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Kak ObUIO OTMEYEHO BO BBEEHHUHM, TEUYCHHUE BEIIECTBA B
JBOMHOH CHCTEME OIPE/IE/IeTCH MOJIEM CHI, 3a/1aBAEMbIM
notennyajom Poma (1), s Toro 4ro0bl BRISCHUTEL [IPH-
POy CI'YCTEA, BHA4YaJIe PACCMOTPHM, Kakue kojiedaHus B
[UIOCKOCTH JIMCKA MOXKET BO30YKIAThH I'PaBUTAIMOHHBIN
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oDJlacTell AKKPENMOHHOIO JUcKa. BUHO, 4TO BO BCEH pac-
cMaTpuBaeMOM 00JIACTH NOMHHMPYET IapMOHMKA m = 2.
JOMUHHUPOBAHUE BTOPOM IapMOHHUKH [IEMOHCTPHUpPYET Xa-
pPAKTED NPUJIMBHOI'O BO3JAEUCTBUA JOHODPA, YTO TAKKE 110/1-
TBEPK/IAETCH MOHOTOHHBLIM BO3pacraHueM adCoJIFOTHOMR
BEJIMYMHLI [IOTEHNMAIA C VBEJMYEHHMEM pajuyca jJucka. B
Handoee NpUOJIMAKEHHOM K JJOHOPY nepudepuilHoi obJiactu
aucka abcosroTHas BeuduHa Hec(hepuHeckoi YacTu noTeH-
[MAJ1a MAKCUMAJIBHA.



{},:J,liﬂl{ﬂ MbI MOMKCM }"EE,?J.H'I LCH B TOM, 4YTO B IIpEACTAB-
JICHHLBLIX PeE3V/ibTdldXx pPdcucld I'PaABHTAIMOHHAA CHJId HC

ABJISETCH OIIpPEeIe/IAIONIe /i paclpeie/IieHus BeIecTBa
nucka. PacemorpumM criek 1p "ouninensoi" ® nosepXxHocTHOIM
IUVIOTHOCTH & IIOCJIE BOSMYIIIEHHUS, T.€. IIOCJIE TOI'0, KAK TEMII
MaccooOMeHa ObLI HM3MEHEH M B AKKPEIMOHHOM JIMCKE
BO3HHK CIycToK. COOTBETCTBYIOIIME I'apMOHHKH CIIEKTPAa
[IOBEPXHOCTHOM IUIOTHOCTH HM300paX)eHbl HAa
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Bunno, 4ro B (pypbe-CHEKTPE MMOBEPXHOCTHOM IUIOTHOCTH
JOMUHUPYET MOJa m = |, 4TO CcOrjlacyercs ¢ Ha/IM4ueM B
JIMCKE PACCMATPHBAEMOI0 YVIUIOTHEHMSA., AHAJIOIMYHAS Kap-
THHA HADJII01AETCA U B DACIPE/IE/ICHUH IAPMOHHUK Pa/lHalb-

HOM CKOPOCTH



AHa m3upys (hasoBYH KPHUBYHO MAKCHMAJILHOH IUIOTHO-
CTH IEPBOH a3UMY TAJILHON rapMOHMKHN P OGMUIIS IVIOTHOCTH
B PA3J/IMYHLIE MOMEHTBI BPEMEHH, MOKHO 3aMETHTL, 4TO
[OJIOKEeHUE (PA3OBOM KPUBOM MaKCUMAJILHOH IUIOTHOCTH
MOJBLI M = | B KAXK/LIH MOMEHT BPEMEHHM KECTKO CBA3AHO
CO CIrycTkOM Beniectsa. boJjiee Toro, ecim paccMOTpPETh BCE




p file N406 time =3.76




OranyHas OT NPWIMBHOH MOABI (ha3zoBast CKOPOCTh
BpAIEHUs MOJIbI m = | M TBEPHAOTE/LHBLIM XapakTep ee
BpAIIeHUs [MO3BOJISIOT IPEIIOJIOKHUTE, 4TO CI'VCTOK IIpe/l-
crapiisieT coDOM CHMpaIbHYK BOJIHY ILUIOTHOCTH. COrJIACHO
TEOPUU CIUPAJIBHBIX BOJIH IUIOTHOCTH B TaJIAKTHYECKUX
JUCKaX HAJIHMYME OJHOPYKABHOH CIIMpalibHOH BOJIHBL J10JI-
AKHO COIPOBOKIATHCH AHTUIUK/IOHUYECKUM BUXPEM C NEHT-
POM Ha paaMyce xkopoTtanuu (cm., Hanpumep, [77]). Uenrp
AHTHIMKJIOHA JIOJDKEH PACIONaraThCsd B OKPECTHOCTH Mak-

