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Abstract

We developed the imaging polarimetry mode for the Nishiharima Astronomical Observatory Wide Field Grism
Spectrograph 2 (WFGS2). A polarizing beam splitter, a half-wave plate unit, and an aperture mask for polarimetry
were equipped. By observing for unpolarized standard stars, the degrees of polarization of the instrument was
determined to be 1.33 & 0.10%, 0.63 £ 0.04%, and 0.22 4+ 0.06% for the B-, V-, Rc-bands, respectively. The
position angles of the instrumental polarization depends on the rotation angle of the instrumental rotator. We also
observed strongly polarized standard stars and estimated the accuracy of polarization degrees and position angles.
For an object with 16.8 mag in the V-band, the degree of polarization can be obtained with an accuracy of 0.5 %

with a total integration time of 3600 seconds.
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Table 1. The basic parameters of WFGS2.
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Fig. 1. WFGS2 attached to the Cassegrain focus of Nayuta telescope.

Fig. 2. WFGS2 without the shading plates. The front box is attached
to the top of WFGS2. The aperture mask for polarimetry is attached to
the slit wheel located on the focal plane. The Wollaston prism attached
to the grism wheel in the filter box. This box contains 2 filter wheels
and 1 grism wheel.
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Fig. 3. Illustration of the WFGS2 polarimetry mode. Incident light from an object passes thorough half-wave plate (HWP), aperture mask (AP) and
Wollaston prism (WP), then splits into two lights called ordinary ray and extraordinary ray. HWP rotates 4 angles (0°, 22°5, 45°, 67°5) during 1 set of

polarimetry. AP prevents 2 images from overlapping on the detector.
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Fig. 4. The half-wave plate unit. In the polarimetry mode, the half-wave plate on the rotating stage moves on the optical path by the linear motion stage,

and the half-wave plate rotates in four directions by the rotating stage.

2. RABRKRE—FORR

YRR E — ROBRKIZH -0, HIZHHOEA %
fFo 7= 2 X202 R T, B TIREREKR =Y F DHL
DT EEMET B 2T L DOER. RGBT 7 S —F v —
Y AT DFGFH IO T, RIS EER T DRI X —DEE
CEUD B T,

21 ¥FEEKRI=v b

WEGS2IZ & 2 @YCEII T, BN HIETH 5
L B O & R EEE I X B8R AEERAL
72 (BH3)(5 i 2007), Z DEHMIGETIX, KKDBEE L
WNEROBEBRIZI DB EZRL 2N TE, HiekE
I3 8% 8 T0.01% T & % (Hough et al., 2006), {i JCEHl Tlx4
FHEDORGR D DHZ X R BEE 5, FEERDAE
Z0°, 2295, 45°, 67°5 L MR & H 5 Z & T, 0°, 45°, 90°,
135° FAIDIRER D 2185 2 LR TE 5, WAEHHET
AR E DD T 2 NEREFTH DD, P
BENRREDHE T ZHAGDLEZBEIIZE D, 8O0
BrERGET DI ENTE S, WGDEEE T O 7 i
13232 IZRT,

RNEE— R B - DHTE—RE2YOEZ S0, F
BERZBEIEIEEFAT — V2 EESEEAmFEo

BB AR Y 7 ZPICE O 17z, 72, PHENRE EES
BEEODOMEEEAT — Y FIERERZ BEE L, g2
T—U%REERY 7 ANDEIHAT —Y LIZHD T 7%
(X4), 7=, [z - EEAT—YOEETT T T L% E
B U7z, YT — FOBHIRIZ. BERERIDLE EI#
BL. 420MEIZEERL R0 SBHET 5, FRERICIX
Bolder Vision Optikft# D A %) i £425-750 mmD & D %
BRHLUEZ, ZWERY) v —%2 47 AEMTHALLEE
WTdH b,

22, RWABHIAET A—F vy —<RA72

RAEDEHEFIZI>THToN-BE2 RS ETER
L2 BRI 0I, YEEEAIEIIAET S
AV MRA = IVIZRAEBHHD 7 N —F ¥y —< X7 %2 H
DAIT 2, TR—F vy —< A7 I3 AR RE R C 0N
ST RIENEL SR WVWEDIZTE2DIZEROAITE, v A
JOMBRTIVIZIATH S, YAZDIIE22 mmx 55
mmDE AT, HERDILEAKR, MEBOKE X, Wt
NHMZEFORHAIZE>T, #HF2 -FBILLENBZET
NATDREIERPRELU, RNHEE— NOBNHEIX6.81
38 x2.90 534 TH 5 (X5).



