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1. ®oromerpus u cuekrpockonus Hosoii deaxbpduna 2013

Knaccuueckas noBas V339 Del, orkpeitas smoHIiEem
Koutu Urarakm 14.08.2013 8 14:01 UT (MJD 56518.584),
“MeJa B TOT MOMEHT BUAVMMYIO 3BE3NHYIO BEINUUHY
6.8™ 1 cpa3y HauaJya UCIBITHIBATD K ce6e 3HAUMTeIIbHBIIT
podeCcCUOHATBHBII U JIIOOUTENbCKIUIL MHTEPEC.

Menee uem uepe3 10 yacoB mocie cooOleHUs 00 OT-
KPBITUM, C HACTYILJIEHIEM HOUI, BEHT€PCKIIE ACTPOHOMBI
MOJYyYUIIN IEPBLIN CIIEKTP HOBOJ Ha 3ILEJIbHOM CIIEK-
Tporpade, yCTaHOBJIEHHOM Ha 1-METPOBOM TeJleCKOIIe
B HEKOTOPOIL MECTHOI 00CEpBATOPIIL.

Jns pemeHys 3agauy HeOOXOOVMO IIPOM3BECTH aKKy-
paTHbBIe M3MepeHNs Ha BBIJAHHBIX rpadmkax (Imcrax
dopmara A3). Hiske npuBoasaTCsa MX MUHUATIOPHL:

Nova Del 2013 — Johnson V' light curve
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Puc. 1.1: Kpusas 6ecka HOBOII B mmosioce V
Fig. 1.1: Nova Del 2013 — Johnson V light curve

Ha puc. 1.1 mokasana kpuBas G1ecka HOBOII 110 JTaHHBIM
AAVSO. [Jauusie nsmepenuit (38 ThICAU CephIX TOUEK)
CTIIa)KeHbI rayccoBbIM (QuiabTpoM ¢ okHOM 0.5 cyTok
(uépHas kpmsas). Ilo ocu abcmyce OTIOXKEHBI MOMM-
¢uuupoBanuble fonuaHckume natel (MJ-marer, MJD =
=]JD-2400000.5), 1o ocut OpAyHAT — BUAMMAsI 3BE3THAS
BeJIMUYMHA HOBOI, B Iojoce V.

Temn yObiBaHUs GileCKa OIMCHIBAETCA MPOMEXYTKAMMU
BpeMeHN II0C/Ie MAKCUMYyMa, 3a KOTOpbIe OJIeCK YMeHb-
mraercs Ha 2™ u 3™, — COOTBETCTBEHHO [ U I3 [B CyTKax].

Cy1miecTByeT HECKOJBKO SMIIMPUYECKUX BbIpaKeHIIA,
CBSI3BIBAIOIINX aOCONIIOTHYIO 3BE3THYIO BeaumduHy M
B ITosioce V B MaKCHMMyMe HOBOJ I BpeMeHa [y, I3:

1.32-1log;, f

(A) My =-7.92-0.81arctan
0.23

(B) My =-11.32+2.55log,, >
©) My =—11.99 +2.54 log,, 13

60 6aLIOB

Classical nova V339 Del (Nova Delphini 2013) was discovered
by Koichi Itagaki at 6.8 magnitude on 14 August 2013
at 14:01 UT (MJD = 56518.584). Both professional and amateur
astronomers analysed the photometry and spectroscopy
of the nova.

Less than 10 hours after the alert, when the night falls at
the Piszkésteto Mountain Station of the Konkoly Observatory
of the Hungarian Academy of Sciences, Hungarian astronomers
took the first spectrum data of the nova using the Echelle
spectrograph in the Gothard Astrophysical Observatory
of Lorand Eo6tvos University attached to the 1 meter telescope
of the Konkoly Observatory.

Refer to Fig 1.1 and Fig 1.2 to complete the questions. The larger
versions of Fig 1.1 and Fig 1.2 are found on separate A3 papers.

