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2. High-temperature plasma dynamics in supernova remnants: observable aspects.

Pedepar:

1. InceprauiliHe JOCJiI>)KEHHS CIIPSIMOBAaHE Ha aHaJli3 JaHUX PEHTTEHIBChKUX CIIOCTEPEXKEHDb 3aJIUILIKIB HATHOBUX
(3H) Ta BUBYEHHS IMHAMIKM BUCOKOTEMIIEPATYPHOI IJIa3MU LIMX 00’€KTIB HA OCHOBI IXHIiX CIIOCTEepEeKyBaHUX
XapaKTepUCTHUK. B pamkax poboTH NpoBeeHo AeTaJbHUN IIPOCTOPOBO PO3iIeHUI CIIEKTPaJIbHUM aHali3
PEHTreHiBCbKOTO BUITPOMIHIOBAHHS J1J151 KiJIbKOX MOJIouX 3H 3a IaHMMU CIIOCTEPE’KeHb KOCMIYHOI PEHTI€HiBChKO]
obcepsaropii Chandra Bucokoi po3finbHoi 3aTHOCTI. OGpOOKY Ta CIIEKTPaIbHE MOJIE/II0BAHHS NaHUX BUKOHAHO 3
BUKOPUCTAaHHAM nporpamHux naketiB CIAO, Sherpa Ta SAOImage-DS9, 3a6e3neunBiy KOMIIJIEKCHUI aHai3
CIIOCTEPEsKEHD. Briepie gocCiipKeHO XapaKTEPUCTUKY BUIPOMIHIOBAaHHS i CTPYKTYPY Pi3HMX KOMIIOHEHT I1J1a3MU B
1ux o6'exrax. Takuil minxin gae 3MOry IPOCJIiIKOBYBaTH IPOCTOPOBI 3MiHU BJIaCTUBOCTE! 30PSHOIO BUKUY Ta

BUSIBJISITU JIOKAJIbHI OCOOJIMBOCTI (Pi3MYHUX YMOB, 1I0 MOXYTb BiflirpaBaTi BaXXJIUBY POJIb Y 3arajbHill JUHAMIll