4 A. Kawakami et al. Vol. 4,
75.00 < 6.76 arcmin .
l_'¢" e 2200 —¢- A
9 g | L
43320 THRU &&
arcmin
. I
_J_g?ﬁ
- I
4>
2.90 arcmin

Fig. 5. The aperture mask (left) and observation field of view in the polarimetry mode (right).

Fig. 6. Wollaston prism attached to the grism wheel. This wheel is the third wheel from the top in the filter wheel box.
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Table 2. List of observed polarization standard stars.
Object Mag. Nmber of sets Single exp. (sec) FWHM(arcsec)
(V-band) B \%4 Re B v Re
B Cas 2.27 40 0.1&0.5 0.05 - 22&4.1 39 -
HD 21447 5.10 55 3&5 0.1-1 1 23&4.7 | 3.1-35 4.4
HD 14069 9.00 39 60&90 | 10&60 | 4&30 | 23&3.6|3.6&39|22&3.6
€2 Cet 4.29 9 3 2 - 55 53 -
HD212311 8.10 35 15 15 1-10 4.1 3.0 1.7-2.8
UP star ¢ Peg 3.40 35 0.7 0.1&0.2 | 0.05 4.7 42& 4.4 43
8 Tau 1.62 14 0.1-0.3 - - 2.8-3.5 - -
6 UMa 3.18 20 05&1 - - 28 & 3.7 - -
8 UMa 2.37 10 0.2 - - 2.8 - -
~ Boo 3.02 25 - - 0.3 - - 6.5
BD +32 3739 9.31 87 - 30 5-60 - 30&32 | 1.9-5.0
BD +59 389 9.07 31 10-60 1 2-5 2.0-2.1 34 2.2-4.5
HD 19820 7.11 30 10 10 7 24 3.5 5.1
SP star BD +64 106 10.34 16 60 & 120 30 5 21&24 3.8 1.8
HD 204827 7.93 25 60 30 1& 10 33 52 1.6&32
HD 25443 6.78 60 - - 3.0 - -
HD 14433 6.39 4 30 - - 22 - -
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Fig. 7. The unpolarized star HD14069 images after flat correction.
(top: B-band, middle: V-band, bottom: Rc-band.)
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Fig. 8. g-u plane.
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Fig. 9. q-u plane of unpolarized standard stars (B-band). Each mark indicates the observed polarization value. The circle is the average value of the
polarization degree. Instrumental polarization degree in B-band is 1.33 + 0.10%, but the position angle of the instrumental polarization shows large

variation.
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Fig. 10. g-u plane of unpolarized standard stars (V/-band). Each mark indicates the observed polarization value. The circle is the average value of the
polarization degree. Instrumental polarization degree in V-band is 0.63 £ 0.04%, but the position angle of the instrumental polarization shows large

variation.
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Fig. 11. g-u plane of unpolarized standard stars (Rc-band). Each mark indicates the observed polarization value. The circle is the average value of the
polarization degree. Instrumental polarization degree in Re-band is 0.22 £ 0.06%, but the position angle of the instrumental polarization shows large

variation.