CHMYMd HOBEPXHOC THOH IIOTHOCTH.
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Taxkunm 0O6pazoM, MOXKIO 3aK/TIOUAThL, YTO OOHADYZKEHHOE B YHCTIEHHOM IKCHEPHMEHTe
Bpamialonieecs yiyioTnenne (crycrok) obpasyercs Oparoiaps Bo30yKIEHHIO0 BO BHYTpeHHeld
00/1acTH JIMCKaA HeyCTONYHBOI THIPOINHAMIYECKO MOJIbI ¢ A3UMY TAJIbHBIM YHCIOM CUMMET-
pun m = 1. B nmoje Bo3MyIennoii moBepXHOCTHON MJIOTHOCTH Ta3a 3Ta MOIA TPEICTAB/Is-
eT coDOil OTCTAIONIYIO CIIMPAJILHYIO BOJINY, Bpamialoulytocs ¢ (pa3oBoil yryioBoil CKOpPOCTbIO
O 2~ 550, a B mome BO3MYIIEHHOI CKOPOCTH (B CHCTeMe KOODIMHAT BOJIHBI) — JIBYMEp-
HBIH AHTUIHKIOHNYEeCKII BHXPD.

JlokazaTeThbeTBAMH MTPUBEIEHHBIX VTBEPIKICHN CIyKaT Caeyonme (paxTo:

L. Moma m = 1 nomunupyeT B JUCKe — KaK B OJ€ BO3MYIIEHHOI TTOBEPXHOCTHOI T10T-
HOCTH, TAaK I B HOJIe BO3MYIIEHHLIX CKOPOCTeil. DTa BOJHa IIpecTaBiIsder co0oil CIIparbHO-
BIXPEBYIO CTPYKTYPY, Bpallalonyiocs B jancke ¢ hasopoil yraosoit ckopoctnio® Q) ~
5.50),,b, KOTOpas HUKAK He CBA3aHa ¢ (Ppa30BOil CKOPOCTLIO BpalleHnsd HPUJIMBHON JIBYXPYy-
KaBHONH MOJIDI.



2. B mporecce Bpamenns B uCKe (pa30Bble KPUBLIE MAKCHMYMa BO3MYTIEH T TOBEPXHOCT-
HOIl IJIOTHOCTH U MAKCHUMyMa pPaJna/ibHOi CKOPOCTH ras3a Jijisl MoJibl 1 = 1 Majio jgedpopmu-
PYIOTCH U COXPAHsIOT ¢BOKO (pOpMYy, HECMOTpsl Ha JudPepeHnnaabHoe BpalieHne BeniecTBa,
JUCKA U OPUJINBHOE BO3IeHCTBAE BTOPOTO KOMIIOHEHTA.

3 HDC‘KC}HLK}" BBLITUCICHHBII Ijaa.m{yc KOpOTanmumn MOALI 711 — 1 OKa3aJIc:Hd B OGH&C‘TH CILIL-
Horo JOMHHHPOBaNMA ITOI MOIBI, TO IIO apHaJIOrui C rajJaKTHuIeCKHIMNI JHCKaMH MBI GLIJIH
BHpaBe OXKIIATh HAJIUYIUA OIHOI0 aHTHIHK/JIOHUYECKOTO BUXPS, KOTOPDLIA IIOJIZKeH IIPOLB-
JIATHCH B CHCTEMe KOOPIMHAT, Bpamialomeiicss sMecte ¢ Bojnoii. HenTp Buxps j1omazken ObITh
PACIIOJIOZKEH 110 PaJuyCcy Ha KOPOTAIlMOHHOH OKPYZKHOCTH, a 110 a3suMyTy — B OKPeCTHOCTH
TxlE-LI{CIf[h-[}'r]kIa HOBEPPXIIDC‘TIIOH IIOTHOCTI. OGIIE—LLJ}TH{BIIIILIFI B JHUCKEe aHTHIHMK/IOH, KaK OKa3ad-
JIOCh, 00JIa1aeT BCEMHU MTPEICKAZAHILIMA CBOHCTBAMH.



