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Euyapiotieg

270 TENOC TV TROTTUYLAXY [LOU GTIOUOWY TO OTOL0 ETEPYETOL UE TNY OAOXAHEWOT TNG OITAWUATIXAC
uou epyaotag, VAW va aneLIiVL apyixd TIg To VepUEg euyaploTieg Lou 6ToV ENixovpo xodnyNT
Tou navemotnuiou Tou Oakland, Hilo Xohn yio T cuvepyosia pog mdve 6TO EPELVNTIXG XOUUATL
TNe Topoloag SimAwUaTiXAg pyactag xadde xa Yo Ty mohdTun eniBiedn tou. Ilapdro mou Bev
umopel va etvan péhog tTng e€ETACTIXNC EMITEOTS, Lou EOEIEE €val TOAD EVOLAPEROV TIEDID TNE PUOLXTG
nou U €xove va PERw vor To oxohoudnon xan o1 WeAoVTIXT You xoptépa. O el emmiéov va
guyaploThow Tov xadnynth tou Edvixod Metoofiou Ilohuteyveiov, xou emBAénwy tng napoloog
dtmhwpatixc epyaocioc, AAEEavdpo Keyoyid. Efipow euyvouwy yio tnv euxaipla tou you d60nxe
VO EQYOCTE) OE €Vol TOGO eVOLAPEROY VEUN TIOU UE WElUAoE oxadNuaixd o Ao ToL PETWTO XAl TTOU
Yo ye cUVOBEVEL OTA EMOPEVA YEOVIA, Xxad®S xou yia Ohn TN Bordeia Tou you mopelye xod” 6An T
otdpxeta TV omoudwy wou. Erlong da fieha va euyaplothon xadnyntr tou Edvixod Metoofiou
[Toauteyvelov, T'edpyio Towmolitn yio Ty anlotevtn Pordeia xan Tic opétente cLUBOLAEC TTOU
HOU E€YEL DOOEL MO OTAV YVOPLOTAXAUUE OTO TETUPTO £TOC TWV OTmoudwY Wou. Télog, Véiw va
ELYOPLOTACL ATO XUEOLAC TOUC YOVELC JOU Yia OAN TN oTHEEN TOU UOU TEOGEPEPAY, LAIXY| %ol
uyohoyinr, xoTd TO TEQUOUN TWV TEVTE TEAEUTAUWY YEOVWY.
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ITepiAndn

[pbogateg YETPHOELS TWV QPAOUATOV TWV XOCUXWOY 0XTIVOY NAEXTEOVIKY ot TollTeoVIwY Ot evEp-
veieg ano 1 GeV €wg 5 TeV, oe cuvduaoud pe mopatnenoelc ota padloxduaTd, 6To UTEEUUEO, TO
0pUTO, TO UTEPLOOES, TIC oxTiveg X o EVOC UEYEAOU EVPOUC TURATNEHOEWY OTIC OXTIVES Y TWV
Téhcop xou Twv pulsar wind nebulae mou ta mepLtpryvpilouy, uTodeVioUY 6Tl Tol TdACHp vl
LOYVRES TINYES XOOUXOY axTIVWY NAEXTEOVIKY xat ToliTpoviny. X1 nopoloo SITAwUTIXY epyaoia,
TEPLYEAPOUYE apytxd TN YeUeNmBN QuoXY| Tiow and TIC X0oUXES oxTiVES xan TNV e€ENEN xou Sour
Twv pulsar wind nebulae. Eniong, neprypdpouye e ddtnteg tng udmAirc evépyetag exnounnc and
Téhcap. Luvey({oUpE Ue TO Vo UTOAOYICOUPE To TOTXG EVERYELINE (PUCUOTA €T XOoUXGY aTiveY
ond mdhoap hopPdvovtag vddm povtéda v (o) tov pudud yévvnone toug oto Fahadio pog xou
Tic WibTnTee tou spin-down touc () ta injection spectra TV X0OUXMOY oXTIVOY and AUTEC TIC
mnyés (Y) ™ @uoth g Biddoomne Twv xoouxdY axtiveov. XenoWomoloVUE T ONUOCLEUUEVES
POEC TV xOoUXOY axTivwy and ta AMS-02, DAMPE xa. CALET vy vo Teploplcouye To Y 0po
AUTOV TWV HOVTEAWY YLo TO TAACHQ Xal T1) OLd000T TV xooux®y oxtivey. Beloxouue oyupoic
TEPLOPLOHOUE YLl TIC WOLOTNTES TNE OLAUOTC TWV XOOUXDY OXTIVWY XAl TV ATWAELOV EVERYELNS
TOUg, TNV Yeovixt e€8eTnoT Tou spin-down TeV TIAGUE, X0k TWV IBIOTATLY TV QUOUATOY TwV inje-
cted e*. To cuyxexpyéva, Beloxoupe 6Tl oL YOUNAGTEPES EXTINROEIC TWY UTMOAELOY EVEPYELNC TV
AOOUXWY axTivey amoxielovtan amd ta dedouéva. EmBeBocvouye emlong ue yeydin axpifelo ot
braking indices pxpdtepol Tou 3 Yo To tdAcap eivon un-tpotuntéol. Eminpdcieta, Beioxouue 6T
7o positron fraction etvon 1 pétpnon nou Y€tel Toug WyvEdTEPOLE TEploptopolc. Téhog, Bploxouue
OTL ToL BEQOUEVA TWV XOOUXWY axTiVWY €lvor yevixd cudfotd pe €va Yeydho e0pog UTOVECEWY Yia
o injection spectra twv e, evd Tautdypova Beloxouue 6L évac spectral index n € [1.3,1.5] ebvou
EEQUPETIXG ATOXNELOUEVOC.
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Abstract

Recent measurements of cosmic-ray electron and positron spectra at energies from a GeV to
5 TeV, as well as radio, infrared, visible, ultraviolet, X-ray and a wide range of gamma-ray
observations of pulsars and their surrounding pulsar wind nebulae, indicate that pulsars are
significant sources of high-energy cosmic-ray electrons and positrons. In the present diploma
thesis, we firstly describe the fundamental physics behind cosmic-rays and the evolution and
structure of pulsar wind nebulae. We also describe the high-energy emission properties from
pulsars. We proceed to calculate the local cosmic-ray et energy spectra from pulsars taking into
account models for (a) their birth rate in the Milky Way and their spin-down properties; (b) the
cosmic-ray injection spectra from these sources; (c) the physics of cosmic-ray propagation. We
use the published cosmic-ray fluxes from AMS-02, DAMPE and CALET to constrain the space
of these pulsar and cosmic-ray propagation models. We find strong constraints for cosmic-ray
diffusion properties and energy losses, the time-dependence of the pulsars’ spin-down, and the
properties of the injected e* spectra. In particular, we find that the lower estimates for the
cosmic-ray energy losses are excluded by the data. We also confirm with high precision that
pulsar braking indices of less than 3 are strongly disfavored. Moreover, we find that the positron
fraction measurement sets the strongest constraints. At last, we find that the cosmic-ray data
are generally consistent with a wide range of assumptions for the e* injection spectra, while also
finding that a spectral index of n € [1.3,1.5] is highly excluded.
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Kegpdiowo 1

Koocuweg Axtiveg

1.1 Tsvixd

[Towtdvia, TUEHVES, Xl NAEXTEOVIA XOCUIXOY OXTIVWY GE GUVOLAOUO UE VETEIVA Xl PWTOVLAL, Elvor
Ta uOvVaL cUATIBL Tou €youv aviyveuTel and mnyéc extog Tou Hhaxol pag cuotiuatoc. Eyouue
Hlor cUVEYT| POY) CLUATIONY TOU XUEPWUEVOU TEOTOTOU ATd TO AMWMTERO BAC TN T OTtolol EYOLY
TOAD UeYdAT evépyela. Autd Tar copatidar Tor amoxahoUue xoouxég axtivec. Ol mpwTteg evoellelg
Yoo TNV UTOEEN AUTOV TWY XOOULXOY oXTVKDVY €YVoy 0paTég OTIC apyég Tou 200U oumvo UE TNV
Tapathenoy), 1) pelwong Tou emmédou viopol 6To vepd xadwe aulavotay To Bddog, ¥ adinong
TOU EMTEDOU LOVIGPOD GTNY aTUOCptpa xodog auidveton to udodueteo. To mpwto €yive and Tov
Domenico Pacini to 1910 evé to dedtepo €yive apyxd and tov Theodor Wulf to 1910 otov nipyo
Tou Eiffel.

Avutoc mou Yewpelton oume Tt avaxdhule T xoouxég axtivee ftav o Victor Hess to 1912 o onolog,
avePatvovtag o (Blog oe agpdoTaTO GE VPOUETEO €0 Xl 5.3 YIALOUETEO antd TO £B0POC TUPATHETOE
aOENoT 0To eNINEDO LOVIGUOL TNE ATUOCPAULEOS OE HEYAAVTERO LUPOUETRO. LUYHEXQUIEVO TORUTHENOE
ot o emineda oaxTvoBoliag petwvotay uéyet tepinou to 1 yihdueTeo, ahhd HETE amd auTéd auavdTo
OPAUTIXG X0 6T & YLMOUETEA TEpiMoU fTtay BLmAdoLlo and autd oTo eminedo tng Ydhaccoc. To
CUUTEEACUA TOU ATay OTL UTHEYE XAmoLoL €{d0UE BLELGOUTIXNAS X TVOBOALNS TTOLU TEOEPYOTAY ATd TO
oldoTNUa. XTO Oy ouvolilovtan ta evprjuata Tou Hess evey oto oyrua anewoviCeton o
(dloc o Hess 610 agpdotato tou. H avoxdiudn tou emBefoucdinxe and tov Robert Andrews Millikan
70 1925 xou pdhiota o Blog amoxdAiece auth TNV oaxtvoPolla “xoouxéc axtiveg”. H oavoxdiudn
Tou Hess 0dMynoe otnv avaxdiudn tou moliteoviou xat Tou Yoviou OTIC XOOUXES axTiVES amtd TOV
Carl David Anderson xou ot duo toug potpdotnxay to BeaBeio Nournek to 1936. YXnuewdvetar nwg
1 Yewpio TOL avamTOCGETUL OTIC EMOUEVES EVOTNTEC XUAUTTETAL 0pXETA omd To Bi3Aio Tou Longair
[1] xou Beloxetar avolutind oto review twv Tjus xou Merten [2].

1.2 To evepyesiand QACUA TWV XOCULXOY AXTIVLDV

Avdhoya pe TNV EVERYELN TWV XOOUXOY axTivey, YIvETaL EVag Sloywploldg GURPLVOL UE TIS OLopo-
peTiéC TEYVIXéC aviyveuonc auThy. NTic younhbtepee evépyetee (107 — 101° eV) ypnowomototvror
OVLY VEUTEG OE 0EEOOTATO 1) 0TO BLACTNU Yiar ancLVelag aviyveuo, eved oTig UPnAOTEpES eVEpYELES
OVLYVEVOVTAL PEGL TWY XOTOLYLOUWY TOU Tpoxaholv oTny atudopoupo (air-showers).