3QJIMIIKY, & TAKOK PEKOHCTPYIOBATU BHYTPIIIHIO CTPYKTYPY 30pi-TIIONepeJHNKA i YMOBU BUOYXY HaJJHOBOI.
TIpoBezeHo aHani3 nanux crocrepexxens 3H Tuxo Bpare (SN 1572) Ta Moranna Keriepa (SN 1604), siki Hasexarthb 10
Kiacy Mosioaux 3H tury Ia i € KIo4oBUMY 06 €KTaMU 151 TOCTiIPKEHHS MEXaHI3MiB BUOYXY i BIaCTUBOCTEN
3opsHoro Bukuay. [ag 3H Tuxo cTBopeHo Manu f,1s [iana3oHiB eHepriil POTOHIB, 4Ki BiflIOBiIal0Th
BUIIPOMIHIOBaHHIO B IBOX HAlSICKpaBillMX PEHTTE€HIBChKUX JIiHisX: KpeMHilo (Si) Ta cipku (S). OTpumaHo i
[IPOAHAasi30BaHO CIEKTPaJIbHi KOMIIOHEHTH TEIJIOBOrO Ta CUHXPOTPOHHOTO BUITPOMIHIOBAHHS 3 MAJIMX PETiOHIB 110
BCill IOBEPXHi 00’eKTa. 3a [OMJIEPIBCbKMMU 3CYBaMU [10OY10BAHO 2D po3NoAiny WBUAKOCTEN Y3I0BXK IPOMEHS
30py A5 I1a3Mu, 36araveHoi Si Ta S, gKi JeMOHCTPYIOTh 3HAYHY aHI30TPOIIiI0 30PsIHOTO BUKUY. Hamti pesysbTaTtu
BIIEPILE BKA3yIOTh HA BiIMiHHOCTI B IMHAMILli PI3HUX KOMIIOHEHT IJ1a3MU Ta MiITBEPAKYIOTh HEI30TPONHUN
XapakTep BUOYXy HaJJHOBOI Ta MOJKJIMBE BiIXWJIEHHS Bij ieanizoBaHoOi apyBaToi CTPYKTYPH 30pi-TonepesHuKa.
g 3H Kensiepa ocHOBHA yBara npufijieHa gOIlepiBCbKMM KapTaM IBUIKOCTEN PEHTTEHIBCbKUX JIiHIN
BUnpomiHioBanHs Si, S Ta Fe. Briepiie nokasano, mo 3H Kenzepa geMoHCTpye BUPa3Hy aCUMETPII0 B PO3IIUPEHHI
Pi3HUX CKJIQIOBUX I[IJIa3MHU - Y KOMIIOHEHTAX 30PSHOT0 BUKU/Y, 6araTux Ha Fe, MpuCyTHe NepeBaskHO CHHE
3MillleHHs, a 6arati Ha Si J€eMOHCTPYIOTh CKJIQIHIIYy KiHeEMaTHKy. lle MoxXke CBiIYMTH PO NepeMilllyBaHHS
€JIEMEHTIB B 30Pi Ta acpepuyHicTs ii BUOyxXy Ta Mpo 0COOGIMBOCTI B3aeMO/i yaapHOi XBUJIi Ta 30pPSIHOTO BUKUY 3
MiXX30PSIHUM cepefoBullieM. Ha OCHOBI peHTIeHIBChKUX Ta Paiio CIIOCTEPeXXeHb BIepIle I00yJ0BaHO KapTy
MaKCUMAaJILHUX €HEPTill €JIEKTPOHIB y 3annuKy Tuxo. Ha OCHOBI 0€IHAHHS PEHTI€HIBCHKUX i palioCIIOCTEPEKEHD
II0Ka3aHo, 110 BOHU focAraloTs 8o0TeB, a cepenHe 3HayeHHs CTaHOBUTD 2.60+00.90TeB. 1li oujiHKM BaskIuBi AJ1s
MOJIEJIIOBaHHS IIPMCKOPEHHS YACTUHOK i MOPIBHAHHA 3 TEOPETUYHUMU [IPOTHO3aMU MAKCUMAaJIbHUX €HEPrii
€JIEKTPOHIB B MoJsiogux 3H. JloCcaimKeHO eBOJIIOLiI0 PEHTTEHIBCHKOTO Ta FaMMa-BUIIPOMIHIOBAaHHS Bif MOJIOIUX
o6osioHkoBux 3H - SN1987A, Cas A, Tuxo Ta SN1006. Bniepiie mpoie MOHCTPOBAHO, 110 TOTOKU BUIIPOMiHIOBaHHS
Big 3H Tuxo ta Cas A Ha ABaAUATUPiYHOMY MaclITabi yacy 3ajMmaloThCs cTabiibHUMU. HaToMiCTb B Iyke

MoOJIO oMY 3anuuKy SN1987A oMiTHe CyTTeBe 3pOCTaHHS PEHTIEHIBCHKOI ICKpaBOCTi. OTpUMaHi pe3yJbTaTu
IO3BOJISIIOTh BUAINTY XapaKTePHi BiAMIHHOCTI 4/ MOAIGHOCTI Y Pi3HUX TUIaX BUITPOMIHIOBAHHS Ta MiX pPi3HUMU
00'eKTaM! 11 OLIIHUTY €BOJIIOLINHI 0COOJIMBOCTI 3aJIMUIKIB Pi3HUX TUIIB. Y poOOTi IOKA3aHO 3HAYYILiCTh Mosoaux 3H
y KOHTEKCTi JOCIiIKEHHS IPUPOAM aHI30TPOITHOCTI BUOYXiB HAJTHOBUX i B3a€MO/Iii BUKMHYTOI 30PSIHOI pE4OBUHU 1
¥X i3 Mibk30pssHUM cepenoBulieM. KOMIIIeKCHUI MPOCTOPOBO-PO3iJIEeHUI CIIEKTPaJIbHUIN aHali3 pi3HUX 00 €KTIB
II03BOJIMB BUSIBUTU $IK CIIIJIbHI pUCH €BOJIIOLIii 3aJIMIIKIB, TaK i BiIMiHHOCTI, [IOB'sI3aHi 31 CTPYKTYPOIO 30pi-
NONEPEHUKA, 3i cienr@ikoio BUOYXy Ta CTPYKTYPOIO HABKOJIMIIHLOIO CEPeNoBUILA. Pe3ysibTaTu poOOTH BKa3yIOTh
Ha BiIXWJIEHHS BHYTPIIIHbOI CTPYKTYPH 30Pi-TIONE€pEAHMKA BiJl KJIACMYHOI MapyBaTOI MOMEJI BHACIIILOK
nepemillyBaHHs apiB 10 BUOYxy a0 Ha HECUMETPUYHICTb CaMOro BUOyxy HasiHoBoi. OTprMaHo HOBY iHpoOpMallito
IIPO BUCOKOEHEPTeTUYHi NIPOLECH, 110 CYIPOBOHKYIOTh €BoJoLi0 3H. [TokazaHO 3HaYEHHsI IPOCTOPOBO-
PO37iIeHO] PEHTTeHIBChbKOI CIIEKTPOCKOIIiI 17151 BUBYEHHS (i3uKM BUOYXiB HAIHOBUX, IPUPOLIU 3ip-TIONI€PEIHYUKIB Ta