Hronw 2008 2. Tom 178, No 6
VCIIEXHU OPUZUYECKHUX HAVK

OB30PbI AKTVAJIBHBLIX ITTPOBLJIEM

IIpupo1a aKKpeMOHHbIX JUCKOB TECHBIX ABOUHBIX 3BE3I:
HEYCTOHYMBOCTH CBEPXOTPAKCHHS H Pa3BUTAasi TYPOYJIEHTHOCTD

A.M. ®puaman, [.B. bucukano
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6 XOopowem coadcul ¢ HADMOOEHUAMU U RO3E80AAIOM 00BbACHUMb EbICOKUL HEeMN RHepenocd yeAosos0 MoOMeHmd U
HUIMEPAEMYIO CKOPOCMb AKKPEYLIU. H3 nabmodenuii ROATYHEN CHenenHou CHEKID ]}'E.E'jﬁ‘lc{m{)l:‘ m_]’??f;.]f'.-'fﬂ‘H}’J’IHU('}’J’IH.
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AHaM3 napaMeTrpoB MOJIEIH JIMCKA IOKA3LIBAET, 4TO
pacCIpee/IEHUE YE/ILHOIO YVIJIOBOIO MOMEHTA UMEET BAXK-
HYH) OCODEHHOCTL — H3JIOM (CIJIAKEHHLIN) B OKPECTHOCTH
paauyca, rje HauYuHaeTCd 00J1aCTh IPOABJIEHU S OJJHODPYKAB-
HOH CTPYKTYPLI B IEPBOHAYAILHOM TPEXMEPHOM JIHUCKE



it toro 4roObl HOHATHL BAKHOCTL HAJIAYMS
w3jioMa Ha rpauke pajiMaisHOrQ paclipee/ieHus yIeib-
HOI'O (HA EMHHIY MACChI) YIJIOBOIO MOMEHTA’, 3AIlHIIEM
JIMHAMUYECKHUE VPABHEHUS BO3IMYVIIEHHOIO COCTOSHUA [BY-
MEPHOH MOJE/IM M30JUPOBAHHOIO AKKPEIIMOHHOIO UCKA B

HOBOH CHCTEME KO OpAHuHAaT!

co 10(reV,) 10(aV,) 0 (272)
—— +-—~—— % =0, a
ot r Or ro O
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IAC 0 — HOBCPXHOCTHAA IUTIOTHOCTE. B HPEAIOMOKCHAH, YTO
BCC BOSMYIIICHHBIC BEJIMYHMHEBI UMMCHO'T MaJlbIC OTEKJIOHCHHWA a
OT HEBOIMVYIIICHHBIX ClallHOHAPHBIX BE/IMYHH F{},

F{r:{.ﬂ: f:l - F{}Ii.*':l L aﬁ(r:ﬁ"?: f:l:
Iie
8F(r, ¢, t) = 8F(r)exp [i(m(p — mr}: :



cucreMa ypapHeHud (27) nocie ee JMHeapu3aluu MOKET
OBITH CBe/eHA K OOBLIKHOBEHHOMY JupdepeHnnajibHOMY
YPABHEHUIO BTOPOIO IOPS/KA /IS BOIMYIIEHHOM HHTAIb-

mu oW

v d d ] d /2mQ
£ ran eW)| — ;.'ﬂ Mianao ST
rog dr |y dr rog | dr ¥
2,
—{ﬂﬁi]&ﬁ’:ﬂ. (28)
reocy
3/1eCh BBEEHbI CJIe/IYIONmMe 0003HAYeHMS:

gr,w) = [m (r) — ..-f{}( j : ..f{} = 20 (EQ{} +r diﬂ)

c Py

r:'.}'{}r

or,w)=w—-mQ(r), ¢ =

)