Nova Del 2013 — Spectra around Ha line
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Puc. 1.2: Cnextp HOBoOII BOM3u nuHnu Ha
Fig. 1.2: Nova Del 2013 — Spectra around Ha line

Fig. 1.1 shows the visual light curve of the nova based on
the data downloaded from the website of AAVSO (American
Association of Variable Star Observers). On the horizontal
and vertical axes, the Modified Julian Date (MJD = JD —
— 2400000.5) of the observations and the Johnson V
magnitudes are plotted, respectively. The grey circles (about
38000 data points) represent the measured values, while
the continuous black line is the result of smoothing the data
with a Gaussian filter (Full Width at Half Maximum = 0.5 day)
to define an “average” light curve from the data points.

The rate of decline can be characterized by the values t, and #3,
which show the time interval in days in which a nova fades
from its maximum brightness by 2 and 3 magnitudes.

A few empirical formulae between the peak of the absolute
magnitude in the V band (Mp) and £, t3 values can be found
in the following literature:

(Della Valle, M. & Livio, M.: 1995, ApJ 452, 704)
(Downes, R. A. & Durbeck, H. W.: 2000, AJ 120, 2007)
(Downes, R. A. & Durbeck, H. W.: 2000, AJ 120, 2007)
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U36brTok 1ieta Hosoit [lenbdumal

The E(B - V) color excess of Nova Del 2013 is:!

E(B-V)=0.184+0.035.

Ha puc. 1.2 n306paskéH y4acTOK CIIeKTpa 3TOIl HOBOIL
B okpectHocTy JuHuM Ha. V3sMepeHUd npoBoaMINCh
B TeueHle 6 IOCIemOBATeIbHBIX HOUEN MO I IIOCie
MakcumyMma ty. MoguduipoBaHHble 0JIMAaHCKIE AAThI
(MJD), cooTBeTCTBYIOLINE KAXKION M3 KPUBBIX, IIPUBO-
ISATCA CIIpaBa OT HUX.

Ha6mromaeman nmuus Ha npemoncrpupyer mnpoduib
tuna P Cygni ¢ IIMPOKMMM «KPBUIBIMU», KOTOPBIN
TUIIYUEH He TOJIBKO JJI HOBBIX U SIBJIAETCH HaOEXHBIM
NIPM3HAKOM 3HAUNTEIbHOTO OBVDKEHNSA MCTOPIHYTOI
3BE3MI0I1 MaTepPUIL.

Takoit mpodIITE TMHUM COCTOUT U3 MOIIIHOTO IIINPOKOTO
9MUCCUOHHOIO IMKA, LEHTP KOTOPOTO IPUXOJUTCS
Ha Ag = 6562.82 A, 1 0OYCIIOBJIEHHOII IOIJIOIEeHNEM
KOMIIOHEHTBI, IIPETEPIIEBIIIENT CIHEE CMeELIeHIIE.

CxopocTb (IydeBast) UV, pacIMpeHUs 000JIOUKM MOKET
OBITH OIIpe/ielieHa 110 IUINHE BOJHBI A, OTBeyarowel mu-
Ky ITOIVIOLI[eHVSI, MCXOAS U3 HOIUIEPOBCKOTO CMEIIeHMS:
Ad=A-A.

Cunraitre, 4To Iorjoienue B guHuK Ha npomcxomut
BO BHEIIHE!N YacTu CcQepuuecKoil paclUIMpsIOIeiics
000JIOUKM, U1 pa3Mep IOCTIeqHel Ha MOMEHT I10JIyYeHIS
IIEPBOTO CIIEKTpa IpeHeOpeKMMO MaJl II0 CPaBHEHNIO
C KOHEYHBIM pa3MepOM.

(a) HWsmepsre maty MJDy, B KOTOPYIO HOBas OCTULIIA
MaKCUMAJIbHOM SPKOCTU, M COOTBETCTBYIOLIYIO 3TOMY
MOMEHTY BUAUMYIO 3BE€30HYI0 BenunHy. [Torpernocts
IIOCJIeTHEI II0JIaraiTe paBHOM 0.05™.

