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TRIGGERED STAR FORMATION BY MASSIVE STARS

Hsu-Tar Lee' anp W. P. Cuen'”
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ABSTRACT

We present our diagnosis of the role that massive stars play in the formation of low- and intermediate-mass stars in
OB associations (the 4 Ori region, Ori OB1, and Lac OB1 associations). We find that the classical T Tauri stars and
Herbig Ae/Be stars tend to line up between luminous O stars and bright-rimmed or comet-shaped clouds; the closer to
a cloud the progressively younger they are. Our positional and chronological study lends support to the validity of the
radiation-driven implosion mechanism, where the Lyman continuum photons from a luminous O star create expand-
ing ionization fronts to evaporate and compress nearby clouds into bright-rimmed or comet-shaped clouds. Implosive
pressure then causes dense clumps to collapse, prompting the formation of low-mass stars on the cloud surface (i.e.,
the bright rim) and intermediate-mass stars somewhat deeper in the cloud. These stars are a signpost of current star
formation; no young stars are seen leading the ionization fronts further into the cloud. Young stars in bright-rimmed
or comet-shaped clouds are likely to have been formed by triggering, which would result in an age spread of several
megayears between the member stars or star groups formed in the sequence.

Subject headings: ISM: clouds — ISM: molecules — stars: formation — stars: pre—main-sequence

1. INTRODUCTION

Most O and B stars are congregated in OB associations ( Blaauw
1964) in which young low- (classical T Tauri stars, or CTTSs)
and intermediate-mass (Herbig Ae/Be stars, or HAeBe) stellar
groups are also found (see the review by Bricefio et al. 20006).
What is the relationship between the formation of massive stars
and that of low-mass stars? Does star formation in an OB asso-
ciation proceed in a bimodal manner for massive and for low-mass
stellar groups? If so, which group would form first? It is noted that
massive stars have a profound influence on the surrounding mo-
lecular clouds. On the one hand, the radiation and energetic wind
from a massive star could cause the evaporation of nearby clouds,
hence terminating the star formation processes. On the other hand,
the massive star could provide “just the touch” needed to prompt
the collapse of a molecular cloud that otherwise may not contract
and fragment spontaneously. Do massive stars play primarily a de-
structive or promotional role in star formation in a molecular
cloud? Herbig (1962) suggests that low- and intermediate-mass
stars form first in an OB association, but soon after massive O stars
appear, the cloud is disrupted, which hinders further star forma-
tion. Alternatively, Elmegreen & Lada (1977) and Lada (1987)
propose that low-mass stars form first out of cloud fragments and
are distributed throughout the entire molecular cloud. Once the
O stars form, their expanding ionization fronts (I-fronts) then play
a constructive role in inciting a sequence of star formation in
neighboring molecular clouds.

The triggering of star formation by massive stars appears to take
place on different length scales (Elmegreen 1998). The Sco OB2
association might be one example of triggered star formation (de
Geus et al. 1989). In this case the Upper Centaurus Lupus sub-
group was formed first in the middle of the molecular cloud com-
plex, which then prompted star formation on both sides, eventually
becoming the Upper Scorpius and Lower Centaurus Crux asso-
ciations. Preibisch & Zinnecker (1999, 2006) propose a similar

! Institute of Astronomy, National Central University, 300 Jungda Road,
Jungli 32054, Taiwan; htlee@asiaa.sinica.edu.tw.

2 Department of Physics, National Central University, 300 Jungda Road, Jungli
32054, Taiwan; wchen@astro.ncu.edu.tw.
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mechanism, but with a series of supernova explosions as the trig-
gering sources. The star formation activities can be sustained as
long as stars massive enough are produced in the sequence and
there is enough surrounding material. This sequential formation
process leads naturally to an age spread among member stars or
subgroups (Blaauw 1964), and the stellar aggregates thus formed
(out of separate clouds) tend to be sparsely distributed and gravita-
tionally unbound because of the expanding I-fronts or an initially
unbound giant molecular cloud (see Clark et al. 2005).

On a smaller scale, the systems of ongoing star formation,
such as young stellar jets, evaporated gaseous globules (EGGs)
and water masers have been found in the periphery of H m regions
(Hester et al. 2004; Hester & Desch 2005). There are two kinds of
triggering mechanisms (e.g., Karr & Martin 2003), “collect-and-
collapse” and radiation-driven implosion (RDI). In the collect-
and-collapse scenario, first proposed by Elmegreen & Lada (1977)
and recently demonstrated observationally by Deharveng et al.
(2005), Zavagno et al. (2006), and Sanchawala et al. (2006), the
expanding I-fronts from an H 11 region pile up a shell of dense gas
and dust, in which clumps fragment and collapse to form the next
generation of stars. In the RDI scenario (Bertoldi 1989; Bertoldi
& McKee 1990; Hester & Desch 2005; Larosa 1983; Kessel-
Deynet & Burkert 2003), the formation sequence begins with photo-
ionization of a nearby molecular cloud by a massive star. The
shock fronts embracing the surface of the cloud compress the
cloud until it reaches the critical density for gravitational collapse
resulting in the formation of new stars. The latest star formation,
as traced by protostellar cores (Lefloch & Cernicharo 2000) or
water masers (Healy et al. 2004), takes place at the compressed
layer of a cloud. Hester & Desch (2005) propose a scenario in
which an EGG appears when a dense clump is impinged on by
the I-fronts. The photoevaporation then erodes the circumstellar
disk into a protoplanetary disk, or a “proplyd” (O’dell et al. 1993).
Subsequently formed massive stars can carve out their own cavi-
ties to continue the triggering process (Sanchawala et al. 20006).
The exposure of the protoplanetary disk in such environments
would, in addition to being truncated in size, contain short-lived
radio nuclides from the ejecta from one or more nearby super-
novae, such as has been observed in meteorites in the solar system
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TABLE 1
REGIONS STUDIED

APPROXIMATE COORDINATES

REGION Longitude Latitude
Lac OBI® ....ccooeviirnanne [~ 83% to 112° b~ =35 to —25.7°
Trapezium® .. R.A. ~ 05 03 00 to 05 32 00 decl. ~—01 45 00 to —8 10 00
2. Ori........... R.A. ~ 0523 00 to 05 52 00 decl. ~+06 40 00 to +14 22 00
Ori East........... R.A. ~ 05 52 00 to 05 57 00 decl. ~+01 15 00 to +02 15 00

Control field 1.
Control field 2.......cccceeee

1~ 192° to 260°
R.A. ~ 2024 00 to 21 05 00

b ~+15° to +44°
decl. ~+25 16 00 to +32 55 00

Note.— Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,

arcminutes, and arcseconds.

? Including BRC LBN 437 and comet-shaped cloud GAL 110—13.
° Including BRCs, IC 2118, LDN 1616 and LDN 1634.

¢ Including BRCs, B30 and B35.

(Hester et al. 2004). Our work reported here substantiates the
above sequential star formation scenario by providing clear chro-
nological and positional evidence that massive stars prompt the
birth of lower mass stars out of molecular clouds.

In the Orion star-forming region, for example, there is concrete
evidence of triggered star formation as manifested by the bright-
rimmed clouds (BRCs) in the vicinity of O stars (Lee et al. 2005,
hereafter PaperI). These BRCs are considered the remnant of mo-
lecular clouds that have been photoionized by a nearby massive
star (Sugitani et al. 1991; Sugitani & Ogura 1994). According to
Paper I, only BRCs that are associated with strong /RAS 100 ym
emission (tracer of high density) and Ha emission (tracer of the
ionization front) show signs of ongoing star formation. Further-
more, CTTSs are more preferentially seen between the O stars and
the BRCs, with those closer to the BRCs being progressively youn-
ger, and there are no CTTSs far ahead of the I-fronts.

In this paper we extend the study to the Lac OB1 association,
as well as include intermediate-mass young stars in our sample.
We describe in § 2 the archival data and our spectroscopic and
imaging observations. In addition to the Lac OB1 sources, some
of the stars in Ori OB1 considered in Paper I to be young star can-
didates have been spectroscopically confirmed. These results are
also presented here. Finally, we discuss star-formation activities
and histories in 4 Ori, Ori OB1, and Lac OB1 in § 3, and consider
star formation in general in OB associations in § 4. The conclu-
sions are summarized in § 5.

2. DATA AND OBSERVATIONS
2.1. Archive Data

CTTS:s are young stellar objects characterized by their infrared
excess. Usually CTTSs are more likely to be spatially closer to a
star-forming region than are the weak-line T Tauri stars (WTTSs).
The latter are also pre—main-sequence (PMS) stars, but are more
evolved than CTTSs in terms of clearing of their inner circum-
stellar disks. Thus the CTTSs trace more recent star formation. In
Paper I we proposed an empirical set of criteria to select CTTS
candidates from the Two Micron All Sky Survey (2MASS) Point
Source Catalog (Cutri et al. 2003). In this paper we apply the
same selection procedure (e.g., 2MASS colors, good photomet-
ric qualities, and exclusion of extended sources) but include young
intermediate-mass stars, the HAeBe stars in our sample. Differ-
ent young stellar populations, WTTSs, CTTSs, and HAeBe stars,
occupy distinctly different regions in the 2MASS color-color di-
agram (see Paper I). The HAeBe stars in general exhibit larger
infrared excess than CTTSs do. Therefore we select as HAeBe

star candidates 2MASS point sources with colors redder than the
line defined by (m; — my) — 1.7(my — mg) + 0.450 = 0; CTTS
candidates are selected by the same method described in Paper I,
namely, between the two parallel lines, (m; — my) — 1.7(my —
mg)+0.0976 = 0 and (m; —my) — 1.7(my —mg)+ 0.450 = 0,
and above the dereddened CTTS locus (Meyer etal. 1997), (m; —
mpy) — 0.493(my — mg) — 0.439 = 0.

Table 1 shows the fields in the A Ori region, Ori OBI, and
Lac OB studied in this paper, which include seven BRCs, one
comet-shaped cloud, and two control regions. In addition to the
2MASS point-source database from which we select our CTTS
and HAeBe candidates, we also make use of the Ha emission
survey data (Finkbeiner 2003; Gaustad et al. 2001; Dennison et al.
1998; Haffner et al. 2003), E(B — V') reddening (Schlegel et al.
1998), IRAS 100 pm, and CO (Dame et al. 2001) emission to
trace, respectively, the distribution of the ionization fronts, cloud
extinction, IR radiation, and molecular clouds with respect to the
spatial distribution of our young star sample.

2.2. Spectroscopic Observations

The spectra of bright CTTS and HAeBe candidates were
taken at the Beijing Astronomical Observatory (BAO) and at
the Kitt Peak National Observatory (KPNO). At the BAO, low-
dispersion spectra with a dispersion of 200 A mm~", correspond-
ing to 4.8 A pixel~!, were taken with the 2.16 m optical telescope
from 2003 October 31 to November 3, and on 2004 September 5-6.
An OMR (Optomechanics Research, Inc.) spectrograph was
used with a Tektronix 1024 x 1024 CCD detector covering 4000—
9000 A. These spectra were used to confirm the young stellar
nature (e.g., the Ho and other characteristic emission lines) of the
PMS star candidates selected on the basis of the 2MASS colors.

Medium-dispersion spectra for a selected set of sample stars
were taken with the KPNO 2.1 m telescope on 2004 January 2-5.
The GoldCamera spectrometer, with a Ford 3 K x 1 K CCD with
15 pum pixels, was used with the grating #26new, giving a disper-
sion of 1.24 A pixel~!. These medium-dispersion spectra allowed
us to identify the lithium absorption at 6708 A, the spectral signa-
ture of a low-mass PMS star.

All the spectroscopic data were processed with the standard
NOAO/IRAF packages. After correction for bias and flat-fields,
the IRAF package KPNOSLIT was used to extract and to calibrate
the wavelength and flux of each spectrum. To check the legiti-
macy of our selection criteria, we also observed two control fields,
in addition to the star-forming clouds. All the fields included in
this study are summarized in Table 1.

11
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TABLE 2
IMAGING OBSERVATIONS
R.A. Decl. Total Exposure Time
Fields (J2000.0) (J2000.0)  Filter (s)
B30 0529514 +121358 Ha 5400
B35 0544 20.0 +091040 Ha 5400
Ori East.... 0553 58.6 +014037 Ha 3600
LDN 1616 0507 06.0 —031754 Ha 7200
LDN 1634 .. 052016.0 —054928 Ha 3600
IC 2118 ............. 0507 44.0 —06 12 35 Ha 2400
LBN 437........... 223431.0 +403744 Ha 3600
LBN 437 ............ 223431.0 +403744 [Su] 7200

12

Note.—Units of right ascension are hours, minutes, and seconds, and units

of declination are degrees, arcminutes, and arcseconds.

Vol. 657

2.3. Imaging Observation

The BRCs were imaged on 2004 November 3-8 using the
1 m telescope at the Lulin Observatory in Taiwan (Table 2). A
PI1300B (Roper Scientific) CCD camera was used, which has
1340 x 1300 pixels, each 20 um square, yielding a ~11’ field of
view. Ho [/ = 6563 A, A (FWHM) = 30 A] images were taken
for all BRCs. In addition, LBN 437 was observed with an [S 1]
[Ze = 6724 A, AJ(FWHM) = 80 A]filter. For every target field
tens of images were taken, each with an exposure time of 120—
300 s. The images were processed for bias, dark, and flat-fielding
corrections with the standard procedures.

2.4. Observational Results

The main purpose of the spectral observations was to iden-
tify PMS star candidates and to validate the selection criteria for
HAeBe stars. The imaging observations can help us to trace the
distribution of the I-fronts in the BRCs. By combining the spectral

TABLE 3
CTTS anp CTTS CANDIDATES

Star® 2MASS Emission Line(s)” Li® Observation? Remarks

............ J05065464—0320047 H(-50.6), O(—0.6), Ca, He A K LkHa 333, Associated with LDN 1616

............ J05073016—0610158 H(—92.5), O(—10.8), S(—1.4), Fe, Ca, He A K Associated with IC 2118
J05073060—-0610597 H(—23.3), Ca? A K Associated with IC 2118
J05122053—-0255523 H(—12.1) A K V531 Ori
J05141328—-0256411 H(-210.6), O(-2.5), Fe, Ca, He N K Kiso A-0975 16
J05152683—-0632010 H(-0.3) A K Ha emission is week, could be a WITS
J05162251-0756503 H(-37.7), O(—1.0), Ca, He A K
J05181685—0537300 H(—57.3), O(—2.3), Fe, Ca, He N K Kiso A-0975 43
J05191356—0324126 H(—52.1), Ca, He A K Kiso A-0975 45
J05191549—-0204529 H(—10.7), O(-3.6), Ca A K
J05201945—-0545553 H(-26.9), Ca, He A K Kiso A-0975 52, IRAS 05178-0548, associated with LDN 1634
J05202573—-0547063 H(-100.2), O?, Fe, Ca, He A K V534 Ori, associated with LDN 1634
J05203142—-0548247 H(—19.3), Ca, He A K StHA 39, associated with LDN 1634
J05253979—-0411020 H(—138.9), Fe, Ca, He N K Kiso A-0975 86
J05262158+1131339 H(-15.4), O(—1.8), Fe, Ca L B IRAS 05235+1129
J05292393+1151576 H(—40.5), Ca, He A B, K V649 Ori, associated with B30
J05300203+1213357 H(-33.6), Ca, He A B, K GX Ori, IRAS 05272+1211, associated with B30
J05301313+1208458 H(-5.7), Ca A B, K GY Ori, associated with B30
J05311615+1125312 H(-21.9) N B, K V449 Ori
J05315128+1216208 H(—127.3), O(—10.2), He A B, K Associated with B30
J05323207+1044178 H(—96.7), Ca, He L
J05324305+1221083 H(—13.9), O(—1.3), Ca, He A B, K V460 Ori , IRAS 05299+1219, associated with B30
J05330207+1137114 H(—176.8), Fe, Ca, He L B
J05391268+0915522 H(-215.6), Ca, He L B
J05432091+0906071 H(-21.8), O(—0.5), Ca, He A B, K V625 Ori , IRAS 05406+0904, associated with B35
J05440899+0909147 H(—44.5), O(-2.1), Fe, Ca, He A B, K QR Ori, IRAS 05413+0907, associated with B35
J05451493+0721223 H(-5.6) N B, K V661 Ori
J05452235+0904123 L FU Ori, IRAS 05426+0903, associated with B35
J05515035+0821066 H(-181.9), Ca A B, K
J05534090+0138140 H(-29.0), O(-2.7), He L B LkHA 334, IRAS F05510+0137, associated with Ori East
J05535869+0144094 H(—37.0), Ca, He L B LkHA 335, IRAS F05513+0143, associated with Ori East
J21370366+4321172 H(—174.8), Fe, Ca, He A B, K V1082 Cyg
J21395545+4313082 H(-83.6), Ca L B
J21535750+4659443 H(-51.7) L B LkHA 256
J22361978+4006273 H(—63.9), O(—1.8), Ca L B Associated with IRAS 2234343944 group
J22362779+3954066 H(-18.4) L B Associated with IRAS 22343+3944 group
J22370328+4005185 H(—10.3), Ca?, He? A B, K Associated with IRAS 2234343944 group
J22371683+3952260 H(—130.8), O(—4.5), Ca L Associated with IRAS 2234343944 group
J23104483+4508511 H(-7.9) N B, K
J23373847+4824119 H(-19.2) A B, K BM And, associated with GAL 110—13

* Stars 1-31 and 32—40 are in the Orion and Lacerta regions, respectively.

® H = Ha, Ca = Can [K, H (3934, 3968 A), and/or infrared triplet (8498, 8542, 8662 A)], He = He 1 (5876 A), O[O 1] (6300 A), S = [S ] (6717 A), and

¢ A = absorbtion, N = no absorbtion, and L = low spectral resolution in BAO.
4 B =BAO, and K = -KPNO.

Fe = Fe 11 (4924 A). The number following H, O, S, are the equivalent widths of Ha, [O 1], and [S n], in angstrom units, respectively.
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TABLE 4
HEerBIG Ae/Be Stars
Star® 2MASS Emission Line(s) Spectral Type® Observation® Remarks

J05042998—-0347142 H A3e K UX Ori, IRAS 05020-0351, associated with LDN 1616
J05113654—0222484 H A3e K
J05305472+1421524 H F2e K
J05312805+1209102 H, O A2e K HK Ori, IRAS 05286+1207, associated with B30
J05313515+0951553 H B9e K IRAS 05288+0949
J05315724+1117414 H AOe B HD 244604, IRAS 05291+1115
J05350960+1001515 H, O? B9e B V1271 Ori, IRAS 05324+0959
J05390921+0925301 H F7e B, K V506 Ori
121462666+4744154 H, O B9e K
J21514726+4615115 H A%e K LR Cyg
J22154039+5215559 H A2e B
J22344101+4040045 H, O, S A2e K V375 Lac
J22363511+4000156 , B8e B Associated with IRAS 2234343944 group

# Stars 41-48 and 49-53 are in the Orion and Lacerta regions, respectively.
" H=Ha, O=[01] (6300 A), and S = [S 1] (6717 A).
¢ B = BAO, and K-KPNO.

and imaging observations, we can study the spatial distribution of
PMS stars relative to the I-fronts in BRCs.

Tables 3, 4, and 5 list, respectively, the CTTSs ( plus some
CTTS candidates), HAeBe stars, and non-PMS sources identified
from spectroscopic observations. In Table 3, stars 1-31 CTTSs are
in Orion and 32—-40 CTTSs are in Lacerta. In Table 4, stars 41-48
are HAeBe stars in the Orion region, whereas the others are in the
Lacerta region. We derive the Hay, [O 1], and [S 1] equivalent
widths of the CTTSs. Some of the CTTSs listed in Table 3 do not
show lithium absorption, but exhibit other CTTS characteristics,
such as the Ha, Ca 11, and/or forbidden [O 1] and [S 1] emission
line(s) in their spectra. Since most of these spectra show veil-
ing, their Li absorption line might be veiled by continuum radia-
tion. Thus they are included in the CTTS sample (Table 3) even
though the Li line is not readily discernible. CTTSs without a Li
absorption line are not unusual; recently White & Hillenbrand
(2005) also found a lithium-depleted CTTS, St 34, in the Taurus-
Auriga T association. Figure 1 presents an example of the spectra
of a CTTS and a HAeBe star. No PMS stars were found in any of
the two control fields; most of the sources there are either carbon
stars or M giants.

Figures 2 and 3 show, respectively, the Trapezium and the
A Ori regions in Orion, with the CTTSs (stars 1-31 in Table 3) and
HAeBe stars (stars 41-48 in Table 4) being marked. The boxes
mark the fields of the Ho images presented in Figure 4. It is clear
that the BRCs are outlined by the Ho emission, and that some
PMS stars are spatially close to the I-fronts.

Figure 5 displays the /RAS 100 ym, Hoe and CO emission maps
of the Lac OB1 association. The PMS stars in Table 3 and Table 4
are again marked. The box indicates the LBN 437 region shown in
Figure 6. LBN 437 is a comet-shaped BRC (Olano et al. 1994).
The HAeBe star V375 Lac (star 52 in Table 4) associated with
this cloud is believed to be the exciting source of the parsec-scale
Herbig-Haro outflow HH 398 (McGroarty et al. 2004).