Y10 oyfua 13| paivetar T0 GUVONXG PAOUA TLY XOOUXDY AXTIVEV UETENUEVO amd Bidpopa Tetpda-
o Autd xpUfel Y€oO TOU TIC WOLOTNTES TWV XOOUX®Y oxTivwy. Y10 oyfuo oautod BAEnouuE oTov
0ptlOVTIO GEOVAL TNV EVERYEL X0 GTOV XATAXOPUPO GEOVA TNV pOY) EVERYELIC. DTNV TEAYUATIXOTNTA
aUTO TOUL EVAL O XATOXOPLPOS GEovag efval Blaoptxt| PoT) CLUATIOIY TOU €YEL TOAATAACLAG TEL UE
TO TETPAYWVO TNG EVERYELXS, ONAXDY| elvon Ez%. H Sragopiny| pot (%) METEAEL GLYVOTNTA APIENg
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Yyfhua 1.1: O owopde e atpdogoupac ¢ YyAua 1.2: O Hess oto agpboTato Tou
ouvdpTtnon tou Louéteou (https://commons. (https://en.wikipedia.org/wiki/Victor_
wikimedia.org/wiki/File’,3AHessKol. jpg). Francis_Hess).

COUITIOWY OTN oY CWUATIOI avd TETEAYWVIXO PETEO OVA DEUTEPOAETTO VY OVADN CTEQESS
Yoviog avd povédo evépyetac, Tedyua Tou onuaiver 6Tt éxel povédec GeVIm™2s7lsr™t Suvende
o autéd Toaamhaotaotel pe B2 mofpvouue por evépyelac oe GeV/m?s sr. Eriong BAénouue xou
(PACUOTA HOVO CUYXEXPWEV®Y CWUATIOIWY TOU CNUELWVOVTAL TAVE GTO CYTUdL.

Apywd v onuetwiel Twe N PO TWV XOOUIX®Y ax TV Topatneeltal vou efval oYedOV L1GoTEOTXY).
Aev gaiveton vor udpyel xdmota adENTT GTNY EOT| TWV XOCUIXWY OXTIVWDY TOU €pYOVTOL Amd XATold
ouyxexpévn xotevuvon. Iapotnpeeiton éva tepdotio ebpog evepyewndv (11 tdZeic peyédouc) mou
amhédvetan anb 1o 1 GeV péypr o 102 eV. No onueiwdel tog auth i evépyeia tov 1020 eV eivor
TOAD UEYOADTERT ONO TIC EVERPYELEC TOU UTOREL VoL PTACEL XavelC oE TElpduaTa emitoyuvTey. H u-
dnhdtepn evépyeia avtioTotyel o neplnou 50 J xou oe évay mopdyovte Lorentz v ~ 10, dnhadh
oty evépyela wiag undhag tou baseball tou ta&ideder ye 100 km/h. Eivon eviunwotoaxd nwe éyouye
TO00 UEYGAT EVEQYELN CUYXEVTPWUEVT OE €Vl UOVO cwuatidlo.

To cuvolixd @dopa yevixd umopel va meptypoptel and power-laws, dniady| vor elvon avdroyo Tng
evépyelac (# opuric 7 rigidity = momentum/charge) oe xdmowa dovoun (~ E9). H d0voyrn pro-
cel var ahhdlel oe BlapopeTnd €PN EVERYELDY. XTO UEYUAUTEQO TOU XOUUATL TO QACU OAWY TGV
oLPaTdimY cUVEDEL YovTpxd e évoy power-law xhionc -2.7, Snhadh va ebver ~ E~27. Autéc o
power-law Teplypdpel xohd To @doua ot evépyeleg and 1 GeV uéypet xan yepd PeV. Xe autd to
onueio vo onuewdon 6Tl pe o axplPelc petprioels, unopel xavels va det yopuxtnetotixd (features)
va eggavilovtar og autod To Qdoue. Ipdypatt, and To oyrua Brémel xavelg OTL €xel mopoTy-
endet éva hardening tou gdoyatog otic LPNAOGTERES EVERYELEG GAAG X0 Uixed bumps oe Sudpopa
onueto. IIdpa TOAD @uoixy yivetar 6N TEAYUATIXOTATA UE QUTA TOL YURAXTNELO TIXA Xo(OS UTOPEL
VoL AMOTEAOUY EVOEIEELS YIot XOVTIVES TNYEC XOOUIXOY OXTIVKDY XOL YIoL QUTO TAL YORAUXTNELO TIXE. oU-
& €Y0LY TOAD PEYAAT oTuacior Xt Tal TELRAUATA TEOCTOVY Vol TURATNETICOUY OAO XAl TEPLOCOTEQA.

Ao TOMN) GNUOVTIXG YapOXTNELOTIXE Tou @douatoc eivar to “yovoto” (‘knee’) ota 3PeV xou o
“actpdyaroc” (‘ankle’) ota 5 EeV. To yévato eivar to onueio abEnone tne xhiong tou gdouatog
xan avtioTolyel oe Wi ahdoyy) ot cloTaoT Tou gdcpatog. llpw to yévato, T0 GUVONXS Pdoua
xuplopyeltan o Yeydho Bodud amd mpwTdvia EVE YETE TO Yovato apy(lel va yiveTonw onuovTtiny 1
napovsia Bapltepny otovyelwy. Mo epunveio autol Tou YaEAXTNELGTIX0) Vol CUVETKOS 1) TTWOT)
OTNY Amod00Y) NG ETMTAYUVONG COUATIOINY X0oou®y axTtivwy and Ti¢ mnyéc. O aotpdyalog e-
tvou éva hardening oto @doua 1o onolo moTtebouue OTL elvon AMOTEAECUA TN EUPAVIONS XOCUXODY
oaxtivev amd Tnyég extoc tou Nahodio pog xon xuptapyia aut®dy twv Tydy. Nao onueiwiel twg
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Yyfuor 1.3: To cUVOAXO QAoUA TWV XOOULXDY oXTIVWY amtd BLApOopo TEWRSUATA Xol Yiol OLdpopal
elon owpatdiny. Trodewviovtoan to yopoxtneotxd ‘knee’ ota 3 PeV o ‘ankle’ ota 5 EeV.
Trodexvbovton enione oL cuyVOTNTES APIENG COUATIOY OE BLAPORES EVEQYEIES, TA OLUPOPETIX
power-laws mptv xou uetd to ‘knee’ xou 1 evépyeio tou LHC vy o0yxpion. (https://github.com/
carmeloevoli/The_CR_Spectrum).


https://github.com/carmeloevoli/The_CR_Spectrum
https://github.com/carmeloevoli/The_CR_Spectrum

- 1.7
1GeV
GeVii]
o] o
o o
o o
o o
T ]
1 1

-2
=
D
o
o
o

T

x E2
=y
N
o
o
o
T
o<
e =l
=
SO
|

X12000F 2 ‘ ]
o C HW NES” 1
10000 g@@r;@ nﬁ.@ } 5 ]
8000 —e— DAMPE .

[ —=— AMS-02 (2015) ]

6000 |- PAMELA (2011) 7]

[ —— ATIC-2 (2009) ]

4000~ CREAM-I+lIl (2017) 7

[  —~— NUCLEON-KLEM (2018) ]

20007 e ] R | | N
10 10° 10° 10* 10°

Kinetic Energy [GeV]

Yyfuo 1.4: H pof tov xoouxdv oxtivey todamiaotaopévy ue E27 dote vo yivouv eugov to
yopoxtnetotid ([3]).

oauTh 1 ueTdPoom and mnyéc evtog tou lahalio pag oe mnyég extog tou T'ohoio yag, avdueoo oto
YOVOTO X0 TOV oG TEdYoAo BeV elvan egaviic xat eivon €val avoly Td TEdio EPELVAC GTNY ACTEOPUGLXT
XOOUX®Y oXTiVGWV.

1.3 H oclotaon TV x0oUxdY axTivey

Y11 xoouxée axtiveg etvan tapdvTee oyedov dhot ot tuprivec. To 98% twv xoouxoy eivat tpwtdvia
xou muprivec. And autée nepimou to 89% eivon mpwtdvia, tepinou o 10% nuphveg nhlou, eved 6ho to
uTHAOLTO 0000 To eivon Bapltepol Tuphves. To undroino 2% TV xooUXOY oxTivwY elvon AeTTOVLOL
xalL AVTIoWPATOW.  XT0 oYU gotveton 1 apiovior TwV GTOElY TWV XOOUX®Y aXTVKDY OF
oyéon ue TV agiovia aut®v Twv cTolyeiwy oto Hhoxd poc odotnua. Fevixd n agiovia v otot-
YElWY OTIC x0ouXES oxTiveg ouppwyvel ue authiy otn Hhaxd pog cbotnua ahhd mapatneeiton TOAY
weyahitepn agdovio (5-7 téleic peyédouc) otic xoouxés axtivec oto Abio, 1o Bredihio xou To
Boplo xadwe xou o padlevepYd LlodToTa TouS. AUTd TUOTEVOUUE WS OPELAETOL XUPLWE GE QPOUVOUEVOL
spallation.

‘Onwe avapépaue Xl TEONYOUUEVKCS, TA TEWTOVLO XUPLIEYOLY GTO PACUO TV XOCUXOY AXTVWY %o
€Vl TOAD Uxed xAdouaL elvon avTIoWUATiO, cuyxexpidéva Tolitpovior xot avTimpwtovia. O unyo-
VIOUOG TOQUYWYNG AUTOV TWV XOOUXGY axTivwy elvar cuyxpoloelg BaplTepwy TURHVOY UE XATOLo
otdyo (m.y. daoted aéplo), ouyxexptuéva spallation. No onuewwdel twg undpyel evepyn épeuva
yioe vou Ty avallATnon avTdeuTepiou xat avTinAlou OTIC XOOUIXES axTIVES, XdTL Tou Yo Tay T
TOND oNUAVTIXG Yio EUuEeS avolNTACELS GXOTEWAS UANG.

1.4 Kuplapyo EpWTAUATA OTLE XOOULKES axTiveg

Y1ic xoouég axtiveg umdpyouv BUo xuplapya epwTAuaTa Tor ontola efvar ooy LT cLLHTNOY TE-
eloc6tepo and 100 yedvia Yetd and tnv avoxdiudn toug. To xuplapyo cpwtrdata etvon ta e&hc:
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Eyfuo 1.5: H agdovio twv otoyeiwv otic xoouxéc axtiveg oe obyxplon e Tnv agdovia Tov
ototyelwy avtdyv oto Hhoxd pac oVotnua (http://wwwOl.nmdb.eu/public_outreach/en/01_
ger/).

o A6 TOU TPOEPYOVTUL X0 TS XATUPERVOLY VAL PTAGOUV QUTEC TIS TERAOTIEC EVEQYELES;

o Ilw¢ dwdidovtar oto SloTed medio ey @tdcouv ) I'n;

O aoyolniolye TE®TA PE TO BEOTEPO EPMTNUO XL OTO ETOUEVO XEQAAOLYL, POV UATICOUUE Yid
Tic €EEMEN TWV ATOUEWVIRIY SUPErnova oL o CUYXEXPUEVO TWV VEQEAWUATWY OVEUOU THACUR
(pulsar wind nebulae) xou Tic B16TNTES TWV MEAGUP TOUL EPTEPIEYOVTOL OE T, Vo aoyorndolue
X0l UE TO TEMTO.