(b) Ormpenenure MJ-martbl, B KOTOpble HOBAas IIOTYCK-
Hema Ha 2™ m Ha 3™ OT MaKCMMANIBHON SPKOCTMU.
Beruncnure t u f3.

(c) Wcmonpsys moaydyeHHBle 3HaueHUs @ u I3,
BBIUMCIIUTE a0CONIOTHYIO 3BE3HYIO BEJNYMHY HOBOII
B MakKCUMYyMe, UCIIONb3ys KXK/I0€e U3 TPEX dMIMpuUe-
CKMX COOTHOILIEHNI, IPUBeIEHHBIX BBIIIE. YCPeTHNTE
pesyibrarbl (Mp), BBIUMCINTE MX CpeXHEKBagpaTiy-
HOe OTKJIOHEHJe B KadecTBe Iorpenrsoctu. Popmyia
IUISL CPeHEKBAAPATUIHOTO OTKIOHEHNS:

E

[5]

i (xi _2)2

Fig 1.2 shows the nova spectra taken in the wavelength region
around the Ha line on six consecutive nights before and after
the time of the maximum brightness (#). The individual spectra
have been shifted vertically for clarity. The Modified Julian
Dates (MJD) of the observations are listed on the right hand
side of each spectrum slice.

The Ha line shows the so-called P Cygni profile with very
broad wings, which is typical not of novae only, but is present
in almost all spectral types and is a reliable sign of a massive
radial motion of matter ejected from the star.

The P Cygni profile is composed of a strong, broad emission
peak which is considered to be centered at the rest wavelength
in air Ag of the line — for Ha Ao = 6562.82 A — and a usually
weaker, blueshifted absorption component.

The expansion (radial) velocity of the shell can be approximated
from the measured wavelength A of the absorption peak using
the well known Doppler formula connecting the displacement
AL = A — Ay, the radial velocity v, and c, the speed of light.

Assume that the Ha line showing P Cygni profile is excited
in the outermost part of the spherically expanding shell, and
its extent at the moment of taking the first spectrum was still
negligible.

From Fig. 1.1, estimate the Modified Julian Date of the peak
magnitude (MJDy) and the value of the peak magnitude itself.
Consider the error of this brightness value to be 0.05™.

Estimate the Modified Julian Dates based on the time interval
(days) in which the nova has faded by 2 and 3 magnitudes, then
calculate 1, and 3 values.

With reference to £, and #3 from (b), determine the peak
absolute magnitude of the nova using all three empirical
formulae listed earlier, calculate their mean (M) and their
standard deviation, and consider this latter as the uncertainty
of My. The formula for standard deviation:

n-—1

(d) Ucnonp3ysa 3amanHHylo Belllle Bennuuny E(B - V), E Using the value of the color excess E(B — V), determine the

OIIpeNiesINTe BEIMUNHY MeX3BE3THOI0 ITOTJIoIIeHus Ay
1 eé MOTPEIIHOCTh, CunTasi, uto Koadpduumenr Ry = 3.1
B TOUHOCTIL.

1Chochol, D. et al.: 2014, Contrib. Astron. Obs. Skalnaté Pleso 43, 330

interstellar extinction Ay and its uncertainty in the direction
of the nova. Use Ry = 3.1, without error.
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(e) Haiiamre paccTosiHUE N0 HOBOJI U €TI0 IIOTPELIHOCTh
[B KyuTOTIIApCEKax).

(f) Usmepbre OIMHBI BOJH, COOTBETCTBYIOLIVE LIEH-
TpaM IMKOB IIOIVIOIIEHMS, IS KaXZOM M3 CIeK-
TPAJBHBIX KPUBBIX. PaccumraiiTe COOTBETCTBYIOLIME
JyueBble CKOpoCTM 060souky. OLeHKa IIOrpelrHocTelt
He TpebyeTcs.

(g) Ilocrpoiite rpadMK 3aBUCUMOCTH JIyUeBOIL CKOPO-
¢ty oT MJ-maThl HaOIIOoeHN.