Table 3. Instrumental polarization degree derived from observations of the unpolarized standard stars.
Object P (%) Number of sets P (%) Number of sets P (%) Number of sets
B Cas 1.38740.062 30 0.584+0.066 10 — —
HD 21447 1.259+£0.025 15 0.602+0.038 30 0.2404+0.021 10
HD 14069 1.316 £0.098 10 0.6854+0.042 15 0.30240.040 14
£2 Cet 1.3464+0.016 5 0.606+0.027 4 — —
HD 212311 1.420£0.078 5 0.6354+0.030 10 0.2414+0.041 20
¢ Peg 1.3144+0.042 10 0.648+0.049 15 0.2454+0.080 10
S Tau 1.3094+0.104 14 — — — —
0 UMa 1.3244+0.031 20 — — — —
8 UMa 1.376 £0.050 10 — — — —
v Boo — — — — 0.200+0.019 25
BD +32 3739 — — 0.616+0.010 27 0.196+0.039 60
P st avg. + stdev. 1.334+0.10 0.634+0.04 0.22+0.06
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Fig. 12. The position angles of the instrumental polarization in the B-band measured by the unpolarized standard stars as a function of the angle of the
Cassegrain instrumental rotator. Dotted line is the fitting line of the instrumental position angles for unpolarized standard stars.
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Fig. 13. The position angles of the instrumental polarization in the V' -band measured by the unpolarized standard stars as a function of the angle of the
Cassegrain instrumental rotator. Dotted line is the fitting line of the instrumental position angles for unpolarized standard stars.
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Fig. 14. The position angles of the instrumental polarization in the Rc-band measured by the unpolarized standard stars as a function of the angle of the
Cassegrain instrumental rotator. Dotted line is the fitting line of the instrumental position angles for unpolarized standard stars.
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Table 4. Differences of the polarization degree and the position angle of the strongly polarized standard stars between the measured values (Ppps, ©ops)
and the values in the literature (P, ©;¢). The average value of Py / P,ps is substituted into « of equations (15) and (16), and the average value of
O+ — Oups is substituted into 3 of equations (17) and (18).

B \% Rc
ObjeCt -Plt/Pobs Glt - @obs (O) -Plt/Pobs @lt - ®obs (o) Plt/Pobs @lt - ®obs (0)
BD +59 389 1.002 -6.46 0.994 -4.79 0.995 -5.60
HD 19820 0.993 -5.50 0.979 -4.81 0.970 -6.09
BD +64 106 0.987 -7.16 — — 0.985 -5.82
HD 204827 0.999 -5.81 0.985 -5.66 0.969 -5.52
HD 25443 1.032 -6.72 — — — —
HD 14433 1.012 -6.11 — — — —
average («, () 1.004 -6.29 0.986 -5.09 0.982 -5.68
4.2, SRAFEEAEE R O R RSE R
o V5 56.4-10.3 %5 O iR i 6 AR S 6 ROk 2 BIHIL . i
&R A A OMIERE KDz, £z, WAED T VX
e IS & S B IS OB & AT,
1100
| 4.2.1. FHIE/ST A — X DI
N fHIE/S T A — 2B O PIEE LN IZR S,
1000 :":
R ) LEF, BIRCEERE 2 WE UL, L% KD, 338D
2 K1)~ % I TR RYE R O g, uk B L 7=,
900 1 7 2. WIT. 41280 RA0)~(14) % F\W T, MRiFEFE%E R O
: bR Y & a — T — X AL A ITHAE U 72 i A A &
. FIEL 7z, ZHidl.Tkdizg ub 5R(13), (149)TRKD 7=
50 first ob: ti S : Qinsts Winst 72 ﬂaﬁ%j— 5 Z <‘—’- T%ﬁﬂi ;5-’ j_ é o
@ second observation
first circle center 3. % O)'fé\ %%Wﬁﬁlﬁ % %E\E |9 f:q, un o N gﬁ'fﬁ%%ﬁgg@
. % second circle center ﬁ%rgpobs . {ﬁ%jﬁ{j@ @obs 72{: %I—% L/ . j{rﬁk'ﬁﬁ(ﬂt, ®lt) K
700 800 900 X (pix) 1000 1100 1200 D E‘( A ;E 3}2&) 7’:’_ (2%4) °

Fig. 15. Positions of stars observed with rotating the Cassegrain instru-
mental rotator. The X -axis and Y'-axis in the figure are the horizontal
and vertical axes of the detector. Cross marks indicate the center of the
circles of the trajectory of the star images.