1.5 H ovyxpdrnomn tTwv xoouixoyv axtivey

Ac Bolue Aiyo oc autd To onueio TN cLuYXEATNON TV XOoUXWY oxTivwy oTov Nohodia yag. T-
Tdpyouy 3 xVpleg eVOElelC Yot To OTL oL xoouxéc axtiveg cuyxpatolvtan oto Galactic Halo tou
Foho&la pog uéow didyuone. H mpdtn €voeiln elvon 1 100TpomxY o1 TWV XOOUX®Y axXTiVWY Tou
avapepape TEoNYoupéves. I'vwpllouye Twe UTdEYOLY XOVTIVES TNYEC XOOUIXWY OXTIVKDY oA o
PONXL UTE 1) POT} TOV KOGV oXTVKDV Efvar (Blar TPog OAES TIC xUTELDUVOELS. LUVETKOS XATL TRETEL
VoL GUUPBAIVEL GTIC XOOUXES OXTIVES OO TNV ETUTAYUVOT] TOUS OTIC TNYES UEYEL VO UG PTACOLY OTNV
I'n. Av 6ev ouvéBauve tinota, Yo BAénaue onuela 0TOV 0UEAVO TEOC TIC XATEVTUVOELS TWV XOVTIVMV
YOV and omou Yo elyoue YeYoAUTERT POT| xooUXGY axTivwy. H didyuon twv xoouxdy axtiviy
oto galactic halo Ya e&nyoloe tnv wootpouxt| por|. H delteprn Evoelln etvon 1 QTEWT BldyuTn ex-
nounn oe axtivec-y otov evepyetaxd evpog twv GeV — TeV oto galactic halo mpdyua tou anoteAel
€voellr OTL uTdpyel Wi Bidyutn Vdhacoa and xoouxeg axtivec otov Iadolio pag. H tpitn évoer-
&n ebvan 1 peyokiteen agdovia oe Ato, Brediiio xou Boplo oTIC X0oUXES axTiveg TOU avapépaue
nponyouuévwe. I'vwptllovye mweg autd ta oTovyela Tapdydnxay o aUEANTEES TOCOTNTES XUTA TNV
nupnvoouvieon tng Meyding Expning xou yio oautod 1 agdovia toug etvar ToAD uixer. XTi¢ x0ouLxég
axtiveg oume 1 agdovior Toug ebvan mdpo TOAD YeydAn. Autd elvon oupfBatd pe éva oevdplo OTou ot
TEWTEVOVOES XOOUXES oXTIVES EMITAYUVOVTAL AlO TIC TNYES TOUC Xai UETA ToIdEVoUY PEca GTO Yo-
No&ion pog yror ToAD eydho ypovixd Sidotnua (> 10 Myr). Koatd autd tn Stodixacio odAnhemidpoy
UE To Slao TG aéplo xon oL Bapltepeg amd aUTEC TOEYOLY BEUTERENOVCES XOOUXES axTiveg amd
Ao, Brediiio xa Boplo yéow spallation. Xuvendg auth 1 auénuévn agpdovio eivon e&nyeiton e-
&V 0L XOOULXES OXTIVES TUEUUEVOUY TOYLOEVUEVES GTOV YaAa&iol YLot TOAD UEYHA YPOVIXE BLUC THUTA.


http://www01.nmdb.eu/public_outreach/en/01_gcr/
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Particle escape

Yyfua 1.6: H yewpetpio tne ouyxpdtnone twv xoouxov axtivwy oto galactic halo ([4]).

Y10 oyfua OVATTOELO TATAL OYNUOTIXG 1 YEwpETRlo TS TNE 1d€ag. Lxeptopacte tov T'ohoio
wog oo évay xUAvdeo pe half-height 4 — 10 kpe xon péoa oe autéd T0 (OAVOEO UTEEYEL EVOg AETTOG
6loxog ye half-height ~ 100 pc nou etvar to eninedo tou yahaiio. Méoa oe autd 10 bioxo Peioxeton
T0 PEYAAOTERO XoUUdTL TG walac Tou Yohalior xat Teo@aves exel cUUBLVEL TO UEYOADTEQO XOUUATL
TOU OYNUATIOUOU OG TERLMY, TV EXPHEEMY SUPErNova XaL 1) ETLTEYUVCT| TV XOCUXWY oaxTivwy. ['e-
VIXOTERO OE QUTO TO Bloxo AopPBAvel ywed TO UEYUADTERO XOUUATL TWV 0C TROPUOLXGY OLERYICLIY
Tou Todaion pag xon exel Lodue xan epeic. IMopw and autd to dloxo umdpyet €vag xOAVOPOC Ueya-
ANotepou Oouc mou etvon o poryvntiouévo galactic halo. To ebpoc mou avagépope TEONYOUPEVELS
vt To Uhog Tou galactic halo elvou pia extiunon xou o mpocdloptoudg Tne €xtaong autol Tou galactic
halo arotehel avouytéd nEdPrnua otnyv €peuva. Ot xoouxég axtiveg TapdyovTol 6Tov BloXo Xou UETA
otay€ovton u€oo oe autd To halo, dnhadh o auTO 1O PEYIAO XOAVOPO OTKC PUlvETUL OTO Gy AU
YT TEAYUATIXOTTA XAVOLY Evary TUY Lo TERITATO o €lvol GYEBOV TTAYLOEUPEVES GTO XOALVORO %ol
auTég Tou Tuyadvel v pTdcouv ot I'n ebvan autég mou aviyvebovtar. No onueiwidel mwg dev etvon
UTOYEEWTIXG VoL UEVOUV Yiat TIavToL U€oar 6TO XOAVOpo. Av xdmota xoouxr axtivo TOYEL Vol QTdoEL
ot0 6plo tou halo, téte unopel va dlapdyel and to 'ohadla pag, mpdypa mou aneixovileton xou 6To

oyha.

1.6 To payvntixd nedio tou N'aAagia

[ voo xotavoriooupe auth T Sladixacior Tg Bidyuong, Teémel vor Yvwelillouue uepd TedypaTa
yioe To daryvntixd nedlo tou T'ohoio pog. Xto Fohadla pag umdpyet mavtod éva yayvntixd nedio.
To large-scale 1| regular poyvnuxd nedio tou I'ohallo €yel 800 cuviotwoes. Mia cuVIGTOG TOL
Beloxeton médvew oto eninedo tou Noha&io xou oL Buvauixée Tou YeouES axohoLolY TOUG GTIELROEL-
oelc Bpaylovee tou. Tmdpyel emiong xou GAAT Wiot XATOXOPUPY| CUVIOTWOO TOU EXTEVETAL TEVE) XOol
%dtw and to dloxo tou yoholia, n omolo €yel apxeTd meplepyn Tomoloylo. O unopoloe vo TEpL-
yeapel TOA) amAoixd va €xet Eva oy o cav X. H tomohoyla tou poryvntixol mediou urnopel vo eivon
nepimhoxn ahhd €xel peretnlel xon yopToyeapnlel eEXTEVHOS amd Tdpa TOAAES ONUOGIELGCELS xURlWS
XOLTWVTAC TNV TEPLOTEOPT TOU EMTEDOU TOAWONE and Sudpopeg mnyéc. IIépa and to xavovind po-
yvnuixé nedio, undpyet eniong xou to Topaydhdeg (turbulent) poryvntind medio, to omolo elvar mo
ONUOVTIXO YLOL TIC XOOUIXESG OXTIVES.

O Tohodlog pog elvon YEUGTOS Xo omd Vol TURUYWOES oy YNTXO TEDID TOU TEPLYPAPETOL OPXETH
%G a6 plor uTEEdEoT pory VNTODSROBLUVAUIXMY XUUAT®Y. e auTd To onuelo Yo fdeha var oavopépn
amAd Toug 600 TOTOUS LAy VATOUSROBUVOIXMY XUUETLY Tou uTtdpyouv. Autol ol 0o tiTol amelxo-

viovton oo oyfua [L.7]

O npwtog tonog eivan toe xOuotar Alfvén. Autd etvon eyxdpota xOyota, TUpOUOLN UE TA XUUATOTOXETA,
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Yyhua 1.7: Ov 800 timoL yayvntoldpoduvauixdv xupdtwy (https://doi.org/10.1063/1.
5091222).

o€ pio yopdY), oAAG auTd TaEBEVOLY TEVL OTIC BUVAUUIXES YEOUMES TOU payVNTXo) Tediou xou 1|
OUVOUT EMOVAPORAC OV Efval Xdmolo Tdom Y0pdng oAAd 1 uayvnuxh tdon. O deltepog TONOC
elvor Tor poryvnronynuxd xOuoto.  Autd elvon Sloxn xOUoTe, TOEOUOL UE MY NTIXA xOUATO TOU
oynuotiCovton and yetoforéc otn mEoT oTOV apa, oL ATMOTEAOUVTOL ATO OLUBOYINE TUXVOUNTA
A0 GEOLUATOL LAY VITIXDY BUVAUIXGY YRUUUOY. AuTd Tor waryvtoldpoduvouixd xOuato £Youy éva
pdacua 1oy Vog Tou axohoLUEl xdmoloy power-law xadm¢ o xOpotor Ue YEYOROTERO U X0G XOUATOG
UETOUPEPOLY EVERYELXL OE OUTH UE UXPOTERO UNUOG XVUATOS XOUL TEAXS TO PACUL Lo DOC XATOANYEL VoL
elvon évag power-law. Autd onualvel Twg Guo UETEHOEL Xavelc TNy eVEpYeLa o vt amo¥nxeuUévn
0€ aUTA Tar PoryyNToLdpoduVauXd xUuate oto Tuhaia pac ot dapopetinéc hipoxee (and uepxd
AU A xou hyotepo €wg xan 8exddec parsecs) Yo mdpet €vay power-law. Autde amewovileton 6to
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Yyfua 1.8: To @dopo twv payvntoldpoduvaixdy xuudtoy ([]).
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1.7 ANANAETdpACY TWV XOCULXWY AXTIVWYV LE TO TARAYWOES
Ray vnTixo nedio

Topo Tdue var BOVUE TS 0L XOOUXES UXTIVEC AAANAETLOPOUY UE UTO TO TURUYWOES POy VNTLIXO Tedlo
Tou meptypdape TOAD cuvonTixd. Mia makid Yewplor tou avamtdydnxe otn dexactio Tou 60 etvor 1|
Quasi-Linear Theory (QLT) tng oxéduong ywviag xhiong (pitch-angle scattering). H dewplo auth
TeptypdpeTon avoluTXd 0To WoTopixd BiBAio twv Ginzburg xa Syrovatskii [5] xoau oto BBAio twv
Berezinskii et al. [6]. 'Eva mo npdogato review mou tnv neptypdgpet ToAD avoluTixd elvon To review
tou Pasquale Blasi [7]. Eyeic 9o xolUpouye tic utodéoeic tne Yemplog xon o x0ptar amoTeAéoUaTOL.

H Yewpla €yel 600 vnovéoeic. H mpoytn unddeon ebvar 611 o xoouxés axtiveg oxeddlovton anod
LY VNTLXES OVOUOLOYEVELES, OL ovOUOoLoYEVELES auTéS elvon xpota Alfvén evdd tor xOpator autd etvon
LCOTRPOTXA X0l 1) TUXVOTNTA EVERYELXG TOUC YapoxTnetletan amd €va @dopa power-law wg cuvdpetnon
Tou xugotapiuol k. H Sehtepn unddeon o6t ot wAlyoxo eVOLPEPOVTOS UOC, Ol OVOUOLOYEVELES
elvon uxpég oe oyéon ue to regular payvntind nedio By.

To xOplar amoteréopata efvar 6TL XOoUXES axTIVES Blo€ovTon XATd U X0G TV OUVAUXOY YRUUUOY
Tou regular poryvntixol nediov. Anhadn To cwuotidlo xadde xveitow yOpw and To regular poryvnTixo
TSl Hol XATA UAXOS TOU GUUPWVOL UE TOV NAEXTEOUAYVNTIOUS, oxeddleton amd xpota Alfvén, xou
xuveltan Tuydar YOpw amd To poyvnTixd medlo ahhdlovtog cLVEY®S TN Ywvio xAlong tou. T autd
xau 1 oxédoon autr) ovopdletar pitch-angle scattering. H xivnon aut avanaplotaton oto oyfuc
L9

CR

Eyua 1.9: Kivnon xoopnic axtivac yipe and to xavovixd poyvntixd nedio ([M]).