(h) Ucnmonwsys moctpoeHHSBI TpaduK, OLEHUTE JIU-
HEIHBII pafguyc OOOJIOUKM Ha MOMEHT IIOCJIeHETO
Ha0II0eHNs, uepe3 5 qHeT [ocie OTKPBITUS [B a. e.].

(i) ITo paccumraHHOMY PacCTOSTHMIO [0 JaHHOI HOBOII
Y IMHETTHOMY Pafuycy chepnueckoit 000IOUKY B KOHIIE
HaOJTI0MeHNIT, BHIUMCIANTE BUAVMBII yIJIOBOW pasMep
II0CJIeTHEI.

Estimate the distance to the nova and its uncertainty.
Give the result in kpc.

Measure the central wavelengths of the P Cygni absorption
features plotted in Fig. 1.2 (refer to magnified version),
and calculate the corresponding radial velocities. No error
estimation is needed.

Plot these radial velocities against the Modified Julian Dates
of the observations.

From the graph in (g), estimate the physical radius
of the envelope at the end of the time interval. Give the answer
in astronomical units (au).

Knowing the distance to the nova and the physical radius of
the spherical envelope 5 days after the discovery, estimate
the apparent angular diameter of the envelope then.
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2. TpoitHOe 3aTMeHNE B TPOITHOI 3BE€3HOI cUCTEeMe

YrouneHue xapakrepa nepemeHsocty HD 181068 crano
ONHUM W3 IIpUMEUaTeJIbHBIX pPE3yJIbTaTOB 4-JIEeTHETO
o63opa tesneckona Kerep. B xome muccnm o6Hapyxu-
nnck ocnabnenus 6jaecka 9TOTO MCTOUHMKA IIPUMEPHO
Ha 0.003™ - 0.004™ 3BE3MHON BENMUYMHBI KaKIble
0.453 cyTOK, NpUUEéM aMIUIMTYyObl «UETHBIX» IIOTEMHE-
HUIT OBLIY Uy Th OOJIBIIIE, UeM «HEUETHBIX». Taxxe ObLIO0
3aperuCTPUPOBAHO PEryJIApHOE YMEHBIIIEHNe SIPKOCTI
Ha 0.007™ ¢ nepuogom 22.7 CyTOK.

OG®BscHeHNE 9TOMY SBIEHUIO JATVM BEHTEPCKIE acTpo-
HOMBI, B UX YNCJIE OKasaJCi M Ipeacenaresb akameM-
kKoMmmrera onumimanel. HD 181068 — 310 KOMIaKTHAas
uepapxmuecKkas TpOJHasg 3BE3MHad CICTeMa, KOTopas
HabJIIoIaeTcs IIOUYTH «C pedpax.

dra cucrema cocrouT u3 Tpéx 3BE3m: A, B m C.
IBe u3 Hux (B u C) 00pa3yooT BHYTPEHHIOK, TECHYIO
IBOVIHYIO CUICTEMY; BHEIITHIII KOMIIOHEHT A obpariiaeTcs
Ha paccrosauu ot BC, Ha MOPSNOK IIPEBBIIIAIOIIEM
pasMep BHyTpeHHell IIOACUCTEMBI. Takoe RBIDKeHIe
n306paxkeHo Ha puc. 2.1.

90 6a/LJIOB

HD 181068 was one of the brightest targets which was
continuously observed during the almost 4-year-long primary
mission of NASA’s exoplanet-hunter Kepler space telescope.
The spacecraft observed =~ 3 —4 x 10~ magnitude dimmings
every 0.453 days. (Note: The even dimmings were slightly
smaller amplitude than the odd ones.) Furthermore, additional
0.007 magnitude, 2.3-day-long dimmings were detected every
22.7 days.

The correct explanation of this very unusual photometric
behaviour was given by Hungarian astronomers. They found
that HD 181068 is a compact hierarchical triple stellar system
seen almost edge-on.

