip for the y-band. This secures
the early scientific outputs by the three-color simultaneous imager at the time of the telescope first-light
even if the development of the y-band camera is delayed a bit. It also provides us the opportunity to
acquire a skill and accumulate experiences for the development of CCD readout electronics and vacuum
chamber. We already started to consolidate the laboratory for the integration and in-house development
of the CCD cameras.

4 Current Status of Development

In 2008, we spent significant fraction of time to fix the overall design of the instrument and development
strategy. The current status of the instrument development is as follows. The specifications of three CCD
cameras with deep depletion CCD is now fixed, and the purchase process is in progress. We expect the
delivery of the first camera about six months after the order. We will be able to place an order in April
2009. We will complete the purchase of an engineering grade fully depleted CCD chip, cryocooler, vacuum
pump, GenIII CCD controller, and tools such as oscilloscope and leakage detector in a few months, and
the development of the fourth CCD camera will start in summer 2009. The optical design is roughly
fixed, and we move on towards the mechanical design of the instrument.

5 Future Development Schedule

The target date of the first-light of the 2-m telescope is the end of 2010, and we plan to deliver the
instrument in December 2010. The future schedule of the instrument development is summarized in
Table 5.

Table 1: The future schedule of the instrument development.
Date Event

Apr/2009 order of three deep depletion CCD cameras
order of fully depleted CCD chip
purchase of cryocooler and vacuum pump
order of GenIII CCD controller

May/2009 completion of Instrument Laboratory consolidation
Jun/2009 delivery of fully depleted CCD chip
Jul/2009 start of driving tests of fully depleted CCD using GenIII controller
Aug/2009 order of optics and enclosure of the instrument
Oct/2009 delivery of deep depletion CCD cameras
Nov/2009 performance tests of deep depletion CCD cameras
Jan/2009 laboratory first-light of fully depleted CCD using GenIII controller
Mar/2010 first-light observation of deep depletion CCD camera with 1-m telescope
Jul/2010 first-light observation of fully depleted CCD camera with 1-m telescope
Aug/2010 delivery of optics and enclosure of the instrument
Oct/2010 integration of the instrument
Nov/2010 final tests of the instrument in the laboratory
Dec/2010 installation of the instrument to Lulin observatory

7
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NCU/LULIN LOT/1m OBSERVING PROPOSAL 

Semester:� � � � � � �
�

Observing�time�is�allocated�on�a�5�month�basis,�September�January�(B),�for�this�semester.�
The�proposal,�either�in�Chinese�or�English,�should�be�sent�to�the�Time�Allocation�Committee,�
preferably�via�email�at�tac_lulin@astro.ncu.edu.tw,�or�via�post�to�Graduate�Institute�of�Astronomy,�
National�Central�University,�300�Jungda�Road,�Chung�Li�32054�Taiwan.� � Inquiries�regarding�
observing�requests�or�instrumentation�can�be�directed�to�the�same�email�contact.� � �
If�time�is�granted,�please�fill�out�the�Lulin�Lodging�Request�Form�before�the�observing�run�
(http://www.lulin.ncu.edu.tw/TAC/LulinApplication.htm).� �
At�times�a�time�honored�event�may�require�interruption�of�an�ongoing�project.� � The�observer�
will�be�notified,�and�consulted�for�service�observations�if�a�mutual�agreement�can�be�reached.� � �

�

�

1.�Title�of�the�Proposed�Observing�Program�

�

�

�

2.�Abstract�(limited�to�200�words)� �

�

�

�

3.�Category�

Solar�System� � � Exoplanets� � Stars�Star�Formation� Compact�Objects�

Interstellar�Medium� � Nearby�Galaxies� � AGN� � � Cosmology�

Cluster�of�Galaxies� � � Gravitational�Lenses� Large�Scale�Structure� Distant�Galaxies� �

Others�

�

4.�Principal�Investigator�

�

Name:�

Institute:�

Address:�

E�mail:�

Phone/Fax:�
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�

5.�Co�Investigators�
Name�/�Institute� Name�/�Institute� Name�/�Institute�
� � �
� � �
� � �
� � �

�

�

�

6.�Link�to�Thesis�Work�

This�observing�program�is�linked�to�a�PhD�thesis�

This�observing�program�is�linked�to�a�master�thesis�

�

Name�of�the�student(s):�

�

7.�Time�Request�

�
Instrument�
(LCI/LCS)�

Number�of�
Nights�

Moon�
Phase�
(D/G/B)�

Preferred�
Date�

Acceptable�
Date�

Remarks�
(Hi�or�Lo�Res�for�LCS)�

� � � � � �

� � � � � �

� � � � � �

�

Total�requested�number�of�nights:�

Minimum�acceptable�number�of�nights:� �

�

8.�Scheduling�Constraints�

�

�

�

9.�Instrument�Requirements�

�

�
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�

10.�Observing�Experiences�

�

�

�

11.�Backup�Program�in�Poor�Weather�Conditions�

�

�

�

12.�Publications�related�to�LOT�usage� �

�

�

�

13.�Status�of�Previous�Observations�if�LOT�observing�time�has�been�allocated�to�P.I.�before� �

�

�

�

�

14.�Target�List�

�
Object� RA�(2000.0)� Dec�(2000.0)� Magnitude Angular�Size� Exposure� Remarks�

� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �
� � � � � � �

�

15.�Scientific�and�Technical�Justifications�(limited�to�two�additional�A4�pages,�including�figures)�

鹿林天文台2008年報

97



鹿林天文台2008年報

98



�

鹿林天文台2008年報

99



鹿林天文台2008年報

100



鹿林天文台2008年報

101



鹿林天文台2008年報

102



鹿林天文台2008年報

103



鹿林天文台2008年報

104



鹿林天文台2008年報

105



鹿林天文台2008年報

106



鹿林天文台2008年報

107



鹿林天文台2008年報

108



鹿林天文台2008年報

109



鹿林天文台2008年報

110



鹿林天文台2008年報

111



鹿林天文台2008年報

112



鹿林天文台2008年報

113



鹿林天文台2008年報

114



鹿林天文台2008年報

115



�

鹿林天文台2008年報

116



8

(Nova)

(Fritz Zwicky) (SuperNova) 

(1051 erg s-1 )

( )

10

- - -

/  
       

鹿林天文台2008年報

117



9

(

)

-

( 1.4 )

1053 erg s-1 

Ia

 
?

(

)

( );

2001

23.5

40

DEC-20 ~DEC-40

http://aeea.nmns.edu.tw/geo_home/geo97/new_page_32.htm

( )  

        ( h t tp://physics.     

               weber.edu/carroll/expand/accelerate.htm

鹿林天文台2008年報

118



10

-

(LOT)

( ) LOT

20 ( V-band(

) 20.72 B-band( ) 21.22

)

(z<0.02)

( )

 1885

2006/4/23

   (LOT)

              http://www.lulin.ncu.edu.tw

  

              

鹿林天文台2008年報

119



11

1.

2.

3.

4.

5.

IAUC

IAUC(International Astronomical Union 

Circular) IAU(International 

Astronomical Union) Email

14

( )

( ) IC 2531

SN 2007cj

Pan-STARRS (the Panoramic Survey Telescope 

& Rapid Response System)

1.8

24

 Pan-STARRS

2008 (

)

(Gamma-Ray Burst, GRB)

IC 2531ICIC 22535311

鹿林天文台2008年報

120



天文觀測的新挑戰��談泛星計畫 
Frontier Challenges in Astronomical 

Observations --- The Pan-STARRS Project 

陳文屏

Wen-Ping Chen 
PhD in Astronomy, State University of New York at 

Stony Brook 

Current Position Professor of Graduate Institute of 
Astronomy, National Central University 

 

��

 (Panoramic Survey Telescope And Rapid 

Response System; Pan-STARRS)

14  (orthogonal transfer) CCD 

 

ABSTRACT 

Advance in instrumentation in observational astronomy has been 
leaping---ever increase in the telescope aperture, improved 
sensitivity and larger focal-plane coverage in the detector technology.  
This article describes the hardware and software development of 
Pan-STARRS (Panoramic Survey Telescope And Rapid Response 
System), a telescope facility for which Taiwan is involved in the 
scientific operations, together with an elite group from the US, 
Germany and the UK, to patrol the entire visible sky once a week by 
employing wide-field optics, and a CCD camera with 1.4 gigapixels 
that makes use of an innovative orthogonal transfer technology.  
Pan-STARRS will be a powerful tool to identify celestial objects 
variable in position or in brightness, and will revolutionize optical 
observations in time-domain astrophysics.  
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