‘Eva anotéheoyo Tou 6Tt auth 1 xlvnomn elvon SidyuoT xow CUVETOS Tuyola, elvon OTL 1) UECT) UETO-
oo Az oe ypovo At eivon avdroyn tng eiloac tou At eni tov cuvteheoth Sdyvone D. Anhody
oy el 1 oyéon (Az) ~ v DAt. "Evo oxdun arnotéleopa tne Yewpiog autic eivar ot ebvon pua Srodi-
xaola mou oyetiletoun e cuvtoviopols xadde to xopata Alfvén mou cuvelogépouy oTn Bladixacto
QUTH TEETEL VoL £YOUV UNXOC XVPATOC GLUYXEIOLHO UE T YUpooxTiva Tou cwuotidlou. o mopdderyua
évo owpatido pe evépyela oty Tédn peyédoug twv GeV oe éva poyvntnd medio pepdyv puG Yo
aMnhemdpdoel xuplwe pe xOuota Alfvén pe urxog xbuatog yepueov AU.

O ouvieheotric Bdyvone oe auth T Vewpla unopel va ypapTel w¢ GUVIETNON TN TAUPAYMOOUS
oy vog 6T xhaxa Touv cuvtoviopol oe [4]

B v2 Bg/(87r)
N 3Qg kresp(kres)

Me v woy) ot xAipoxa Tou cuvtoviouol va eivor 10 P(kyes) Tou eugovileton 0Tov TopovoudoTy.
Eivou Bohixd va ypddpoupe auth tn oyéon we [4]

D(p) (1.1)

L0 e Flhpes) = —2 ) (1.2)

D) = 3 7 e B2/ (8m)



Auth) n oyéon pog Aéel 6T 0 CUVTEAEGTAC BLdyuone elvar avdloyog tng axtivag Larmor eni tnyv
TaryOTTa Lo Evary ToedyovTar o TERLYRAQEL TNV TopaymoNg Loyl oTn xAiuaxo Tou BeloxOuacTe.
Autod onuobvel Twe yior pLor SeGoUEVT) xAluaxa, av €YOUNE UEYAAN oYL O AVOLUOLOYEVELES, ONhadY
weydho P(kyes) mou omuaiver mohhd xuportonaxéto Alfvén ye peydho mhdrog, tdte autd pog divel
€vory TOND Uxpd GUVTEAECTY| BLdyLoNG xat GUVETWS €va €va UdNAG eninedo cuyxEdTNONG TWV XO-
ouav axtivwy uéoa oto galactic halo xadog €vag younhdg ocuvteheoThAC BLdyLUONG ONUAVEL TG
o owpatidlo oxeddlovton TOAD GUY VA xou EVTOVO ETOL WOTE VoL EVOL TEOXTIXG CUYXEATNUEVA. AUuTO
elvon xan To x0plo anotéreopa auTHS TG Vewplag.

1.8 [Ilepropiopoil tng Quasi-Linear Theory

Ye auto to onueio Tpénel va Tovicouue Twe N Yewplor autr lvon ot TOAD amAr Yewpla xon untdpy oLy
apxeTol Aoyol Yo va Eepiyoupe and auth T Yewplo. Kuplwe undpyouv evieileic yia tnv mdavy
ONUOVTIXT CUVELTPORE UN-YRUUUIXMY QUVOUEVWY OTIC YOUNAES EVERYELES OTN CUYXEATNOT. AuTd Ta
UMY QOUUUX L (POUVOUEVOL TIGTEVETOL OTL EIVOL 1) AUTOCLYXEATNOT TWY XOCUXOY OXTIVOY HEGE XUPATODVY
Alfvén mou SnuioupyolvTal omd TiC (Bleg Tig xoowxég axtivec. Eniong undpyel apxety) oulhtnon yio
70 av medypatt Tor xupatonoxéta Alfvén eivon ovtog umedYuva yior TNV CUYXEATNON TWV XOCUXOY
o tivewv xomg autd dev umopel vor oy Vel ot evépyeleg UeYahiTepeg Twv pepev TeV eneldr| exel ta
xOporta Alfvén eivon mdpo ToA) avicotponixd. T awtole Toug hoyoue, yeelalouaote Eva xahOTERO
HOVTENO TOU VoL TEQLYPAPEL TNV BLAG0CT) TWV XOCUXDY OXTIVGDY.

1.9 Addoon TV XOCULXOY AXTIVGDYV

Prdoaye oto onuelo omou Yo neptypddoupe Tic Pacinég WS TNS BLABOCTC TWV XOOUXDY IXTIVGY.
H 8éec mou Yo avapépouye Beloxovtar oo papers and toug Moskalenko xou Strong [8, ©]. H
YVOON YOG YIo T OEB00T], TWV XOOUIX®Y axXTVWY TEoEpyeTol XUpltg amd SEUTEREDOUCES XOOUIXES
axtlveg o€ GUVOLUCUO UE TAnpogopla amd axtivec-y ot oxtvoforior cuyypdteou. O Adyog elvon
EMEWSY) UETEAUE TA PACUATA TWV TEWTEVOVIWY XOCUXOY AXTIVWY, UTOPOUUE Vo UTOAOYIGOUUE TNV
TOEALY WYY) OEUTEPEUOUCMY XOOUIXWY 0XTIVWY GUVBUALOVTOS Tol TEKMTEVOVTA PAUCUATA UE YVMOT] TWV
EVERYXY DLUTOUMY TWV AVTLORACEMY Xl TNE TUXVOTNTAC Tou Olc Teol agplou. 'Emeita ynopolue
VO GUYXEIVOUUE TaL (PACUOTO TWV OEUTEPEVOUCMY XOOWUXWY axTivev Tou utoloyiooue YewenTixd
UE TOEUTNENOELS X0 VOU XUTOVOCOUUE TTOLaL LOVTEAX TERLYRAPOLY XUAS T OLABOCT) TV XOCUXEDYV
oxTveV.  DAUEPR TUOTEVOUUE OTL €val MOVTEAO BLdyuone mou THaveds Vo TEQIEYEL Xal GUVAY WYY
(convection) mapéyel TNV O XAVOTOMNTIXY TEPLYPAPT Yiot TN SLdB0CT TwV xoouxdY oxtivwy. To
HOVTENO Uog Yol TEETEL TROYPAVS VoL TEPLEYEL BLdyUOT AOYW BLATOROY MY GTO Loy vNTXd TEdio Tou
TepLypdpovTon PE Tuyaka oy vNToUOpodLVaUIXE xOpaTa xou aouvEyEles. Erlong epdcov To dlacteixd
Tedio TOADY YAAAELOV TEPLEYEL LOYLEOVE AVEUOUC, TOL (POUVOUEVO UETAPORAS TOV XOOULXMY X TIVWY
HECW oUVUYWOYNS Tve pmopel var etvon onuovtixd. H cuvorywyr oyt uovo PETAPEREL TIC XOOUXES
oxtiveg, oAAG dnutovpyel xon adloBatinég ammAeleg evépyelac. Emnpoocdétwe, mépa amd yopun
0Ly LoT AOY L TV TUYALWY LAY VNTOUBROBUVOLXGY XUUATOY, 1) OXEDUCT| oo AUTE Ta oy v Toldpo-
OUVOUIXE XOUOTA TPOXAAEL XAl CTOYUC TIXT) ENAVETULTAYLVOT 1) ool Yo TEPLYPAPETOL Ao BLdyuoT
070 YWeo TV opuny. To povtého mpogovmg xa etvar €va govouevoroyixd povtéro. Ag To mept-
Yedpouue hoimov.

To xde eidoc xooumnv axtivev utoxoler yio e&iowon didyvong. H e&iowon didyuvong yio va
oLYXEXPWEVO €ldoc umopel va Ypaptel otn yevixh popyt [§

oY (T. -
YEPD 1) + 9 (Das ¥~ V)
a 2 3 a . p = d 1 1
+ 879 p Dppa*p <2 )] - Bip [P¢— g(v VW] - Elﬁ— 71/1 (1.3)



6mou o Y(7, p,t) elvor 1 TUXVOTNTAL TWV XOCUXOY axXTIVOV avd LOVEBo GUVORXTC OpUAS TOU Gk~
wotdiou ot Véon 7, ¥(p)dp = 4np? f(P)dp ©C cLVEPTNON TNS TUXVOTITOC TOU YOPOU TWY PUCEWY
f(D), q(7,p,t) elvan 0 bpog moL TEPLYPAPEL TIC TNYES TWV XOOUXOY AXTIVWY XL TEPIEYEL TN CUVEL-
G(popd and TEKTELOVOES TNYES, spallation xou decays, Dy, €lvon 0 GUVTEAEGTHC YwpEXS BidyuoTg,
V ebvon 1) Tyt ouvaywyhc, n diffusive reacceleration TEPLYPAPETAL WS OLEYUCT OTO YDEO TOV
opuov xou xadopiletar and tov ouvteheo T Dpy, p = dp/dt eivan o pudude *€pBouc 1 amWAELDY
opunc, Tf etvon 1 ypovixr xhidaxo yiol anodieleg péow Ypupuatioudy (fragmentation), xou 7, ebvan
1 XEOVIXTH xAldaxol Yo QUBIEVERYY| DIAOTAON).

Ou mnyéc TV xoouey axtivwy cuvidug utotideta dtL Pelioxovton méve otov T'oho€loxd dloxo
xa €YoLV Ui ax Tt} xatovour|. ‘Eva @doua €yyuong and T TyES xou 1) loOTROTUXT| TOU GUCTIOT)
ebvan umoypewtd. To xoypdtt Tou ¢(7, p,t) mou meplypdpel tnv spallation eZoptdron and dho o
TEOYOVIXY (0T X0l TIC EVERYELONS EEUPTNUEVES TOUC EVERYEC BLUTOUES, XOU T1) TUXVOTNTA TOU 0Eploy
n(r). Luyvd yivetow n vnddeon ot to mpotévta amd spallation €youv v (Bl xvnuxy| evépyeta
ova VOUXAEOVIO UE TO Tpoyovixd muphva. H cOMNdn xou 1 anmehevdépwon nhextpoviwy unopolv va
eunepéyovTon Péow Tou Ty xat tou q. O 6pog Dy, elvan yevixd cuvdptnon tov (7, 8,p/Z) émou
B =wv/cxou Z etvan o poptio. H tocdtnra p/Z ovoudleton rigidity xou xodopilet tny yupooxtivo oe
dedopévo payvntixd nedio. O cuvtekeotrc Dy, Umopel va efval looTeomixog N axdua o PEAAMCTIX
AVIOOTEOTIXGS Xoi UTopel var emnpedleton xou and Tig (Bieg Tig xoouxég axtivec. O Dy, oyetileton ue
oV Dy péow pag oyéong e popphc DppDys o< P2, ue N otadepd avohoyiag va eCopTdtal amd T
Yewpla TNG OTOYAOTIXNAG EMAVETLTAYUVONG. 2UY VA O GUVTEAECTAS OLdyLONG OTNY TERITTWOT OTOU
UTOVECOUPE OPOYEVT] X0l LOOTEOTXY| OLAYUOT XOU 1) EMAVETLTAYUVOT] Elvon Oy ETXd adlvopun Siveton
w¢ ouvdpTnon e rigidity arnd ™ oyéon [§

l%wUﬂ::BDo<£i>6 (1.4)

