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ABSTRACT 

We present high-resolution. !-I -band. imaging observatiou:;. collected with 
Subaru / I-liCIAO, of the scatter(.-'(! light frolll the transitional disk around SAO 
206·162 (lID 1353448) . Alt hough previous sub-mm imagery suggested the ex
istence of t he dust-depleted cavity a t r '$ 46 AU, our obscrvations reveal the 
presence of scattered light components as close as (1:2 ("" 28 A U) from the 
star. ~ I oreover , we have discovered Lwo small-sca le spiral structures lying within 
0'!5 ( ....... 70 AU). We present models for the spiral structures tls ing the spiral den
sity wave t hoory, and derive a disk aspect ratio of II '" 0.1, which is consistent 
\\"ith previolls !:iub-mm observations. This model can potcntially give estimates of 
the temperature and rotation profiles or lhe disk based on dyna mical processes. 
indepcudemly rrom sub-nun observations. I t also predicts t.he evolut ion or the 
spiml sl rucl mcs, which ca ll be observable Oil timescales or 10-20 years, providing 
cOllclusive tests of the model. While we cannot uniquely identify the origin of 
thCi;e spiral s, planets embedded ill the disk may be capable of excit ing the ob
served morphology. Assuming t hat this is t he case, we CBll make predict ions 011 
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lhe locations and, pos:;ibly, the mru;ses of t he unseen plallct s. Such planels Illay 
be detected by future multl-wavelengths observations, 

Subject hea.din.rJs: c:irCUlllstellar matter instrumenta tion: high angular reso
lution polarization protoplalletary diskts - stars : individual (SAO 206·162. 
1-ID 13534118) waves 

1. Int roduct ion 

Dynamical processes in protoplanetary disks such as turbuJcllce or disk-planet interac
tion are illlportallt in ullderst.anding physical condition and evolution of disks, and planet for
mation processes. High resollitiOll, direct imaging observations of circutnstellar/protopianetaJ,)' 
disks can reveal non-axisymmetric strue! tires. providing insight into such dynamicfll processes 
(e.g .. Hashimoto el al. 2011) . 

Recent observations have identified a class of protoplanetary disks harboring tens of 
AU-~cale holes/gaps at t heir centers: so-called ·'transiti01lal'· disks. One well-studied system 
of t hat class is t he rapidly rotating Hcrbig F star, SAO 206462 (HD 135344 B. F4Ve, d = 

142 ± 27 pc, M = 1.7~~:iM0 ' r-.li.iller ct. at. 2011 ) . The observations of CO line profiles 
(Dent, et at. 2005; POlltoppidal1 et at. 2008; Lyo et al. 2011 ) and stellar rotatiou (.r-. ri.itter 
et, al. 2011 ) consistent ly indicate an almost face-on geomel.ry (i '""" II "' ). The gap in the 
disk was predicted from the infrared (JR) spectral energy distribut.ion (SE D. Brown et at. 
2007), and was subsequeutly imaged in sub-mm dust continuum at "-' 0':5 x 0':25 resolution 
(Brown et a t. 2009) . Andrews et al. (2011) estimate the gap radius t.o be'""" 46 AU and the 
surface density within the gap to be 10- 5.2 times smatler tban that ext.rapolated from the 
out.er disk. The gas in i< eplerian motion surrounding the gap region is also imaged by CO 
lines (Lyo et at. 2011 ). The CO rovibrational line observations (Pontoppidan et al. 2008) 
and [Ol] spectral line observations (van der PIa:; et a1. 2008) indicate the presence of a gas 
disk in the vicinity (several AU-scale) of the star. SED modeling (Crady et a!. 2009) and 
NIR interferometry (Fedele et al. 2008) indicate the presence of an inner dust belt. which 
is tempora tly variable (Sitko el at. 2011) atld not coplanar with the outer disk (Bcnisty 
2011. private commllnical ion). New imaging with high spalial resolut.ion and sensitivity is 
required to understand ihe inllcr structures of the disk. The outer port ions of gaps can now 

lBasC"d on datll tollN:·u:d at the Suoonl Telescope. whidl it' operated by tll{' ~ational A"tronOlllieai 
Observatory of Japan. 
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be resolved Il:-;il l g 8· 10 III ground-based tclc!:icopes at near infrnred (N IR) wavelengths (e.g .. 
Thalmann CL a\. 2010. for LkCa 15). 