B npenensaomM ciydae peskoro msiioma Qp(r) Ha pamyce
r= Ry ee nepsad npoussojanan d€y(r)/dr oxkasnisaercs
upmmpuﬂmmummﬁ 0(r — Rp), a Bropag mpou3BoHAK

d°Qo(r)/dr* — nponopuuoHaibuoil o(r — Ry), ciaegoBa-
Te/ILHO.
dy dxg  d’Qp .
- X X x ofr — Rp).
dr  dr dr? ( 0)

HMexkirouas nepByo NpOU3BOJIHYIO B (28 ), MBI CBOIHM HT0
ypapHeHue K ypapHenuro HIpénunrepa ¢ "o-amoit" [91], B
KOTOPOH BCEI/Ia eCTh JHEPIeTHYEeCK Ul YPOBEHL

Vi \ Ro s/
|

| F

P
-

| DHEPreTHYeCKHH YPOBEHE
! O- AMEI




peaJIbHOM CHTYAIlMKM AKKPEIMOHHOIO JMCKA O-fAMa TpPaHC-
opMupyeTcs B OOBMHYIO MY B arom cityuae B
[IOTEHIMAIBLHOH SME HMMEIOTCS JIB€ BOJIHBLI: [AJAI0NIAs U
orpaxenrHas. llociuennsas orpakaercs oOT pPe30HAHCHOH
30HBI (B 00J1aCTH KOPOTAIMOHHOM OKPYKHOCTH) C YBe/IMYe-
HHEM aMILIMTYAbI. JIOMOJIHMTE/ILHAS DJHEPIUS YEpIAeTCs
U3 KUHETHYECKOH JHEPIMM BPAIEHUS JIMCKA, KOTOPAS BO3-
pacTtaer npH NPUOJILKEHHMH K IEHTPY. 2DTO IPHUBOJIHUT K
BO3HUKHOBEHHUIO HEYCTOMYMBOCTH CBEPXOTPAKEHUS, KOTO-
pasi FEHEPUPYET OJHOPYKABHYIO BOJIHY IUIOTHOCTH |91].

/

OH4d pE30HAHCA

IMoTenmuan

t;

[ToréAmuianksHag aMa

O0nmactne O0macTs HOTOEKNUTE ILHOH

OTPHIATEILHOR JHEPIUH
JSHEPrHH



'w'!.’lph

0.04 F

0.03

0.02

0.m

0

JIiist uecieloBaHu s ClIMPa/IbHBIX BOJIH IUIOTHOCTH, BhI-
3BAHHBIX B AKKPEIMOHHOM JIMCKE HEYCTOMYMBOCTLIO CBEPX-
OTpaxKeHus, ObLIA YMC/IEHHO pelIeHa KpaeBas 3ajada [yl
ypasHeHus (28). B yacTHOCTH, OBUIM BLIYMCIIEHBI COOCTBEH-
HBIE 3HAYEHWUH 3a/la4u: yrijosas (aszopas CKOPOCThL Bpa-
menust o, = Re(w)/m 1 HHKpeMeHT HeyCTOHYMBOCTH
v=Im(w).

1 ? 3
Mode numbers



4.2. Onenkn koxpdumpenTa TYpOYIeHTHOIH BA3KOCTH

H BEJIHYNHLI ¢ B AKKPEIMOHHLIX THCKAX

B monorpadusax u 0030pax 1o usuke iiazMsl (opMyJia J1s
OleHKH KoahdunmenTa TYpOYJIEHTHOR BASKOCTH Viyp 3all-
CLIBAETCS B BUJIE (CM., HALIpUMED, [93])

(?L}[m'{
Viurh =~ ———— {29}
('J(Jz_jmm

FIAE (V1) maxy — MAKCHMAJIbHBII MHKPEMEHT JIMHEHHOI Heyc-
TOHYHMBOCTH, KOTOPAA BRI3LIBAET COOTBETCTBYIOIIYIO TYPOY-
JIEHTHYIO BSI3KOCTh, (K| )., — MHHHMAaJILHOE BOJIHOBOE
YUCIIO, COOTBETCTBYIOIIEE MAKCUMAJILHOM JIJIMHE BOJIHBI,
[EHEPUPYEMOH JJAHHOH HEYCTOHYMBOCTBIO.