Hierarchical triple star systems consist of three stars; A, B, and
C. Two of these stars (B and C) form an inner or close stellar
binary system, whilst the outer component (star A) orbits at
a distance from the inner system significantly larger (usually
orders of magnitude) than the semi-major axis of the inner
system. The schematic view of an example of a triple star system
is illustrated in Fig. 2.1.

Star C’s orbit

Star A’s orbit

Puc. 2.1: Cxemarmyeckuil BUJI TMIIOTETUUECKON JMepapXMUecKOl TPOJHO 3BE3qHOI cucTeMbl. ILTOCKOCTH OpOMUT 3BE3N
COBIIAJaeT C INIOCKOCTBIO JicTa. YépHasd cTpeika HampasieHa K 3emile. JKupHbIe cerMeHTBI OpOMT COOTBETCTBYIOT OyraM OpOWT

3BE3]] B TeUEHUE «BHEIIIHEero» 3aTMeHII.

Fig. 2.1: The schematic pole-on view of a hypothetical hierarchical triple stellar system. The black arrow is directed towards
the Earth. The thick segments of the three orbits represent the stars’ orbital arcs during an outer eclipse.
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IIBUKeHye OIMCAHHOM 3BE3THONM CUCTEMBI XOPOILIO
OIIMICHIBAETCS ABYMS KEIIEPOBBIMU JBVLKEHVSIMIU:

(1) 3B€31 B TECHOI ABOIHOI IIOICUCTEME;

(2) menTpa Macc 3TOI TOACUCTEMBI 11 BHEIIIHE 3B€3/bI.

B pamkax pmaunoit 3amaum 3Bé3nel B m C oOpasyior
IBOMHYI0 cmcteMy c Tmepmomom P; = 0.9056768¢,
KOTOpasi, B CBOIO ouepenb, 0OpalaeTcs BOKPYT OOIIEro
co 3Be3qoill A meHTpa Macc C IepumomgoM P, =
= 4547114, [TockonbKy 3eMHBIE HAOIIOAATENN HAXOTAT-
Cs IPaKTMUECKM B IIJIOCKOCTM OpPOMT 3TOM CUCTEMBI,
B Ipouecce nBypKeHMa 3BE3npl B m C 3armeBaroT
He TOJIBKO APYT Opyra: HaGNIOMAITCA «XOIOJHUTEIh-
Hble» 3aTeMHEHMSI — 3Be3Ogbl A, a yepe3 IIOJOBUHY
nepmopa — 3Be3moi A.

Mathematically, the motion of a hierarchical triple system
can be well approximated with two unperturbed Keplerian
two-body motions; (1) Keplerian motion of the inner binary.
(2) The centre of mass of this close binary and the third star
revolves on a second Keplerian orbit, “outer binary”.

In this problem, stars B and C form a P; = 0.9056768-day-
period eclipsing binary, while the centre of mass of these stars
with star A forms the P, = 45.4711-day-period outer binary.
As the orbital plane of this outer orbit is seen almost edge-on
from the Kepler spacecraft (and from the Earth), during their
revolution on the outer orbit, stars B and C eclipse not only
each other, but also star A or, a half outer revolution later are
eclipsed by it, causing the extra dimmings.

i. Ompepnenenne JIMHETHBIX Pa3MePOB 3BE3[ M APYTUX MX IIapaMeTPOB 13 TeOMeTPMIL 3aTMeHIII