In this LettC'r, we present f1 -bulld pola rizc<i intensity (PI) ob!;er vl;ltiOIlS of the disk of 
SAO 206·162 dowlI to r ...... (Y!2 ('" 28 AU) scale at 0'!06 ( ....... 8.4 AU) resolution. Interior to 
the S Ub-IIUIl re:;oh'cd gap. \\"C fi nd spiral structures, indicative of dynamical processes. We 
use the spiral density wave theory to int erpret t he st ructure, and estimate d isk"s physical 
parameters . 

2. Observations & Data Reduction 

2.1. HiC IAO Observations 

SAO 206·162 was observed in t he fI -hand (1.6 J.1In ) using t he high-contrast imaging 
instrument l-l iC1AO (Tamura el a l. 2006; Hodapp et al. 2008; Suzuki et. 81. 2010) on the 
Subaru Tele:;cope on 20 11 r.. lay 20 U1' as part. of Strategic Explorations of Exoplanets and 
Disks with Subaru (SEEDS, Tamura 2009). The adaptive optics system (A0188; Haya no et 
a l. 2004; rv!i1l0Wil et 81. 2010) provided a st.able st.ellar point spread fUllction (PSF, FWH r>. 1 = 
CY.'06) . 'v\le lIs(''(\ iI combined angu lar differential imaging (ADI) and polarizat ion different.ia l 
imaging (POI) mode with a fi eld of view of 10" x 20" and a pixel scale of 9.5 mas pixel - I. A 

CY~3-d iameLCr circular occu lting mask was used to suppress t.he bright. stellar halo. The ha lf
wave plaLf~ were placed to four angular pO$it10ns from 0°, 45°, 22.5°, and 67.5° in sequence 
with one 30 sec cX l>osme per wave plate position. The total integration time of the polarized 
intensity ( PI) image was 780 sec after removill g low quality images with large FWHr>.ls by 
careful inspections of the stellar PSF. 

2.2. POI Data R edu ction 

The raw images were corrected lIsiug IH A F2 for dark CUlT('nl and fl at-field following 
the sUlIldard reduction scheme. We applied 1\ d istortion correct ion u:sing globular cluster 
\15 data taken with in 1\ few days. using IH AF packages GEO)\ IAP and GEOTRA)i. Stokes 
(Q.U) paramcterli and t he PI image were obta ined in the standard approach (e.g .. Hink ley 
N al. 2009) as fo llows. By subtracting t wO images of extraordillary- and ordinary-rays at 

2mAF i~ (li~!riblttf'(l bv the l'\ational Optkul A:<t]"onomy Obscrnltoric-,. opl'rfI!ed b.l· the Associalion 
of [ nin'rsiti0; for Hf'l;('lLrdl in Astronomy. 1m'., und(']" ('oop('ratin~ agrel'm('1Lt wilh thf' l'\ational SciNl("{, 

Foundation. 
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each mwe plat.e POsiLioll, wcobta iued +Q, - Q, +U, and -U images. frolll which 2Q Il nd 2U 
images were made by (lllothcl' subtraction to eliminate remain ing aherrat ioll. PI was then 

g iven by PI = JQ'l + lj'l. inst nllllental polarizatioll of HiCIAO at the Na.'illly th instr ument 

was corrected by following Joos et at. (2008). From frame-by-fra me deviations, t he typical 
error of surrate brightness (58 ) was est im81ro to be '" 5% at /. "" (J!5 when ayeraged over 
5 x 5 pixels (- PSF scale). Comparing difrcl'cnt data reductioll methods (frame selections 
aud instrumelltal polarization estimates), we ('xpeeL t hat the system/Hie uncertainty of t he 
SB of PI to be '" [0%. 