dopmyia (29) moxer OBITE JIGIKO IIOJIYY€HA U3 COODpa-
KeHui pasMepHoCcTH. JdelCTBUTe/IbHO, PA3MEPHOCTEL TYPOY-
JIEHTHOM BA3KOCTH Viygh, KAK U MOJIEKYJISPHOM Vi1,

[Vturhl — h’tnnl] =cm e,

[Tojcrasisis B NpaByH 4acTh IOCJE/IHEIO BbIPAKEHUSNA

i g -2
BEJIMYMHBLI COOTBETCTBYIOIIEH paszMepHOCTH: [eMm~| = [k =,
[ = [y], MBI npuxo um & popmyie (29).



Paszsuras TpexmepHas KOJIMOIOPOBCKas TypOyJeHT-
HOCThE B AKKPEIMOHHBLIX [IHCKAX O3HAYAET, 4TO MAKCHUMAJlb-
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Hubble Space Telescope - Mason, Drew, and
Knigge (1997)
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Another indirect way
is using of 3D gas
dynamic simulations
alongside with the
Doppler tomography
technique.

This approach
allows us to identify
the main features of
the flow on Doppler

maps.
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How can we proceed trailed
spectra”?

Doppler Tomography

Marsh & Horne 1988,
MNRAS,235,269



Radon transformation
(J.Radon, 1917)

(Ve @ —~ I(V,,V,)

Ve, @ =[[1(V,.,V,)
x O(Vx+ V., cos2mp -V, sin2 )
xdV, dV,
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What is the Doppler map?

Doppler map (if exists) is an intermediate

representation between physical structure
of the flow (which should be revealed) and
trailed spectrograms (which are observed)
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Observational Doppler maps

(Ve @ — I(V,,V,)

Is the ill-posed problem

I(V,.,V,) - Il(x,y,z)

generally has no solution
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The bow shock tidally induced spiral
shock and the “hot line” are at rest in a
coordinate frame rotating with the
orbital period of the binary, and they
should be seen in Doppler tomograms.

\ /
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Morales-Rueda, Marsh & Billington 2000
Indeed, during the outburst the bulk of
emission comes from two arms of the spiral
shock.
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The bulk of emission comes from the shock wave along the stream edge
(“hot line”) — zone “A”, from the dense zone “C” near the apastron of the
elliptic disc, and from the arm of the tidal shock — zone “D” .
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/An extended maximum of surface density in the one-armed spiral
wave looks like some dense formation (“blob”). Therefore for a
large inclination angle it can give the variation of the uneclipsed
part of the light curve. Comparison with observations shows that
the period of the density wave rotation is in agreement with typical

\ periods of the light curve variations observed in cataclysmic binary/
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BO3MYLLEHMUS.

B HeBO3MyLleHHbIX 4acTax dopmMupyeTca npeueccnoHHas
BOJIHa NAOTHOCTM, conpoBoOXaaemas
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PeTporpagHas npeueccus BOJMHbI NIOTHOCTU CO CKOPOCTbLIO Nopsaka
HEeCKOJNIbKUX COTbIX 00OpoTa 3a OAUH OpOUTaNbHbLIN Nepuoa, a TaKkxe
KOMMNAKTHOCTb LEeHTpanbHOM 00riactm 3HeproBbigeneHna obbsAC-
HAIOT NosiBrfieHMe cBepxrop6a u ero HabnraaemMble XapakTepUCTUKMN.
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3D gas dynamic simulations of
the interaction between the

exoplanet WASP-12b and its
host star



Number of planets by year of discovery
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ﬁle discovery of first exoplanets was announced in 1992. The fig
known exoplanet near the main sequence star Peg51b was discovered by
Mayor and Queloz in 1995. So far, the existence of nearly 700 planets
orbiting more than 500 stars has been confirmed. The spacecraft Kepler
has found more than 2000 exoplanet candidates. GAIA, whose launch is
planned for 2013, is expected to find up to 10000 exoplanets.
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In the sense of the further investigation of the planet parameters the
most prospective planets are those having the smallest angles between
the orbital plane and the line of sight that allows us to observe the planet
moving over the limb of the star. This effect is called the transit of the
planet. Today we know 230 transiting exoplanets in 196 planetary
systems.