To Dy mAéov ovoudletar GUVTEAEOTAC OLdyuone xat To  elvon o delxtng didyvons. To R etvon 7
rigidity xou to Rg wa rigidity avagopdc. Xe autn tny eixdva, olugwva ye toug Seo xou Ptuskin
[10] xou touc Berezinskii et al. [6], o cuvteheotig Sidyuong otov xHeo Twv opunv Dy, oyetiletot
Topa Pe Tov Dy, uéow tne oyéong

_ 4p*v}
354 —82)(4 - 6w

DypD gy (1.5)
6mou v 4 ebvon 1 ToyOtnTar Alfvén xou o w yapaxtneilel to péyetoc TV avaTapdiewy aTO Py VN TL-
%6 medlo xou ebvan {00 Ye TOV AOYO TN TUXVOTNTUC EVERYELIC TWV LAY VITOUBROBUVOULXDY XUUSTLY
TEOC TNV TUXVOTNTA EVERYELXG TOU YaryvnTod mediou. Ou Seo xou Ptuskin mafpvouv w = 1 addd
w6vo 1 moodtTe v /w éyel onpaoio. To V eivor ouvdetnom Tou 7 xou euptdton and T gUoT ToU
Foho&raxol avépou. O bpog V.-V TEPLYPApEL Tt XEEON 1) TIC ATMWAEIES OpUTnC adLloBaTixrg pLoE-
WS OTNV UN-OHOYEVY] POT| 0EPlOU UE €V TOYWUEVO UayVNTIXd TEBIO TOL OTOIOL Ol AVOUOLOYEVELES
oxeddlouv Tic xoouxég oxtiveg. To 7y e€aptdton amd Ty olixr} evepyd diatour| Yo spallation xou
and 1o n(F). To n(F) uropel vo uTohoYIoTel and PEAETEC TOU ATOUIXOU XAl LOpLoxol BLao Tetxol
acplou ol umopel vor TEQLEYEL Xou BLUXVUBVOELS UXENG XAlpoxag OTwe TNV TEPLOY Y| YOUNAAg Tu-
xvotntac agplov mou mepBder Tov Hho. H napousio Swuoteixod nhiou oe ntococtéd nepinou 10%
Tou LBpoYHVOU TEETEL Vo cuvutohoyloTel. Ta Bapitepa droya 6To BlacTEd Tedlo dev elvan on-
HOVTIXG WG TTPOS TN TARAY WYY XOOUX®OY axTivwy uéow spallation. H e&iowon autr) nepiéyel uévo
cuveyn anwieta opunc. Kotaotpoginéc anmieiec umopoiv va elouy§oiy UEcw TwV 0pwY Tf X q.
Ot cuvoptaxéc cuVIxeg e€aPTMVTOL ATO TO HOVTEANO TO OTtolo BoLAeVEL xavels. Yuyvd unolétouue
otL ¥ = 0 oto obvopo Ttou galactic halo émou ta cwuatidiar dpanetebouv oto dloryahallond Tedlo
oAAG auTO elvon amhd Lo UTOVEST) EPOCOV 1) BloryahalloxT] POT| XOOUXWY oXTVWY BV elvor undév.
H unodeon autr umopel va agotpedel o LOVTEND UE UId TILO QUOLXT| AVTETMTLOY] TOU GUVOEOL.
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H e&iowon 1.3 elvon i ypovoeoptiuevn eiowar. Suyvd (dyvouue Ty hoon otodeprc xatdoTa-
one. Ilaipvouyue tnv e&iowon mou meptypdpet auth TN xatdotoon R Yétoviag diP/0t = 0 X axo-
houddvtog Ty ypoviny| e€dptnomn Uéypel Vo pTdoouue oe oTalept| xatdotaor. Mdhiota 1 dedtepn
dradixacio etvor ToAD mo edxolo var vhomoindel apriuntixd. H ypovixr e€dptnom tou g napopeheiton
ToEA LOVO oy UEAETATOL 1) ET{BPOCT XOVTVGDY TNYWV 1) 1 aToyaoTixy| QUor Toug. Advovtog mpaTa
v e€lowon yia Ti¢ PaplTEREC TPWTEVOUCES XOOUIXES OXTIVEC XOL YPNOLIOTOWOVTAS TN AUom yLo
VoL uToAoYLoToUV oL Tnyég spallation yio g Yuyatexés xoouxés oxtiveg Tou ToEdyouy, unopel
va Audel TAfpwe 6ho To cLoTNUA To oTtolo UTopEl Vo TEQLEYEL BEVTEPEVOVOES, TEITEUOUCES X.0.X.
xoouwég axtivec. ‘Eneita, to @dopa twv xoouxomy axtivwy oto onueio tou Hiou unopel va ou-
yxpwel ye tar pdouato amd TUpATNENOELS, TERPLEYOVTAS Xou TNV enidpact tou "Hilou mdve tou mou
ovoudaleton solar modulation xou o e€nyndel otny enduevn evotnTa.

H e&lowon autr umopel va Audel apriuntind, mpdyua to onolo LAOTOWUY xMOXES OTwe 0 GALPROP
[11], o DRAGON2 [12HI4] xon o PICARD [15], A ut-ovoluTtind, mpdypo To omolo uhomotel 0 x@duxog

USINE [16), [17].

1.10 Solar Modulation

e auth TV evotnta Yo Hleha vor teplypddie GUVOTTIXG TOUC XUELOUE TOREYOVTES TOU ETNEEALOUV
N OWIB00T TV XOOUXGY axTivwy evidg Tou Hhaxol pog Yuotiuoatoc. Oa oxohoudhcouue
neptypapn mou diveton and Tt devtepn evotnta e [I8]. O nhiaxdc dvepog amoteleiton amd nhe-
ATEOVLAL, TEWTOVIAL XU TUETVES NAlou evépyelag ~ 1 — 10 keV to omolo exméunovton amd To avTER
otpouata TNg atpoopoeas tou ‘Hiou. H évtaomn xau xar To Qaouo autiv TV cwuatdiny elvo
YEOVIXG X YwEixd PETOBohAOuEVa Tve otny nhtoxy| empdvela. Kadng o nhoxdg dvepog péet
woxpld a6 tov ‘Hhwo, yeuller wio teptoy Tou ydpou 1 omola ovopdletar nhtbogoupo (heliosphere).
To oUvopo autol Tou Gyxou ovoudleton nhdnavor (heliopause) 6mou exel n mieon tou NAtoxod
avépou edlooppoTe(ton amd Toug avéuoug Tou dlaoTeon medlov. H yewuetpla tne nAtdopoupag
TOTEVETAL WG VO UEXETE OCUUUETELXY Xt HOLALEL Gov Wit (poUoXA UE UaxpLTERT 0LEd GTN uio
mhevpd. H yewuetpla tne nhidogoipas gaiveton oto oyfua [L.10]

‘ Vayager 1

Heliosphere

S
o
°
@
=
[
&
F

(4

Voyager, 2

Yyfuor 1.10: H yewpetpla tng nhdogoupas (https://photojournal. jpl.nasa.gov/catalog/
PIA22835).

H andotoon péyet tnv nhtomavon etvar yeovixd petaBarlopevn adid cuvidwe elvor Tng TdEng twv
~ 100 AU. H npotn dueon nopathienon e nhonavone éywve ot 25 Auyolotou, 2012, dtav
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o Voyager 1 yétpnoe pla andtoun ad&non oTn TUXVOTNTO TOU TOTXOU TAACUATOS XATd EVOy To-
edyovta tou ~ 40 [I8]. Evtéc tne nhbogupac undpyet éva axduo oyeddv ogupixd chvopo Tou
ovopdletar termination shock. To xévtpo autol Tou GPaEKol cuvoEoL eivar o "HAtog xon 1) oxtivar
e ogaipag etvan tepinou 80 — 100 AU. To termination shock elvar to chvopo 6mou 1 taydtnTa
Tou Nhoxol ovépou yivetaw utonynTxh oe oyéon Ue TN Ty dTNT TOU 1H)Y0U GTO BlaoTed Tedlo
Tou givon tepinou 100 km/s.

HopddAnho e dAAoL (ouvoueva, o NAloxog dverog efvar UTEKTYUVOS YLl TO NALOCPUELXO Uy VNTLIXO
nedio. Autd To payvnTind medlo €xel Uio OTELPOELDY| BoUY| O PEYAAES XA{UOXES, UE PETEO TTOL Elvon
%A PEGO GO AVTIOTEOPWS AVAAOYO NG andotacne and Tov ‘Hio xaw otn I'n 1 uéon tiur tou eivon
nepinov 4 — 8 nT oe ypovixd didoTnua TOAAGOY unveyv. MeTproelc Tou NAOCPAELXOL Yoy VNTIXOU
medlou detyvouv onuoavTtixée ypovixég petoforéc xon otn I'n ahhd xou otnv emgpdveia Tou Hiwou.
To mo eupavég yopaxTNEIoTIXG Tou, elvon 0 XUXAOC TOU XAVEL xdUe Tepinou 22 yedvia Tou TEPIEYEL
XOlL L oVOTEOTY O ToAOTNTaL Tou xdde mepinou 11 ypdvia. H mohxdtnta cuyfolileton pe to
yvedupa A. No onueiwidel o autéd to onueio 6Tt JeTinr] ToAMXOTN T ONUaivEL OTL OL BUVOLXES YRUUUES
oUTOU TOU oy VNTixoL mediou Belyvouv mpog to €€w and tov Bogeto moho tou "Hiou eved apvntiny
TohxoTNToL 6T Belyvouv mpog ta péoa. apatneroeic and o Voyager €youv Beléel mog 1 Ypovixt
LETOBONY) TOU NALOGPULELXOU Loy YNTIXOL TEBIOU Vol EVOL Ty XOOULO (QPOUVOUEVO XM TORATHETOAY
OVATEOTES OTY TOMXOTNT OTO EEWTEPIXO oL cuoyeTiovTon Ue avateonég xovtd otn I'n xou otov
Hho. To nhoogarpixd goryvntixd medio anewovi{etol TNy ENOUEVY EXOVAL.

Eyfua 1.11: Eymuotixh ovanopedotaon tou nAtoogoupxol payvntixod nedlou (https://en.
wikipedia.org/wiki/Heliospheric_current_sheet).

H 8id800n 10V x0ouxedy oxtiveny U€co 6To NALOCQUEIXO HayVNTIXG Tedio umopel va TeplypapTel
and v e&iowon [18]

af _ _
ot

of
Jlnp

(V+ (#p)Vf + V(DVF) + %(VV) + Jsource (1.6)
omou f elvon 1 TUXVOTNTA TOV XOCUXOY AXTIVWY GTO YOEO TWV PACEWY, V ebvou 1 T OTNTAL TOU
nAtoxol avépou, (Up) etvon 1 péomn taytnta drift Tov xooux®y axtivey, D eivos o TaVUO THG Ly U-
oNG, XU Jsource EVOL O 6POC TNYHC TOL TEPLYPAPEL TIC XOOUKES UXTIVEC TOU THEAYOVTAL EVTOS TNG
n\bogpaipag, T.y. Jovian electrons xou pick-up ions [19]. H eZiowon |1.6| cupnepthouBdver 5 puowxd
pouvopeva 0To 6e€1| UENog Tng. Apyd cuumepthouBavel convection xou drift mou meprypdpovrar amd
70 TPKTO0 6p0 . Emlong cuumepthopBdvel didyuon tou TeplypdpeTon and TO BEUTERO OPO, ABLUBUTINES
ATWAELEG EVERYELNG ATO TO TEITO OpO X TNYES XOOUX®Y oaxTivewy amd To TétapTto. [ot xoouxég
oxtiveg pe rigidity yeyolbtepn twv 0.5GV o tekeutaiog dpog unopel va ayvondel. H emavemitdyuv-
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O1) TV XOOUXOY axTiVwY xovTd 6T0 6Ovopo Tng nAtdogatpag uropel va etvan onuovtixy. Ilapdha
autd yio rigidities pixpdtepeg twv 0.2GV oL abloBatinéc anmAEIES EVEQYELUS XURLUPYOVV.