2.3. Conte mporaneo us Photome try 

Since SAO 206.tG2 shows variabil ity in NIR wavelengths (Sitko el a l. 2011), it is impor

tant to take photomet ry simultaneously with disk observations. H-band photometry was 

obt a ined just before and after the d isk imaging without the coronagraphic spot with t he 

adaptive optics, by sixteen 1.5 sec ex posures a t four spatia lly dit hered positions. An NOW 
filter (9.8 ± 0.1 % transmission) was lISed to avo id sat,m aholl. Usiug t,he ~ I J(O filter set , 

t he !-I -ba ud P'clf = 1.615 lUll , FWIH I = 0.29 IlIn , Tokunaga et nL 2002) magnitude WM 

6.96 ± 0.07 mag. 

Broad-band VRIJHI< photomet ry was obtained on 2011 ~Iay 23-26, starting wit hin 48 

hours of t.he HiC IAO observation , using t he Rapid Eye r-.!ollIlL (RE~ I ) Telescope at L.a SilIa, 

C hile (Covino et. 8J. 200-1). The RE~ I H-band filter has A,,1f = 1.65 JIm, FW I-! !\ I = 0.35 11m: 
broader and displaced to longer wavelengths t han 1 he ~IJ(O filter. T he observed data were 

reduced differentially lIsi ng SAO 206463 (AOV). The IR excess due to the inner d isk (Figure 

1) was average for t he ra nge observed in 2009-2011 (S itko et aJ. 20 11 ). ~o Significant variat ion 

was observed during t-he 2011 ~ Iay obsel'vat,ions, except for the smalllong- lel'n1 fad ing trend 

(15m = 0.08 ± 0.02 mag) over t he observation period. 

Figure I also displays spect ra obtained with the SpeX spectrograph (Rayner et. a\. 2009) 
on :\ASA·s Infrared Telescope Faci lit y (lnTF). The observations wer(' obtained ill the cross

dispersed (XO) c<'hclle mode between 0.8 - 5. 1 11m using a 0':8 s lit (H "'" 900) and calibrmed 

us ing 1-10 129685 (AOV) wil h SpeXtool (Vacca et al. 2003: Cushi ng et al. 200-1). The absolute 

flux calibra tion, to correct for light. loss at t he spectrograph slits. WillS accom plished ill two 

ways: usillg photometry and wide-s lit spectroscopy (see Sitko et al. 20 11 ) . The :'I larch SpeX 

data were llormalizro using t he REp. 1 photo metry. obtained ill t.he d HYI> immediately after 

Ihe SpeX observation:-;. Hnd whcn the star was photometri('ally stable. III Jul.\·. SAO 206162 
and the calibration :-;tm were observed with the SpeX prism using a 3'.'0 slit. which. under 

good seeing and Iransparency conditions. produces absolute flux to ..... 5% acC'uracy. The 
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BEi\ / photometry at H~balld in 1\13)' is'" 0.25 lllag brighter than the Subaru data. The 
Subaru pholotnel.ry shows a low value even \\'hen considering the filter difference, suggestiltg 
that the QuI er disk is illuminated cfllcient ly. 

3 . Results 

3 .1. S pira l Structure 

The SAO 206462 disk Cfl ll be Lraced in PI from 0'.'2 to,..., /'.'0 (28 - 140 AU), simi lar t.o 

the range imaged wiLl! J-ISTjNrCMOS (Grady ct al. 2009) , but with a factor of '" 4 greater 
angular resolution. The total PI is 9.87 IllJ )' ± 0.06% at (/.'2 < ,. < 11.'0, which is 0.6% of 
the stellar intensity. The total PI at 0','42 < r < ]'.'0 is 3.94 mJy ± 0.1 % while t he total 
intensity by HSTjNICi\ IOS FIlOW is 9.7 ttlJy (Grady et a1. 2009). The average S8 of PI 
at r = et:46 is'" 6 mJy/asec2

, whereas the total intensity by HSTj NICl\ IOS F160\V is 
30 mJy /asec2 (Grady et a l. 2009), Given the NICNI08 dat.a uncerLaiuties, tlte polarization 
fraction is '" 20 - 40%, assuming no PSF ha lo in t he HiCIAO data and no variable self
shadowi1lg/ illumination in t.he disk. Our measured polarization fraction is similar to t hat of 
HD 100546 ( 14%~~~, Quanz et al. 20J1a) and AB Aur ( ....... 25% - 45%. Perrin et. al. 2009). 