Indeed, photometric and spectroscopic observations of the transits
combined with the measuring of the radial velocities of the star allow
one to determine the mass of the planet and its radius.

This also allows observing the absorption spectra of the upper layers
of the planet's atmosphere that are used to derive the information about
its structure and composition.
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The majority of the known transiting planets are "hot Jupiters". The term

"hot Jupiter” appeared short after the planet Peg51b had been
discovered. Now this term is used to describe planets, having masses
comparable with the mass of Jupiter and semi-major axes shorter than
0.1 a.u. These objects have well observable atmospheres, short orbital
periods (~ several days), and relatively deep transits. These features
help us to determine physical properties and chemical composition of

the atmosphere using existing ground-based and space instruments.




WASP-12 is a late F-type main sequence star [M, = 1.35M., R, = 1.6R.,
Tor = 6250+ 100K, log g = 4.2+ 0.2] (Fossati et al. 2010b) with a magnitude of V' ~ 11™.6.
The star is at a distance of about 400 pc from the Sun (Fossati et al. 2010b). The star
hosts a transiting “hot-Jupiter”, WASP-12b, with a mass of M, = 1.41 £ 0.1M},, and
radius of Ry = 1.74 = 0.09R;,, (Chan et al. 2011). WASP-12b revolves in a rather circular
orbit (Campo et al. 2011) with the period of ~1.09 days (Hebb et al. 2009) at a distance of

0.0229 AU (~3 stellar radii) from its host star.




WASP-12 is a late F-type main sequence star [M, = 1.35M,, R, = 1.6R.,
Te = 6250+ 100K, log g = 4.2+ 0.2] (Fossati et al. 2010b) with a magnitude of V' ~ 11™.6.
The star is at a distance of about 400 pc from the Sun (Fossati et al. 2010b). The star
hosts a transiting “hot-Jupiter”, WASP-12b, with a mass of M, = 1.41 £+ 0.1M},, and
radius of Ry = 1.74 £ 0.09R;,, (Chan et al. 2011). WASP-12b revolves in a rather circular
orbit (Campo et al. 2011) with the period of ~1.09 days (Hebb et al. 2009) at a distance of

0.0229 AU (~3 stellar radii) from its host star.

HST transit observations in the near-UV (Fossati et al., 2010a), performed
in 2009, made WASP-12b one of the most “mysterious” exoplanets,
because they showed an early-ingress, that can be explained by the
presence of optically thick matter, located ahead of the planet at a
distance of 4 - 5 planet radii.
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/WASP-12b was observed in 2009 in the near-UV with the Cosmic Originh
Spectrograph (COS) on board of HST (Fossati et al., 2010a). The observed
spectral range was 2540-2810 A, divided into three bands of 40 A each.
Analysis of the COS light curves showed that the transit, in two of the
three observed spectral regions, is considerably deeper than in the visible.

Qesides, an early ingress was also discovered. /




So far, two explanations for the optically thick matter ahead of the planet
have been proposed.

Planet —,
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ﬁhe first explanation is based on mass transfer from the planet to the sta}
(Lai et al., 2010; Li et al., 2010). Indeed, the distance to L, point is only 1.85

R, and the upper atmosphere exceeds the Roche lobe. The natural result
of the outflow through the vicinity of the L, point is the formation of an
Qccretion disk surrounding the star, as for close binaries. /
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/h‘ the accretion disk |\

axisymmetric it does not
produce any effect on the
transit shape. However, in the
region where the stream
interacts with the disk an
extended shock wave forms
(Bisikalo et al., 2002, 2003),
which can be seen in
observations. This hypothesis
was used by Lai et al. (2010).
The authors supposed that the
stream from L, itself and/or the

region of the stream-disk

interaction can cause the early
ingress.