In Paper I it was shown that CTTSs exhibiting continuous or
veiled spectra with [O 1] and/or [S 1] forbidden lines, originating
from jets or winds seen commonly in Class I sources (Kenyon
et al. 1998), tend to be redder, which is suggestive of a younger
age, than those without. A color-color diagram of the PMS stars
in Tables 3 and 4 is plotted as Figure 7; the results agree with our
previous work. This correlation extends to HAeBe stars, in that
HAeBe stars with forbidden line(s) are mostly located on the up-

per right of the 2MASS color-color diagram. As an alternative to
being younger, a CTTS with forbidden lines could be the result
of reduced photoevaporation of the circumstellar disk, e.g., by
being away from a luminous star or shielded by a molecular cloud.
Only 14 of the 40 CTTSs and 4 of the 13 HAeBe stars in our
sample show forbidden line(s) in their spectra. In other words,
about one-third of the PMS stars with strong infrared excess ex-
hibit forbidden line(s). Typical CTTS ages are a few Myr (Kenyon
& Hartmann 1995), with those with forbidden lines representing
an even younger sample, probably no more than a couple Myr old.
The [S 1] line is only present in Star 2, a CTTS with a strong infra-
red excess and strong [O 1] (equivalent width >10.5 A). In our sam-
ple of CTTSs there is no correlation between the Ho equivalent
widths and the presence of forbidden lines, or between the Ho
equivalent widths and the 2MASS colors.

The success rate of spectroscopic confirmation of CTTS and
HAeBe candidates is extremely high for 4 Ori, Ori OB1, and Lac
OB1. Candidates closely associated with star-forming regions
all turned out to be bona fide young stars with essentially no ex-
ception, whereas the regions away from molecular clouds are
mostly populated by evolved stars (e.g., carbon stars or M giants).
The 2MASS database enables us to effectively trace recent star
formation on a large scale, without any a priori bias toward prom-
inent H 11 or reflection nebulae, which are obvious targets to search
for young stellar objects. For example, stars 35-38 in our sample
are confirmed to be young stars. They are located away from
prominent nebulosity, so it might otherwise be difficult to recog-
nize them as young stars in a targeted survey.

3. STAR FORMATION IN THE ORI OB1
AND LAC OB1 ASSOCIATIONS

Star formation triggered by the RDI mechanism has several
characteristics that can be diagnosed observationally: (1) The rem-
nant cloud is extended toward, or pointing to, the massive stars.
(2) The young stellar groupings in the region are roughly lined up
between the remnant clouds and the luminous star. (3) Stars closer
to the cloud, which have formed later in the sequence, are younger
in age, with the youngest stars being in the interacting region, i.e.,
along the bright rim of the cloud. (4) No young stars exist far
behind the BRC. In particular, items 3 and 4 are in distinct contrast
to the case of spontaneous star formation, which conceivably would
not have left such distinguishing temporal and positional signposts.
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TABLE 5
NoN-PMS Stars

Star 2MASS Spectral Type Observation® Remarks
J05232026+0934432 A0 B, K TYC 704-1857-1
J05285405—0606063 Me K Kiso A-0975 119, IRAS 05264—0608
J05413010+1418225 C K BC 203
J05442880+0652019 M B
J05464207+0643469 C B IRAS 05440+0642
J05480851+0954012 Ce B, K V638 Ori , IRAS 05453+0953
J07323273+2647156 C K Object FBS 0729+269
J07475919+2052254 Ce K
J08231037—0153257 C K
J08292902+1046241 C K FBS 0826+109
J08423302+0621195 M K
J08541870—1200541 Ce K IRAS 08519—1149
J09111450—0922053 Me K VV Hya
J09333061-2216282 M K
J20245404+2609115 M B
J20291739+2617284 Me B IRAS 20271+2607
J20304177+2812340 M B DU Vul, IRAS 20285+2802
J20311267+2612270 M B
J20415136+2752525 M B IRAS 2039742742
J20532040+2516196 C B
J20551307+3254065 M B
J20555284+2640515 M B UY Vul, IRAS 20537+2629
J21040556+2632111 M B V444 Vul, IRAS 21019+2620
J21244172+4437134 Ce B V1563 Cyg, IRAS 21228+4424
J21383182+4542469 Ce K V1568 Cyg, IRAS 21366+4529
J21595030+3313596 M B
J22024329+4216400 BL Lac K BL Lac
J22055958+3530057 M B XX Peg
J22070988+2828374 M B V392 Peg, IRAS F22048+2813
J22075421+4105113 M B V379 Lac, IRAS 22057+4050
122084406+4855248 M B V426 Lac, IRAS 22067+4840
J22121336+4646065 C B IRAS 2210144631
J22135091+2447203 M B
J22213857+3335586 C B
J22261658+4221089 A0 B
J22295650+4546539 Ce B V386 Lac
J22313443+4816005 C K V387 Lac, IRAS 22294+4800
J22314368+4748038 PN K PN G100.0-08.7 , IRAS 22296+4732
J22451504+5051534 Ce B HL Lac, IRAS 22431+5036
J22491976+5154487 M B IRAS 22472+5138
J22514566+4921137 C B IRAS 22495+4905
J22521809+3413364 M B TIRAS 22499+3357
J22592372+4811589 Me K
J23023314+4649483 M B NSV 14395, IRAS 23002+4633
J23113005+4702525 M B IRAS 23092+4646
123175960+4645122 M B AO And, IRAS 23156+4628

? B-BAO, K-KPNO.

In Table 6 we summarize the different outcomes of the triggered
versus spontaneous star formation processes.

In Paper I we presented evidence supporting the induced star
formation in six Orion BRCs, namely B30, B35, Ori East, IC
2118, LDN 1616, and LDN 1634. Here we present further spec-
troscopic observations of the Orion sources, classified as young
star “candidates” in Paper I and extend our sample to include the
Lac OBI region. Combined with the earlier Ori OB1 results, this
reinforces the links between massive stars, BRCs, and the for-
mation of low-mass stars. Furthermore, our young star sample
now contains not only CTTSs, but also young intermediate-mass
stars, rendering a more comprehensive understanding of the origin
of stellar masses in an OB association.

3.1. Star-Forming Activities in the Orion Region
3.1.1. IC 2118, LDN 1616, LDN 1634, AND ORI EAST

IC 2118, LDN 1616, and LDN 1634 are three isolated BRCs
around the Trapezium to the west of the Orion A. Another BRC,
Ori East, can be found to the northeast of the Trapezium. All
these BRCs point roughly to the Trapezium (Fig. 2), indicative
of the Trapezium and/or the Orion-Eridanus superbubble being
the shaping source of these BRCs (Alcala et al. 2004; Stanke
et al. 2002; Kun et al. 2001, 2004).

In this region most CTTSs with forbidden line(s), i.e., those of
younger ages, are spatially close to the BRCs, e.g., stars 1, 2, and
30 in relation to LDN 1616, IC 2118, and Ori East, respectively.
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Fic. 1.—Example spectra (top) for stars 20 (bottom) and 53. Star 20 is a
CTTS and shows a veiled continuum with strong Ho and [O 1], 6300 and 6363 A
emission lines. Star 53 is an HAeBe star and shows the Ha in emission but the
other Balmer lines in absorption.
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Fig. 2—IRAS 100 pm image of the Trapezium region. The dots indicate
CTTSs (white) and HAeBe stars (black), labeled with the identification numbers
from Tables 3 and 4. PMS stars with forbidden line(s) are bracketed. The boxes
mark the fields of the Ho images shown in (Fig. 4). East is to the left, and north
to the top.
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+

Lambda Ori

Fic. 3.—IRAS 100 pm and CO images of the 4 Ori region. The symbols are
the same as in Figure 2. The distribution of PMS stars extends from / Ori to B30
and B35. East is to the left, and north to the top.

Star 7 is also associated with a remnant molecular cloud (Ogura
& Sugitani 1998, their cloud 6).

3.1.2. B30 and B35

B30 and B35 are two BRCs associated with an H i region ex-
cited by the O8 III star 4 Ori and surrounded by a ring-shaped
molecular cloud (Lang et al. 2000). Duerr et al. (1982) find some
80 Ha stars in the 4 Ori region, most of which are distributed as a
barlike structure extending from either side of 4 Ori to B30 and to
B35. Dolan & Mathieu (1999, 2001, 2002) present photometric
and spectroscopic studies of the young stellar population in the
A Ori region. They suggested the ring-shaped molecular cloud to
be caused by a supernova explosion that terminated recent star
formation in the vicinity.

It is likely that A Ori is the triggering source responsible for
the star formation in B30 and B35. It is found that photoevap-
orative flows (Hester et al. 1996) stream out of the surfaces of
them,; this is a demonstration of the interaction between a mas-
sive star and a molecular cloud (Fig. 3). Here again we see that
stars with forbidden lines, i.e., stars 20, 22, and 44 in relation to
B30, and stars 25 and 26 to B35, are all physically close to a
BRC.

15
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Fic. 4—Ha images of the Ori OB1 BRCs. The stars in Table 3 are marked. East is to the left, and north to the top. The field of view of each image is ~11.
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Fi. 5.—IRAS 100 pm, Ha, and CO images of the Lac OB1 association using the orientation of the Galactic coordinates, i.e., north is to the top and the Galactic
longitude increases to the left. The white plus signs indicate the three late-B stars, HD 222142, HD 222086, and HD 222046, in GAL 110—13 and the cross marks
indicate the CTTS candidate in the IRAS 22343+3944 group, 2MASS J22354224+3959566. The other symbols are the same as in Fig. 2.

Fic. 6.—Ha and [S 1] images of LBN 437. Star 52 is associated with the nebulosity HH 398. East is to the left, and north to the top. The field of view of each

image is ~11".
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Fic. 7—2MASS color-color diagram of the CTTSs (diamonds) and HAeBe
stars (triangles) from Tables 3 and 4. Here we only present the CTTSs with a Li
absorption line detected in their spectra. CTTSs and HAeBe stars with forbidden
lines are indicated by larger symbols. PMS stars with forbidden line are redder
than those without. The dotted and dashed lines represent the reddening direc-
tion and the dereddened CTTS locus, respectively. CTTSs and HAeBe stars are
well separated by the line (jm — hm) — 1.7(hm — km) + 0.450 = 0.

3.2. Star Formation History in Ori OB1 and the /. Ori Region

It is suggested that star formation is triggered by the O stars
and/or by the superbubbles in LDN 1616 (Alcala et al. 2004;
Stanke et al. 2002) and in IC 2118 (Kun et al. 2001, 2004). All
BRCs in Ori OBI1 that show evidence of star formation being trig-
gered by nearby massive stars are found associated with strong
IRAS 100 pum and Ho emission (Fig. 4). In every case a sequential
process—that PMS stars closer to the triggering stars are older
than those closer to the BRCs—can be clearly witnessed (Paper I).

The same phenomena are also seen near / Ori. Initially, the B30
and B35 clouds might have extended toward A Ori, perhaps form-
ing a barlike structure. The I-fronts from 4 Ori then propagated
through the clouds, prompting star formation on both sides, thereby
resulting in the lining up of the PMS stars, in an age sequence,
between A Ori and the B30 and B35 clouds.

In Paper I we show that the CTTSs that are spatially close to
BRCs are among the brightest, just revealing themselves on the
birth line and beginning to descend down the Hayashi tracks. We
also find no young stars far behind the I-fronts, i.e., embedded in
the BRCs. These photoevaporated clouds typically have low ex-
tinction so that any PMS stars cannot have escaped the 2MASS
detection. In both Ori OB1 and the / Ori region, therefore, we see
the predomination of triggered star formation, as evinced in the
cloud morphology, star grouping orientation, and star formation
sequence.

3.3. Star Formation Activities in Lac OB1

The Lac OB1 association, at a distance of ~360 pc (de Zeeuw
etal. 1999), is one of the nearest OB associations. Blaauw (1958)

Fic. 8. —2MASS K| image of the IRAS 22343+3944 group. CTTSs 35, 36, 37,
and 38 from Table 3 (white) and HAeBe star 53 (black) are labeled. The cross in-
dicates the CTTS candidate, 2MASS J22354224+3959566. The other symbols are
the same as in Fig. 2. East is to the left, and north to the top.

divides Lac OB1 into two subgroups, “a’” and “b,” on the basis
of stellar proper motions and radial velocities. The entire Lac OB1
covers the region of the sky from 90° < / < 110° and —5° < b <
—25° (de Zeeuw et al. 1999). Lac OB1b occupies an area with a
radius of ~5° centered around (/, ) = (97.0°, —15.5°) and Lac
OBla occupies the remaining area. The Lac OBI1b harbors the
only O star (09 V), 10 Lac, in the Lac OB1 association. Our study
discusses two regions in Lac OB1 known to have current star-
forming activities, LBN 437 and GAL 110—13, a BRC and a
comet-shaped cloud, respectively.

3.3.1. LBN 437

LBN 437 is at the edge of an elongated molecular cloud (Olano
etal. 1994) and on the border of the H mregion S126 excited by the
nearby O star, 10 Lac. Hereafter we call this elongated molecular
cloud the “Lac molecular cloud” (Fig. 5). Between 10 Lac and
LBN 437 there is a small stellar group (Fig. 8) that includes five
CTTSs (stars 35-38 in Table 3, plus the CTTS candidate 2MASS
J22354224+3959566, for which we do not have spectroscopic ob-
servations) and one HAeBe star (star 53 in Table 4). The HAeBe
star is an /RAS source, IRAS 22343+3944. We can identify IRAS
22343+3944 as the counterpart of star 53, because this star shows
anear-infrared excess and is located within the positional error for
IRAS 22343+3944. Hereafter, we refer to this six-star system
as the IRAS 22343+3944 group (Fig. 5). The size of the IRAS

TABLE 6
DIFFERENCES BETWEEN TRIGGERED AND SPONTANEOUS STAR FORMATION

Parameter Triggered

Spontaneous

Sequential star formation.......
Stellar distribution..................

Star formation efficiency........ High

Yes. PMS stars close to triggering sources are older than those close to BRCs  No
PMS stars are located between triggering sources or around surfaces of BRCs
with no young stars embedded much behind the I fronts

PMS stars can be anywhere, including being far
behind the surface of a BRC
Low, less than a few percent.
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Fic. 9.—DSS blue image of the comet-shaped cloud GAL 110-13. Star 40
(CTTS) and three late-B stars are marked. The Galactic longitude and latitude
increase to the left and to the top, respectively.

22343+3944 group is about 24’, which corresponds to ~2.5 pc
at 360 pc.

3.3.2. GAL 110—-13

GAL 110—13 is an isolated and elongated molecular cloud
(Fig. 9) at a distance of ~440 pc (Odenwald et al. 1992). Its head-
tail, comet-like shape suggests compression by ram pressure, per-
haps as a result of a recent cloud collision (Odenwald et al. 1992).
Star formation takes place on the compressed side of GAL 110—13,
e.g., the location of the CTTS star 40 (BM And) and the neb-
ula vdB 158 reflecting light from the B9.5V star HD 222142
(Magakian 2003). In addition to HD 222142, there are two other
late B-type stars in the vicinity, HD 222046 and HD 222086. All
three B stars and star 40 share common proper motions ( Zacharias
et al. 2004 data extracted from the Second US Naval Observatory
CCD Astrograph Catalog), which are consistent with those of the
Lac OBI groups (ESA 1997), as summarized in Table 7. GAL
110—13 is located near the border of the Lac OB1 association, at
a distance not very different from that of Lac OB1. GAL 110—13
was not included as part of Lac OB1 by de Zeeuw et al. (1999),
but our analysis suggests that the cloud, together with the young
stars associated with it, is likely part of Lac OBla.

GAL 110—13 is elongated and roughly points toward 10 Lac
(see Fig. 5). This implies that Lac OB1b or 10 Lac alone is re-
sponsible for shaping the cloud. Either shock fronts from a super-
nova or ionization fronts from a massive star could have caused
the shape of this cloud, as well as the spatial distribution of young
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stars in GAL 110—13. In the supernova scenario a star in Lac OB1b
more massive than 10 Lac exploded, and, assuming that Lac OB1b
and 10 Lac are at the same distance from us (i.e., 358 pc), it would
take a few hundred thousand years for the supernova shock waves
(at a speed of hundreds of km s~!) to propagate across the 126 pc
separation to arrive, compress, and finally prompt the formation
of stars within GAL 110—13. Additional evidence in support of
this supernova scenario comes from the BS V star, HD 201910,
which is supposed to be a runaway star kicked out from a binary
system in Lac OB1b, when one of the component stars became a
supernova (Blaauw 1961; Gies & Bolton 1986). If this is so, the
kinematic timescale of the star, 2.7 Myr, suggests that a supernova
explosion occurred some 2.7 Myr ago and the associated shocks
subsequently caused GAL 110—13 to develop its present come-
tary shape.

An alternative explanation is due to compression by ioniza-
tion fronts from a massive star, which would be a less destructive
method for star formation than a supernova explosion (Lefloch
et al. 2002). We propose a scenario in which 10 Lac—still in ex-
istence now—was born at the edge of the Lac molecular cloud,
similar to that presented in Figure 5, but with the cloud originally
being more extended toward 10 Lac. Soon after its birth, 10 Lac
ionized the surrounding molecular clouds, exposing itself to the
intercloud medium. Assuming that most of the UV photons of
10 Lac shortward of the Lyman limit were used to ionize the in-
tercloud medium, then given a typical intercloud material density
~0.2 cm™3 (Spitzer 1998; Dyson & Williams 1997), the I-fronts
would travel the 126 pc distance from 10 Lac to GAL 110—13 in
about 2 Myr, a timescale still shorter than the main-sequence life
time of ~3.6 Myr of 10 Lac (Schaerer & de Koter 1997). Regard-
less of which scenario actually happened, a supernova shock front
or an ionization front, Lac OB1b is likely responsible for the cre-
ation of GAL 110—13 and the associated stellar group.

3.4. Star Formation History in Lac OBI

In LBN 437, star 52 (V375 Lac) is the only young star located
at the edge of the Lac molecular cloud, and interestingly there is
no CTTS or HAeBe candidate behind the interaction region. To
check whether any PMS stars could have escaped the 2MASS
detection limit of J = 15 mag as a result of excessive dust ex-
tinction, we created the E(B — V) map of the Lac molecular cloud
(Schlegel et al. 1998) (as done for the BRCs in Ori OB1; see
Paper I). It is assumed that the J-band luminosity of the embed-
ded PMS stars would be the same as those of the visible PMS stars
outside the cloud, namely, the IRAS 22343+3944 group. Like
other BRCs we have analyzed the overall extinction in the Lac
molecular cloud is low, and the probability of nondetection is
0.014. This means that there are indeed no embedded PMS stars
and hence no ongoing star formation in the Lac molecular cloud.

The elongated Lac molecular cloud associated with LBN 437
(Fig. 5) may be just the remnant of a molecular cloud, which was

TABLE 7
PropER MoTiONs OF STARs IN GAL 110—13 anp Lac OB1 SuBGroups a AND b

pmRA pmDEC epmRA epmDEC

Star Spectral Type (mas yr~") (mas yr~!) (mas yr~") (mas yr~!) Reference
HD 222142 ... B9.5SV 0.3 -3.1 0.6 0.6 UCAC2
HD 222086 ... B9V 0.5 —-2.8 1.0 1.1 UCAC2
HD 222046 .......ccccvenee. B8 Vp 0.4 -2.7 1.0 1.0 UCAC2
Star 40......coeeeeieeeenns Continuum 34 —7.8 2.7 2.6 UCAC2
Lac OBla......cccceoveieiennne . -0.3 -3.7 e . Hipparcos
Lac OB1b...ccoevcecciinne . —0.5 —4.6 . .. Hipparcos
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Fi6. 10.—Color-magnitude diagrams of the subgroups Lac OB1la and Lac OB1b. The stars in Lac OB1b ( plus signs) form a clear main sequence, whereas those in
Lac OBla (triangles) are scattered to the right of the sequence, implying a younger age for Lac OBla.

originally perhaps larger, extending as far as to 10 Lac. On the
birth of 10 Lac, its energetic photons evaporated and compressed
the cloud, shaping the cloud into a pillar, similar to the case of
GAL 110—13. The IRAS 22343+3944 group and star 52 were
then born on the compressed side of the cloud. At least three stars
in the IRAS 22343+3944 group exhibit forbidden lines, which is
suggestive of their youth. Star 52 is likely even younger because
it is the exciting source of an HH outflow. Apparently star 52 is
the latest product in the star formation sequence by 10 Lac in this
cloud.

Odenwald et al. (1992) derived a 30% star formation efficiency
for GAL 110—13. This is much higher than that of the few percent
typical in star-forming regions (White et al. 1995). Extinction is
low in GAL 110—13, with an 4 less than 0.48 mag, as estimated
from its E(B — V') values, so the cloud is insufficiently dense to
hide from our detection any embedded young stars similar to star
40. As in the case for Ori OB1 (Paper I), the BRCs in Lac OB1
also tend to have a relatively low dust extinction. Such a low-
density condition is unfavorable for spontaneous, global cloud
collapse. Star formation, however, could take place at the inter-
action layer (the bright rim) of a molecular cloud. A stellar group
could form, such as witnessed in the IRAS 22343+3944 and
GAL 110—13 groups.

Blaauw (1958, 1964, 1991) derived the ages of Lac OBla and
Lac OB1b, on the basis of stellar proper motions and radial ve-
locities: 16—25 and 12—16 Myr, respectively. Both these ages are
too old to be consistent with the existence of 10 Lac (with a life-
time of less than ~3.6 Myr) and the CTTSs (typically aged a few
Myr) in the region. Thus Lac OBla and Lac OB1b could not have
formed at the same place and at the same time, because with a typ-

ical velocity dispersion of a few kilometers per second for an OB
association (de Zeeuw et al. 1999; de Bruijne 1999), the two sub-
groups could not traverse the distance of 30—80 pc now between
them. We propose that both Lac OB 1a and Lac OB1b are no more
than a few Myr old, and Lac OBla is younger than Lac OB1b.
Figure 10 shows the color-magnitude diagrams reconstructed
from de Zeeuw et al. (1999) for the two subgroups. It can be seen
that the stars in Lac OB1b form a clear main sequence, whereas
those in the subgroup Lac OB1a are widely scattered to the right
of the sequence. Some stars in Lac OB1a may well still be in the
PMS phase; hence we postulate a younger age for Lac OB1a than
for Lac OB1b.

It is possible that Lac OB1b was formed first, after which the
expanding I-fronts from Lac OB1b triggered new generations of
stars along the Lac molecular cloud, the IRAS 22343+3944 group
and star 52. A subsequent supernova or I-front then initiated the
formation of stars in Lac OBla; eventually the “birth wave”
reached GAL 110—13.