Kopnuidtnteg xan ahhayéc ot xhion Tou nAtocpouupixol payvntixold nediou mpoxaholy éva drift
OTIC XOOWUIXES aXTIVES UE péoT) ToyUTnTa Tou diveton amd tn oyéon [19] 20]

(50) = TV x (Aaép) (1.7)

6mou ¢ xou v ebvar To opTio xou N Ty dTNTA TN XoouNC axtivag, ép elvor To povadlolo didvuoua
oty xatelduver Tou Yoy vnTixol Tediou, xon Ag lvon 1) xAlgoxa Tou drift xan Siveton amd

(B[R0
= Larmor1 + (R/R0)2

OOV T Larmor €bvat 1 axtiva Larmor tou cwpotidiou mou diveton and ™ 6)€oN MLarmor = P/ |q|B.
To p elvon Tpoavas 1 oput xou o Ry etvon pia rigidity avapopds tnv onolo Yo Solue o Alyo.

A (1.8)

‘OAn auTy| 1 CAANAETUORUOT TWV XOCUXDY OXTIVOV UE TOV NAIXO AVEUO XOL TO NALOCPUUEIXO [o-
ywnuxd medlo, oAAGlEL TO QACUO TOUC CLUYXELTIXE UE aUTO TOL €YOLY OTO BLICTEIXO TES(o TPV
eloéAdouy oty nAdogatea. To gouvouevo autd AoYw TNg ahANAERidpaonC e TNV NALOCQALE. O-
voudletar solar modulation. To mwe poviehomoteiton to solar modulation efvan évar dhho {itnua
xan uTdpyouv uepixol Tponol. Eueic otn mapoloa epyacio Yo Ypnoyonol icouUE Wial TEYVIXT] TOU
ovoudZetor force field approximation xou ogethetan otouc Gleeson xou Axford [21]. ITepthopfdver
€vat duvoxd Tou ebvon uTeLYuvo yia To modulation TwWV xOOUXOY axTVWY o TNV AAAXYY| TOU
pdouatog Toug. To duvouxd autd ovoudleton modulation potential. H teyvier oauty| Yo avahudel
OTO XEPIANO TOU TEPLEYETAL 1) LEAETT) TTOL €YIVE OTN Topoloo EQYAaiaL.

Ye youniég rigidities 1 oxtiva Larmor elvon moA) puixpdtepn amd T xaUmUAGTNTA TOU NALOGHUELXOU
Loy VNTLXoU TEdBiou Xt oL TROYIES TV COUTIOWY axohouvolyv TNV TOTXY GOUT] TOU Yoy VNTXoU
nedlou, xotac TéAhovTag pouvouevo drift xow xddetng didyvong oTic duvauiés Yeauuéc. Avtdétnc,
oTic uPniéc rigidities ol xoouxéc axtiveg ev ennpedlovTal amd Th SOUN TWV SUVUUIXMY YEUUUWDY
o€ WxEEC Xhlpoxeg, AN axohovloly Tn UECT) BOUT| XoL EVTAGT) TOU HAYVNTIXOU TEBIOL XalL €YOUNE
Ad ~ TLarmor [20]. Etnv tponyoluevn eliowon to Ry avtiotouyel axpiBoe oty rigidty émou unde-
YEL EVAAAXYY| AVEUESH OE AUTEC TG 000 TEQLOYES IOV OVUPEPUUE LOAG TP LNUELOVETOL TS TO
Ry etvon ehetlepn napduetpoc tne té<ng tou 1 GV.

Yuvoudlovtac Tic eElOOOELC o [L.§) maipvoupe évav yapaxtneiotixd yedvo yia to drift twv
XOOUXOV X TivwY va efvan avdhoyog Tou [18]

1 1+ (R/Ry)?
I I E

6mou o B(t) eivon to ypovixd petoBahhOuevo poryvntid medio xar B = v/c. Autd onpoivel nwe o
YopoxTneto Tixde yedvog tou drift mou polg Berxaue avouévetan vo €yel Tnv (Bl ypovixt| e€dptnom
UE TO oryvnTxd Tedio. AuTo pag emTEENEL Vo BLUPOPOTIOLRCOVUE TO (Qouvouevo Tou solar modula-
tion pe auTH TNG BABOONE TWV XOCUXWDY UXTIVKDY GTO OLUCTEXO TEd{o.

(1.9)

™D X

Ye neplddoug Vetixhc mohxdtnrag (A > 0), éva mpwtovio Tmou €pyeTton and TIC TOAMXES TEPLOYES
NS NAOTOUONC UTopel oyeTIXd e0x0Aa xaL anoTeAeopaTXd Vo Tadldéder otn Tonovesta e I'ng,
YAvovTaC UOVO pxpd mood evépyetog. Avtidétne, oe meptddoug apvntixrc mtoAotntac (A < 0),
Eval TpwTOVIO TokdeleEL péypl TN I'n axolouddvtog pio Sladpouy| Tou Elvor GYETIXA XOVTA UE TO
eninedo tou Hhoaxol poag Xuothuatog xou 1 xivnon tou xuplopyeiton and drifts. To drifts autd
yivovTon xotd UAXOC WIS ETLPAVELNS GOV GEVTOVL TIOU ATOXUAETOL NALOCPUEIXO GEVIOVL PEVUATOS
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TyAua 1.12: Eymuatind| avanapdotact dddoong xoouxody otny nhibogopa ([18]).

(heliospheric current sheet) xou pmopel va to del xavelc oto oynua

To heliospheric current sheet efvou pio empdvelar xatd uxog g omolag 1 TOAXOTNTA TOU Yoy V-
TixoU medlov ahhdlel. H empdveta oauth elvor xupatio T Aoyw tng neploteogric tou Hiou xat tou
OTELPOELDOUE TOU oy ynTxoL Tediou xou xuuotilel mave xou xdtw and 1o eninedo mou eivon xdeTo
otn neploteo@n) Tou Hiou. ‘Eva pedua péel nédvew oe autd to current sheet to onolo eivon tne tédng
v 10719 A/m? [I8]. H x\ion tou heliospheric current sheet oe oyéon pe o nhaxéd eninedo e-
tva Wiot ypovixd HETOBUAAOUEVT TOGOTNTO XAl TEQLYPAPETaL and TN Ywvio xAiong mou cuuBoiileton
ve a(t). Kdde owpatidio mtou toldelel and v nhdravon oty I'n xatd uhixoc tou heliospheric
current sheet mpénet vor To€idédet yior uTEPBOAXE UEYAAN ATOCTACT), EWBXE GE TEPLOBOUS UEYAAOL v

Yny neplntwon mou €youpe SLdbooT amd Toug ToAoUE NG NAboalpag, dnAadY) gA > 0, 1 Siddoor
TWV XOOUXOV X TIVRY aVoEVETOL VoL Efval OYEBOY aveCdpTnTr TOU (. LTNV TEPITTWOT TOU €Y0UUE
01ddoom xotd unxog Tou heliospheric current sheet, dnhadh gA < 0, oL anwieieg eVEpYELaC avopéve-
Tt VoL qLEAVOVTAL PE ALEAVOUEVO . DTNV TRdET, elva BUoxolo Vo tpofiédouue TNy cuvapTnolaxy
e&dptnon aviyeoso oto modulation potential xou To o wAAG umopolue va TEpLOplCOUUE TN GLVGE-
Nom ATy Ue Topatneoels. No Toviow Twg 1) SldB00T TWV XOOUX®Y oxTivey Yo ETpeme Vo elvon
aveZdpTNTN ToU o 6TO 6plo TV LPNAGY ragidities 6mou 1 Sudyuom xupLoEyEL.

Y10 oyfuo BAETOLYE Uiot OYNUATIXY) OVATOEAC TUCT, BEDOOTC XOOUIXWY OTNV NALOCPOULEA.
Biénoupe mog oL xoouxég axtiveg mou @Tdvouy otny I'n axoloudolv dlagopetinég TpoyLEg avdroya
UE TNV TOAXOTNTA TOU NALOGHUUELXOL Yoy YNTIXoU TEdlou. LTN XoUTdoTUoY deVNTIXAC TOMXOTNTOG
(A < 0) ot Yetxd poptiouévee xoouxés axtivec xdvouv drift xotd prxoc tou heliospheric cur-
rent sheet, mpdypa Tou amewxoviCetar and Tr TEELOOXT CLUVEYY| YRPUUUT OTY) TERITTWOT oL 1) YwVia
whiong ebvan a = 152, Avtidétwg, oL YeTind QopTIoPEVES XOOUXES IXTIVES Bloy€OVTOL TTLO EUXOAAL KO
dueoa oe mepLddouc Vetixrc Tohdtntos (A > 0) [18]. Q¢ anotéheopo autdy, ot ypdvol diddoong
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TWV XOOUXOY axTiVWY HEGA OTNV NALOGHULEA UTOEOVY Vo UETABUANOVTOL DRAUUATIXG AVIAOYAL UE TNV
xatdotact Tou Hilou oe cuvbuaoud pe to goptio Toug. H xoumiin ypouut mou etvar tunua xOxhou
AVTITPOCWTEVEL TNV TEELOYY| XOVTY oTNV NALOTaUoT 1 To termination shock.

H x6xoavn yeopur avtiotolyel oe pia Tpoyld evog YeTixd popTiouévou cwuatidlov oe teplodo Veti-
xhc mohxdTag () apvnTnd @opTiouévou onuatdiov oe Teplodo apvNTiXfc TOMXOTNTAC). LE aUTH
N TEPINTWON oL XOOoUXES axTivee @Tdvouv evxohla otn I'm ye ehdylotec andieeg evépyetag. H
UTAE Yoy avTIo ToLyel OE Uiot TROYLA EVOC apVNTIXd (QOPTICUEVOL CwuaTdlou ot Teplodo VeTixrg
rolxétnrac (f Yetind poptiopévou cwpatdiou ot nepiodo apvntixfc molxdtnrac). Tote ov xo-
ouxég oxtiveg Tagdedouy xatd prxog tou heliospheric current sheet xou ydvouv onuovtixd nocd
evépyelag xad” OAn TN SldEXELl TNG HEYSANS TROYIAS TOUG.

Kot otic 800 mepintdoelg mvimg oL anwAeleg eVERYELag eivan adlaBatinée xon avauéveTon var lvor
AVIAOYES TOU YEOVOU UETAPORAS TOU CwuaTdiou and Ty nAtdtoucr otn I'n. Ta pixpég ywvieg
xhiong 1 duddoor yivetan mo evdeia xou oL TPOYIEC HOLALOLY CAY TN XOXXIVY EVE YL TOAD UEYAHAES
yovieg xhlong n teoytd yiveton unepBolnd paxetd xou 1 x&deTn SLdyuoT xUELUEYEL.
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Kegpdiowo 2

H Aopyn »xou EEEAEn Twv Pulsar
Wind Nebulae

2.1 T'svixd

To ndAcopg YEVoUV UE GUVEYT) TEOTO TNV TEPLO TROPLXY| EVEQYELN TOUG HECK CYETIXIC TIXWDY AVEUWY.
To confinement auTHOY TOV AVEUWY YEVVAEL POTEVA VEQPEAOUNTA YVWO T w¢ pulsar wind nebulae,
Ta omoia pmopolyv va tapatnenloly e OAo 1o Qdcu TN NhexTeopay VATIXAS axTivoBoAiag. H oncti-
voPolia mou mapatneeiton efvan axtivoBorio synchtrotron xau inverse Compton ohhd xan octivoBohio
07O OTTIXO QAopa 1 oTolo OPElheTon OE AAANAETUOPAOCELS XOOUXDY OXTIVOY TOV VEPEAWUATWY UE
10 UYéoo Yéoo 6To onofo SwaotéMovtan [22].