Figure 2 shows the PI image. The region interior to 0':4 is not a void and we do not see 

clem' structura l evidence of the cav il.y wa ll in Andrews et al. (2011 ) model (Rca\' = 46 AU ""' 
0':33), We see spiral arcs S 1 (east. ) and 82 (sout h-west,), The Plat the location of t.he spirals 
is'"" 30% larger t han that. extrapolated from the smooth outer profile (bottom of Figure 2), 

The brightest portions of the spira ls rough ly coincide with the bright thermal emission peaks 
at 12 pm (r-. lariiias et al. 2011) and lie inside the ring noted by DOllcet et al. (2006). It is 
a lso noted thaL we see a dip in PI in t he north-west, probably due to the depolarization in 
the minor <l ... 'l:is direction (see below) . and that we do not see la rge-scalc. localized shadow 
that. might be cast by the inner dust. belt if highly incli ned relative to "he outer disk. 

3,2, Az imuthal a nd Radia l Profi les 

Here, \\'c summarize Ihe overall disk Slructure exterior to the spirals. Figure 3 (top 
panels) shows 1 he azimuthal 8B profiles at ,. = 0':5 and r = 0':7. At r;<; 0'.'5. 813 has maxirna 
around posil ion angle (PA) '" 50° - GO° and 230° - 240°. Since the polariza t ion is tnax imizoo 
al '" 90° scattering (e,g .. Graham et, a l. 2007). it is implied that 1 he disk major axis is at 
PA '" 50° - 60° . comparable to estimates b,v CO observations: PA = 56° ± 2° by Pontoppidan 
et. al. (2008) and 6,1° ± 20 by Lyo et al. (2011 ), \\'e adopl PA = 55° for the major axis and 
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i = 11 0 for illciinMioll (see Section 1). Our spira l model filling results (next Section) are 

lillie affected even if we assume a face-on geometry. 

From CO obscJ'''fIlions. it is known thaI the south-wC'St side is receding (e.g .. Lyo el al. 

2011 ). Therefore, either the north-west or south-east side is lile Ileal' side. We do not see all 

obvio lls forward scattering exce&; in the NIR image. However. since t he spira ls are typica lly 

trailing, it is inferred that the south-ea!:lt. is t he Ilcar side. 

Figurt' 3 fl iso shows the radial PI profiles alollg the major a..x is, which is rOllghly consis

tcnt. wil h /,- 3 in 1 he outer part" indicating a. flat (not highly fl ared ) disk (Whit ney and Hart

mAll n 1992). The radial slopes vary as PA from '" -2 to....., - 11.5 (fitting at (j!G < r < 1'.'0) or 

from ......, - 2.5 to '" - 5 (fi tting at (j:3 < r < (j.'9 ), with sha llower slopes ty pically appearing ill 

t.he minor axis directions. However, 1'-;1 is representative on average. This slope is observed 

ill severa l other HAeBe d isks (e.g., F'ukagawa et. 81. 20 10, for total intensi ty data), a lt hough 

HI) 970-18 disk exhibits a shallo\ver slope (Qu8nz ('I, al. 20 1I b). 

4. Spiral Structure Mode ling 

Among se\'eral features in the image. the most interesting olle is the non-axisymmetric 

spirals. In order to understand them, we propose a model based 011 the spira l density wave 

theory (e.g., Lin and Shu 1964; Goldreich alld Tremaine 1978, 1979: Ogilvie and Lubow 

2002) , assuming that .\IIR emission traces the disk surface density struct ure. With such a 

model. the spiral structures can be used to infer the disk temperature. independently of, for 

example, CO line observations. 