4. STAR FORMATION IN OB ASSOCIATIONS

Triggered star formation has been suggested to have occurred
close to H 11 regions (Hester et al. 2004; Hester & Desch 2005).
Our study finds clear chronological and positional causality of
such processes on larger scales. In 4 Ori, Ori OB1, and Lac OB1,
we see supporting evidence of triggered star formation. The UV
photons from an O star create expanding I-fronts, which evapo-
rate and compress nearby molecular clouds, thereby shaping the
clouds into BRCs or comet-shaped clouds. The next generation
of stars can then form efficiently, perhaps in groups, out of the
compressed material. The resulting newly formed stars would
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line up between the massive star and the molecular clouds in a for-
mation and hence age sequence. Stars at least as massive as late
Herbig Be types could be formed via this process (see Table 4).
These stars would reach the main sequence with even earlier spec-
tral types. Triggered star formation could therefore produce not
only low-mass stars, but also intermediate-mass or even massive
stars. In our sample, the HAeBe stars and CTTSs seem to be dis-
tributed spatially differently relative to a BRC, in the sense
that the CTTSs tend to be located near the surface of a BRC,
whereas the HAeBe stars appear preferentially to reside deeper
inaBRC (e.g., star 44 in B30, star 52 in LBN 437, and star 41 in
LDN 1616).

What we see in A Ori, Ori OB1, and Lac OB1 is in contrast to
the scenario proposed by Elmegreen & Lada (1977) and Lada
(1987) for which massive stars are formed in shocked cloud lay-
ers by triggering, whereas low-mass stars are formed sponta-
neously via cloud collapse and fragmentation. A global cloud
collapse would lead to starbirth spreading throughout the cloud,
but this was not observed in our study. Instead, no young stars
are found embedded in clouds far behind the I-fronts. More than
mere “fossil” molecular clouds, the BRCs present convenient
snapshots of how star formation must have proceeded in an OB
association. When prompted to form, massive stars appear to fa-
vor denser environments where photoevaporation is relatively
weak. In comparison, when a dense molecular core near the ion-
ization layer (i.e., current cloud surface) collapses, the accretion
process has to compete with the mass loss arising from photo-
evaporation, leading to the formation of less massive stars or even
substellar objects (Whitworth & Zinnecker 2004). As the I-fronts
progress, the remnant cloud is eventually dispersed, with stars
of different masses remaining in the same volume. Low- and
intermediate-mass young stars in bright-rimmed or comet-shaped
clouds on the border of an OB association are more likely to be
formed by triggering. Assuming a shock speed of ~10 km s~ !,
this would result in an age spread of several Myr between member
stars or star groups formed in the sequence. If the velocities of the
shocks are higher, as in the case of a supernova explosion, the age
spreads would be less.
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5. CONCLUSIONS

We first selected CTTSs and HAeBe stars in A Ori, Ori OB1,
and Lac OB1 based on the 2MASS colors. These PMS stars are
then utilized to trace recent star-forming activities. The young stars
are found to be lined up in an age sequence between massive stars
and comet-shaped clouds or bright-rimmed clouds, with the youn-
gest stars located near the cloud surfaces. There are no PMS stars
far behind the I-fronts. These results support the scenario by which
the Lyman continuum photons of a luminous O star create expand-
ing I-fronts that would cause the evaporation and compression of
nearby clouds to form BRCs or comet-shaped clouds, thereby in-
ducing the birth of low- and intermediate-mass stars. The BRCs
provide us with a convenient setting in which to see that the HAeBe
stars tend to form in the inner, denser parts of a cloud, whereas the
CTTSs are formed near the photoevaporating cloud layers. Young
stars in bright-rimmed or comet-shaped clouds near a massive star
are likely to have been formed by triggering. Assuming a shock
speed of ~10 km s~!, this would result in an age spread of several
Myr between member stars or star groups formed in the sequence.
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VERY EARLY MULTICOLOR OBSERVATIONS OF THE PLATEAU PHASE OF THE GRB 041006 AFTERGLOW

Y. UraTA,*? K. Y. HuaNG,® Y. L. Quu,* J. Hu,* P. H. Kuo,® T. Tamagawa,> W. H. Ip,* D. KiNosHITA,® H. FUKUSHL®
M. IsoGaL® T. M1YaTA,® Y. NakADA,® T. AokL® T. Soyano,® K. Tarusawa,® H. Mito,® K. ONDA,!

M. IBRAHIMOV,” A. PoZANENKO,® AND K. MAKISHIMAZ®
Received 2005 October 5; accepted 2006 December 20; published 2007 January 12

ABSTRACT

We present observations of the optical afterglow of GRB 041006 with the Kiso Observatory 1.05 m Schmidt
telescope, the Lulin Observatory 1.0 m telescope, and the Xinglong Observatory 0.6 m telescope. Three bands
(B, V, and R) of photometric data points were obtained on 2004 October 6, 0.025-0.329 days after the burst.
These very early multiband light curves imply the existence of a color-dependent plateau phase. The B-band
light curve shows a clear plateau at around 0.03 days after the burst. The R-band light curve shows the hint of
a plateau, or a possible slope change, at around 0.1 days after the burst. The overall behavior of these multiband
light curves may be interpreted in terms of the sum of two separate components, one showing a monotonic decay,
the other exhibiting a rising and a falling phase, as described by the standard afterglow model.

Subject headings: gamma rays: bursts — supernovae: general

Online material: color figures

1. INTRODUCTION

Based on the standard afterglow model (e.g., Sari et al. 1998),
an optical light curve can be expected to consist of a combi-
nation of four power-law segments, with connections at certain
break frequencies. The break frequencies are the self-absorption
frequency (»,), the typical frequency (»,,), and the cooling fre-
quency (v). Before the HETE-2 era, almost all GRB light
curves showed only the » > », segment characterized by asingle
declining or achromatic break. Note that the standard afterglow
model predicts the existence of a peak at an early time when
the typical synchrotron #, frequency crosses into the optical
frequency. Before the peak time (»,, < #,), the luminosity in-
creases proportional to t¥2, until reaching the maximum flux
F.ax at v = »,; the subsequent decay of the luminosity is pro-
portional to t3* P’ where p is the index of the power-law
distribution of energetic electrons accelerated at the shock.
Since the break time varies with the frequency, multicolor ob-
servations of the very early afterglow are required, so as to
catch », in the optical wavelength. Up to now, there have only
been a few cases (such as GRB 021004; Urata et al. 2005a)
for which early-time multicolor data are available.

GRB 041006 was detected with HETE-2 at 12:18:08 UT on
2004 October 6. The Wide-Field X-Ray Monitor (WXM; Shir-
asaki et al. 2003) localized the burst in real time, resulting in
a GCN alert 42 s after the burst trigger. The flight error region
was a circle with a 14’ radius (90% confidence level) centered
at « = 00"54™54°, 6 = 01°18'37” (J2000.0). Spectral analysis
showed the 2-30 keV fluence of this event to be 5 x 107° ergs
cm~? and the 30-400 keV fluence to be 7 x 107° ergs cm™2:
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the ratio between these two values means that it can be clas-
sified as an “X-ray-rich GRB.” The light-curve shape of the
gamma-ray pulse of GRB 041006 is very similar to that of
GRB 030329, but its spectral characteristics are 20 times fainter.
GRB 041006 shows a soft precursor before the main gamma-
ray pulse (Galassi et al. 2004). At 1.4 hr after the burst, the
optical afterglow was found within the 14’ radius error circle
at the following coordinates: o = 00"54™50.17°, 6 = 01°14'07”
(J2000.0) (Da Costa et al. 2004). The redshift was determined
by Price et al. (2004) using the Gemini North telescope to be
z = 0.716.

2. OBSERVATIONS

The follow-up observations of the GRB 041006 optical af-
terglow at the Kiso, Lulin, and Xinglong Observatories were
carried out within the framework of the East Asia Follow-up
Observation Network (EAFON; Urata et al. 2005a). The 1.05 m
Schmidt telescope and a 2K x 2K CCD camera at the Kiso
Observatory were used to make 300 s exposure B-, V-, and R-
band imaging observations, starting at 12:51 UT on 2004 Oc-
tober 6 (0.009 days after the burst). The field of view is 51.2'
x 51.2', and the pixel size is 1.5” square. Before receiving
the report by Da Costa et al. (2004), we had attempted to cover
the entire HETE-2 error region. We made B-, V-, and R-band
imaging observations of 300 s exposure each. The afterglow
was clearly detected in all bands. In order to image simulta-
neously the optical afterglow and several Landolt standard stars
in SA 92 (Landolt 1992), we pointed the telescope 5’ to the
east (Fig. 1).

The R-band observations were performed using the 0.6 m
telescope at the Xinglong Observatory, starting on 2004 Oc-
tober 6 (14:33 UT; 0.094 days after the burst). The filed of
view is 10.1" x 10.1’, and the pixel size is 0.47” square. The
B- and R-band observations of the afterglow were also per-
formed with the Lulin 1 m telescope (Kinoshita et al. 2005)
on the night of October 6 (0.320-0.329 days after the burst).
Additional B-, V-, R-, and I-band observations were made by
the Maidnak 1.5 m telescope on October 6. The time coverage
of the observations was from 0.149 to 0.188 days after the
burst.
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0:56:00 %0 55:00 54:30

FiGg. 1.—R-band image of the GRB 041006 field taken at the Kiso Obser-
vatory. The circles indicate the afterglow and standard stars. North is up; east
is left. [See the electronic edition of the Journal for a color version of this
figure]

3. ANALYSIS

The data reduction was carried out using the standard pack-
age NOAO IRAF package. We performed the bias-subtraction
and flat-fielding correction using the appropriate calibration
data. We calibrated the flux zero point of our images through
a comparison with the SA 92 standard star field. We also per-
formed cross calibrations of our photometric results using sev-
eral field stars for which the magnitudes have been calibrated
by Henden (2004). The difference of photometric zero points
between our SA 92 and Henden’s field photometry is within
0.04 mag. Aperture photometry for all the data was performed
using the APPHOT package of IRAF. The photometric results
are summarized in Table 1.

4. RESULTS
4.1. Light Curves

The multiband light curves of the GRB 041006 afterglow
are shown in Figure 2. In addition to our B-, V-, and R-band
data, there are several unfiltered observations, the R-band data
points reported in the GCN Circulars (Yost et al. 2004; Ayani
& Yamaoka 2004; Fugazza et al. 2004; Monfardini et al. 2004;
Misra & Pandey 2004; Kahharov et al. 2004; Kinugasa & Torii
2004), and a number of published R- and V-band data points
(Soderberg et al. 2006; Stanek et al. 2006) are included in
Figure 2. The B-band light curve shows a clear plateau at
around 0.03 days after the burst, although its behavior in earlier
epochs remains unknown. Interestingly, the R-band light curve
shows a hint of a plateau, or a possible slope change, around
0.1 days after the burst. These observational results indicate
that the B-, V-, and R-band photometric points obtained by
EAFON play an important role in characterizing the temporal
evolution of the afterglow.

As is obvious in Figure 2, the single-power-law fit (o =
—0.95, x%v = 5.76 with » = 56) of the R-band light curve is
poorly described. It is also unlikely that the V-band light curve
can be described with a single power law (o = —0.72,
x2lv = 1.54 with » = 9). On the other hand, the data subsets
att < 0.04 days and t > 0.15 days can be described successfully
by two separate single-power-law models. For the R band, we
have obtained o = —0.91 + 0.12 with x%» = 0.30 for » =

Vol. 655

TABLE 1

LoG oF FoLLow-UpP OBSERVATIONS (2004 OCTOBER 6)
OF THE AFTERGLOW OF GRB 041006

Start Time Delay  Exposure
uTm) (days) (s) Magnitude Site

B Filter
13:13:04 ...... 0.040 300 x 1 18.900 + 0.055 Kiso
13:20:05 ...... 0.045 300 x 1 18.965 = 0.058 Kiso
13:27:05 ...... 0.050 300 x 1 18.890 = 0.070 Kiso
15:07:22 ...... 0.119 300 x 1 19.696 + 0.074 Kiso
16:09:02 ...... 0.162 300 x 1 19.997 + 0.074 Mt. Maidanak
16:27:48 ...... 0.175 300 x 1 20.122 + 0.078 Mt. Maidanak
19:57:08 ...... 0.320 300 x 1 21.004 + 0.188 Lulin

V Filter
14:38:52 ...... 0.099 300 x 1 19.141 + 0.117 Kiso
14:52:56 ...... 0.109 300 x 1 19.316 = 0.145 Kiso
16:03:40 ...... 0.158 240 x 1 19564 + 0.057 Mt. Maidanak
16:14:57 ...... 0.166 240 x 1 19.677 + 0.078 Mt. Maidanak
16:33:28 ...... 0.179 300 x 1 19.752 + 0.074 Mt. Maidanak

R Filter
12:51:20 ...... 0.025 300 x 1 17.799 + 0.040 Kiso
12:58:21 ...... 0.030 300 x 1 17.988 + 0.063 Kiso
13:05:23 ...... 0.035 300 x 1 18.152 + 0.080 Kiso
14:32:51 ...... 0.094 120 x 1 1897 =+ 0.23 Beijing
15:16:15 ...... 0.124 120 x 1 18.89 =+ 0.24 Beijing
15:49:32 ...... 0.149 180 x 1 19.211 + 0.067 Mt. Maidanak
15:54:56 ...... 0.152 180 x 1 19.231 = 0.075 Mt. Maidanak
16:19:59 ...... 0.170 180 x 1  19.229 + 0.074 Mt. Maidanak
16:39:30 ...... 0.183 300 x 1 19.544 + 0.076 Mt. Maidanak
16:46:28 ...... 0.189 300 x 1 19.371 + 0.156 Mt. Maidanak
20:02:54 ...... 0.324 300 x 1  20.349 = 0.090 Lulin
20:09:25 ...... 0.329 300 x 1 20.314 = 0.092 Lulin

2 before 0.04 days, and o = —1.12 + 0.02 with x*/» =
for » = 48 after 0.15 days; for the V band « = —0.59 += 0.03
with x%» = 0.41 for v = 3 before 0.04 days, and o = —1.41
+ 0.30 with x%» = 0.19 for » = 1 after 0.15 days. From this
point of view, the overall behavior of these multiband light
curves may then be understood as the sum of two separate

.0 mag
1.0 mag
1.0 mag

is work)
Others)
unfilter)

mag.
4
5

20 '0”"‘%“ qu ]

! 1 v
0.01 0.1 1
Daye after the burst

FiG. 2—B-, V-, and R-band light curves produced based on the Kiso, Lulin,
and Beijing results, together with SSO (Soderberg et al. 2006), MMT (Stanek
et al. 2006), and several GCNs. The dotted lines indicate the best-fit model
functions described in the text. The dashed lines indicate the model components
of the best-fit function for the R-band light curve. [See the electronic edition
of the Journal for a color version of this figure.]
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components, one showing a monotonic decay with the other
having a rising and a falling phase.

4.2. Color Change of the Afterglow

The photometric results were corrected for Galactic redden-
ing, using the reddening map of Schlegel et al. (1998). The
Galactic reddening toward the burst is E(B — V) = 0.022,
which implies a Galactic extinction of A; = 0.094 and A; =
0.058. Although the light curves in Figure 2 suggest a signif-
icant color change within <0.1 days, our data coverage is in-
sufficient to make a conclusion about such a possibility. Ac-
cordingly, for simplicity’s sake we assume that at t > 0.15 days
the power-law spectrum of the afterglow has a constant index.
The observed color, B— R = 0.83 = 0.28 mag, then indicates
a spectral index of 8 ~ —1.24 + 0.42 in terms of f(v) o< »”,
This is close to the value of 3 = —1.07 = 0.02, which is pre-
dicted by the spherically symmetric model of Sari et al. (1999)
in the regime of », <, in combination with the measured
o = —1.118 + 0.016.

5. DISCUSSION

We observed the GRB 041006 optical afterglow from the
very early phase (~0.03 days after the burst) in three bands.
Although the relatively early phase of a dozen afterglows such
as GRB 990123 (Akerlof et al. 1999) has been observed, mul-
ticolor observations of very early optical afterglows are still
rare. In the GRB 021004 case, the very early optical afterglow
shows a clear achromatic rebrightening phase that peaks at
around ~0.07 days (Urata et al. 2005b). On the other hand, the
afterglow behavior of GRB 041006 depends on its color. The
B-band light curve shows a clear plateau at around 0.03 days
after the burst, although its behavior in earlier epochs remains
unknown. The R-band light curve shows the hint of a plateau,
or a possible slope change, around 0.1 days after the burst.

Several models, based on the standard afterglow model, can
be used to explain the variability in the light curve, such as
the variable external density (e.g., Lazzati et al. 2002), refreshed
shock (Rees & Mészaros 1998; Kumar & Piran 2000a; Sari &
Meészaros 2000), and patchy shell models (Kumar & Piran
2000Db). To explain the present multiband light curves, these
models require similar temporal behavior in each band. If the
light curve of GRB 041006 does not show a color change, it
should have two bumps with almost the same amplitudes. The
patchy shell model is not suitable to explain current light curves
in this case. This is because the model predicts that the am-
plitude of the fluctuations in the afterglow light curve is ex-
pected to decrease with time proportional to the Lorentz factor.

The suggested second component may be identified with the
brightening phase of the standard afterglow model of Sari et
al. (1998), which predicts that the evolution consists of four
phases involving a convex-shaped period; the brightening phase
can be expressed with a power-law index of 0.5. To describe
the plateau phase together with the monotonically decreasing
first component, we use a single power law plus a smoothly
broken power law function expressed as

F’
O ) ) ?
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with o, fixed at 0.5 after Sari et al. (1998). We obtain an
acceptable fit for the R-band light curve with « = —1.07 =
0.01, o, = —1.49 + 0.03, and t, = 0.143 + 0.012 (x*/v =
1.19 with » = 66). We also fit the B- and V-band light curves
with the same function. For better constraints, we fix «; =
—1.0 for the B band and «, = —1.4 for the V band. Due to
the lack of data points for the former components in the B
band and the latter components in the V band, these values
come from the result of R-band fitting. For the B band, we
obtained o, = —1.47 = 0.07 and t, = 0.0675 * 0.005
(x*v = 0.47 with » = 7); for the V band, « = —1.08 +
0.02 and t, = 0.073 + 0.006 (x*» = 0.83 with » = 8). In
Figure 2 these best-fit functions are superposed on the B-, V-
, and R-band data points. Based on the equation (Sari et al.
1998)

y, = 5.7 x 10Me¥2e2EY2t;%2 Hz, )

we can estimate the strength parameter of the magnetic field
ez and/or the injected electrons parameter e, as ep’e2 =
4.1 x 1073, This value is consistent with the result of Panai-
tescu & Kumar (2001, 2002), which was estimated from late-
time multifrequency afterglow observations.

About the first component, the decay index is o = —0.92
and the back-extrapolated power-law function can successfully
account for the point at 14.4 minutes after the burst observed
by ROTSE-III (Yost et al. 2004). The temporal index is con-
sidered to be directly related to the prompt emission, as ob-
served in the case of GRB 990123 (Akerlof et al. 1999) or
GRB 030418 (Rykoff et al. 2004). However, the temporal index
is inconsistent with the values (—0.5 or —2) predicted by the
reverse-shock model (Kobayashi 2000). Thus the first com-
ponent is not likely to be an optical flash, such as is the case
for GRB 990123. Considering the above discussion, one pos-
sible explanation is that these emissions come from multiple
jets and/or subjets (Nakamura 2000; Yamazaki et al. 2004). In
the multiple-jet case, the former emissions and the latter com-
ponents are caused by narrower and wider jets, respectively.

6. CONCLUSION

Thanks to our EAFON observations, we have obtained early
B-, V-, and R-band possible rebrightening episodes for GRB
041006. While there are several other afterglows similar to
GRB 050319 (Wozniak et al. 2005; Huang et al. 2007) and
GRB 050525a (Klotz et al. 2005) for which the early optical
behaviors may possibly be similar to that of GRB 041006, their
physical mechanism is not clear, due to the general lack of
color/spectrum information on the early optical afterglows. The
present work has provided some hints for the current shallow
decaying of the X-ray and optical behaviors.
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acknowledges support from the Japan Society for the Promo-
tion of Science (JSPS) through JSPS Research Fellowships for
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ABSTRACT

We present follow-up observations of pulsating subdwarf B (sdB) stars as part of our efforts to resolve the pulsa-
tion spectra for use in asteroseismological analyses. This paper reports on multisite campaigns of the pulsating sdB stars
PG 1618+563B and PG 0048+091. Data were obtained from observatories placed around the globe for coverage from
all longitudes. For PG 1618+563B, our five-site campaign uncovered a dichotomy of pulsation states. Early during
the campaign the amplitudes and phases (and perhaps frequencies) were quite variable, while data obtained late in the
campaign were able to fully resolve five stable pulsation frequencies. For PG 0048+091, our five-site campaign un-
covered a plethora of frequencies with short pulsation lifetimes. We find them to have observed properties consistent
with stochastically excited oscillations, an unexpected result for subdwarf B stars. We discuss our findings and their

impact on subdwarf B asteroseismology.
Subject headings: binaries: close — stars: general

Online material: color figures

1. INTRODUCTION

Subdwarf B (sdB) stars are thought to have masses about
0.5 M, with thin (<1072 M) hydrogen shells and temperatures
from 22,000 to 40,000 K (Saffer et al. 1994). They are horizontal
branch stars that have shed nearly all of their H-rich outer enve-
lopes near the tip of the red giant branch and as He-flash sur-
vivors, it is hoped that asteroseismology can place constraints on
several interesting phenomena. Subdwarf B star pulsations come
in two varieties: short period (90—600 s; EC 14026 stars after that
prototype, officially V361 Hya stars, or sdBV stars) with ampli-
tudes typically near 1%, and long period (45 minutes to 2 hr; PG
1716 stars after that prototype or LPsdBYV stars) with amplitudes
typically <0.1%. For more on pulsating sdB stars, see Kilkenny
(2002) and Green et al. (2003) for observational reviews and
Charpinet et al. (2001) for a review of the proposed pulsation mech-
anism. For this work, our interest is the sdBV (EC 14026) class
of pulsators.