B oaroin uwactm OymemM mpeamoJarath CiIeqyloIlee:
OpOUTHI
KPYTOBBI€E, IIOCKOCTY 3TUX OPOUT COBIIAJAIOT U JIEKAT
Ha JIyue 3peHHUsI, TaK YTO CHUcTeMa HabIomaeTcs
c pebpa B TouHOCTH. [[OHOSHUTENbHBIE 3aT€MHEHWS
ABJIAIOTCA II0 CYLIECTBY L(€HTPAJIbHBIMM 3aTMEHVISIMI
(monHpIMM MO0 KOJIBIEOOPA3HBIMI) M OIMCHIBAIOTCI
4 MoMeHTaM; KOHTakTa. HecMoTpss Ha HeKOTOpoOe
YCIIO)KHEHIE 110 CPAaBHEHUIO C OOBIYHBIMU CIyUYasMu
IBOVIHO 3aTMEHHO-TIepeMeHHOII MV CUCTeMBI 3Be3a —
9K30IUIAHETA, UCCIIeOBATEIBCKAS IPYIIIIA CMOTJIA OJHO-
3HAYHO OMPENEINTh MOMEHTHI Ka)KIOTO U3 KOHTAKTOB
U TO, KaKOJ 13 KOMIIOHEHTOB «BHYTPEHHEI» JBOIIHOI
ITOICUCTEMBI YUACTBYeT B KOHTakre. (BropbiMm KOHTaK-
TUPYIOLLM TeJIOM SIBJIIETCSI, ECTECTBEHHO, 3Be31a A.)

«BHYTPEHHE» ¥ «BHELIHEN» IIOJCUCTEM

B Tabmmie HmKe IPUBOAATCI MOMEHTBI HEKOTOPBIX
KOHTAKTOB Pa3iIMUHBIX «BHEIIHNX» 3aTMEHN, 3aperu-
CTpUpPOBaHHBIX TeseckorioM Kertep. Bpems Beipaxaercs
B GapuieHTpUUeCcKuX 0iananckux qusx (BJD).

These assumptions are used throughout this section: (1) both
the inner and outer orbits are exactly circular, (2) the orbital
planes of the inner and outer orbits are identical, and (3) this
plane is seen exactly edge-on (i.e. i} = i, = 90° and i = 0°).
Let’s consider the extra dimmings, which are central eclipses
(i.e. either occultations or transits— annular eclipses), therefore,
these events have four contacts. In the case of an ordinary
eclipsing binary (or of a transiting exoplanet) at the times of
the outer contacts the sky-projected disks of the two objects
connect with each other at one point from outside, while
at the inner contacts they approach each other from inside.
While this last statement is also valid for outer eclipses,
the situation becomes more complex, because instead of two,
three stars are involved into the eclipses. However, despite this
fact, we can certainly define the times of each contact from
the light curve, and furthermore, we can also decide explicitly
which member of the inner binary is involved in a given contact.
(The other member, of course, is always star A.)

In the table below, the accurate times of some contacts
of different eclipses observed by the Kepler spacecraft,
the contact types and the stars are documented. Time
is expressed in barycentric Julian Days (BJD).

Ne coObrTuss Konrakt  3BE3mbI BJD ¥1 ¥2
Event No. Contact Stars
1 I AB 2455476.1096
II A, C 2455476.4245
111 AB 2455477.9677
v A B 2455478.4722
2 I A B 2455521.5217
3 III A C 2455568.9434
4 I A C 2455612.4733
III A C 2455614.3571
5 III AB 2455659.9241
v A, C 2455660.2422
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(a) UsBectHo, uYTO MOMEHTHI BpeMeHu Ty =
= 2455051.2361 n Tpp = 2455522.7318 oTBedawT OBYM
HIDKHJM COeIVHEHMIM COOTBETCTBEHHO «BHYTPEeHHeI»

U «BHEIIHEI» BOMHBIX IIOACUCTEM (TO €CTh MOMEHTAM,
Korga Ojsa 3eMHoOro HaOmromarens 3Be3ga C 3aTmeBaeT
3Be3qy B, u xorma 3Be3ma A 3aTMeBaeT II€HTP Macc
cucrteMmsl BC. BBeném

t— T,
wl(t)={ 01}, @

P,

¢doromeTnueckne ¢aspl «BHYTpEHHEN» U «BHEIIHEN»
noxcucreM. 31ech {x} o3Hauaer B3sATME APOGHOI YaCTH
BEL[ECTBEHHOTO 4ucia X; ecm {x} < 0, 3aMeHMTE €ero
Ha {x}+ 1. Berunciure paspl KOHTAKTOB U3 IIPUBENEHHOI!
BBIIIle TAOAMIIBI C TOYHOCTHIO 4 3HAYAIMX UHUQPBIL.
ITIpocTo 3amoHNTE TaOINITY HA JICTE OTBETOB.