The sh~l pe of the spiral density wave is dctennined by the location of the laullchillg 

point (corotatioll radius r,,) and disk's thermal a nd rotation profiles. When the disk rota! ion 

a ngular frequency is n(r) cr:: r-o all(l Lhe sound speed is e(l') ex r- fl , the shape of the wave 
far from r(" is gi veil by 

O(r) ~ O 
sgn{r - t,;:) 

0- x 
he 

[( r)'+' { 1 1 (,.)_O} ( 1 1)] 
re 1+ 3 I - 0. + J rr I + 3 I - 0. + .3 

(1) 

ill Ihe polar coordinat.e (r,O). where he = c{rr)/ren( ,.~ ) denolt>S the disk as pect ratio at 

r = rr and 00 gh'c:, the phase. Equation ( 1) well approximates t he shape or the densilY 

wave given by the WI(B theory (Rafiko\' 2002: ~ I uto €'t al. 2011 ). \\,hell the spiral is excited 

b.,' a p[a llN in a rircular orbit, its location is ""' (1'(".00 ), Equatioll ( 1) has fin> parameters. 

(1'(., Ou. h(". o. 3) . 
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Two non-i1x i~yllll!1etric features, 5 1 and 52. (Figure 4) are identified a,,; follows. First" 

local ma'i:im8 ill the radia l S8 profile; lIonnalized by 1,2 (to t.akp into account the dilutioll 

of the stellar flux) arC' traced at evcry J O slep with dala a t 1700 < PA < 3600 (5 1) and a t 

50° < PA < 190° (52). The points lIear the minor axis (PA ,...., 325°) are excluded because 

the structure there may be a ffected by depolarization. The points at PA > 2000 (5 1) a nd 

PA > 1140 (52) may be A part of axisy mmet ric rillg..., since they a re found to ha\'c constfll l! 

radii . After removing these points. \\'e have 27 (S I) and 56 (52) points a.., represeuti llg 
sample.; of nOIl-a.-.::isynnnetric spirals, wit h the opening angle of I'V 15° for both S I and 52. 

We estima te that 1 he uncertai nty of t he 10COl iOIl of the ma.xima is given by t he FWI-L\ l of 

t he PSF. 

In order to fit the nOll-axisymmetric structures by Equa tio lL I, we fix Q alld 8 at 1.5 

(Kepler rotation) ami 0.4. respect.ively, as itl Lyo el al. (20 11). while other parameters a re 

varied as (f: 1 < "e < (f!9.0 < 00 < 2rr, 0.05 < he < 0.25). Note that different. values of 
p yield similar resu lts. Since it. is difficull.. t.o HI.. SI and 82 simult.aneollsly. t.hey are fitted 

independenl ly. 

The ··best·fit·' paramctcrs a re (re .. 00 , he) = «(f.'39 , 2040 , 0.08) for 81 (reduced \ 2 = 0.52) 

and (re,Ou.he) = ((f:9 , 353c
. 0.24 ) for S2 (reduced \2 = 0.3J ). The spiral sha pes with these 

parameters arc shown in Figure 4. However, lI le parameter degeneracy is 8iglli fic8ut. Figure 

5 shows t ile parat neter space of (re, flo) witll 63.8% confidence level for he = 0.1 and he = 0.2. 

Note that. in Figure 5. the '·best.-fit." of (I'e. 00 ) is outside t he dOluain of confidence in some 

cases becall~ he is not the same as the best·fit. Despite the p<i.rameter degeneracy. the 

values of the aspect ratio which fit the s ha pe of t.he spiral (he ...... 0. 1) a re consist.ent wit.h 

t hose obtained from t he sub--mm map of the disk (e.g .. II = O.096(r/IOOAU)O.15; And rews et. 

al. 2011). 

T he spi ral density wave theory predicts tha j t he patterll speed deviates from the local 

Kepler speed; 
. -3/2 ( \I ) ' /2 

!l""""" ~ 08 (7~~U) I.~J·lo [degIY'[ (2) 

is not llt.'{·essarily equA-l to Q(r). Whcll re = (f~5(,,", 7OAli), the spira l will move", 10" in a 

decade. correspondi ng to movement of 0'.11. Considering the PSF scale of Oll r obsen lltiOIlS 

and the locations of the spi rals. stich deviat ions cfIn be deteclnble over a cou ple of decades. 