TE2GENDDE, I T, HKHMOTNEFHRD 7D,
AT va—T—REEEBLURNSEEZBHEIL. Bl
bt EGoEEELIE L. Ml Eicis 72 2H0
L5 0D DN R AR & SR 8D 72 (K15),

BN 2[4\, 1EH O & O b R 2 = 965 pixel,
y =960 pixel, 2[A] F 1Zx = 960 pixel, y = 965 pixel TH -7z,
Hige D K E X1322048 x 2064 pixelsD 7z &, HH D dL
& RBOEMBE DO FLNERII R E K BIRSRN, TD72d,
BEONHEE ALy —F—Z20HhLDTRIZIFE
AEBNEDEEZOND,

LRKD Py | Pops DFEYAEIZ, 1.004 (B), 0.986 (V),
0.982 (Rc). O — O ops DFHMHEIX, —6°29 (B), —5°09 (V),
—5°68 (Re)TH 5,

4. PUZBIME gops, uops ZFHIES B, T ORARDOA 2 E
td 5,

41 = Qfobs (15)
UL = QUops (16)
q2 = q1cos23 — uysin2f3 17
Uy = q18in283 + uy cos2p (18)

alZ Py | Pops DEYAME, BIZ0O1 — Opps DEIE Z R A
TB5ZET, MFDES12qulERZEHE U2, ¢o.,
U DM IEE D g, uDETH 5,

B:
(19)
(20)

Q1B = 1.004 x qobs
U1 = 1.004 x Uobs
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Table 5. The polarization degree and the position angle of the strongly polarized standard stars.

Polarization degree (%)

Position angle (°)

Band Object Corrected value Literature value  Corrected value Literature value
BD +59389  6.356+0.065 6.345+0.035 98.304+0.30 98.1440.16
HD 19820 4.754£0.035 4.699£0.036 114.91£0.21 115.70+£0.22
B BD +64 106  5.600+0.068 5.506£0.090 98.01+£0.35 97.15+£0.47
HD 204827  5.679+0.019 5.648+£0.022 57.72+£0.10 58.20+0.11
HD 25443 5.091£0.006 5.232+£0.092 134.71£0.03 134.28+£0.51
HD 14433 3.740£0.020 3.77£0.01 112.12+£0.15 112.84+0.3
BD +59389  6.648+0.033 6.701£0.015 97.79+£0.14 98.09+£0.07
|4 HD 19820 4.821+£0.013 4.787+0.028 114.65+0.07 114.93+0.17
HD 204827  5.328+0.015 5.322+£0.014 59.31£0.08 58.73+£0.08
BD +59389  6.347+0.077 6.430+£0.022 98.06£0.35 98.14+£0.10
R HD 19820 5.218£0.066 5.150+£0.098 97.15£0.36 96.74+£0.54
c
BD +64 106  4.516+£0.012 4.526+0.025 114.60£0.08 114.46+£0.16
HD 204827  4.962+0.051 4.893+£0.029 58.94+0.29 59.10£0.17
log(op) vs log(Count)
-2.5
]
3 F
. -, @ .
R
| |
8 35 f .
&
Lo
Lo m
4 F . B
sV
= Rc :
fit: log(op)=-0.537 *log(C)+1.022
-4.5 : .
7 7.5 8 8.5 9.5
log(Count)

Fig. 16. Standard deviations in the polarization degree of the strongly polarized standard stars, o p vs. total stellar counts C'. C'is the sum of photometric

counts of both ordinary and extra-ordinary images obtained during [N sets (4N frames) of the observations.

qop = 0.976 X 15 + 0.218 X u1B
usp = —0.218 x 15 + 0.976 X u1p

@y Vv
(22)

Qv = 0.986 x qobs

uy = 0.986 x Uobs

11

(23)
(24)
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Count vs T X 10°(-mag/2.5)

6.0E+09
B
AV
S.0E+09 [ /
= Rc .
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0.0E+00 ]

0 0.5 1 = 2
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Fig. 17. The dependence of total counts on exposure time and magnitudes. Total exposure time 7" is 4N frames X (single exposure time).

Tav T4 v UkR, AGHDOEFAPFL NG,
(D)

C:¥h o> M U4 x Nty b OFE - 5

E72, 1713107/ 25Tzt LT A v v C & T

qov = 0.984 x q1v + 0.177 X uyy (25)
ugy = —0.177 x q1v + 0.984 X uyy (26) log op = —0.54 x log C + 1.022
op: AR DR
Re:
Gire = 0.982 X gops (27) WAPLEDEE A v M)
Uire = 0.982 X uyps (28)
G2re = 0.980 X q1re + 0.197 X uqpe (29) whNLUEEDTH S,
Ugre = —0.197 X g1re + 0.980 X uiRe 30) C = 1O_m/2'5aT

(32)