In order for asteroseismology to discern the internal condi-
tions of variable stars, the pulsation “mode” must be identified
from the temporal spectrum (also called pulsation spectrum or
Fourier transform [ FT]). The mode is represented mathematically

! Department of Physics, Astronomy, and Materials Science, Missouri State
University, Springfield, MO 65897.

2 Anglo-Australian Observatory, Epping NSW 1710, Australia.

3 Dr. Remeis-Sternwarte, Astronomisches Institut der Universitit Erlangen-
Niirnberg, Bamberg 96049, Germany.

4 The Ohio State University, Columbus, OH 43210.

> Graduate Institute of Astronomy, National Central University, Chung-Li,
Taiwan.

¢ Ege University Observatory, 35100 Bornova-Izmir, Turkey.

7 South African Astronomical Observatory, Observatory 7935, South Africa.

8 Centre for Astrophysics, University of Central Lancashire, Preston PR1
2HE, UK.

° Astronomical Observatory, Jagiellonian University, 30-244 Cracow, Poland.

' Mount Suhora Observatory of the Pedagogical University, PL-30-084
Cracow, Poland.

! Korea Astronomy and Space Science Institute, Daejeon, 305-348, South
Korea.

518

by spherical harmonics with quantum numbers # (or k), /, and
m. For nonradial, multimode pulsators the periods, frequencies,
and/or the spacings between them are most often used to dis-
cern the spherical harmonics (see, e.g., Winget et al. 1991). These
known modes are then matched to models that are additionally
constrained by nonasteroseismic observations, typically 7.4 and
log g from spectroscopy. Within such constraints, the model that
most closely reproduces the observed pulsation periods (or period
spacing) for the constrained modes is inferred to be the correct
one. Occasionally such models can be confirmed by independent
measurements (Reed et al. 2000, 2004; Kawaler 1999), but usu-
ally it is impossible to uniquely identify the spherical harmonics
and asteroseismology cannot be applied to obtain a unique con-
clusion. Such has been the case for sdBV stars, which seldom
show multiplet structure (i.e., even frequency spacings) that may
be used to observationally constrain the pulsation modes. How-
ever, relatively few sdBV stars have been observed sufficiently to
know the details of their pulsation spectra. The goal of our work
is to fully resolve the pulsation spectrum, search for multiplet
structure, and examine the characteristics of the pulsation fre-
quencies over the course of our observations.

In this paper we report on multisite follow-up observations
of the pulsating sdB stars PG 1618+563B (hereafter PG 1618B)
and PG 0048+091 (hereafter PG 0048) obtained during 2005.
PG 1618B was discovered to be a variable star by Silvotti et al.
(2000, hereafter S00), who detected frequencies of 6.95 and
7.18 mHz (P ~ 144 and 139 s, respectively) from short data runs
(<2.3 hr) obtained during seven nights, three of which were sep-
arated by 3 months. PG 1618 is an optical double consisting of
a main-sequence F-type star (component 4) with an sdB star
(component B) at a separation of 3.7”. The combined brightness is
V' = 11.8, while the sdB component has V' ~ 13.5. The discov-
ery data used a combination of photoelectric photometry, which
did not resolve the double, and CCD data that did. The combined
flux of the double in the former would have reduced the pulsation
amplitudes. From spectra obtained at Calar Alto, SO0 determined
that 7o = 33,900 £ 1500 K and log g = 5.80 + 0.2.

27



JubF=F 112007

MULTISITE OBSERVATIONS OF PULSATING sdB STARS 519

TABLE 1
OBSERVATION RECORD FOR PG 1618B

Date Length Integration Time
Run (UT) Start Time (hr) (s) Observatory

suh16mar.........cocccevveneeenenns Mar 17 00:07:58 33 10 Suhora 0.6 m
Tul031705 ..o Mar 17 16:46:33 5.6 10 Lulin 1.0 m
McDO31805 ..o Mar 18 04:34:00 1.1 5 McDonald 2.1 m
1ul031805 .... Mar 18 15:14:24 6.1 10 Lulin 1.0 m
McDO031905 .....coovvieeenene. Mar 19 08:40:40 3.1 5 McDonald 2.1 m
1ul031905 ... Mar 19 19:58:41 1.3 15 Lulin 1.0 m
baker032005 Mar 20 04:29:30 5.6 25 Baker 0.4 m
McD032005 Mar 20 06:35:00 5.8 5 McDonald 2.1 m
1u1032005 ... Mar 20 15:17:19 6.0 10 Lulin 1.0 m
suh20mar Mar 20 18:59:00 8.3 10 Suhora 0.6 m
[ul032105 ..o Mar 21 16:44:59 0.7 15 Lulin 1.0 m
SUh21mar........ccceeevvevenneenenennns Mar 21 18:20:20 8.6 20 Suhora 0.6 m
McD032205 Mar 22 04:33:00 7.8 5 McDonald 2.1 m
SUN22mar.......ccooeeerievenieeienenns Mar 22 18:40:40 2.2 20 Suhora 0.6 m
McDO032305 ..o Mar 23 04:12:10 8.0 5 McDonald 2.1 m
mdr299 ... Mar 29 04:11:15 4.7 15 Baker 0.4 m
mdr3071 ..o Mar 31 04:28:10 7.0 15 Baker 0.4 m
mdr302 ..o, Apr 2 02:53:10 8.1 10 Baker 0.4 m
bak040305.......ceovveirieerene Apr 3 03:20:46 7.9 15 Baker 0.4 m
bak040405........ccoovvveveieenene. Apr 4 04:23:10 5.6 15 Baker 0.4 m
bak040505.......ccocvverereenenne Apr 5 03:17:10 6.6 10 Baker 0.4 m
bak041405.......ccocvvviicnnne Apr 14 03:45:00 7.1 10 Baker 0.4 m
bak041505......cccoeiiriierenane Apr 15 02:26:30 8.4 10 Baker 0.4 m
bak041605.........cccoeevrreieiennns Apr 16 02:50:30 7.9 10 Baker 0.4 m
bak041705......oceiveireirene Apr 17 03:18:50 53 15 Baker 0.4 m
bak041805......covveviirriierenee Apr 18 02:56:00 7.7 15 Baker 0.4 m
mdmO042605 .........ccceevereenene. Apr 26 04:25:30 7.3 5 MDM 2.4 m
mdmO042705 .......cccoeeenrerinnes Apr 27 04:16:50 7.6 5 MDM 2.4 m
mdm042805 Apr 28 04:14:00 7.8 3 MDM 2.4 m
mdm042905 .... Apr 29 04:18:00 1.6 5 MDM 2.4 m
mdm043005 Apr 30 04:04:30 7.8 3 MDM 2.4 m
mdmO050105 ........ccooveeerennne. May 1 04:05:30 7.8 5 MDM 2.4 m
mdm050205 .........coceeereenene. May 2 03:36:40 53 5 MDM 2.4 m

28

Note.—The first two runs were obtained in 2003, while the rest were obtained in 2004.

PG 0048 was discovered to be a variable star during 10 observ-
ing runs varying in length from 1 to 4 hr obtained in 1997 and
1998 (Koen et al. 2004, hereafter KO4). As they used a variety
of instruments spread over the span of a year, K04 were only
able to combine two consecutive runs, from which they detected
seven frequencies. However, it is obvious from their tempo-
ral spectrum that pulsation amplitudes and possibly frequencies
were changing (their Fig. 3). K04 contributed this to unresolved
frequencies caused by their short duration data runs. K04 also
obtained an optical spectrum and examined 2MASS colors to
determine that PG 0048 has a GO V—G2 V companion, although
the orbital parameters are unknown and no T,¢ or log g estimates
were given.

Here we report the results of a new program to resolve the
pulsation spectra of these two stars. Section 2 describes the ob-
servations, reductions, and analysis for PG 1618B, and § 3 the
same for PG 0048. Section 4 compares the results for both stars
and discusses the implications for asteroseismology.

2. PG 1618B+563B
2.1. Observations

PG 1618B was observed from five observatories (Baker, MDM,
McDonald, Lulin, and Suhora) over a 45 day period during
spring 2005. Data obtained at MDM (2.4 m) and McDonald

(2.1 m) observatories used the same Apogee Alta U47+CCD
camera. This camera is connected via USB2.0 for high-speed
readout, and our binned (2 x 2) images had an average dead time
of 1 s. Observations at Baker (0.4 m) and Lulin (1.0 m) observa-
tories were obtained with Princeton Instruments RS1340 CCD
cameras. Data obtained at Baker Observatory were binned 2 x 2
with an average dead time of 1 s, while observations from Lulin
Observatory used a 392 x 436 subframe at 1 x 1 binning with an
average dead time of 6 s. The Mount Suhora Astronomical Ob-
servatory (0.6 m) data were obtained with a photomultiplier tube
photometer that has microsecond dead times. Observations ob-
tained at McDonald, Baker, and MDM observatories used a red
cutoff (BG40) filter, so the transmission is virtually the same as
the blue photoelectric observations from Suhora Observatory.
Observations from Lulin Observatory used a Johnson B filter,
which slightly reduced the amount of light collected compared to
other observations, but does not impose any significant phase
and/or amplitude changes compared to other observations (Koen
1998; Zhou et al. 2006). Accurate time was kept using NTP
(Baker, McDonald, and MDM observatories) or GPS receivers
(Lulin and Suhora observatories) and corrected to barycen-
tric time during data reductions. Run details are provided in
Table 1.

Standard procedures of image reduction, including bias sub-
traction, dark current and flat-field correction, were followed using
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Fic. 1.—Light curves for PG 1618B data. The top four panels show the
coverage during the multisite portion of the campaign from 2005 March 17-24,
while the bottom panel shows an enlarged section of a run obtained at MDM.
Note that the scales are different for the bottom panel. The line indicates our fit to
the data.

IRAF'? packages. Differential magnitudes were extracted from
the calibrated images using momf (Kjeldsen & Frandsen 1992) or
occasionally they were extracted using IRAF aperture photom-
etry with extinction and cloud corrections using the normalized
intensities of several field stars, depending on conditions. Photo-
electric data reductions proceeded using standard Whole Earth
Telescope reduction packages (Nather et al. 1990). As sdB stars are
substantially hotter, and thus bluer, than typical field stars, dif-
ferential light curves using an ensemble of comparison stars are
not flat due to differential atmospheric and color extinctions. A
low-order polynomial was fit to remove these trends from the
data on a night-by-night basis. Finally, the light curves are nor-
malized by their average flux and centered around zero so the
reported differential intensities are A7 = (I/(I)) — 1. Ampli-
tudes are given as millimodulation amplitudes (mma) with an am-
plitude of 10 mma corresponding to an intensity change of 1.0%
or 9.2 millimagnitudes.

The companion of PG 1618B adds a complication to the reduc-
tions in that data obtained at McDonald and MDM observatories
resolved the optical double, but those from other observatories did
not. Using our data for which the stars are resolved, we deter-
mined that component A contributes 67.3% of the total flux. To
correct the unresolved data, we created a fitting function by smooth-
ing the data over many points (around 50 points per box), multi-

12 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in Astron-
omy, Inc., under cooperative agreement with the National Science Foundation.

plying it by 0.673 and subtracting it from the unresolved data.
While this process effectively removes the flux from PG 1618A,
it cannot correct for the noise of this component, which remains
behind. As such, the corrected data are noisier, limiting their
usefulness.

Multiple-longitude coverage was only obtained during the first
week of the campaign. A total of 73.5 hr of data were collected
from three observatories (McDonald, Lulin, and Suhora), which
provided a 47% duty cycle. Subsequent data were obtained only
in Missouri (Baker Observatory) and Arizona (MDM Observa-
tory). These data serve to extend the time base of observations
(increasing the temporal resolution) and to decrease the noise in
the temporal spectrum. Light curves showing the coverage of the
first six nights of observations, as well as a portion of a typical
MDM run, are provided in Figure 1.

2.2. Analysis

Our campaign was quite long (about 45 days) with a concen-
tration of data at the beginning, but the best data (highest S/N
and best conditions) were obtained at the end. We therefore
grouped combinations of nightly runs into the subsets given in
Table 2 for analysis. Table 2 also provides the temporal resolu-
tion (calculated as 1/¢,,, where #,, is the length of the observing
run) and the 4 ¢ detection limit (calculated using areas adja-
cent to the pulsation but outside of their window functions).
The temporal spectra and window functions of these subsets are
plotted in Figure 2. A window function is a single sine wave of
arbitrary, but constant amplitude sampled at the same times as
the data. The central peak of the window is the input frequency,
with other peaks indicating the aliasing pattern of the data. Each
peak of the data spectrum intrinsic to the star will create such an
aliasing pattern. As is evident from Figure 2, the MDM data was
significantly better than the rest, so we began our analysis with
that subset.

Analysis of the MDM data was relatively easy and straight-
forward. In Figure 3 the top panel shows the original FT, while
the bottom panel shows the residuals after prewhitening by the
frequencies indicated by arrows. The insets show the window
function (fop right) and an expanded view of a 65 pHz region
around the close doublet. Frequencies, amplitudes, and phases
were determined by simultaneously fitting a nonlinear least-squares
solution to the data. Since during the MDM observations the
amplitudes were relatively constant, the solution proceeded as
expected and prewhitening effectively removed the peaks and
their aliases. The formal solution and errors for the MDM subset
are given in Table 3.

Examination of the other data sets indicates that while PG
1618B was well behaved during the MDM observations, it was
not at other times. This was most noticeable in our examination
the data collected during the first week. While the temporal spec-
trum has the cleanest window function, no peaks are detected

SuBseTs oF Data For PG 1618B

TABLE 2

Resolution 4 o Detection Limit
Set Observatories® Inclusive Dates (uHz) (mma)
1 Mar 18-23 2.2 1.64
5 Apr 26—May 2 1.9 0.55
McD+MDM ........cccovvvenneee 1,5 May 18-Jun 2 0.3 0.59
Week 1., 1,2,3 Mar 17-23 1.5 1.53
All o 1,2,3,4,5 May 17-Jun 2 0.2 0.77

? Observatories are the following: (1) McDonald; (2) Suhora; (3) Lulin; (4) Baker; and (5) MDM.
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TABLE 3 = F } 3=7754.6 E
OUR LEAST-SQUARES FIT SOLUTION FOR THE PULSATION PERIODS, g okl B 5 R mep s S S S
FREQUENCIES, AND AMPLITUDES DETECTED IN PG 1618B £ ok } 1
§ 3 : T : : | : : ——
Period Frequency Amplitude % 3f i f4=7191.3 -
Designation (s) (1Hz) (mma) g ? F { { """"""" } """" oy Eoee o 3
108.7092 (0.0518) 9198.85 (4.38) 1.79 (0.39) 2 4 6 10 12 44 46
122.2574 (0.0597) 8179.46 (4.00) 1.04 (0.21)
128.9549 (0.0008) 7754.64 (0.05) 1.71 (0.09)
139.0571 (0.0008) 7191.28 (0.04) 2.04 (0.09) 06 F " T T x Yr3:7754 6’ ' ' N
143.9290 (0.0011) 6947.87 (0.05) 2.22 (0.10) g 8;‘; :1 ’ 3
143.9759 (0.0014) 6945.60 (0.07) 1.64 (0.10) H 703 oo A L B SETTIRRITE AR R
\:' 04 EH1 f f f f f f
Notes.—Formal least-squares errors are given in parentheses. Frequencies 2 02F = = f4=71913
marked with an astersisk were only detected during individual runs (one each) 5 o g T i """""""""""" Bomem e B oo j
while the remaining frequencies are from the MDM data set. Toaf ! ) K \ ) ) )
2 4 6 40 42 44 46

above the 4 o detection limit (1.53 mma) even though peaks are
detected in individual Lulin and McDonald runs (see Fig. 4,
which will be discussed in § 2.3). Combining the well-behaved
MDM data with any other data set results in a decrease of ampli-
tudes, indicating that outside of the MDM data, the amplitudes,
phases, or even frequencies are not constant. If the pulsation prop-
erties were consistent throughout the campaign, data collected at
smaller telescopes, with low S/N would still have been useful for
reducing the overall noise. Unfortunately, such was not the case,
so all we can really conclude is that the MDM data detected all the
pulsations that were occurring (above the detection limit) at that
time while the pulsations intrinsic to PG 1618B must have been
more complex at other times. It would be interesting to study the
longer term variability of PG 1618B, but using only 2 m class
telescopes.

Outside of the combined data sets, there are two frequencies
that are detected above the 4 ¢ detection limit during individual
runs. The least-squares solutions for these frequencies are pro-
vided at the end of Table 3. The frequency at ~9199 uHz was
above the noise only in the March 22 McDonald data, although a
peak at the same frequency also appears in the Suhora data dur-
ing March 16 and 21. The frequency at ~8179 yHz was above
the noise only in the April 30 MDM data although corresponding
peaks appear in the McDonald March 18, Lulin March 18, and
Suhora March 21 runs. Since they are detected above the 4 o de-
tection criteria for those runs, we include them in our discussion
that follows.

2.3. Discussion

Silvotti et al. (2000) detected two frequencies in their discov-
ery data, while we clearly resolve four frequencies from our MDM
data set and two more from individual data runs, bringing the total
to six independent frequencies. We calculate the SO0 resolution to
be 5.5 pHz and estimate their noise to be about 1 mma although
this is misleading in that because of their short data runs, their win-
dow function effectively covers all of the remaining pulsations.
However, for a strict comparison, we can say that our MDM data
alone are 3 times better in resolution and have a detection limit
twice as good, although in a practical sense our MDM data are far
superior solely based on the duration of our individual data runs.
Had S00 observed for longer durations (particularly with their
CCD setup), their data would likely have been similar to the same
number of runs from our MDM set. However, it is clearly safe to
say that our MDM data alone are insufficient to describe the com-
plexity of pulsations occurring within PG 1618B. As such, the
remainder of our discussion, which is based on the MDM data,
can only be a minimum of what is really occurring.

Time (Days since JD=2453447.5)

Fic. 4—Amplitudes and phases of the two frequencies in PG 1618B that are
resolvable nightly. The data are only those from McDonald and MDM obser-
vatories except for a single Lulin run (triangle). The dashed lines indicate our fits
to the MDM data. Note that the time axis is discontinuous.

2.3.1. Constraints on the Pulsation Modes

One of our goals is to observationally identify or constrain the
pulsation modes of individual frequencies. Differing m compo-
nents of the same degree / have degenerate frequencies unless
perturbed, typically by rotation. If a star is rotating, then each
degree will separate into a multiplet of 2/ 4+ 1 components with
spacings nearly that of the rotation frequency of the star. As such,
observations of multiplet structure can constrain the pulsation
degree (for examples, see Winget et al. [1991] for pulsating white
dwarfs and Reed et al. [2004] for sdB stars). For PG 1618B, there
are no two frequency spacings that are similar, although there are
not many frequencies to work with. The lack of observable multi-
plet structure is typical of sdBV stars but is likely limited to four
possibilities: (1) Rotation is sufficiently slow that all m values
remain degenerate within the frequency resolution of our data;
(2) our line of sight is along the pulsation axis, with sini = 0,
leaving only the m = 0 mode observable because of geometric
cancellation (Pesnell 1985; Reed et al. 2005); (3) rapid internal
rotation is such that m multiplets are widely spaced and uneven
(Kawaler & Hostler 2005); or (4) at most one pair is part of a
multiplet with an unobserved component of the multiplet.

Spectroscopy can only rule out large splittings for possibility 1
as spectroscopic limits are typically <10 km s~! and from Fig-
ure 1 of SO0, PG 1618B appears as a “normal” sdB devoid of
rapid rotation. Possibility 2 can only be determined for cases in
which the sdB star is part of a close binary such that the rotation
and orbital axes can be inferred to be aligned. Since PG 1618 is
only an optical double at wide separation, it does not constraint
the alignment of the surface spherical harmonics. Similarly, pos-
sibility 3 is virtually impossible to decipher unless the star pul-
sates in many (tens of ) frequencies, and would still require some
interrelation of spacings for modes of the same degree (Kawaler
& Hostler 2005). Possibility 4 also remains an option, although a
difficult one to constrain. Higher resolution (and perhaps longer
duration) spectroscopy would help to answer this question, and
multicolor photometry or time-series spectroscopy might also
be able to discern the spherical harmonics (see Koen 1998 and
O’Toole et al. 2002 for examples of each).

Another quantity that can be used to constrain the pulsation
modes is the frequency density. Using the assumptions that no two
frequencies share the same » and [ values (except possibly the
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close pair at 6946 pHz), and that high-degree / > 3 modes are
not observationally favored because of geometric cancellation
(Charpinet et al. 2005; Reed et al. 2005), we can ascertain
whether the frequencies are too dense to be accounted for using
only / < 2 modes. From stellar models, a general rule of thumb
is to allow three frequencies per 1000 pHz. We will ignore f'1,
which is too distant in frequency space, and count /5 and /6 as
asingle degree /. This leaves four frequencies within 1235 Hz,
which can easily be accounted for using only / < 2 modes. In-
deed, even if f5 and 6 do not share their n and / values, the
frequency spectrum can still accommodate all of the detected
frequencies without invoking higher degree modes. Of course
this does not mean that they are not / > 3 modes, only that the
pulsation spectrum is not sufficiently dense to require their
postulation.