Ot napatnenoelc 6 GAO TO QAN TNG NAEXTEOPAY VITTIIXAC AXTVOBOAAC TWV EXTETOUEVMY AUTWV VE-
PENOUTLY ToL oyMuatilovtal xoog dveyot amd Téhoop Slac TEANOVTOL GTNV TERBAANOLON TIERLOY T
HoC TP YOLY TANEOYORIES YLl TNV 00CTACT] TWY AVEUWY, TO Ll0TopXd Tou injection cwuatdiwy o-
76 T0 TdAcup To onolo BploxeTon YECH OTO VEQPEAMUO Kol YEVIXOTERA Yol TIC WOLOTNTES TOU XAl TN
oLCTAoT ToU TEPBAANOVTA YWEOL PEca GTOV omolo To VEEAU Sl TéAAeTal. Enlong pag divouy
TEPLOPLoUOUE Yiar TNV eEEAET TOL (BloL TOU VEQPEAWUATOS, TN TUXVOTNTA Xou T oG TUOY TV ejecta
TIOL €Y 0LV TETAY TEL A6 TO VEPERWMA Kol T Lolpal TwV 0wUaTLdiwy LPNAYC EVERYELIC TOL ToEdYOVTOL
oe autd Tot cucThuaTa. Ot mapatneroelc auTég amoxahinTouy TNV Tagoucia jets xou termination
shocks tou avépou, cuumaydv xon yeovixd petofalhouevwy dopwy exntounhic, shocked ejecta xon
xouvoUptar dtao ) VAN [23].

e outh TNV evoTrTa Yo XAVOUUE ULal YEVIXT ETULOXOTNCT TNS Boung xou Tng eEEMENC AUTKY Twy pulsar
wind nebulae xou Yo 5o0ue TG 0L TUEATNENOEIS YOG ETITEETOLY Vol LOVTEAOTIOLGOUUE UE UEYUAVTERT)
axp{Belor TNy ypeovixt| e€€AEN Tou pulUoD UE TOV OTolo Ta THAGUE YAVOLY TNV TEPLOTEOPIXT TOUG
evépyela. Ou mhnpogopieg mou Yo TapouclacToly Poloxovton xupleng oto review twv Gaensler xou
Slane [23].

2.2 Ewaywyn

H éxpnin evoc counepvofa 1 omolo mupodoteltar and TV xatdppeuo evOc UEYEAOU Ao TERLOY, T
edyet ejecta to onola €youy pdla lon pe apxetéc nhtoxéc pdlec. To ejecta autd Sloc TEAAOVTOL EVTOG
Tou TepBdlovToC Blao ol Tediou pe TayvTnTe Tepitou 101 km/s. To enaxdroudo unpoctvé
shock cuumiélel xou Yepuatvel To tepBdihwy aéplo. Koadde to shock autd copivel dlacteind vAxo,
1 emPBedouvon Tou yevvder éva avtiotpogo shock mou xatevdiveton miow mpog Ta xpla ejecta xou
Yepuaivel To mholotla oe pétahha aépto o Yepuoxpacieg Tic onoleg umopel vo exméuder axtiveg X
[22]. Ye modéc MEQITTAOCELS, QUTO TTIOL AMOUEVEL ATt TO TURHVAL TOU OO TEPLOY TOU €YEL XUTOPEEVCEL
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elvon €vag TOAD Py VNTIXOS 0o TERUS VETROVIWY TOU TEPLOTEEPETOL Thpa TOAD YR YORA XAl TURAYEL
EVoy TOAD EVEQYNTIXO GVEUO ol CWHATIOW xou €var YoryvnTixd edio tor omolo teptopilovton and ta
TepBdriovta ejecta. To méco cuyvd cupPBaivel autd, va talpvoupe dnhadh Evay acTépa VETROVIWY
xan Oyt Ty o podpn TeLTa, ebvon €va avoly 1o gp@tnua. ‘Ola Tt ototyelor Tou €youpe delyvouv
OTL aUTOL OL AVEUOL GUVIGTOVTAL OYEDOY UOVO aTtO NAEXTEOVLO ot TOLLTEOVIAL. LUVETMOS OTOY OVOLPE-
POUACTE OE AUTO TO XEQPIAAO OE ‘COUATIOW AUTWY TWV AVEUMY, AVAPECOUACTE O NAEXTEOVLA Xol
rolitpovia. H eZ€MEN evéc pulsar wind nebula (PWN) eZaptdton ond tig didtntec Tou xevipixol
Téhoap, ond To anopewvdpl counepvoPa (supernova remnant (SNR)) [24] mou to gihoZevel xou and
TN doyur| Tou TEPIBAANOVTOC LG TEIXO) UEGOL.

Ye auth) T nopdypapo Vo fleha Vo oNUELOC® BV0 onuavTxd oTolyela Ta omolo TEENEL VoL Yivouy
YVOOTd Yo TNV avdiucT tou Ya axoroudroel. Ilpdtov, cuyvd oto moagerdov to PWNe €youv
avagepiel wg SNRs, oArd dev ebvar SNRs. To PWNe dnuiovpyoivton €€ ohoxhripou and €voav
CUYXQUTNUEVO UAYVNTIXO GVEUO TIOU TapdyeTon amd €val evepyNTixd TR, LTNV apyt|, TO LALXO
TIOL CLYXEATEL TO Yoy VNTIXO dvepo elvon ejecta amd To counepvoPBa ahhd apydTERY UTopel va elvon
amhd LALXO Tou SlaoTexol écou. Tlapdho mou eivan amotéheoyo pag Eéxenéng counepvoPa, Tov 6po
SNR tov yenowomololue yio vo teptypdpouye tn doun mou mapdyetar ond To ejecta counepvoBa
7oL QLG TEANOVTAL XU TNV AAANAETBpaoT Toug PE To BlaoTexd Yéco. ‘Oviwg, €vag oAOXANEog
manduoudc SNRs 6ev oyetileton ue PWNe. AcOtepov, dtav neprypdpouue v eZéAin evoc PWN,
0ev elvon 1 mparyaTixn Tou Ao Tou Eyel oNuacio xou TERLYPAPEL T1) BOUT| TOU AAAG 1) SUVAULXT| TOU
it H Suvauixe) nhixio AauBdver unddn 6tu navouotdtuta TdAcap To 0Tolol UK SLUCTENNOVTOL
O€ UEC0 OE OLUPOPETIXES XATAVOUES TUXVOTNTOG BLHoTEIX0U UEGou, Vo eEehy POV xou BLUPOPETIXA.
A¢ Bolpe howmdv twpa uepixéc Baoxé WBLoTNTeS Twv tdhoap. o mo avahutixéc TAnpogopleg Yo
o {nrpata autol Tou xepolatou uropel xavels vo xoltdZer to reviews towv Gaensler & Slane [23],
Bucciantini et al. [25] xou Kargaltsev et al. [26].

2.3 DBoaoweg oLotnTeEg

2.3.1 IIdAocop

H avoxdhudn twv ndhoop €yive mpdTo amd TNV TAAAOUEVT oxTvVOBOAIL TOUG GTOL PUBLOXVUOTOL Xal
Yeryopa €ytve 1 uTOUEST OTL QUTA ToL AVTIXEUEVA TEETEL VoL EfVaL LOYUEE Ay VNTIXOL OO TERES Ve-
Teoviwy ToL TEpLo TEEQOVTAL Tdpa TOND Yeryopa. Egdcov 1 neptotpo@uny xivntin evépyeia F tou
TdAcap elvor 1 TNYT Y TO PEYUADTERO XOUMATL NG exmounmng mou PAénouye and éva PWN, da
acyohniolue TeoTo uE TNV eEEMEN TNE TEPLOTROPNE TOUG.

Hapatnerioeic detyvouv dtL 1 eplodog neptoTpogphc P evog mdhoop auEAVETOL (C CUVERTNOT TOU
XEOVoU, TEdyU TO OTolo oNUAVEL OTL UTIHEYEL Ul OTAdLXY| UEWOT) GTN XIVNTIXT] TOU EVEQYELX.
H emPpdduvorn tne meplotpogric evoc ndhoap ovoudleton spin down. H spin down luminosity
optleton wg 0 puiUdE TOU To TAACUE YAVEL TNV TEPLOTEOPIXT) TOU XIVNTIXY TOU EVEQYELX, ONhodY
E = —dE/dt. Edv 1 napdyeyoc tne meptddou eivon P = dP/dt xon Q = 27/ P, t6te 1) xavnroch
evépyela Tou ydveton diveton we [23]

d( Loz :
B2 ) 00— _unrr L (2.1)
T T T ps '

omou I elvan 1 pomy) adpdveleg Tou aoTépa VETpOVIWY. Oewpnuixd I = %MR2 ue M xon R voelvon ot
uélot xon n oxtivar Tou aotépa. o M = 1.4Mg xou R = 10km naipvouye wior cuvndioyévn tumxy
T v ) porh adpdvetac I ~ 10%g em?. Twée yia 10 E yio tov minduoud twv tdhcop mou
éyer maparnendel xupaivovtar amd 5 x 1038 ergs s71 éoc 3 x 10?8 ergs s71. Tumixd, wévo mdhoop
ue B > 4 x 10% ergs s~! mapdyouv eupavi PWNe [27]. Oa feha va onueion toe autéc o
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TWES avapépovTol 0To apyixd K mou €yel To TAAGUp PETA TN YEVYNOY) TOU X0l OTNV TEUYUATIXOTNTA
TpoépyovTon xdvovTag extrapolation mpog ta Tow 0TO YEOVO UETEMOVTUC TO TWEVo F.

H nhuxio xan 1o goryvntind medio otny empdvela evog aoTépa VETROVIWY unopolv va Beetolv and
ta P xou P edv xdvouye xdmotec unodéoeic. Edv 1o néhcop xdver spin down amé pia oyt Tyt
e neptddou Py pe tétolo tp6mo dote Q = —kQ" ue o n va ovopdleton braking index, t6te to n
dlvetan mapaywyilovTtag auTr TN OYEon W TEOC TO YEOVO, BLILEMVTIS TNV XATE HEAT UE TNV oEYLXY
oyéom xaL AOVOVTOG (¢ TEOG N 0G

00 PP

n

ue Q xou P va ebvon n dedtepn mopdywyoc Tne yeviahe oy htnTac xon e teptédou avtiotowa. H
nhixiot Tou cuothuatoc ebvor [28]
P n—1
(%)
p

omou €youpe utovéoel 6TL To k eivon otadepd xou ot to n # 1. O braking index, n, éyet yetpniel
ue oxp{Belor uévo yia TohD Alyor TdAGop xan TdvTa elvor vTog Tou edpoug 2 < n < 3.