4.2.2. fRGCE - (R AL DR

Goxs Uy % G- TR A U, SCHRAE i 1 £ D 38 6
PEHE B D YRS & W e AL & B U 72 (3RS5). SCHkE
HIEZ ORI - YA ADME & Skl % Hhig U 72
(%6-8), fRIEEIZDWTIE, P — P, DEHHIF0.003 +
0.082%(B), —0.005 £ 0.044%(V), 0.011 + 0.073%(Rc).
P/ Py @ F#E1%1.000 + 0.016(B), 1.000 £ 0.008(V),
1.003 + 0.013(Re) TH B, £7=. WA FMAIZDNTIE,
0 — OO F¥HEIZ0°00 + 0°61 (B), 0°00 + 0°50 (V),
0°08 4 0°25(Re) TH 5,

TRYEHE MRS DT v & LEEE . HIEAE & SOkl
D% U 7205, R - R & B ITH R R RH
AR SN 5T,

423 WNXEDT v X Lz EH - B RMOBGR
MYCEDIREop & Effm - RS RERT 0BG ZFHN

7zo 161DV FPCIZR U TIRNGE D Eop%E 71

YhLEZHEDTH D, NV RIZEDLOTH—-DOREELT

O: m/ﬁj] '7 MV ]\ﬁ
T: BFEDRE (AN x 17 L — A0 O KRR
m: FHk

ENVRTENTNRG)OEB 7y b LzE D
A, BHlER TN ZT13.39 x 108(B), 2.16 x 10°(V),
2.62 x 10°(Rc) &k 507z, X@B1), Bz HMALGbLE S
ZETUTOAMRELNS,

B:logop = —0.54 x log T + 0.216 x m — 3.584 (33)
V:logop = —0.54 x log T 4 0.216 x m — 4.019 (34)
Rc:logop = —0.54 x log T +0.216 x m — 4.064 (35)

RB3)-BHZEHWD Z & T, Filh - BESER & FGE
DEZEDHRBEE V2T EIENTE S, MBS 3600
T, ENEDBRAENSDIIRD LI IZBNILEZEEZD
RAERIT., BNV R T14.8%, VNV K T16.8%, ReN
VRT171%THh 5,
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;l'gbtl’e 6(.1)The measured polarization degrees and position angles of the strongly polarized standard stars (P, ©) and those in the literature (P, ©;)
-band).
Object P(%) P — Py (%) P/ Py O (%) O — 0,(°)
BD +59389  6.356+0.065 0.011 1.002 98.304+0.30 0.16
HD 19820 4.754+0.035 0.055 1.012 114.91£0.21 -0.79
BD +64 106  5.600+0.068 0.094 1.017 98.01+£0.35 0.86
HD 204827  5.679£0.019 0.031 1.006 57.724+0.10 -0.48
HD 25443 5.091£0.006 -0.141 0.973 134.71£0.03 0.43
HD 14433 3.740£0.020 -0.030 0.992 112.12+£0.15 -0.18
avg. =+ stdev. — 0.003£0.082 1.000+0.016 — 0.00+£0.61

Table 7. The measured polarization degrees and position angles of the strongly polarized standard stars (P, ©) and those in the literature (P, ©;¢)

(V-band).
Object P(%) P — Py (%) P/ Py O (°) © -0, (°)
BD +59 389  6.648+0.033 -0.053 0.992 97.794+0.14 -0.30
HD 19820 4.821+0.013 0.034 1.007 114.65+0.07 -0.28
HD 204827 5.328+0.015 0.006 1.001 59.314+0.08 0.58
avg. £ stdev. — -0.005+£0.044 1.000+£0.008 — 0.00£0.50

Table 8. The measured polarization degrees and position angles of the strongly polarized standard stars (P, ©) and those in the literature (P, ©;4)

(Rc-band).
Object P(%) P — Py (%) P/ Py 0 () O — 6,(°)
BD +59 389  6.347+0.077 -0.083 0.987 98.06£0.35 -0.08
HD 19820 5.218 +£0.066 0.068 1.013 97.15+0.36 0.41
BD +64 106 4.516+£0.012 -0.010 0.998 114.60£0.08 0.14
HD 204827 4.9624+0.051 0.069 1.014 58.94+0.29 -0.16
avg. £ stdev. — 0.011£0.073 1.00340.013 — 0.08+0.25
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