2.3.2. Amplitude and Phase Stability

Ifpulsating sdB stars are observed over an extended time period,
it is common to detect amplitude variability in many, if not all, of
the pulsation frequencies (e.g., O’Toole et al. 2002; Reed et al.
2004; Zhou et al. 2006). Such variability can occasionally be
ascribed to beating between pulsations too closely spaced to be
resolved in any subset of the data. However, variations often ap-
pear in clearly resolved pulsation spectra where mode beating
cannot be the cause. For PG 1618B, frequencies /1 and f2 are
only detected during a single run each and frequencies f5 and 16
are too closely spaced to be resolved during individual runs, leav-
ing only frequencies /3 and f4 available for analysis of ampli-
tude variations.

Figure 4 shows the amplitude and phases of these two frequen-
cies for individual data runs from McDonald and MDM obser-
vatories as well as a single Lulin run (triangle); these frequencies
were not detected elsewhere. During the MDM observations, the
amplitudes and phases for both frequencies are nearly constant
(to within the errors) except for one low amplitude, but they have
a significant variation in the McDonald and Lulin data. Of partic-
ular interest are the phases and amplitudes of f4, especially those
during day three, in which we have both a McDonald and Lulin
run that do not overlap in time. Between these two runs, the am-
plitude, which had been decreasing during the previous 3 days,
suddenly increases to begin the same declining pattern again. The
phases also show a bimodal structure early in the campaign with
phases near —0.20 and +0.25 with the first phase jump occurring
coincident with the amplitude increase. Except for the lack of si-
nusoidal amplitude variation, this has the appearance of unre-
solved pulsations. However, if the two unresolved frequencies
had intrinsic amplitude variability, then it could reproduce the ob-
servations. However, the MDM observations, which are not only
steady, but have f4 phases intermediate to the McDonald and
Lulin data, do not support this. Clearly, during the week of MDM
observations, PG 1618B had neither amplitude nor phase varia-
tions and since the MDM phases do not coincide with phases from
earlier in the campaign, unresolved pulsations are unlikely. Since
the data obtained at MDM and McDonald observatories used the
same acquisition system and time server (NTP), errors in timing
also seem unlikely.

3. PG 0048+091

3.1. Observations

We originally observed PG 0048 as a secondary target during
a campaign on KPD 2109+4401 (Zhou et al. 2006). Those data
revealed a complex pulsation spectrum, which we could not re-
solve with such limited sampling and a short time base. As such,
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TABLE 4
OBsERVATIONS OF PG 0048

Integration

Date Length Time
Run (UT) Start Time (Hr) (s) Observatory
2004
mdr285 ... Oct 10 04:21:00 6.2 15 MDM 1.3 m
mdr290................ Oct 12 03:39:00 7.3 15 MDM 1.3 m
mdr295 ... Oct 14 03:34:00 7.4 15 MDM 1.3 m
2005
Sep 26 10:30:20 5.0 10 BOAO 1.9 m
... Sep28 07:32:30 4.5 15 MDM 1.3 m
mdm092905 ........ Sep 29 02:53:00 9.5 15 MDM 1.3 m
mdm093005 ........ Sep 30 02:44:00 9.5 15 MDM 1.3 m
turkSep3sdb......... Sep 30 17:37:54 9.3 10 Tubitak 1.5 m
mdm100105 ........ Oct 1 02:46:00 9.4 10 MDM 1.3 m
turk1Octsdb......... Oct 1 21:26:58 4.1 10 Tubitak 1.5 m
mdm100205 ........ Oct2  09:57:30 23 15 MDM 1.3 m
turk2Octsdb......... Oct 2 20:51:36 4.8 10 Tubitak 1.5 m
mdm100305 ........ Oct3  02:32:00 9.1 10 MDM 1.3 m
turk3Octsdb......... Oct 3 17:41:49 8.5 10 Tubitak 1.5 m
mdm100405 ........ Oct4  09:24:00 2.2 15 MDM 1.3 m
mdm100505 ........ Oct5  02:33:00 9.4 12 MDM 1.3 m
mdm100605 ........ Oct 6 02:23:00 9.4 10 MDM 1.3 m
mdm100705 . Oct7  02:15:00 9.6 12 MDM 1.3 m
Oct 7 18:32:20 1.6 20 Lulin 1.0 m
Oct7  20:28:14 6.2 10 SAAO 1.9 m
Oct 8  03:17:00 85 15 MDM 1.3 m
Oct8  21:31:48 5.4 10 SAAO 1.9 m
Oct9  02:17:00 9.3 10 MDM 1.3 m
Oct9  20:11:53 4.1 10 SAAO 1.9 m
Oct 10 02:06:00 9.6 10 MDM 1.3 m
Oct 10 19:58:49 6.5 10 SAAO 1.9 m
Oct 11 02:00:00 9.6 10 MDM 1.3 m

PG 0048 was reobserved as a multisite campaign during fall 2005.
Five observatories participated in the campaign with the specifics
of each run provided in Table 4. Although we were a bit unlucky
with weather, over the course of our 16 night campaign we ob-
tained 167.4 hr of data for a duty cycle of 44%. Details of the ob-
serving instruments and configurations are the same as for PG
1618B, except for the following: SAAO (1.9 m) used a frame
transfer CCD with millisecond dead times but only an 30" x
40" field of view, which resulted in no comparison stars within
the CCD field. As such no transparency variations could be cor-
rected and only photometric nights were used. Tubitak Obser-
vatory used a Fairchild CCD447 detector; during the first run
the images had 1 x 1 binning with a dead time of 102 s, while
subsequent runs used 2 x 2 binning with a dead time of 29 s.
Bohyunsan Optical Astronomy Observatory (BOAO 1.9 m) data
were obtained with a SiTe-424 CCD windowed to 580 x 445 pix-
els, binned 2 x 2 with an average dead time of 14 s. MDM and
SAAOQ used red cutofffilters, making their responses very similar
to blue-sensitive photoelectric observations, while Lulin, BOAO,
and Tubitak used no filter making their sampling more to the red.
As pulsations from sdB stars have little amplitude dependence
in the visual and no phase dependence (Koen 1998; Zhou et al.
2006), mixing these data is not seen as a problem.

The standard procedures of image reduction, including bias
subtraction, dark current, and flat-field correction, were followed
using IRAF. Differential magnitudes were extracted from the cal-
ibrated images using momf (Kjeldsen & Frandsen 1992), except
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Fic. 5.—Light curves for the PG 0048 data. Each panel is 2 days.

for the SAAO data, for which we used aperture photometry be-
cause there were no comparison stars. As described for PG 1618B,
we again used low-order polynomials to remove air mass trends
between our blue target star and the redder comparison stars. The
light curves are normalized by their average flux and centered
around zero, so the reported differential intensities are Al =
(I/{I)) — 1. Figure 5 shows the light curve of PG 0048 with
each panel covering 2 days.

3.2. Analysis

During the campaign, we completed a “quick-look” analysis
of data runs as early as possible to ascertain the data quality and
the pulsation characteristics of the star. We noticed early on that
the temporal spectra of PG 0048 changed on a nightly basis with
pulsation frequencies appearing and then disappearing on sub-
sequent nights. Likewise, we knew that our analysis would be
complicated by severe amplitude variations that would limit the
usefulness of prewhitening techniques and could create aliasing.
Figure 6 shows the effects of amplitude variations. The full pan-
els are pulsation spectra for three groups of data: All of the data;
data obtained from September 30 through October 3; and from
October 7 through October 11. The right insets are the correspond-
ing window functions plotted on the same horizontal scale. At
such large scales, the windows appear as single peaks and show
that the changes in the FTs are not caused by aliasing. The central
insets are individual data runs within the larger set and show the
variability between runs. When sets of data are combined in which
the peak amplitudes are not constant, an FT will show the average
amplitude. For the frequencies that appear in only a few runs, the
amplitudes are effectively quashed in the combined FT. As PG
00438 is the most pulsation variable sdB star currently known, our
immediate goal is to glean as many observables from these data as

possible. While we do provide some interpretation, our aim is to
provide sufficient information for theorists to test their models.
The complexity of the data meant it was necessary to analyze
it using multiple techniques: We performed standard Fourier anal-
yses on combined sets of observations to increase temporal reso-
lution and lower the overall FT noise and analyzed individual runs
of the best quality data. The analysis of individual runs represents
a time-modified Fourier analysis, which is essentially a Gabor
transform, except that we replace a Gaussian time discriminator
with the natural beginnings and endings of the individual runs. As
the best individual runs are not continuous with time (and nearly
all are from MDM Observatory) the use of a Gaussian-damped
traveling temporal wave discriminator (a standard Gabor trans-
form) would not enhance the results. The temporal spectra of these
runs are shown in Figure 7. Runs mdm1005 and mdm1009, al-
though long in duration, have gaps in them because of inclement
weather, whereas the other 12 runs are gap-free. For these 12 runs
aliasing in the FT is not a problem and the only constraints are the
width of the peaks, which are determined by run length, and the
noise of the FT, which is a combination of the signal-to-noise ratio
of each point and the number of data points within the run.
Frequencies, amplitudes and phases were determined using
two different software packages, Period04 (Lens & Breger 2004)
and a custom (Whole Earth Telescope) set of nonlinear least-
squares fitting and prewhitening routines. Each of the three data
combinations in Figure 6, the 12 gap-free data runs plotted in
Figure 7, the three data runs obtained during 2004, and the 10 runs
from the discovery data (kindly provided by C. Koen) were re-
duced using both software packages. Overall, more than 35 fre-
quencies were fit during at least one data run. Table 5 provides
information for 28 frequencies that have been detected above the
4 ¢ detection limit. Column (1) lists a frequency designation, and
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TABLE 5
FRrREQUENCIES DETECTED FOR DIFFERING SUBSETS oF PG 0048 DAta

Designation Frequency Tt o N
) 2) 3) “ 5)
5203.1 . 59 2
5244.9 0.16 4.6 15
5287.6 0.03 3.6 8
5356.9 0.05 9.8 8
5407.0 0.07 32 1
5465.1 . .. 1
5487.2 0.05 8.5 7
5612.2 0.05 4.5 8
5652.9 . .. 1*
6609.2 . 9.0 2
6834.3 0.15 9.0 3*
7154.3 0.08 1.4 1
7237.0 0.04 7.0 10
7430.1 . 1
7501.3 0.07 . 1
7523.9 0.06 15.0 8
7560.0 . . 1
7610.1 0.07 5.6 5
8055.5 0.06 10.1 8
8651.4 0.08 . 1
8820.6 0.08 6.4 4
9352.8 0.07 16.3 1
9385.3 0.28 8.9 1*
9694.6 . . 1
9795.1 0.08 18.8 2
10366.8 0.08 1.4 2
11103.3 ... 1*
11159.8 0.07 1

Notes.—The columns indicate the following: (1) frequency designation;
(2) frequency determined from a combined data set; (3) formal least-squares error
from the combined data set; (4) standard deviation of frequencies detected from
individual runs; and (5) number of individual 2005 and 2004 runs in which that
frequency is detected. All frequencies are given in ;Hz. (Asterisks indicates fre-
quencies that were not detected in 2005.)

column (2) lists the frequency as fit to the highest temporal res-
olution data set in which each frequency is detected with the for-
mal least-squares errors in column (3). Column (4) provides the
standard deviation of the corresponding frequencies detected in
individual runs, and column (5) gives the number N of individual
runs in which that frequency was detected (from 12 2005 runs
and three 2004 runs). Tables 6 and 7 provide the corresponding
amplitudes as fit for individual runs and various combinations of
data acquired during the 2005 campaign, a reanalysis of the dis-
covery data, and the 2004 MDM data. The last two rows of these
tables provide the 4 o detection limits and temporal resolutions
for the runs. Our determination that these frequencies are real and
intrinsic to the star is based on (1) detection by both fitting soft-
ware packages, and amplitude(s) higher than the 4 o detection
limit with (2) detection during several data runs, and/or (3) de-
tection at amplitudes too large to be associated with aliasing.

3.3. Discussion
3.3.1. Frequency Content

During our 2005 multisite campaign, we detected 24 pulsation
frequencies from individual data runs plus an additional frequency
from the combined data set (which was also detected in 2004). We
recover all seven of the frequencies detected in the discovery data
(K04), but only 14 of the 16 frequencies detected from our 2004
data. As can be seen from Table 5, PG 0048 shows an atypically

large range of frequencies for sdBV-type pulsators, especially
when considering that only one frequency, 23 (11103.3 uHz),
can be identified as a linear combination (of /6 and £'7).

As noted in Table 5, only one frequency is detected in all of
our data ( f2: ~5244.9 uHz), while the next most common fre-
quency ( f13: ~7237.0 uHz) is detected in only 11 ofthe 15 runs.
Several frequencies are only detected once or twice (e.g., f12:
~7154.3 yHz), and so we should test whether their amplitudes
are sufficient to consider them to be real. If a particular frequency
has amplitudes that are 1 o above the detection limit, then we
might only expect to detect it 68% of the time."* Figure 8 shows
the amplitudes and 1 ¢ errors for 12 different frequencies (four
frequencies per panel) and the detection limit (solid line) for in-
dividual runs. The circles in the top panel are for 2, which is de-
tected in every run. However, the two frequencies indicated by
squares in the middle and bottom panels are only detected once,
even though they are >1 ¢ above the detection limit. If their am-
plitudes were nearly constant (to within their errors), they would
be detected at least 68% of the time. Another way to show this is
in panel a of Figure 9 where the detections are plotted against their
significance. We detect a total of 24 frequencies from 12 individ-
ual runs from our 2005 data. If we detected all 24 frequencies from
every run, we would have made 288 detections, while we only
actually made 75. The solid line shows the number of individual
detections cumulative with significance (the number of standard
deviations the detection was above the detection limit). In other
words, 49 of our 75 detections were 2 o or less above the detection
limit. The dashed line is the standard Gaussian probability distri-
bution which shows that at 1 ¢ significance, we should have made
at least 196 (68%) detections. Since 64% of our detections are
>1 o, our 75 detections is well short of what we should have de-
tected, indicating that the pulsation amplitudes are really falling
below the detection limit. Figure 95 compares the number of actual
detections to the maximum pulsation amplitude. As expected,
there is some correlation as the higher the amplitude, the easier
it is to detect that frequency. In addition, the highest amplitude
(and therefore most easily detected) frequency is the same during
1997, 1998, and 2004 ( /8: ~5612.2 uHz) but is only detected in
~ % of our 2005 data runs during which f2 (~5244.9 ;Hz) had
the highest amplitudes. This change in pulsation amplitudes will
be further discussed in § 3.3.3.

3.3.2. Constraints on Mode Identifications

As in § 2.3.1, one of the best ways to relate pulsation frequen-
cies to pulsation modes is via multiplet structure. With such a
rich pulsation spectrum, it seems likely that some of the frequen-
cies should be related by common frequency splittings. If not,
then the pulsation spectrum is too dense (discussed below) for
the frequencies to consist of only low-order / < 2 modes. There
are two different spacings that occur many times with splittings
near 972 and 41.1 pHz. Table 8 lists these frequencies and the
deviation from the average spacing between them, while Fig-
ure 10 shows them graphically. While the spacings may be im-
portant, it is difficult to attach any physical meaning to them. A
spacing of 972 pHz is far too large to be associated with stellar
rotation, as it corresponds to a rotation period of only 17 minutes.
There is currently no high-resolution spectrum of PG 0048, and
the star’s main-sequence companion would complicate any at-
tempts to measure its rotation velocity. However, the typical v sin
of sdBs is less than ~5 km s ! (Heber et al. 2000). If we try to ex-
plain this large splitting using asymptotic theory (consecutive n

13 This is a lower limit since statistically, the pulsation amplitude is equally
likely to be higher than 1 o from the detected level rather then below it.
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TABL

E 6

AMPLITUDES DETECTED FOR DIFFERING SUBSETS OF PG 0048 Data DurING THE 2005 MULTISITE CAMPAIGN

SUBSET
DESIGNATION 1 2 3 4 5 6 7 8 9 10 11 12 Gl G2 G3 G4
1.11 1.69
2.44 1.03 1.48 1.25 2.26 1.12 0.93 2.34 1.70 2.19 242 1.77 1.38 1.07 1.77 1.40
1.21 1.39 1.22 1.01 1.26 1.77 0.60 0.62 0.78 0.83
1.13 1.30 1.24 1.07 1.01 0.59 0.94 0.53 0.54
1.19 0.41 0.52 0.42
0.86 0.59
1.06 1.05 1.02 0.87 1.59 0.56 0.66
0.98 1.12 1.39 1.06 1.02 0.92 0.53
0.94
0.81 0.36
1.36 1.04 0.95 1.68 1.50 1.46 2.13 1.07 0.79 1.08 0.78
0.83
1.52 0.37 0.64 0.79 0.37
0.97 1.36 2.26 1.39 1.78 1.09 0.53 0.86 0.48
1.10 0.50 0.48
1.00 1.09 1.10 0.99 0.48 0.63 0.59 0.36
1.12 0.89 1.08 1.13 1.74 0.43 0.58 0.69 0.47
0.90 0.36 0.44
1.41 0.81 0.94 0.39 0.63
1.10 0.41 0.46
0.44
0.85
1.22 0.88 0.36 0.48 0.35
0.91 1.01 0.36 0.56
1.18 0.40 0.54 0.35
0.96 0.75 0.84 0.85 0.90 1.02 0.76 1.60 0.84 1.07 1.00 0.91 0.31 0.47 0.43 0.28
53 29 29 31 29 29 29 46 31 29 39 36 0.9 2.2 2.2 0.8

Notes.—The last two rows give the 4 ¢ detection limit and the temporal resolution for each subset. All frequencies are given in Hz. Runs 1 through 12 are boao,
mdm0929, mdm0930, mdm1001, mdm1003, mdm1006, mdm1007, saao1007, mdm1008, mdm1010, saao1010, and mdm1011 and runs G1 through G4 are MDM only,
October 1-3, Octotber 7-11, and all the 2005 data, respectively.

TABLE 7
AMPLITUDES DETECTED FOR THE Discovery DaTa anp 2004 MDM Dara

Designation ddl dd2 dd3 dd4 dds ddé dd7 dds dd9 dd1o 1 2 3 Gl G2 G3 G4
2.63

3.18 1.11 195 201 278 1.65
5.86 3.52 2.77 1.76 ~ 4.29 2.10 1.54
339 233 340 196 1.14 190 193 134 1.57
1.96 0.55
196 120 212 093  0.84 1.94 2.16 0.75
4.94* 580 397 439 310 343 357 3.95 4.96 2.85 3.10 3.14 405 334 201 297
1.28 0.65
1.18 0.68
1.03 1.16 098 1.56 1.00
276 155 1.56 1.56
431" 228 122 1.26

1.55 217 1.69 1.40 1.56
1.25 0.77
236 3.29 1.21 1.08 203 1.17 1.99 1.06

1.75
0.93 0.74
243 1.26
1.04 0.65
0.53
1.00

5.38 354 150 120 1.70 2.06 1.63 3.80 3.17 244 075 082 097 1.14 121 197 0.50
194 132 69 96 84 96 84 174 185 111 41 38 37 0.8 54 0.9

Notes.—Runs dd1 through dd10 are tex151, tex157, tex177, tex182, tex186, dmk157, dmk163, ck261, ck263, and ck265, runs 1 through 3 are mdr285, mdr290, and
mdr295, and runs G1 through G4 are all 1997 October, 1998 November, and 2004 data, respectively.
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i ‘ ‘ ' ‘ i ] low-overtone (n) pulsation theory associated with sdB pulsators,
! { I ] an improved frequency fit can sometimes be obtained using an
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Fic. 8.—Amplitudes and errors of 12 frequencies detected in PG 0048. Each
panel contains amplitudes for four frequencies (differentiated by point type and
color) which may be shifted by 0.1 day if they overlap. The solid line is the 4 o
detection limit. [See the electronic edition of the Journal for a color version of this

figure.]

overtones rather than m multiplets), we would expect successive
overtones of the radial index to be roughly evenly spaced for
large n, with one series for each / degree. But the spacings ob-
served in PG 0048 are irregular, requiring eight degrees (one for
every line in Table 8), and 3 </ < 7 modes have reduced visi-
bility because of geometric cancellation (Charpinet et al. 2005,
Reed et al. 2005). Theory suggests that sdBV stars should pul-
sate in low-overtone modes, and the spacings between succes-
sive low-overtone modes should differ by several hundreds of
pHz (Charpinet et al. 2002), which again does not match what is
observed.

Another asymptotic-like relation is the “Kawaler scheme,”
which has been recently presented by Kawaler et al. (2006) and
Vuckovic et al. (2006). Although it is not compatible with the
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asymptotic-like formula;
fG,)=fo+ixd +]A’

where i has integer values; j is limited to values of —1, 0, and 1;
and ¢ is a large frequency spacing and A a small one. However,
for the case of PG 0048, the small spacings are unrelated to the
larger spacings and the larger spacings themselves do not inter-
relate, but rather appear in sets with differing spacings between
the sets. So this scheme is not applicable for PG 0048.

The smaller, 41.1 ©Hz spacings are more akin to what we
would expect for rotationally split multiplets, although still large
compared to typical measured rotation rates. If the low-frequency
set are all components of a single multiplet, it would require very
high degree (/ > 5) pulsations, which are not observationally fa-
vored (Charpinet et al. 2005; Reed et al. 2005). The same is true
for the high-frequency set if /13 and £'16 belong to the same set.
Since they are separated by 7 x 41.0 ©Hz, it is certainly possible
that £12-f13 and f16-f18 are just two pairs, but if they are all
combined into a single multiplet, it would require / > 5 again. Yet
these could also be just chance superpositions.

Since PG 0048 pulsates in so many frequencies, it is important
to test the significance of the spacings discussed above. We did
this by producing Monte Carlo simulations, randomly placing 28
frequencies within 6000 pHz of each other, and counting how
often we could detect 14 frequency splittings the same to within
about 5%. This criterion would find all but one of the splittings
we actually observe. After analyzing over one million simula-
tions, we detected at least 14 splittings in nearly every case. In other
words, the splittings we observe are not statistically significant.