(b) s Kakmoro 3aTMeHMst OIpeNeNnTe, UTO OJIVDKe E
K HaOmmomarenro: 3Be3ga A mim TecHad nsoitHag BC.
ITIpocTo 3amosHuUTE TaOIMIY HA JINCTE OTBETOB.

(¢) Hcmonnsys Tabauily CBBIIIIE, HAMATE:

(1) oTHOLIEHME pagmyca KaXKION M3 3BE3N K OOJIBIION
IIOJIyOCH «BHeIIIHel» opouTs! (Ra B, / ap);

(2) oTHOLIEHME GOBIIMX TOTyOCelT ABYX opbur (a1 /az);
(3) orHoIeHNUE Macc 38é3x B u C (q; = mc/mg).

IModckaska: TpoM3BOLMUTE BBIUUCIEHUS C TOUHOCTHIO
He MeHee 4 3Hauanux uudp. BosmokHo, uro He Bce
TeOpeTMUECK) BO3MOKHbIE KOMOMHAIIN KOHTAKTOB I10-
IOMAYT IpU MMeIollelicd TOUHOCTY MICXOAHBIX JaHHBIX.

(d) Borumcnure oOTHOLIEHME —Macc

KOMIIOHEHTOB @
«BHENIHEN» IIOACUCTEeMbI q2 = ch/mA.

Given that Ty, = 2455051.2361 and Ty, = 2455522.7318 denote
the time of an inferior conjunction of the inner and outer
binaries respectively (i.e. that time, when, from the perspective
of the observer, star C eclipses star B, and when star A eclipses
the centre of mass of stars B and C.) Define

_Jt=To2
2(1‘)—{ P, },

as the photometric phases of the inner and outer binaries
respectively. {x} denotes the decimal part of the real number x.
If {x} <0, use {x} +1 instead. Calculate the phases for the times
of the tabulated contact events and write the answers
in the appropriate columns of the table on the answer
sheet. Round your answers to four decimal places.

Determine, whether star A, or the close binary (i.e. stars B
and C) were closer to the observer during each eclipsing event.
Write your answer in the table on the answer sheet.

Using the table above, calculate (1) the dimensionless radius
of each star relative to the semi-major axis of the outer orbit
(Ra.B.c!/az), (2) the ratio of the semi-major axes of the two
orbits (a;/a;) and (3) the mass ratio of stars B and C
(q1 = mc/mg). Hint: Use at least four decimal place accuracy
in your calculations. Be cautious, it may not be possible to use
all theoretically possible contact combinations with a given
limited accuracy of time data.

Based on the results obtained above, calculate the outer mass
ratio (g2 = mpc/ma).

ii. OnpeneieHNne Macc 3BE3]] 110 Ty4YeBbIM CKOPOCTAM M BapUalUaM NepUOAMYHOCT HACTYILIeHN 3aTMeHIIT

e m3MepeHMS JIyueBBIX CKOpPOCTE€l KOMIIOHEHTOB
CIICTEMBI IPOBOAMINCH BCIIOMOTaTeJIbHble Ha3eMHBbIe
CIIEKTPOCKOIIMUecKre HabOnromeHms Ha 4 pasIMyHbIX
MHCTPYMEHTaX, IpMUEM TOJNBKO IJI 3Be3abl A Takue
HaOIOMeHNsT 0KAa3aIICh BIIOJHE yCIIELIHBIMY. 3aBIUCH-
MOCTb €€ JIy4eBOM CKOPOCTU OT BpEMEHMU alIIPOKCUMU-
pyeTcs BbIpa)keHUeM

To obtain RV data, ground-based spectroscopic follow up
observations were carried out with four different instruments.
Only the lines of star A were detectable in all spectra. Plotting
all the measurements against time, the RV curve was nicely
fitted in the following form:

Viad, A = Vy + Kasingry,

rae Vy — cucreMaTuueckas CKOpoctb, Kao — aMIumryaa
KOJIeOaHMIT CKOPOCTI.