This idea is quite reasonable, but a more detailed analysis shows that,

with such a large degree of the Roche lobe overfilling, the lifetime of the

planet atmosphere is very short. Indeed, in accordance with equations,
\used in the theory of close binaries the mass loss rate is defined as: /

- . |GM
M/IM = (/ /R 3 [ = ‘I |
I/M = (AR/R) \ 73

/The size of the dense part of the atmosphere is limited by the exobase\
level. For the WASP-12b (p,, = 2.7°10"* g/cm, and T, = 10* K) the exobase

calculated in the spherical gravity potential is estimated at a distance of
1.55 R |. The volume Roche radius (i.e. a radius of a sphere that has the

@me volume as the Roche lobe), is 1.37 R . The degree of overfilling |sy

AR/Ry, = (Rex — R1,)/Ry, ~ 0.13.

{ The lifetime of the atmosphere is not longer than several years. }
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The second possible explanation is the presence of an optically
thick bow shock region ahead of the planet.

The typical "hot Jupiter” has a very short orbital period and a
small semi-major axis. This planet, hence, moves in the gas of the stellar
wind with supersonic velocity. When a gravitating body or body having
an atmosphere moves with supersonic velocity a bow shock occurs.
When the material of the stellar wind passes through the shock wave it is
compressed and heated in accordance with the shock adiabat. Then, the
compressed material of the stellar wind interacts with the material of try

atmosphere, forming the contact discontinuity.




4 A

Vidotto et al. (2010, 2011a, b)
have used the bow-shock idea
to explain the results of the
observations. However, they
supposed that the reason of
this bow shock is the magnetic
field of the planet, but not its
atmosphere. Using this idea,
they performed  analytical
calculations and, using them,
estimated the magnetic field of
the planet.

\_ /
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ﬂvever, if the positions“
the shock and contact

discontinuity are controlled
by the magnetic field, one
must see specific features
in the light curve of the
system. Naturally, we have
to see the earlier onset of
the eclipse in the short-
wavelength part of the
spectrum due to the
presence of hot and dense
material behind the wave
front. Then, in the gap
between the magnetopause
and atmosphere, where
matter density is low
luminosity should be
constant until the main

eclipse. However, we do not
observe this effect.
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@vever, if the positionk
the shock and contact

discontinuity are controlled
by the magnetic field, one
must see specific features
in the light curve of the
system. Naturally, we have
to see the earlier onset of
the eclipse in the short-
wavelength part of the
spectrum due to the
presence of hot and dense
material behind the wave
front. Then, in the gap
between the magnetopause
and atmosphere, where the
matter density is low the
luminosity should be
constant until the main

eclipse. However, we do not
observe this effect.
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ﬁhe natural idea that could explain the observations is that the bow-shock Q
located immediately next to the atmosphere (lonov et al., 2012). It is evident
that in this case we can neglect the magnetic field.

Here a question appears, if it is possible to get the bow shock with
Qbservable parameters in a pure gas dynamic solution? /




3D gas dynamic equations

Continuity equation:

0p , 0pu 0pv 0pw_ 0

Equation of state:
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The bow shock formation















To determine the position and shape of the contact discontinuity we can
draw a simple idea of the equilibrium between the dynamic pressure and
atmospheric gas pressure.
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/To determine the distance between the\
contact discontinuity and the bow shock
(bow shock standoff distance) one can use
empirical formulae (Verigin et al.,

-2 -15 -1 -05 0 05 1 15 2

2.5

KGeomagnetism and Aeronomy 2011). /

Bow shock standoff distance:
A=11ry(ly—1) M2+2)/([y+1) M?]
Equation of the wave surface:
y*[x)=2R (r —x) +b (ro—x)2

M — Mach number,

r, — distance to the contact discontinuity

R — curvature radius of the contact

0
discontinuity
b, — bluntness of the contact discontinuity

surface



HD 209458b - the first discovered exoplanet, a typical representative
of “hot Jupiters”. There are the most detailed observational data for
this planet.

System parameters: Atmosphere parameters:
e M,=1.1M__ p = peexp(-uGM(R-R )/KTRR )
* Re=1L1R,, p=3.2:10"* g/cm’
* Mpl=0.64 M,, T =5000 + 10000 K
+ Rpl=132R,,
* A=0,045au. Wind parameters:
P P=3.5 n=1410* cm?
T=110°K

v =100 xm/s



The simulation results have shown that a bow shock forms near the
planet. Its location and shape are in a good agreement with analytical and
semi-analytical estimates. However, they do not correspond to
observational results.
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Furthermore, there are no any reasonable parameters of the wind and
atmosphere to deliver the observed location of the bow shock at a

distance of the head-on collision point of 4-5 planet radii, in the purely
gas dynamical solution.