Another tool we can use to place constraints on mode identi-
fications is the mode density. As mentioned in § 2.3.1, models
predict roughly one overtone (n) per degree (/) per 1000 uHz,
and although we have detected 28 frequencies, they are spread
across nearly 6000 pHz. Since we do not detect any multiplets

b) : ]

Number of detections

Maximum Amplitude (mma)

Fi6. 9.—(a) The number of detections of frequencies from individual runs for PG 0048 compared to Gaussian probability. The number of possible detections (dashed
line) compared to the amount of actual detections (solid line) depending on the detection significance. (b) A comparison between the number of detections for individual

frequencies and the maximum amplitude detected.
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TABLE 8
PG 0048 PuLsaTioN FREQUENCIES SPLIT BY INTEGER MULTIPLES NEAR 972 anp 41.1 pHz

Lnin Designation

Designations for Related Frequencies

Spacings of 972 pHz

71 12 (2, 0.2%); 27 (4, 1.4%)

77 £14 (2, 02%); £23 (2, 0.4%); £26 (1, 0.8%)
78 710 (1, 2.4%); £17 (1, 2.4%)

79 18 (2, 0.5%); £20 (1, 6.9%)

711 721 2, 2.0%); £25 (1, 0.07%)

73 13 (2, 0.4%)

16 122 (4, 0.2%)

Spacings of 41.1 pHz

6 (1 1) o f12

71 £2(1, 17%); £3 (1, 3.9%); £5 (3, 3.2%); £7 (2, 2.4%); 8 (3, 1.5%); £9 (1, 0.1%)
F13 (2, 0.05%); £167 (7, 0.02%); £18 (2, 5.9%)

Nortes.—The first column gives the minimum degree / for the multiplet and the order for each row is from the top of Table 5, or in
descending frequencies and the number in parentheses indicates the integer multiple between itself and the previously listed frequency

and the percent deviation from 972 or 41.1 pHz.

that can be unambiguously associated with rotational splitting, it
is likely the pulsations are degenerate in m.

The average mode density is 4.8 frequencies per 1000 uHz,
which is too high to accommodate only / < 2, with degenerate m
modes and it gets worse as the frequencies are not quite distrib-
uted equally, but rather fall into loose groups, enhancing the den-
sity locally. The regions between 5200 and 6200 and between
6600 and 7600 pHz each contains nine frequencies, and the re-
gion from 8800 to 9800 pHz has five frequencies.

If all 2/ 4+1 multiplets were filled (nine frequencies per
1000 pHz), the frequency density would not require any / > 3
modes. However, as we do not detect appropriate multiplets
within these frequency regions, the most likely result is that PG
0048 has too high a frequency density to exclude / > 3 modes
using current models.

3.3.3. Amplitude and Phase Variability

Nearly all sdBV stars show some amount of amplitude variabil-
ity. However, no other sdBV star has shown variability like that

R ‘
E OEHMH Ll | | l‘ 1““ Bolo I 11154 1 [
% 411 pHz

T I

Al

Frequency (uHz)

Fic. 10.—Schematic of the pulsation content of PG 0048 to indicate the
nearly evenly spaced frequencies (provided in Table 8). The top panel shows the
spacings that are integer multiples near 972 pHz, and the bottom panel shows
those near 41.1 pHz. For clarity, each set of multiplets are connected via hori-
zontal bars at differing heights. [See the electronic edition of the Journal for a
color version of this figure.]

detected in PG 0048. An example of this is shown in Figure 11,
where the same 350 Hz region is shown for the three data sets in
Figure 6. The bottom two panels are subsets of the top panel,
which includes all of the data, and indicate how strikingly the pul-
sation spectrum changes with time.

We can apply some constraints to the timescale of amplitude
variability. Since pulsation frequencies can change amplitudes
(even to the point of being undetectable) between individual runs,
and in particular between runs from different observatories but for
the same date, the next step was to divide up our longer data runs
into halves. The FTs for six such runs are shown in Figure 12 with
each half containing about 4 hr of data.

Particularly for runs mdm1007 (which can also be compared
to saao1007) and mdm1010, the amplitudes change by factors
of 2 over times as short as 4 hr. Low-amplitude frequencies can
easily become undetectable within that time. Figure 13 compares
the maximum and average amplitudes detected in individual runs
(circles and squares, respectively) to detections in groups of data
(the lines) from Table 6. If the amplitudes were simply wandering
around between values detected in individual runs, then the am-
plitude of the combined data would be an average of these values
(squares). However, since the combined amplitudes are signifi-
cantly lower then the average amplitudes from individual runs,
something else must be occurring to reduce the amplitudes.

Since changes in phase can impact pulsation amplitudes, we
investigated that next. Figure 14 shows phases for eight of the
most-often detected frequencies; f2 is the only frequency detected
in every run, and we include the half-night analysis for it. For the
other seven frequencies, we only determined phases for those runs
in which they were detected above the 4 ¢ limit. While Figure 14
indicates that most phases do not appear constant with time, most
are within 20%—-30% of a central value.

To isolate and test the impact phase variation creates on data
like ours, we analyzed simulated data with the following proper-
ties: The data are represented by a noise-free, single-frequency
sine wave sampled corresponding to our 12 best individual runs
with frequency /2. The amplitudes of each individual run are fixed
at the measured values for /2 from Table 6 and we assume that no
phase changes occur during an individual run. While the proper-
ties of /2 may not be the most representative of the variations de-
tected, it is the only frequency detected every time, and so by using
it, we sample the full range of amplitudes. If we used a different
frequency, we could not know the actual pulsation amplitude
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Fic. 11.—A 350 pHz region of PG 0048’s FT covering three modes at ~7497.4, ~7524.1, and ~7605.9 ;Hz. The panels correspond to those in Fig. 6. The spectral
windows at the top of each panel cover the same frequency range as the observations, to give the reader an appreciation of how dense these regions are.

Amplitude (mma)

—_

—mdm0930

9000 5000 6000 7000 8000 9000

Frequency (uHz)

A, 1
6000 7000 8000

Fic. 12.—Temporal spectra for halves of individual PG 0048 observing runs.
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Fic. 13.—Amplitudes of frequencies detected in both individual runs and
grouped data during 2005 for PG 0048. Dots indicate the maximum amplitude, and
squares indicate the average amplitude from individual runs. The lines indicate
amplitudes from the following group data sets (from Table 6): the dotted is for G1,
the short-dashed line is for G2, the long-dashed line is for G3, the solid line is for
G4, and the dot-dashed line is the G4/4,x ratio (or G1/4,x if no G4 value). [See
the electronic edition of the Journal for a color version of this figure.]

during those runs without detections, and so would only be
sampling the higher amplitude data points. We created simula-
tions with the following phase properties: No change in phase,
a fixed change of +10% from the previous phase, a fixed change
of £20% from the previous phase, phases that are randomly set at
the beginning of each run, and with the actual phase values for f2.
The results of the simulations are given in Table 9 and the ratios
are used in Figure 15, where they are compared with our observa-
tions. The last line of Table 9 presents results with unique answers.
As expected, there is a correlation between the amplitude and the

531

TABLE 9

RESULTS OF SIMULATIONS FOR PHASE CHANGES USING f2 As THE TEMPLATE
AND A COMPARISON WITH OBSERVATIONS

Simulation (4) o (AY/(AYina (A)/Amax
1 @ 3 “ (5)
10% oo 1.50 0.03 0.97 0.66
20% oo 1.35 0.10 0.88 0.60
Random.......cccccceeuee 1.06 0.11 0.69 0.47

Notes.—Col. (1) indicates how the phase was changed in the simulation and
cols. (2) and (3) provide the average amplitude and standard deviation of >100,000
simulations. Cols. (4) and (5) provide ratios comparing amplitudes between indi-
vidual runs and that of the combined simulated data set. The bottom row provides
the average amplitude from the individual runs and results from the simulations
with constant phase and fixed amplitudes and phases with those observed for /2.
For comparison, the average amplitude from the individual runs is (4);,q= 154 and
those from simulations with a constant phase and the phases and amplitudes mea-
sured for f2 are ¢eong = 1.44 and Agps and @gps = 1.49.

amount of phase variation in that increasing changes in phase be-
tween individual runs decreases the measured amplitude of the
data set as a whole. More useful are the ratios of the average am-
plitude to the average and maximum of the individual amplitudes
({(4)/{A4),,q and (4)/Amax). These ratios can be compared with ra-
tios from all frequencies, as has been done in Figure 15. The shaded
regions are the 1 o ratios produced from the phase simulations
and the circles represent ratios with G4 data and the squares are
for ratios using G1 data. The frequency ordering is the same as
for Figure 12, and like Figure 12, the results indicate that for all
but /2 and possibly f'6, the amplitudes detected in groups of data
are too low compared to individual amplitudes. In addition, ex-
cept for f2, the phases of Figure 14 (and their standard deviations
given in Table 10) are in discord with the amplitude ratios in that
the amplitudes are too low. There does not seem to be sufficient
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Fic. 14.—Phases of pulsation frequencies. Frequency designations are provided in each panel with phases determined only for individual runs in which the frequency

was detected.
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Fic. 15.—Comparison of amplitude ratios from simulations to those observed
for PG 0048. The circles are for G4, and the squares are for G1 data. The ver-
tically lined (fop) area is for simulations with 10% phase variations, the +45° lined
(middle) area is for simulations with 20% phase variations, and the —45° lined
(bottom) area is for simulations with random phases. [See the electronic edition of
the Journal for a color version of this figure.]

phase variation to produce the low amplitudes of the group data.
As such, it seems that more extreme circumstances are required.
However, that leads into a more speculative area, which we save
for § 3.3.4.

We conclude our observational portion of this paper with a
summary provided in Table 10. In this table we have included all
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measurables (not in previous tables) discussed in this section
and some that will be useful for the next section. Columns (2)—(4)
consider the number of expected detections based on the av-
erage significance of the actual detections, columns (5)—(8)
detail amplitudes detected for individual 2005 observing runs,
columns (9)—(12) provide ratios of individual to group am-
plitudes, and column (13) lists the 1 o deviations of pulsation
phases.

3.3.4. A Possible Cause of the Amplitude/Phase Variability

Can we determine the cause of the erratic behavior of PG 0048’s
frequencies and amplitudes? We suggest that, with the possible
exception of /2, the oscillations may be stochastically excited.
While this is counter to current theory, supporting observations
that we have in hand are (1) amplitudes that vary significantly
between every individual run, and in less than ~4 hr; (2) the com-
bined amplitudes are significantly lower than the average value
indicating that phases are not coherent on these timescales; (3) the
peaks in the FTs appear similar to those of known stochastic pul-
sators (compare Fig. 11 to Fig. 1 of Bedding et al. [2005] or Fig. 2
of Stello et al. [2006] for stochastic oscillators to those in, for ex-
ample, Reed et al. (2004) for “normal” sdB stars); and (4) the
number of actual frequency detections compared to the expected
number based on significance (the ratio of the two lines in the left
panel of Fig. 9). We note that this is not conclusive evidence, but is
suggestive and so we will pursue a stochastic nature for PG 0048’s
pulsations in the remainder of this section.

Recently, Stello et al. (2006) found that short mode lifetimes
in red giants can severely limit the possibility of measuring re-
liable frequencies. The difficulty arises because the frequencies

TABLE 10

OBSERVED PROPERTIES OF INDIVIDUAL FREQUENCIES

)
Designation NO.get <Ud> N0~exp <A> 04 (TA/<A> Amax AG4/<A> AG4 /Amax A(}l/<A> Ail/Amax (%)
@ (@) 3 “ (5) (6) (7) ® © (10) (1n (13) (14
2 0.38 3 1.30 0.41 0.32 1.69
12 3.69 12 1.69 0.53 0.31 2.44 0.83 0.57 0.82 0.57 9.6
5 2.63 11 1.32 0.22 0.17 1.77 0.63 0.47 0.45 0.34 ..
5 1.59 10 1.14 0.15 0.13 1.30 0.47 0.44 0.52 0.48 8.4
2 0.92 7 1.06 0.19 0.18 1.19 0.40 0.35 0.39 0.34
1 0.11 1 0.86 . S 0.86 0.67 0.67 . S ..
5 1.16 8 1.09 0.19 0.17 1.59 0.51 0.35 7.9
5 1.50 10 1.11 0.09 0.08 1.39 0.48 0.38 6.3
1 1.06 8 0.94 0.94
1 0.33 3 0.81 . S 0.81 .. . 0.44 0.44 ..
7 2.32 11 1.43 0.36 0.25 2.13 0.55 0.37 0.75 0.50 15.8
1 0.41 3 0.83 0.83
1 2.75 11 1.52 . s 1.52 0.24 0.24 0.24 0.24 ..
6 2.60 11 1.38 0.44 0.32 2.26 0.35 0.21 0.38 0.23 15.0
1 0.50 4 1.10 . . 1.10 0.44 0.44 0.45 0.45 ..
4 0.94 7 1.05 0.18 0.17 1.10 0.43 0.33 0.46 0.44 25.9
5 1.79 10 1.19 0.26 0.22 1.74 0.39 0.27 0.36 0.25 7.3
1 0.32 2 0.90 S 0.90 0.40 0.40
3 1.16 8 1.03 0.26 0.25 1.41 0.38 0.28
1 1.32 9 1.10 1.10 0.37 0.37
1
1 0.00 1
2 2.25 11 1.03 0.24 0.23 1.22 0.34 0.29 0.35 0.30
3 0.76 6 0.94 0.17 0.18 1.01 0.41 0.36
1 1.42 9 1.18 1.18 0.30 0.30 0.34 0.34
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can disappear entirely, and when they are reexcited (even if this
occurs prior to complete damping), they do not maintain the same
phase. The parallel with our analysis of PG 0048 is clear, and this
kind of variability has been seen before in sdBVs. In a study of
KPD 2109+4401, Zhou et al. (2006) found substantial variation in
the amplitudes of two modes during their 32 night campaign. A
brief analysis found that at least one of these modes, and pos-
sibly both of them, satisfied the criterion outlined by Christensen-
Dalsgaard et al. (2001, hereafter JCDO1) for stochastically excited
pulsations, rather than overstable driving. The criterion compares
the ratio of amplitude scatter to the mean amplitude; for stochastic
pulsations, this ratio should be ~0.52. Stochastic processes in pul-
sating sdB stars have also been discussed by Pereira & Lopes
(2005) in the context of the complex sdB pulsator PG 1605+072,
which is known to have variable amplitudes (O’ Toole et al. 2002;
Reed et al. 2007). Using the JCDOI1 criterion, Pereira & Lopes
deduced that none of the modes of that star were consistent with
stochastic excitation. However, O’Toole et al. (2002) noted am-
plitude changes between years, while Pereira & Lopes (2005)
only studied seven nights of data, and as such their analysis was
likely affected by the short length of their time series.

A limitation to the JCDOL test is that the damping times of the
oscillations should be longer than the timescale used for determin-
ing the amplitudes. Our analysis of ~4 hr segments of PG 0048
data indicate that amplitude variations are on very short timescales
that are shorter than the observing time for individual runs (see
Figs. 7 and 12). We provide the JCDO1 parameter values 0,4/(4) in
column (7) of Table 10, but we suggest that the JCDO1 test is not
appropriate for PG 0048.

Aside from the JCDO1 test, we can attempt to reproduce some
of the observational properties using simple simulations with
damped and randomly reexcited frequencies. The complexity
of the actual data is such that we cannot hope to reproduce it di-
rectly, but instead will strive to fit the observations listed at the
beginning of this section.

Our simulations follow the simple prescription (eqs. [2] and
[3]) of Chaplin et al. (1997) summarized as follows. The pulsa-
tions themselves are described by sine waves of the form A(¢) =
A cos (271 )(t — ¢)), with the amplitude modified in two ways; it
is damped exponentially as A = A4, exp (—1,/t;), where 4, is the
maximum amplitude, #, is the time since the last excitation, and
¢4 is the damping timescale. The pulsation is reexcited by setting
t. = 0 when time ¢ exceeds an excitation timescale (Z.,.). The
time before the first reexcitation is randomly set to some fraction
of the excitation timescale, and every time the pulsation is re-
excited, the phase is randomly set and the excitation timescale
and pulsation amplitude can vary randomly by up to 20% of their
original values. The free parameters of the simulation are the in-
put amplitude, which is the maximum amplitude attainable and
the excitation and damping timescales (4, fexc, and ¢4, respec-
tively). The simulation includes frequencies, amplitudes, and
phases for up to 100 pulsations with an unlimited number of data
runs (input as run start time, the number of data points, and cycle
time). We will concentrate on matching the MDM runs in Table 6.
This is the G1 data set with an average run length of 9.35 hr
(~0.4d), containing ~2800 data points each, an average detec-
tion limit of 0.88 mma, and average ratios 4g/{4) = 0.44 £
0.14 and Ag/Amax = 0.37 £ 0.09.

To match the observational constraint that the pulsation am-
plitude can reduce by half in a 4 hr span, the damping timescale
is necessarily less than 5.8 hr. With this constraint, we produced
a grid of simulations with 1 < #; < 7 hours in 1 hr increments and
1 < texe < 33 hrin 2 hr increments. Qualitatively, if no reexcita-
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Fic. 16.—Simulations of randomly excited and damped pulsations. Panels a,
b, and ¢ show the effect of changing the excitation timescale for a fixed damp-
ing timescale of #; = 5 hr. Panels a and » show the results of simulating a single
9.35 hr run and the nine MDM runs in Table 2, respectively. The points indicate
the average amplitude with 1 o error bars, the solid line shows the maximum
amplitude from an individual simulation, and the dotted line indicates the min-
imum amplitude detected from an individual simulation. Panel ¢ shows the ratios
(AG1)/Amax (circles) and (A1 )/(Aina) (triangles). The dotted black lines indicate
the observed range in PG 0048 for (461)/Amax ((AG1)/{Aina))- Panels d, e, and f°
correspond to panels a, b, and ¢, except that the excitation timescale is fixed at
texe = 19 hrand the damping timescale is varied. [See the electronic edition of the
Journal for a color version of this figure.]

tions occur during an individual run, the FT is single-peaked
whereas multiple reexcitations create a variety of complex, multi-
peaked FTs, depending on how similar the randomized phases
were (the less alike the phases for each reexcitation, the lower the
overall amplitude and more and similar-amplitude peaks appear in
the FT). For small 7., the FT becomes increasingly complex,
with most simulations resulting in many low-amplitude peaks
distributed across a couple hundred Hz. However, such complex
patterns are not consistent with observations and so we discount
small values for f.,.. Amplitudes in the FT are reduced with large
values of 7., and small values of ¢; while the scatter increases with
increasing values for both. An increase in amplitude scatter is
necessary to produce the low rate of detections.

As we now have all the pieces in place, we can ask how well
the simulations reproduce the observational constraints we set at
the beginning of this section. A selection of the results are shown
in Figures 16 and 17. Panels a, b, and c of Figure 16 have ¢, fixed
at 5 hr and vary f.,., whereas panels d, e, and f fix #.,. at 19 hr and
vary t;. Panels a and d are the results for individual runs, and
panels b and e are for the combined nine-run data set. The points
represent the average ((4)) with 1 o deviations while the lines in-
dicate maximum (A4, ) and minimum amplitudes. Panels ¢ and
Jf'show the ratios (4G1)/Amax and (4G )/{Aind); the average am-
plitude from the combined data divided by the maximum or av-
erage amplitude from the individual runs. Figure 17 shows the
expected rate of detections calculated in the following manner:
The detection limit was calculated using the observed ratios
(Amax)/0.88 = 1.56 and (4)/0.88 = 1.32 for the MDM data with
an average detection limit of 0.88 mma and solving for the new
detection limit. The dotted line is the observed detection rate of
26% and it is interesting that none of the simulations are that low
if using the average detected amplitude. While the overall ampli-
tudes can become quite small, the average follows that, which is
used to calculate our detection limit in the top panel. However,
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Detection percent

Fic. 17.—Expected fraction of detected frequencies based on simulations.
The top panel uses average amplitudes, while the bottom panel uses maximum
amplitudes from the simulations. Differing lines represent different values of ¢,
given in the legend. The dotted line is the observed 26% detection rate. [See the
electronic edition of the Journal for a color version of this figure.]

most values of z; matched the observed rate near o, = 19-21 hr
using Apax-

The simulations that best fit the observational constraints are
those whichhave 4 < t; < 6 hrand 13 < fey. < 21 hr. The lower
values of f, better fit the (4 )/A4 ratios, while the larger values
are a better match for the detection rate. These relatively simple
simulations are able to fit all of the observed constraints, thus ex-
plaining the amplitude variations, their lower detection limits in
groups of data, the relatively low detection rate and the appearance
of the peaks in the FT. What they cannot explain however, is the
relative lack of phase variability in some frequencies (although
relatively few were measurable) and why stochastic processes
should occur in the first place.

Stochastic oscillations are usually presumed to be driven by ran-
dom excitations caused by convection (see Christensen-Dalsgaard
2004 for a review concerning the Sun). The He n/He m convection
zone in sdB stars was investigated by Charpinet et al. (1996), who
determined that it could not drive pulsations. However, it appears
that they did not investigate this zone for convective motions but
rather as a driver for the x mechanism. So some ambiguity remains
here.

There is also convection or semiconvection in the cores of sdB
stars, and it is possible that the eigenfunctions could be sampling
this region. Whatever the case, the extreme amplitude and phase
variability of PG 0048 poses a significant challenge to the iron
driving mechanism found by Charpinet et al. (2001) to excite
pulsations in sdB stars. Although it is beyond the scope of this
paper to ascertain the cause of the random amplitude variations,
we find that the observed properties are consistent with our sim-
plified randomly excited simulations and that the amplitude spec-
trum resembles those of pulsators that are stochastically driven.