MEXaHi3MiB BUHMKHEHHS aCUMETPIll y iX 3a/miiKax.

2. The thesis is focused on the analysis of X-ray observations of supernova remnants (SNRs) and the study of the
dynamics of their high-temperature plasma based on observable characteristics. A detailed spatially resolved
spectral analysis of X-ray emission was performed for several young SNRs using high-resolution observations from
the Chandra X-ray Observatory. Data processing and spectral modeling were performed using the CIAO, Sherpa,
and SAOImage-DS9 software packages, providing a comprehensive analysis of the observations. The emission
properties and plasma structure of different components in these remnants were systematically investigated for
the first time. This approach allows tracing spatial variations in the properties of stellar ejecta and identifying local
physical conditions that play an important role in the overall remnant dynamics, as well as reconstructing the
internal structure of the progenitor star and the conditions of the supernova explosion. The observational data
analysis was performed for Tycho’s SNR (SN 1572) and Kepler’s SNR (SN 1604), which belong to the class of young
Type Ia SNRs and serve as key objects for studying explosion mechanisms and the properties of stellar ejecta. For
Tycho’s SNR, maps were constructed in photon energy ranges corresponding to the two brightest X-ray emission
lines of silicon (Si) and sulfur (S). Thermal and synchrotron emission components were extracted and analyzed
from small regions across the entire remnant. Based on Doppler shifts, two-dimensional velocity distributions



along the line of sight were obtained for Si- and S-riched plasma, revealing significant anisotropy in the ejecta. Our
results for the first time indicate differences in the dynamics of various plasma components and confirm the non-
isotropic nature of the supernova explosion, as well as a possible deviation from the idealized layered structure of
the progenitor star. For Kepler’s SNR, the main focus is placed on Doppler velocity maps of the X-ray emission
lines of Si, S, and Fe. It is shown for the first time that Kepler’s SNR exhibits a pronounced asymmetry in the
expansion of different plasma components: the Fe-rich ejecta are predominantly blueshifted, while the Si-rich
components display more complex kinematics. This may indicate mixing of elements within the progenitor star,
the asphericity of the explosion, and specific features of the interaction between the shock, stellar ejecta, and the
interstellar medium. Based on X-ray and radio observations, a map of the maximum energies of electrons in
Tycho’s SNR was constructed for the first time. By combining X-ray and radio data, it was shown that electrons in
this remnant reach energies up to 8 TeV, with an average value of 2.6 + 0.9 TeV. These estimates are important for
modeling particle acceleration and for comparison with theoretical predictions of the maximum electron energies
in young SNRs. The evolution of X-ray and gamma-ray emission from young shell-type SNRs - SN 1987A,
Cassiopeia A, Tycho, and SN 1006 - was investigated. For the first time, it was demonstrated that the emission
fluxes from Tycho’s SNR and Cassiopeia A remain stable on a twenty-year timescale. In contrast, a significant
increase in X-ray brightness is observed in the very young remnant SN 1987A. The obtained results make it possible
to identify characteristic similarities and differences in various types of emission among different objects and to
assess the evolutionary properties of remnants of different types.
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