What is wrong in our solution? What special is in the WASP-12b planet
where the bow shock was observed?




It appeared that the WASP-12b, as well as many other “hot Jupiters”, has a
large radius and its atmosphere exceeds the Roche lobe.




(o

(the upper atmosphere level is shown by the green circle in the right-hand
panel). This configuration inevitably implies the strong outflow of the
atmosphere toward L, and L, Lagrangian points. Correspondently, the

thosphere will not be symmetrical any more. /

pe

e atmosphere of the WASP-12b significantly exceeds the Roche lo
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/In the simplest case, when gas dynamic effects are absent, one must\
observe the formation of the stream from the L, point. The stream must be

turned in the direction of the planet’s motion due to the Coriolis force.
However, this configuration is not stable. The point is, that in this case the
rate of the atmosphere outflow must be enormous:

M /M =(AR/RYGM | R?

\And the lifetime of the planetary atmosphere is not longer than few years. /
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The bow shock can help to stabilize the situation. Indeed, the gas
dynamic interaction of the atmosphere with the matter behind the
shock can break the outflow through the L, and L, points.
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@urthermore, in this case the geometry of the bow shock must be mo%
complex. The powerful stream toward the inner Lagrangian point,
deflected by the Coriolis force in the direction of the planet’s motion,
gives not only the longer standoff distance but changes the shape of the

Qhock. /




ﬁurthermore, in this case the geometry of the bow shock must be moth
complex. The powerful stream toward the inner Lagrangian point,
deflected by the Coriolis force in the direction of the planet’s motion,
gives not only the longer standoff distance but changes the shape of the

Qhock. /




The boundary conditions have been set as follows. The atmosphere is assumed to be
isothermal (7}, = 10* K) and is in hydrostatic equilibrium, i.e. the gas velocity in the
atmosphere 1s zero. At the surface r = R, we set the value of the density at the visual
radius equal to 2.7- 10" g/cm?®. The particle concentration in the stellar wind has been set
equal to 5-10%m™ (Vidotto et al. 2010). The other stellar wind parameters are unknown,
therefore we used the data for the solar wind. Namely, the temperature of the wind has
been set equal to that of the Sun at the corresponding distance from the star 7 = 10°K
(Withbroe 1988). The velocity of the wind is assumed to be 100 km s™', corresponding to
the velocity of the solar wind at the star-planet distance of the WASP-12 system (Withbroe
1988). The proper stellar wind velocity is subsonic with a Mach number M = 0.85.
However, taking into account the supersonic orbital motion of the planet (M = 1.97) the
total velocity of the planet with respect to the stellar wing is also supersonic with a quite

large Mach number of M = 2.14.
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/Because the planet's atmosphere overfills its Roche lobe WASP-12b's\

envelope has a complex shape. In addition to the central part of the spherical
atmosphere two “prominences”, directed to the L, and L, Lagrangian points,

/

develope in the system. These streams leave the planet and are deflected in

Kthe direction of the orbital motion and against it.
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Under the action of the dynamic pressure of the stellar wind these flows slow
down and, then, stop at a distances of ~6 and ~4 planetary radii from its
center, forming a stationary envelope.




/The planet and its envelope move in the gas of the stellar wind with\
supersonic velocity resulting in a Mach number M=2.14. Thus, the dynamic
pressure of the stellar wind not only works towards the formation of the
stationary envelope but leads also to the formation of a bow shock and
contact discontinuity which delimit the envelope. The wave has a complex

\_ double-peaked shape. -/
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\_ double-peaked shape. -/
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The head-on collision point found in the calculations is at the peak of the
stream from the L, point. The distance from the planet to the head-on

collision point, as projected to the stellar limb, is of ~4.5 planetary radii,
allowing us to explain the observed early ingress.




The heating of the planet envelope by the bow shock allows one to explain
the fact that the eclipse, in the spectral bands where the early ingress has
been observed, is two times deeper than the eclipse of the planet itself.
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