4. CONCLUSIONS AND FUTURE WORK

We have carried out multisite campaigns for two sdB pulsa-
tors, PG 1618+563B and PG 0048+091 and in both cases, our
observations were superior to the published discovery data, yet
questions concerning these two stars still remain. Our MDM ob-
servations of PG 1618B (obtained under good conditions) show
characteristics typical of about half the objects in the sdBV
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(V361 Hya) class. A small number of stable (in amplitude) fre-
quencies with a closely spaced pair. In contrast, the data obtained
at McDonald observatory—under nonphotometric conditions—
show PG 1618B to be a complex pulsator with four “regions’ of
power showing amplitude and phase variability. An ensemble
analysis of any combinations of data other than the MDM set are
hindered by poor least-squares fitting and amplitudes reduced be-
low detectability. Such poor fitting can be caused by unresolved
frequencies with intrinsic amplitude variability (O Toole et al.
2002) or randomly excited pulsations (Christensen-Dalsgaard
2004). So despite having expended considerable effort to obtain
not only multisite, but extended time-base observations, we were
only reasonably successful at detecting pulsations from our 2 m
telescope data; and these show the star to be two-faced. With this
dichotomy of observational results, PG 1618B remains an inter-
esting target for more follow-up observations; particularly to ex-
amine its long-term frequency stability.

PG 0048 is much more complex than PG 1618B, yet it too has
shown somewhat stable pulsation amplitudes at one epoch (the
discovery and 2004 data) and wildly variable amplitudes at an-
other (2005). Although an extremely rich pulsator with at least
28 independent frequencies, many modes are only excited to am-
plitudes above the noise occasionally, often for very short lengths
oftime. These behaviors are consistent with stochastic pulsations,
and we have performed several tests along these lines. We sim-
ulated damped and reexcited pulsations and found that the obser-
vations were best matched with damping timescales between 4
and 6 hr and excitation timescales between 13 and 19 hr. We de-
tected common frequency splittings of 972 and 41 pHz which
may be related to multiplet structure, but could reproduce these
using Monte Carlo splittings of random spacings. So while they
may be intrinsic to the pulsation of PG 0048, we cannot be sure.
We can be sure that PG 0048’s rich pulsation spectrum is too dense
to be accounted for using only / < 2 modes regardless of how
many m components are present.

The observations presented in this paper provide some very
interesting and confusing results. Pulsations that appear stable
during some times and variable at others; attributes that have also
been observed in other sdBV stars as well (KPD 2109+2752, PG
1605+072, and HS 1824+5745, just to name a few). The pul-
sations in PG 0048 present observables that seem best described
by randomly excited oscillations which would be in contrast to
the proposed driving mechanism (Charpinet et al. 2001). If vali-
dated, it would represent a new direction in sdB pulsations (and
modeling too!). However, a longer time series may be the only
way to clarify the nature of the oscillations in this star. Ideally
this would take place on at least 2 m class telescopes and cover
several weeks.

We would like to thank the time allocation committees for
generous time allocations, without which this work would not
have been possible; Dave Mills for his time and help with the
Linux camera drivers; Chris Koen for contributing the discovery
data and helpful discussions; and the anonymous referee for a
helpful reorganization of the paper. This material is based in part
on work supported by the National Science Foundation under
grant AST 00-7480. Any opinions, findings, and conclusions or
recommendations expressed in this material are those of the
author(s) and do not necessarily reflect the views of the National
Science Foundation. J. R. E., G. A. G., and S. L. H. were sup-
ported by the Missouri Space Grant Consortium.
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ABSTRACT

Aims. The Hayabusa mission revealed fundamental physical properties of the small near-Earth asteroid 25143 Itokawa, such as shape
and mass, during its rendezvous with the asteroid in 2005. Resulting from this, the YORP-induced change in the asteroid’s spin state
has been predicted theoretically. The purpose of this study is to investigate the YORP effect for Itokawa directly from an observational

perspective.

Methods. A long-term campaign of ground-based photometric observations of Itokawa were performed from March 2001 to
December 2006. The observed asteroid lightcurves were compared with numerical modeling using the detailed shape model and
global surface photometric properties derived from the Hayabusa mission.

Results. As a non-linear time evolution of rotational phase lag is shown, we found that Itokawa has been decreasing its spin rate by
@ = —1.2(+0.2) x 1077 rad s™2. The detected deceleration rate is almost consistent with, but slightly smaller than, the theoretically

predicted value due to the YORP effect.

Key words. minor planets, asteroids — techniques: photometric

1. Introduction

The spin states of small asteroids can be secularly altered
by a net torque arising from the anisotropic reflection and
thermal re-emission of sunlight on the surface, the so-called
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect, in ad-
dition to abrupt torques due to tidal encounters and impacts.
Such radiation torques are a significant perturbation, especially
for near-Earth asteroids in close proximity to the Sun, and have
been invoked as a possible contributor in creating binary as-
teroids and fast rotators. Indirect evidence of the YORP effect
has been found in the preferential alignment of spin axes in
the Koronis asteroid family (Silvan 2002; Vokrouhlicky et al.
2003). Recently, spin rate variations were detected directly from
ground-based astronomical techniques for two near-Earth aster-
oids: 1862 Apollo (Kaasalainen et al. 2007), and 54509 YORP
(2000 PH5) (Lowry et al. 2007; Taylor et al. 2007).

The near-Earth asteroid 25143 Itokawa has a size of roughly
300 m in diameter and an irregularly shaped body. Its fundamen-
tal parameters were precisely determined through the proxim-
ity observations of Hayabusa spacecraft in 2005 (Fujiwara et al.
2006). Vokrouhlicky et al. (2004) theoretically estimated the
change in rotation rate due to the YORP effect for Itokawa us-
ing pre-rendezvous shape models. More recently, Scheeres et al.
(2007) refined the computation of the YORP effect using the
detailed shape model, rotation pole, mass estimate, and optical
properties derived from the Hayabusa mission, predicting a large
deceleration that should be detectable over time scales as short
as several years. However, in the previous studies of ground-
based photometric observations in 2001-2004, the rotation rate

variations for the asteroid were not discernible beyond uncer-
tainties of photometry and shape determination (Kaasalainen
et al. 2003, 2004).

Here we present the results of independent photometric ob-
servations of Itokawa from March 2001 to December 2006. The
observed lightcurves are compared with the corresponding mod-
eled ones using the shape model and photometric properties
derived from the Hayabusa mission.

2. Observations and analyses

Time-resolved photometric observations provide information on
the spin state of the asteroid. The photometric observations of
Itokawa were started in March 2001, and were performed on a
total of 27 nights for 7 apparitions until December 2006, with
three telescopes. A list of the telescopes and instrumentation
used in this study is presented in Table 1. The geometric circum-
stances are summarized in Table 2. This table gives the mid-time
of observation coverage on a day, the geocentric ecliptic longi-
tudes (1) and latitudes (8) of the asteroid (for equinox J2000),
its heliocentric (r) and geocentric (A) distances, the solar phase
angle (@), and the observatory number from Table 1. The obser-
vations of the asteroid were taken in the Cousins R filter while
tracking at the asteroid’s predicted ephemeris rate, where expo-
sure times were set to within the range of 60 to 600 s. The ob-
serving setup and the data reduction were carried out by a con-
sistent method among all different observatories.

The CCD image pre-reductions were made with standard
IRAF routines, removing bias and dark current from the images.

Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20078149
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Table 1. Telescopes and instrumentation.

Telescope Instrument
Kiso Observatory, 1.05-m SITe 2k x 2k
2 Univ. Hawaii on Mauna Kea, 2.2-m 8k x 8k CCD

3 Lulin Observatory, 1-m VersArray: 1300B

Table 2. Geometric circumstances for 25143 Itokawa.

Date UT A B r A a Obs.“
O O @Ay AU O
2001 Mar.  26.7 236.3 43.1 1.02  0.04 60.2 1
29.7 2603 436 1.01 004 744 1
31.7 2759 412 1.00 0.04 839 1
2001 Apr. 1.7 2822 394 1.00 0.04 883 1
2001 Aug. 227 3550 -7.1 1.31 032 20.1 1
23.6 3545 -7.0 131 032 19.0 1
247 3539 70 131 032 178 1
25.6 3533 -7.0 132 033 16.7 1
2003 Dec. 1.7 130.2 1.4 153 078 345 1
2.7 130.5 1.5 152 077 342 1
3.7 130.7 1.5 152 076 340 1
4.7 131.0 1.5 152 075 338 1
2004 Jan. 15.6  129.8 45 137 040 112 1
19.7 1282 48 135 037 7.6 1
20.6 127.8 49 135 037 6.8 1
2004 Apr. 105 107.6 63 1.02 025 792 1
11.5 1079 63 1.02 025 80.0 1
125 108.2 63 1.01 025 807 1
2004 Sep. 6.3 308.2 -6.1 1.30 035 272 2
7.3 3084 -6.0 131 035 276 2
8.3 3086 59 131 036 28.0 2
9.3 308.8 5.8 132 037 284 2
2006 Dec. 18.7 112.0 1.9 153 058 16.0 3
19.5 111.7 20 153 057 154 3
20.5 1114 20 152 057 146 3
21.6 111.0 2.1 1.52 056 137 3
22.6  110.7 2.1 1.52 055 129 3

¢ See Table 1 for telescopes and instrumentation.

Nightly flat-field frames were used to correct images for opti-
cal vignetting, dust shadow and pixel-to-pixel sensitivity vari-
ation. The images were reduced with the aperture photometry.
A large number of local comparison stars (typically more than
ten) were selected along the asteroid path. From this set of com-
parison stars, the non-variable stars with small error in the flux
measurements were chosen as reference stars for the lightcurve.
The atmospheric extinction coefficient was determined nightly
through the Landolt standard stars (Landolt 1992). The indi-
vidual lightcurves were corrected for light-travel time and the
magnitudes were reduced to unit geocentric and heliocentric dis-
tances of the asteroid.

3. Numerical modeling of lightcurves

To generate synthetic lightcurves for each observing time, we
used the most up-to-date Itokawa shape model consisting of 49,
152 facets (Gaskell et al. 2006), which was developed based
on the remote-sensing images taken by the Hayabusa onboard
camera. The brightness of the asteroid as seen by the Earth ob-
server is computed as a sum of contributions from all visible

facets, using ray-tracing methods that check which facets are
occulted by or in shadow from the other facets, where the sur-
face scattering property is given by Hapke’s bidirectional re-
flectance model (Hapke 1993, 2002). We assume the follow-
ing values of globally-averaged photometric parameters in the
Hapke model, based on the photometry results of Itokawa from
the Hayabusa near-infrared spectrometer (Kitazato et al. 2007):
the single-particle scattering albedo w = 0.4, the asymmetry pa-
rameter of single-particle phase function g = —0.35, opposition
surge amplitude By = 0.89 and width 2 = 0.01, and macroscopic
roughness 6 = 26°.

Since quite a small change in the obliquity of Itokawa for
several years is predicted for its YORP effect (Scheeres et al.
2007), it is assumed that the spin axis remains constant in
our calculations. The rotation period has been estimated to be
(12.13237 + 0.00008) hours in Kaasalainen et al. (2004), and
the epoch of prime meridian corresponding to the celestial refer-
ence frame has been well constrained within a small error (less
than 0.001 degree as phase lag in the asteroid rotation) among
the Hayabusa rendezvous phase (Gaskell et al. 2006). Thus, we
use a constant sidereal rotation period of P = 12.13237 hour
and a zero-phase Julian day epoch of ty, = 2453644.5 (1.0
October 2005).

4. Comparing between the observed and modeled
lightcurves

The observed lightcurve points and the corresponding modeled
lightcurves in the representative apparitions are shown in Fig. 1.
In our numerical simulations of the asteroid lightcurve the ro-
tational period is set at a constant value. Hence, if the aster-
oid’s spin rate varies in practice, it can be considered that a
certain phase lag would occur between the observed and mod-
eled lightcurves. There is little difference between the lightcurve
shapes, although a slight discrepancy in absolute brightness was
found due to uncertainties of the photometric calibrations. The
given uncertainty of pole orientation is small enough not to al-
ter the profile of simulated lightcurves. When sufficiently good-
quality data covering over one or more lightcurve maximum or
minimum are available, we can determine the phase lag along
with the vertical shift on each dataset. Figure 2 shows an en-
larged view of the lightcurves in the 2001 March apparition,
when they are furthest from the zero-phase epoch as defined
above. In this figure, the best-fit synthetic lightcurves are also
plotted, and these fitted curves systematically shift in the same
direction as against the original curves.

All the values of phase lag estimated in each observed
lightcurve data are shown in Fig. 3, where errors of the phase
lags are given by one standard deviation between the observed
lightcurve points and the best-fitted simulated lightcurve. Here,
it is found that these phase lag values stay within the confines
predicted by uncertainties in rotation period (maximum and min-
imum rotation period). Thus, our results are consistent with the
previous analyses of Kaasalainen et al. (2004). In addition, we
found that Itokawa’s spin behavior could not be explained with
a constant rotation period, as the phase lag changes with non-
linearity. To achieve a data fit, we consider a simple model in
which the asteroid spin velocity increases linearly in time . The
time evolution of the phase lag is described as

AP 1
Ap = 2m—(t — to) + st — 10)’, ()
Py 2
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Fig. 1. The representative observed data (points) and the corresponding modeled lightcurves (dashed lines) for the asteroid 25143 Itokawa, added
the arbitrary intensity offset for clarity. The horizontal axes give the rotational phase in degrees, and the vertical axes brightness in units of relative

intensity. For each of the apparitions in August 2001, September 2004 and December 2006, only one modeled curve has been plotted.
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Fig. 2. Enlarged view of the lightcurves in the 2001 March appari-
tion are shown, together with the best-fit synthetic lightcurves based
on phase lag against the observed data (dotted lines). Data for 2001
March 29 are removed here due to lack of coverage enough to fit.

where AP is the time offset toward the nominal rotation period
and w is the angular acceleration. From a non-linear least square
fitting with this expression, the best-fit solutions were deter-
mined by @ = —1.2(£0.2)x 10" rad s™2 and AP = 0.09+0.07 s,
indicating that the asteroid’s spin rate has been decreasing. A
constant-period fit yields a weighted sum of squared residuals
30% higher than that for the solution with acceleration. As a

result, the more precise rotation period for Itokawa is provided
as Py = 12.132395 + 0.000019 h on 1.0 October 2005.

5. Discussions

As another major mechanism to modify an asteroid’s spin state,
tidal torques during close approaches to planets should also be
included as well as YORP torques. According to Vokrouhlicky
et al. (2004), the effect of tidal torque for Itokawa is small com-
pared to YORP, though not negligible. The expected YORP be-
havior is essentially a linear secular trend in time, with only
small fluctuations owing to orbital dynamics around the Sun.
Therefore, almost all the spin rate change of Itokawa detected in
this study can be accounted for by YORP. Comparing to the the-
oretically predicted amount of Itokawa’s YORP from Scheeres
et al. (2007), we find that our measurement is consistent in terms
of decelerating, but the deceleration rate is marginally below the
range predicted (Table 3). The observed lower amount implies
that the YORP effect partially depends on a finer scale of surface
roughness than present in the resolutions of the derived shape
models.

The observed YORP amounts for the near-Earth asteroids
1862 Apollo and 54509 YORP are presented in Table 3, where
the normalized acceleration rate wpom iS the value with semi-
major axis a = 1 AU and equivalent size D 1.0 km.
Note that Apollo and YORP are spun up while Itokawa is
spun down. The spin rate change due to YORP for Itokawa is
smaller than those for the other near-Earth asteroids, Apollo and
YOREP. It seems easy to explain such differences by their surface

L7
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Fig. 3. Variations of the rotational phase lag between the observed and
modeled lightcurves as a function of time (close circles). The lines dis-
play the relative phase change linearly due to uncertainty in the rotation
period (maximum and minimum) from Kaasalainen et al. (2004), and
the best-fit model curve using Eq. (1) and its components of spin rate
offset and acceleration, respectively.

Table 3. Normalized acceleration/deceleration rate for three near-Earth
asteroids.

Object Whorm References

(1078 rad s72)
Itokawa (obs) 2.2 This study
Itokawa (model) -8.2 ~—4.6 Scheeres et al. (2007)
Apollo 30 Kaasalainen et al. (2007)
YORP (2000 PHs) 6.2 Lowry et al. (2007)

topographies and obliquities rather than the densities and surface
thermal properties because of the similarity of taxonomic types
between Itokawa and Apollo, S-type and Q-type, respectively
(Binzel et al. 2001; Tholen & Barucci 1989). The comparison of
theoretical computations of YORP spin accelerations with mea-
sured accelerations for 54509 YORP in Taylor et al. (2007) dif-
fer by a similar factor as mentioned above for Itokawa. This may
point out some systematic deficiency in current YORP theoreti-
cal models.

Moreover, the observed deceleration rate indicates that
Itokawa had been rotating faster in the past. As discussed in
Scheeres et al. (2007), it is probable that the mutual orbiting

system of the two components, the “head” and “body” of
Itokawa, would be bound when the rotation period approaches
an approximate value of 6.5 h. Using our results, it could be es-
timated that such an event occurred in approximately 0.4 Ma.
This timescale is considerably shorter than the near-Earth aster-
oid’s lifetime (~10 My).

6. Summary

A YORP-induced decelerating spin state for Itokawa was de-
tected by the comparison between its observed and modeled
lightcurves. Thanks to the detailed shape model derived from
the Hayabusa mission, the time evolution of the lightcurve phase
lag could be determined more accurately than the previous stud-
ies without uncertainty of the asteroid shape and pole orien-
tation. Itokawa has been decreasing its rotation rate by w =
—1.2(+0.2) x 1077 rad s72, the normalized amount of which is
smaller than those of the other YORP-detected near-Earth aster-
oids, Apollo and YORP.
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Ground based observation of asteroid sample return mission target.
M. Abe(JAXA), K. Kitazato(JAXA), Y. Sarugaku(JAXA), K. Kawakami (JAXA),
D. Kinoshita(NCU), and W.-H. Ip(NCU)

Introduction: One of the important goals in the study of compositional characterization of asteroids
is to understand the relationship between asteroids and meteorites. The asteroids are classified into some
groups with similar spectral characteristics. Asteroid 162173 1999 JU3 is an Apollo-type near-Earth as-
teroid, which is one of the most accessible asteroids by spacecraft. It has been selected as a target for the
Japanese sample return mission, Hayabusa-2 [1]. This asteroid was observable in 2007. We conducted
an observational campaign of this asteroid.

Visible photometry and lighcurve data: The rotational period of this asteroid was unknown before
our campaign. If this asteroid is a fast rotator, it will be difficult for the spacecraft to land on the surface
for sampling. Therefore, the rotational period is important information for assessment of the mission fea-
sibility. Lightcurve data were obtained from July to December in 2007. Using the Fourier analysis of the
Lomb method, we found two peaks, P = 0.2750 day and P = 0.3178 day, as shown in Fig. 1. The two pe-
riods differ by a half revolution over the one-day interval between observations. To identify the right pe-
riod, we use continuous observational data obtained at Steward observatory and Ishigaki observatory on
September 10-11, and 12-13. As shown in Fig. 2, we found that P = 0.3178 (+/- 0.0003) day is the cor-
rect rotational period for 1999 JU3. The lightcurve of 1999 JU3 phased against 0.3178 days is shown in
Fig. 3. The amplitude of the lightcurve is small, about 0.1 magnitudes. It means that the spin axis was
oriented toward the observational line of sight or the axial ratio, a/b, is almost 1.

We also obtained colorimetric data shown in Fig. 4. The spectral slope of 1999 JU3 is flat and BVRI
color indices plot in the C-type region. This result is consis-tent with previous results from visible spec-
troscopic data [2].

References: [1] Abe et al. (2007) LPS XXXVIII, Abstract #1638. [2] Binzel et al. (2001) Icarus 151,
139-149.
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TAOS at Lulin in 2007

S.-K. King® (& # #.), C. Alcock®, T. Axelrod®, E. B. Bianco™®, Y. I. Byun®, Y.-H. Chang' (3& & k),
W.-P. Chen' (Fk X &), K. H. Cook®, R. Dave', J. Giammarco®, L.-J. Huang® (3% & 4%), D. W. Kim®,
T. Lee* (% X #48), M. J. Lehner™®, H.-C. Lin" (# % 4%), J. Lissauer”, S. L. Marshall"¢, S. Mondal',
T. C. Nihei®®, I. de Pater’, P. Protopapasb, T. Rice®, M. E. Schwamb', A. Wang® (J£4=78),
S.-Y. Wang® (£ # F), C.-Y. Wen® ;% % 4%) and Z.-W. Zhang' (&% &)

*Institute of Astronomy & Astrophysics Preparatory Office, Academia Sinica, Nankang, Taiwan, ROC
® Harvard-Smithsonian Center for Astrophysics, Cambridge, MA, USA

¢ Steward Observatory, University of Arizona, AZ, USA

4 Department of Physics & Astronomy, University of Pennsylvania, PA, USA

¢ Department of Astronomy, Yonsei University, Korea

Mnstitute of Astronomy, National Central University, Chung-Li, Taiwan, ROC

¢ Institute of Geophysics & Planetary Physics, Lawrence Livermore National Laboratory, CA, USA
"NASA Ames Research Center, Mountain View, CA, USA

"Kavli Institute for Particle Astrophysics and Cosmology, Menlo Park, CA, USA

jDepartment of Astronomy, University of California, Berkeley, CA, USA

kDepartment of Statistics, University of California, Berkeley, CA, USA

'Division of Geological and Planetary Sciences, California Institute of Technology, Pasadena, CA, USA

The regular long zipper data since 2005 was analyzed offline. A stellar flare event was
identified. Two gamma ray burst afterglows and one predicted asteroid event was detected.
Some major progresses in both hardware and software at Lulin are summarized.

1. A statistics of the TAOS zipper observation in 2007 is shown in Figure 1. The
total observation time (spending in taking TAOS zipper images) is 532.6 hours
where auto-focus, pointing, slewing, some special events and overhead are not
included. Those zipper hours includes 611 zipper runs in 134 days. We have
three telescopes running for 309.7 hours. For 444.78 hours, we have more than
one telescope running. Excluding the zipper runs shorter than 10 minutes, we
have 523.7 hours of long zippers. Data is under processing.