Vy =6.993+£0.011 km/s,

P, =45.47119+0.00029,

where V) is the systemic velocity and Ka is the velocity
amplitude:

Ka =37.195+0.053 km/s,

21
PRV =5~ [ - (2455522.7318 + 0.0095)].
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Kp0Me TOTO, MVICCIEOOBATEJNNM OIIpENEINaN MOMEHTHI

cepenyH 3aTMEHUII BO «BHYTPEHHEN» IIOACUCTEME
(3Bé3n B u C) 1 06HAPY KW, UTO MOMEHT HACTYILIEHWS

N-ro MUVHIMYMa BbIpA’Ka€TCA KaK

2n
Tn=Ty+ PN+ AETVsin(P—P1N+(p0
2

roe

Ty = 2455051.23607g;p + (510~

Aptv = 0.0014469 +0.0001109,

B mocnegHeMm cooTHomeHMM Agry — aMIDIUTYHA
BapualMy IEePUONMYHOCTY HACTYIUIEeHUS 3aTMeHMUIL;
To — BpeMs HaCTYyIUIEHUS «HYJIEBOI'O» IJIaBHOTO MU-
HuMyMa; N — HOMep MMHUMYMa, LeJIbli I IJIaBHBIX
MUHUMYMOB (Korma uyTh Oosee Tyckias 3Be3ma C
3aTMeBaeT 3Be3Ay B) M IONMyLENbI A BTOPUYHBIX
MMUHUMYMOB (Korpa, HarpoTus, B 3armeBaer C).

Haitoure:

(1) oTHOIIEHME MacC KOMIIOHEHTOB «BHEIIIHEN» IIOJI-
CUCTEMBI (2 = MBC / Mp, UCIIONIB3YS TOJIBKO YKA3aHHbBIE
B 3TOM UacTM 3aJaull JaHHBIE;

(2) maccy mp 3Be3qpI A;

(3) maccy mpc «BHyTpeHHel» moxcucremst BC.

He 3a0yabre onpenenuTs HOTPELIHOCTI PE3YILTATOB.

Toockaska: pekoMeHAYeTCSI BIPA)KATh MACChI B COTHEU-
HBIX MaccaX, pagMycbl M PacCTOSSHUS — B pajmycax
CosHIIa MM aCTPOHOMMYECKIX eAVHUIIAX.

1ii. Hamoure maccer 3Bé3g B u C mo ormeabHOCTU

M pacCumMTalTe pagnychl K&KA0M U3 TPEX 3BE3T.

5),

Furthermore, the researchers determined the mid-times
of the regular eclipses of the close binary (formed by stars B
and C), and found that the occurrence of for example
the eclipsing minima belonging to the N orbital revolution
can be described by the simple expression:

’

where

Py =0.9056768% + (3-1077)",
o = —0.76779 +0.01937 rad.

In this expression Agty is the amplitude of the eclipse timing
variation, Ty denotes the mid-eclipse time of the reference
(zeroth) primary eclipse, and N is the cycle number, which
is an integer for primary eclipses (i.e. when the slightly fainter
star C eclipses star B), and half-integer for secondary ones
(i.e. when star B eclipses star C).

Determine (1) again the mass ratio (g2 = mpc/ma) of the centre
of mass of the inner binary and star A using only the results
obtained in point ii, (2) the mass of component A (m,a) and
(3) the total mass of the inner, close binary (mpc). Calculate
the errors for (1), (2), and (3) in masses. Hint: You can save much
time by expressing the masses in solar mass and the orbital
separations either in solar radius or au.

Using results obtained in questions i and ii, determine
the masses of stars B and C respectively and calculate
the physical dimensions of all three stars (i.e. stellar radii
in physical units).
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