~ I oreo\'cr. if t he two spirals have distinct ('orota tion radii. their relative locations change in 

time due to the pattern speed differell("C'. Such mcasurcments will confirm that the observed 

feature i ~ really thf' density wave, providing indisputable evidence of dynamical acth·ity . 

.\"ote that it would be difficult to detecl :-;pirals in colder d isks (smuller II r ), where spirals 

arc more light ly wound. due to the blurring by t he PSF. T he lower d('tect able limit of hr 
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is typically h" '" 0.01 - 0.03 for Qur set of parameters. The combination of high angular 
resolution and warm tempera! ures allows the spiral struct nre in t he SAO 206462 disk to be 
resolved. Furt.her spiral:; might be detectable in similarly warm disks. 

5. Summa ry and Discuss ion 

In I,his Letter. \\'e present. a h igh-resolutioll image of the SAO 206462 transit.iOllfli elisk 

llsing Subaru/ HiCIAO. with all inner working angle of Cf,'2. We discover non-axisymmetric 

spiral featllres , which can be explained by the spiral density wave theory with a reasonable 
value of the disk aspect Hi lla (he rv 0.1 ). The model is robust in a sense that it does not 
assume the origin of such structure explicitly. 

The detection of scattered light within the 8u1.}-mm cavity it.self is interesting, sillce 
Andrews et aL (2011) predicts that the sub-mm cavity is heavily cleplet.ed. Our data in 
tandem with I,he millimeter data may suggest that the depletion of grains at different sizes is 
not uniform. Dong et. aJ. (2012) discuss sllch discrepancies bel..ween sub-mm dust contiuuum 
images and NIR scaUered light images in terms of differlng spatial distri butions as a funct ion 
of grain size from a general theoreLical perspective. 

Our major assumption is that PI at fl-band , tracing the scattered light at t.he disk sur
face. actually traces the surface density variations. T his assumpt.ion is val id when t he disk 
is in vertical. isothermal hydrostatic equilibrium wi Lhout rapid radial surface densi t.y varia
tions (e.g., J\I/uto 2011). Structures near the midplane are, however , preferentially observed 
at longer wavelengths with high spatial resolut iOlI: Atacama Large l\ lillimeter/Submillime!cr 
Array (ALJ\ IA) can be an ideal instrument. 

Among several possible causes for the spiral structures (see also Hashimoto et al. 2011), 
one illreresting idea is that planets excite them. In th is catie, the domain of possible locatiolls 
of the planets are given by the green curves in Figure 5. If the two spirals have distinct 
corotation radii. there may be two (unseen ) planets embedded in the disk . The amplitude 
of the su rface densi!.y pertnrbation scales with the planet mass I)S 6E/l:. '" GMpfJ/c3 for 
non-gap-opelling low-mass planets (GMpo./dl .:0; 1. e.g., Tanaka et al. 2002). In our data , 
the amplitude of Lhe spiral wave is typically'" 30% (Figure 2). implying MIl'" O.5MJ. 

The typical error of PI in our image is '" 5%. If 1 his is typical of HiClAO. it is capable 
of detecting the indirect signature::; of planets down to Mp "" 0.05i\1J . ADI is promi::;ing in 
finding a point source: however, small field rotation ('" 13°) due to the southerly declination 
(~39°) of SAO 206-162 make:; obtaitling t. he total imcllsity difficu lt in our data . Future L
band obsen·ations llIay reveal thermal emissioll from a planet. if it. exist ::; . or its surrounding 
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(accreting) gas. 
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Fig. 1.- SED for SAO 206462 obtained by RE!\ I, adapted , ill part , from Sitko et al. (2011). 
The RE!'1'i observations consist of VIUJH/( photomet ry. Also Sh O\\, Il are spectra obtained 
wi1 h tIle SpeX spectrograph. See Section 2.3 fo r the data reduction re<'hniques. 
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