2. A preliminary analysis of the 2005 data (most of them were taken at 4 Hz) shows
a very low detection rate (see Chen et al. 2007).

3. Astellar flare event was identified in the 2006 data set (see Liu 2007).

Two bright GRB (gamma ray burst) afterglows, GRB 071010B (z =0.947) and
GRB 071112C (z =0.823), were detected 38 seconds and 41 seconds after
receiving the GCN alert (52 seconds and 94 seconds after the bursts, see Figure 2,
paper in preparation).

5. The asteroid event of (973) Aralia (V=14.0) was observed by TAOS B at UTC
14:56 December 30, 2007, as was predicted by Steve Preston. The occultation of
2UCAC 47287546 (V=11.4) lasted for 4.8 seconds in TAOS B images (Fig. 3).

6. The weather station was reconfigured based on the isolated weather modules
installed earlier. Frame-transfer CCD was tested using TAOS C and TAOS D.
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TAOS Publications in 2007 (journal article, preprint, conference proceedings, thesis)

1. Search for Small Trans-Neptunian Objects by the TAOS Project , Chen, W. P. et
al., in "Near Earth Objects, Our Celestial Neighbors: Opportunity and Risk",
Proceedings of IAU Symposium 236, Edited by GB. Valsecchi and D.
Vokrouhlicky. Cambridge: Cambridge University Press, 2007., pp.65-68
(DOLI: 10.1017/S1743921307003079)

2. Search for Flare Star in TAOS Data, Liu, Chu-Hsin, Master's Thesis, National
Taiwan University, July, 2007

3. Detectability of Occultations of Stars by Objects in the Kuiper Belt and Oort
Cloud, Nihei, T. C., Lehner, M. J., Bianco, F. B., King, S.-K., Giammarco, J. M.,
and Alcock, C., Astronomical Journal, 134, 1596 (2007) (DOI: 10.1086/521396)
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Figure 1. The total hours of TAOS zipper mode data taken by three TAOS telescopes in 2007.
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Figure 2. The light curves of the two GRB afterglows successfully detected by the TAOS telescopes in
2007 (Left) GRB 071010B was detected by TAOS A, B, & D with exposure time 1 second, 5 seconds,
and 25 seconds respectively. The TAOS A result was shown after binning. (Right) GRB 071112C was
detected by TAOS B. (figures prepared by Lijin Huang)

Figure 3. Occultation of (973) Aralia (red square) on Dec. 30, 2007. This event lasted for about
4.8 seconds, or, 24 rowblocks in TAOS B’s zipper images. The reappearance is shown above.
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Monitoring the stars for possible transit events

For a transiting planet, the orbital inclination angle can be estimated from the light-curve, and hence the actual
planetary mass can be measured by means of M sin i. Since the detailed shape of transit light curve is predicted
to vary with colour primarily as a result of the colour-dependent limb darkening of the star but potentially due as
well to the effect of colour-dependent opacity in the planetary atmosphere (Jha et al. 2000), it would be useful to
monitor the nearby stars in BVRI filters for which close-in exoplanets have already been found by radial velocity
method. In this way, we would be able to derive significantly refined values of the planetary radius (R;), stellar
radius (Rs), and orbital inclination (i) (Bakos et al. 2006; Jha et al. 2000).

With the above aim in our mind, we have submitted observing proposal to the Lulin 1-m Telescope (LOT) at Lulin

Observatory.

We were allocated observing time by LOT and then visited there on January, March, and June 2007. During our

observation runs, sky conditions were very poor and hence, in future we again plan to visit LOT.

References

Bakos, G.A., Knutson, H., Pont, F., Moutou, C., Charbonneau, D., Shpoper, A., Bouchy, F., Everett, M.,
Hergenrother, D., Latham, D.W., Mayor, M., Mazeh, T., Noyes, R.W., Queloz, D., Pal, A., Udry, S. 2006, ApJ,
650, 1160

Jha, S., Charbonneau, D., Garnavich, P.M., Sullivan, D.J., Sullivan, T., Brown, T.M., Tonry, J.L. 2000, ApJ, 540,
L45
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The Dark Current and Gain Measurements of CCD Camera PI1300B at

Lulin Observatory
H. F. Huang (& 48 #) and D. Kinoshita ( & 7 + #f )

Graduate Institute of Astronomy, National Central University, Jnong-Li 320, Taiwan.

Abstract

The condition of the instrument may vary through time, and influence the performance of
instrumental basic properties. In order to ensure the observation accuracy, the characteristics
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 flat field 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, ChJAA, Volume 5, Issue 3, pp. 315-326), and
it is found to be consistent. The instrument is found to be stably operated.

1. Introduction

Charge-coupled devices (CCDs) are the most popular detectors which are used in optical astronomy
observation for many advantages. The brief operation of CCD is that: The electrons have been freed
by the energy of incoming photons during the exposure integration. When exposure ends, charges
have been collected and the voltage has been converted into digital units. In order to separate signals
to do significant measurement, observer must learn the noise occurred within the instrument first.
(Howell 2000)

The CCD camera PI11300B 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
the result was published in Kinoshita et al. (2005). The instrument’s condition may vary with time; so
the re-estimates are necessary to confirm its normal operation. We measured the gain, read noise
and dark current generation rate in November, 2007 in this work. All data analysis work following
were used IDL program to deal with. Table.1 listed the basic properties provided by the manufacturer,
Roper Scientific, Inc.
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CCD Chip EEV CCD36-40
(back-side illuminated)
Pixel Number 1340 x 1300
Pixel Size 20 um x 20 um
Imaging Area 26.8 mm x 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 /pixel/sec @ -40°C

64

0.5 e /pixel/hr @ -110°C

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

2. 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,

Mg = (_jﬂ.‘qlD[r
(Eq.1)
Where ne is the number of electrons, G is the gain, and nADU is the value of ADU. The relation
between total noise N and the input signal S can be represented as (Motohara et al. 2002; Kinoshita
et al. 2005),
[ S R
N = S+
| GG
\ (Eq.2)
Where R is readout noise [e-], the number of electrons introduce into final signal accompanies with
data readout. From Howell (2000), we know that subtracting two flat fields can get the standard

deviation which includes both background Poisson and readout noise, and it can be written as,

2 P \’E W2 . RQ
Op1-p2 = g{k =/ ‘HFJ'}

T

(Eq.3)

Where 0 rnr is the standard deviation of subtracting two flat field frames. Thus, we can use this way



to estimate the value of gain and readout noise.

Region A: (301-600, 301-600)
Region B: (301-600, 701-1000)
Region C: (701-1000, 301-600)
Region D: (701-1000, 701-1000)

Unit: pixel

(Fig.1) the sketch of 4 region subframes.
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We followed the method used by Kinoshita et al. (2005), to obtain five flat field and dark frames

under the same CCD temperature and exposure time. Each frame is divided into 4 regions which

every subframe contains 300 x 300 pixels. Fig.1 shows the schematic subframes and the procedure

we apply to estimate our measurements. Using the Eq.2, we can fit the measurement to estimate the

gain and readout noise values. Fig.2 shows the fitting result under CCD temperature -50 “C for the

readout slow and fast mode,

measurement are collated in Table.2.

noise[ADU]

noise[ADU]

?OOOE 1000; '
100¢ g 1008 G=1.9510.04 e/ADU
s FR=451£09¢
3 —
1 : " . 1 . 1 L : 1 . .
10-1 100 10Y 102 103 10 10 101 10° 10Y 102 103 10% 10°
mean signal[ADU] mann sinnall 40101
1000 WOOD% D
100 2 100F G
: == R
@
L @ r
10F 2 10E
10-1 10° 1Y 102 103 10% 105 101 10° 10Y 102 103 10% 10°
mean signal[ADU] mean signal[ADU]
Slow mode

respectively. The comparison between previous work and our
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1000f T T T T 1000
A ] - C
2 100F = . S 100 o= .
a2 FG=29510.09e/ADU | o F G=29610.09e/ADU
= [ R=69:07¢ = = " R=71107¢ A
8 i I » r
2 10 E E = 10¢ i
1 E ! . I J J | 1 1 E | ! | ' I
10-1 10° 10" 102 103 10¢ 10 101 0% 10" 102 103 10% 1C
mean signal[ADU] mean signal[ADU]
1000 f "7 T T T T 1000¢ '
' B : D
g 100 E‘ G=29510.09e/ADU ’g 100 E_ G=29510.09 e/ADU N
= FR=71:07e 7 % R=71+07e
2 10 1 2 10 :
1 i Il il L 1 1 Tl 1 Tl Il
10-1 10° 10! 102 103 104+ 10 10-1 10° 10" 102 103 104 10
mean signal[ADU] mean signal[ADU]
Fast mode

(Fig.2) The gain and readout noise of different regions for slow and fast mode.
Horizontal, vertical axis is the mean signal and noise in the unit of ADU, respectively.
The solid curve is the fitting curve using Eq.2

This work Kinoshita et al. 2004
Fast Gain 2.95+0.05 3.0
-50 C | mode | Read noise 7.0£0.3 7.1-7.4
Slow | Gain 1.95+0.02 2.0
mode | Read noise 46+0.5 44-45

(Table 2) The average gain and readout noise of CCD PI11300B at -50 C.

Dark Current

Dark current means 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 correlation with
CCD’s temperature. The theoretical behavior of thermal electron production rate D against
temperature can be expressed as Howell (2000),



JuAF=F 172007

D = (_"T%{-,rp l"")_ffl?—:l
) (Eq.4)
_T.021 x 107477
By = 157 s
(Eq.5)

Where T is temperature, Eg is the band gap energy for silicon, k is the Boltzmann constant, and the C

value is depended on different CCDs

We took dark frames at the slow mode from 0 ‘C to-50 C. Six dark and six bias frames were taken
for the same temperature, then we subtracted bias from dark frames to calculate the dark current
generation rate. Fig.3 is our measurement and we use Eq.4 to fit the data points. For CCD P113008B,
we got the C value = 7.24 x 107. The results are listed in Table.3. It is within the error range to
compare our results with 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).

temperature [deg C]
—50 —-40 =30 =20 =10 O

10000 T T ARARERALRRRS AN RARELA
E % Kinoshita et al. 2005 ]
i manufacturer value
" Athis work i
10,00 F .
1.00

010

00711 ! . . .

220 2.30 240 250 260 270 2320
temperoture [K]

dark current generation rate [e/s/pix]

(Fig.3) The dark current performance of CCD P11300B against the CCD cooling
temperature. The solid line is the fitting curve using Eq.4.
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Temperature (‘C) Gain(e-/ADU) Dark current (e-/s/pix)
0 1.98 * 22 £ 5
-5 1.98 * 11 + 3
-10 1.98 * 6 2
-15 1.97 * 311
-20 1.97 * 1.6 + 0.7
-25 1.97 * 09 £ 04
-30 1.97 05 %03
-35 1.96 * 0.3 £ 0.2
-40 1.97 0.14 £ 0.09
-45 1.95 0.07 * 0.06
-50 1.95 0.04 + 0.04

(Table.3) The dark current generation rate and the gain we adopted at
different temperature. The * sign indicates the value is obtained by linear
fitting of gains from -50, -45, -40, -30°C condition.

4. Conclusion

We have measured the gain, readout noise of CCD camera PI1300B at slow and fast readout mode.
Under the CCD cooling temperature -50 ‘C, the average gainis 1.95 * 0.02, 2.95 £ 0.05 e-/ADU for
slow and fast mode, respectively; The average readout noise is 4.6 * 0.5, and 7.0 £ 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 * 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.
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A Draft of the Proposal for Instrumentation
Program for 2-m Telescope: Optical Instrument

Kinoshita Daisuke

24 October 2007

1 Optical Instrument for Lulin 2-m Telescope

We propose an optical simultaneous imager as a first generation instrument for Lulin 2-m Telescope.

1.1 Overview

The Pan-STARRS is a survey type project equipped with 1.8-m telescope in Hawaii. Thanks to the wide
field of view of GPC (Giga Pixel Camera), the project is capable of monitoring 75% of the whole sky
visible from Hawaii. The typical time interval of re-visit to the same portion of the sky is about a week. It
is the very first trial to make a movie of the universe. Pan-STARRS will detect millions of new transient
and solar system objects.

The most important task of Lulin 2-m telescope is the follow-up observations for newly discovered
objects from Pan-STARRS project. Our scientific interests are transients, such as supernovae, gamma
ray bursts, and variable stars, and solar system objects, such as asteroids, comets, and trans-Neptunian
objects. After the discoveries of these objects in Hawaii, we perform quick and detailed follow-up ob-
servations to reveal physical properties and chemical composition of new objects. Lulin Observatory in
Taiwan is expected to play extremely important role because of the geographical location. The science
consortium of the Pan-STARRS is an international collaboration, and our partners are in USA, UK,
and Germany. Taiwan has the opportunity to perform follow-up observations right after the discoveries
in Hawaii while US mainland, UK, and Germany are still at daytime. Quick and intensive follow-up
observations will maximize scientific outputs from Taiwan. In this prospect, Lulin 2-m Telescope, which
is under construction with the support from 5-yr/50-billion program of the Ministry of Education, is
needed to be equipped with powerful and efficient instruments.

1.2 Description of the Instrument

In astronomy, color measurements are often used to obtain the first look at the physical conditions and
chemical composition of astronomical objects. The Pan-STARRS discoveries increase the number of
samples by factor of 10-1000, depending on classes of objects. Color measurements data are also useful
to classify a class of objects into subgroups.

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 solar system objects, change their brightness with time,
and the conventional color measurements produce false colors.

A different and new approach is proposed that accurate measurements are achieved by observing the
target at two or more different wavelength regions simultaneously. This is realized by the beam splitting
by dichroic mirrors. The dichroic mirror is an optical device that reflects the light shorter than the
characteristic wavelength and transmit the light longer than the characteristic wavelength. A sample of
the transmittance property of a dichroic mirror is shown in Fig. 1. By using two dichroic mirrors and
three detectors, one is able to measure the flux from the target at the same time.

An optical simultaneous imager is suitable for Lulin 2-m Telescope for following reasons: (1) accurate
measurements of colors of transient and solar system objects fit our scientific interests, (2) the aperture
sizes of Pan-STARRS PS1 telescope (D=1.8-m) and Lulin 2-m Telescope (D=2.0-m) is comparable, and
Lulin 2-m Telescope is capable of detecting majority of Pan-STARRS discoveries by imaging follow-up
observations, (3) multi-color simultaneous imaging increases observing efficiency, (4) the sky in Taiwan
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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 SDSS r’-band and SDSS 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.

is not always stable, and simultaneous imager enables us to measure the color accurately even under the
poor sky condition and increases the usable time.

The conceptual design of the multi-color simultaneous imager is shown in Fig. 2. Two dichroic mirrors
on the optical path split the light from the telescope into three components, shorter wavelength beam
(A < 700 nm), medium wavelength beam (700 nm < A < 850 nm), and longer wavelength beam (A >
850 nm). These three beams go through the bandpass filters (SDSS 1, i’, and z’ filters), and the signals
are receives by three detectors at the same time.

Following components are necessary for the development of the instrument:

1. imaging cameras,
optics,
cryogenics,

readout electronics,

AN -

and enclosure.

The imaging cameras are CCD (Charge Coupled Device) cameras. We use newly developed deep
depletion CCDs in order to have higher sensitivity at longer wavelength (A ~ 0.9—1um). The comparison
between the sensitivities of the conventional CCD and the deep depletion CCD manufactured by EEV,
Inc. is shown in Fig. 3. The quantum efficiency of the deep depletion CCDs at 0.8 pm is as high as 50%,
while it is about 25% for conventional products.

Major components of optics are dichroic mirrors and bandpass filters. The design study of the dichroic
mirrors are now in progress, and a sample of the simulated properties is already shown in Fig. 1. We
already worked a lot on the design of bandpass filters for 1-m telescope at Lulin Observatory, and we do
not find any problem for this part. A sample design of the filter system is shown in Fig. 4. We decided
to have SDSS filter system, and the photometric system will be compatible to that of the Pan-STARRS
system.

The cryogenics and readout electronics will be the time-consuming components of this instrumen-
tation program. We plan to collaborate with our Pan-STARRS colleagues and Okayama Astrophysical
Observatory of Japan to develop these key parts.
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Figure 2: The conceptual design of the optical multi-color simultaneous imager. Two dichroic mirrors
split the signal from the telescope into three different wavelength regions, and three detectors receive

signals at the same time.
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Figure 3: The comparison between the quantum efficiencies of the conventional CCD and the deep
depletion CCD. The figure is from EEV, Inc. The black solid line represents the conventional CCD, while
red and green marks denote newly developed deep depletion CCDs.
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Figure 4: A sample design of the filter system. The photometric system is compatible to that of the
Pan-STARRS system. Pan-STARRS data will be seamlessly combined into the data obtained by our

instrument.

1.3 Advantages

We describe advantages of our optical multi-color simultaneous imager. The topics include:
e geographical location,
e use of deep depletion CCDs,
e higher observing efficiency,

e number of usable nights.

1.3.1 Geographical location

As we mentioned earlier, the most important task of our optical multi-color simultaneous imager is
follow-up observations of Pan-STARRS discoveries. In this point of view, the geographical location of
our site, Lulin Observatory, has a great advantage. We (UT+8) are 6 hours behind Hawaii (UT-10). The
geographical longitudes of locations of Pan-STARRS partners are summarized in Table 1. It is clear that
we will be the first one to observe newly discovered objects detected by Pan-STARRS system in Hawaii.

Pan-STARRS partners Longitude Timezone

Hawaii ~ 160°W UT-10
Taiwan ~ 120°E UT+8
Germany ~ 10°E UT+1
UK ~ 0° UT=+0
US Mainland ~ 80-120°W UT-5 - UT-8

Table 1: The geographical longitudes of locations of Pan-STARRS partners.

1.3.2 Use of deep depletion CCDs

The quantum efficiency of conventional CCDs at the wavelength near 1 micron is very low, and it is a
serious difficulty. But, the scientific interests of observation at the wavelength near 1 micron is increasing.
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For example, asteroids have absorption features due to minerals such as olivine and pyroxene near 1
micron. At this moment, the opportunity is open only for large aperture telescopes to observe at this
wavelength region.

Recently, a new type of CCDs named deep depletion CCDs are developed. The deep depletion
CCDs have thick silicon layer in order to increase the sensitivity at longer wavelength. At 0.9 micron,
the quantum efficiency of the deep depletion CCD is twice higher than that of the conventional CCD.
The use of the deep depletion CCDs provide us higher sensitivity for our instrument. In addition, the
conventional thinned back-illuminated CCDs have fringe patterns when the observation is performed at
longer wavelength. The fringe pattern is not removed from the data easily, and degrade the detection
limits. Thanks to the thick silicon layer, the deep depletion CCDs are free from this problem.

1.3.3 Higher observing efficiency

The multi-color simultaneous imager provides us higher observing efficiency. In conventional observing
method, we need to obtain a series of exposures, and the requited total time for the observation T is

Tc = (tewp + tro) X Nband~ (1)

Here, tcyp is the exposure time, t,, is the readout time, and Nygpnq is the number of filter used. On
the other hand, the required total time for observation for multi-color simultaneous imager T} is

t
T, = E& + tro. (2)
throughput
Here, Einroughput 1s the throughput of the optics of simultaneous imager. If we assume ¢.,, = 60 sec,
tro = 8 sec, Npana = 3, and Eiproughput = 0.8, it is easily shown that the multi-color simultaneous imager
has ~ 2.5 times higher observing efficiency.

1.3.4 Number of usable nights

In conventional way, accurate color measurements require clear and stable nights. This is because of the
time lag between an exposure at one band and another. Unfortunately, number of clear and stable nights
in Taiwan is much less than that of in Hawaii. The use of multi-color simultaneous imager increases
number of usable nights. The data at different wavelength are acquired at the same time, the calibration
of the photometric measurements is easier than the conventional method.

1.4 Collaborations

Currently, Harvard Smithsonian Center for Astrophysics is developing an instrument named PISCO
(Parallel Imager for Southern Cosmological Observations) for 6.5-m Magellan telescope in Chile. PISCO
has a similar conceptual design to ours. It is primarily not for transient and solar system objects, but for
photometric redshift study of static objects such as distant galaxies. Okayama Astrophysical Observatory
of National Astronomical Observatory of Japan has an optical simultaneous imager named “Mitsume”
attached to the Cassegrain focus of 0.5-m telescope. The instrument is for the study of GRBs (Gamma Ray
Bursts). The Table 2 summarizes these two instruments and ours. These three instruments do not have
serious overlapping in telescope aperture, main targets, and geographical locations. The simultaneous
imager we develop will have a cooperative relationships with these instruments.

Instrument Telescope Aperture Main Targets Location

PISCO 6.5-m distant galaxies southern hemisphere
This work  2.0-m transient, solar system northern hemisphere
Mitsume 0.5-m GRBs northern hemisphere

Table 2: The summary of simultaneous imagers in the world.
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NCU/LULIN LOT/1m OBSERVING PROPOSAL

Semester: 2008B

Observing time is allocated on a 6-month basis, March-August (A), and September-February (B).

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

[ ISolar System [_|Exoplanets [ IStars Star Formation [ JCompact Objects

[ JInterstellar Medium [ |Nearby Galaxies [ JAGN [ |Cosmology

[ |Cluster of Galaxies [ |Gravitational Lenses [ JLarge 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 Number of Moon Preferred Acceptable Remarks
(LCI/LCS) Nights Phase Date Date (Hi or Lo-Res for LCS)
(D/G/B)

Total requested number of nights:

Minimum acceptable number of nights:

8. Scheduling Constraints

9. Instrument Requirements

10. Observing Experiences




11. Backup Program in Poor Weather Conditions

JuAF=F 172007

12. Publications related to LOT usage

13. Status of Previous Observations if LOT observing time has been allocated to P.l. 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)
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