P

0P (2.3)

Edv vyl Tov unoroino mAnduoud twv tdAcop unovEcouue 6Tl n = 3, TedyUo To onolo avTioTolyel ot
spin down péow oxtvofBohiog woryvntixol Suthou, xon 6t Py < P, téte 1 e€iowon 2.3 petatpéneton
OE Lo EXQPEAOT) YLOL TN Yoo Tnelo T nhixio evog mdhoop

P

= 2P (2.4)

Te

H e&iowon TOAN) GUY VS UTEQEXTIUAEL T1) TEAYHATIXT NAWla Tdypo ToU OTuaivel OTL 6T TEAY-
potixotnTa 10 Py 0ev elvon Toh) pixpodtepo tou P.

"Bva ndhoop Eexavdet T {oh Tou pe apywd spin down luminosity Fo. Edv 1o n eivon otodeps, téHte
n spin down luminosity eZehiooeton cuvopThoet Tou ypdvou we [29]

_(n+1)
. . t (n—1)
B = Ey <1 n ) (25)
70
OTOoU P 5
To = 0 = ey (2.6)

(n—1)B n—1
ebva To apyxd spin down time scale tou ndhoop. To mdhoop €yel ouvemie yovipxd otadept
TOEAYWYT) EVEQYELAG UEYQL TN YEOVIXY OTLYUN T, X UETE omd auTh TN yeowixr otiyun €yel B o
t=(nF+D/(n=1) " H repiodoc nepiotpopiic eEehiooeton mopbuoLa

t

pon (H)*l 2.1

70

é1oL dote va woylel P & Py yio t < 1o, oA\ apydrepa P oc t1/ (1),

H andhewa evépyetag spin down efvan xatovont var elvor anotéAeopa EVOS Ay VATIGUEVOL AVEUOU
COUOTIOIWY TOU ToEdYETAUL OO TOV TEPLOTREPOUEVO HayVNTIXG aoTépa. Avtetoniloviac Tny cav
o TLVOPBOAL TEQLOTEEPOUEVOL oy viTino Sindhov, to pulude andActag evépyetog etvon [22]

LRt

E= o3 sin? x (2.8)
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P (s)

Yyhua 2.1: H nepiodoc P xan 0 pudhude uetoBolhc tne P yia néhoaps omd to xatdhoyo ATNF
(https://www.atnf.csiro.au/research/pulsar/psrcat/). Ot xevol xUxhot elvor duadixd Tdh-
cop, To TEPLOCOTERA TwV onolwv clvon millisecond ndhoop, eved Ta teTpdywva xou to X etvor pddlo
néhoa xou anomalous X-ray and/or soft gamma-ray emitters avtiotoryo. ‘Oha tor unOhoLTL TANGOE
amewovilovtaw we teheiec. Emlong o ypopés elvon ypopuée otodepol spin down (xdxxives dlaxe-
XOUUEVES), poryvnTinod mediou (Umhe Tehelec) xou yopaxtnptotixhc niuxiac (Lodpee cUVEYOUEVES)

([32])-

omou B, elvon 1o poryvntind medio Tou dimdrou oTov TOho xan X ebvor 1) Ywvia HETaE) Tou Loy viTiXo
medlou xan Tou d€ova TEPLOTEOPHS TOU TEAGUE. TN TEPINTWON Tou paynTixol Tediou ditdlou,
Beloxoupe k = 2M? /31c3, énou M ebvon 1 UMIOTOON TNC Loy VITTIXAC dimoAAc pomtiic ou etvor
x&etn otov dZova tepiotpogric. Mropolue homdy va UToAOYIGOUUE To poryvTixd Tedio we [23]

B, = 3.2 x10¥(PP)Y2 G (2.9)

‘Evo tumixd e0pocg yia tic Tiwéc tou P etvon ~ 0.03 — 3 s, xou ylo To P, 1017 — 10713 TEOAO TOU
€youv mopotnendel TWES EXTOC AUTOY TWV ELEWY, xUplwe oe magnetars xou millisecond pulsars
[30]. Autéd poc diver Tée Tou poryvnTinol Tediou tne téEnc Twv 10 — 1013 G yio 1o nepiocdTEp
PWNe. Ta millisecond pulsars €youv poryvntixd medio tne téEng twv 10® G evd ota magnetars
UTopolV Vo 9Téo0ouy péyel ot peyahitepa twv 101 G. Trodétoviac mwe To payvnuixd edio dev
UELOVETAL EVTOC Uepxdv MyT yio veopd mdAcop, xou yia plor otadepr| yovio xAlong x Peloxeto 6Tt

[31] :
PP" 2 =K (2.10)

omouv K otadepd. Ohoxhfpwon authc tng e€lowaong divel
Pl =pr it n - 1)K (2.11)

ue Py va evan 1 meplodoc petd tn yéwwnon tou néhoap. Metpdvioc tic Tiwée tou P xon tou P yua
OLdpopa TEAGOR, UTOPOVUUE VO XUTUCHEUGGOUUE BLotY OOUUATO OTIWE oWt Tou oy fuatos [2.1] yio vor tar
XATNYOPLOTOLOUE.
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Kode)g to ndhcop mepioteépeton, Onploupyeltal o Loy yntoopouea YEUdTn Ue @optio, 6mou yiveto
ETUTAYUVOT COUATIONWY GE XEVE BloywEIoUEVL amtd QopTio X0VTd GToUC TOAOUS 1} OTNY EEMTERLXY
woryvntoopatea, 1 omola enextelvel Tov Aeyduevo xOMVpo gwtog 6mov Rrc = ¢/ Trodétovtog
TWC TO Poy VTG TEdio efvon Bimohxd, utopet xavelc va lodethoet o eEdpTnon Tou Tomou 13 xou

Vo utoloyioel To TOAOEWES payvTxd nedlo 6To xOAVSEO

3
Brc =B, (RZ) o« P5/2pl/2 (2.12)

Extdc tou xuhivdpou, to topoeldéc payvntixd medio xuplapyel xon éyel eEdptnon Tou tuTou L.
)

To péyloto duvouxd Tou dnuovpyeital and Eva TEPLOTEEPOUEVO TEAGUE UTO TNy umddeon OTL O
MOy VTGS GZovog xat 0 dZovos TEpLoTPoghc etvar euduypouutopévorl etvon [33]

. 1/2
i /

E
P=|—]~6x108|——— 1% 2.13
c % 1038 erg s—1 (2.13)

To ehdyioTo pebuo CLUATIBIWY Tou YeeldleTon Yiol T BlTHENOT TNG TUXVOTNTAUS PoETiou OTN Ua-
YVvnToéopouea etvon
. c® E 2
Ngy = — ~4x10% et ° ! (2.14)
omou e elvan To poptio Tou NAextpoviouv. Kalddhe ta cwyatidia mou cuyxpotodyv autd To pedua emi-
TayOvovtal, Tapdyouy curvature radiation mou Eexwvdel Evay xatouytopd NAExTEOVIKV-TollTEOVIWY.
Yougpova ye topatneroelc PWNe, yia vo e€nyrjoouue v axtivoBolia synchrotron oo podtoxdua-
o Tou mapartneeiton, ypetolbpaote Tée tou N mhnaidlouy o 10%0 571 O aprdude twv Leuydy
nhextpoviou-tolitpoviou avd TewTELOY GLUTId Tou UTohoy(leton va etvor & 10° — 107 qafveton
va elvon dUoxolog va emitevydel uévo amd pair production oTig TEpLOYES EMTAYUVONE EVTOC TNG ot
yvntoogoupos [34]. Autéd unovoel dtL ypetdleton vor undpyet évoc TAnduouds NhexTeoviny yaunihc
evépyelog mou Vol TEETEL VAL THEAYETOL UEGEK XATOLOU GAAOU UNYAVIOUO) XATE TOV CYNUATIONO TOU
PWN [35]. 310 oyfua 2.2 uropel xavelc va el évar oxwarypdpnua Tne paryvntéopoupos evoe méhoop
OTOL PalvoVTOL OL BLAPORES TEPLOYES TNG Loty VITOo@onpas Holl UE TIG Loy VITTIXEC SUVOIXES YROUUES
xau Tov d€ova teploTpoghc. Palveton eniong xon 0 XOAVOEOC POTOC.

2.3.2 Pulsar Wind Nebulae

Ye mdhoop 6mou o payvnTixde dEovac Peloxetoun UTd xAoT € OYEoT UE TOV dova TEPLOTROPNS, N
P01} CLUATIOIWY OV TERPLYPAPTNXE TEONYOUNEVWS 00NYEl oe €vay striped dvepo pe pio cuvoTHoA
eVaARaoodUEVOU ToAOEWOUC poryviTikod Tediov mou Sroywpeileton and éva current sheet [37]. H
vewpetpla auth Tou avéuou umopel vo yiver xortavonth xortdvtag 1o oyfua 2.3 Q¢ paryvition tou
avéuou, o, oplleton o Aoyog tng poric Poynting w¢ mpog tn pot| evépyetag owpatidiey
2
o= B (2.15)
4rmnygc?

omou B, n, xou vy ebvar To YoryvnTixd medio, 1 aoriunTiny TUXVOTNTA TwV CoUaTdlwy ualac m,
xan o mopdyovtag Lorentz tou avéuou. H por) Poynting xuplopyel xodoc o dvepog agrvel miow
TOU TN Loy VNTOOPOLEO. Xot To 0 éxel Tyéc e T8Eng Tou o ~ 104 Kadde o dvepoc péet mpoc 1o
€€, TeAXd ouyxpateiton and 10 TEPUBIAAWY LA, BNhadY| amd ejecta Tou couTepVOPBa aEYLXd, XKoL
TEMXS a6 TO Bl TEIXO UEGO OTay To Ttdhcap dtapdyel and To SNR. H cuyxpdtnon autr odnyel oto
OYNUATIOUO UL Loy VTS o0oxag omd owpatidla 1 omolo dtactéhetan xan autéd elvon To PWN.
Kodg o ypriyopog dvepog eloépyetal 0T0 VEQEAWUA, ETBRAUOVUVETOL ATOTOU YId VO CUUPWVEL UE TNV
emPBohhouevn cuvoploxry cuvixn TN TOAL mo apyhc dlacTorrc Tou PWN xau étol oynuatileto
éva termination shock (TS) tou avéuou oe axtiva Rpg émou o autéd to onueio 1 nicon and tov
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Yyfua 2.2: "Eva oxtarypdgpnua Tng pory vitocpatpos tTou tdhcop tou Kapxivou. Ta niextpdvia elvon
TOYIOELUEVAL X0 ETLTOUYOVTAL XOTA UAXOS TWV OUVOXOY YROUUMY TOU UayVNTiXo) Tedlou eve
TAUTOYEOVAL EXTEUTIOUY NAEXTEOUXYVNTIXY oxTVOBOA.  XTO Oy Mua ovorypdpovTol OVOUIGTIXA OL
dLdpopec meployéc Tne paryvntoogpapac (polar cap, slot gap, x.A.t.) ([36]).

Gvepo mou Vélel var ompwiel Tpog o €€w e&looppoTelton and TNV Tlean EVIOC TOU VEQEADUATOS TOU
onpdy Vel ToV Gvepo Tpog o wéoo. H axtivor auth Siveton we [22]

RTS = \/E/(4WWCPPWN) (2.16)

omou w eivan o wodlvouog filling factor yi wootpomixd dvepyo xan Ppyny ebvan 1 cuvohixr wieon
EVTOC TOU VEPEAOUTOS. Tehind, AOyw NG YEWUETEIOC TOU GUCTAUNTOS XATUATYOUUE o€ évay ao-
VOGUUUETEIXO dvepo Tou oynuatiCel pio oy Topou 6To eNiNEdO TOU IGNUEPLVOL, GE GUVBUNGUO UE
jets xatd pixoc tou dZova teptotpoprc [39]. Xe pixpd yewypopid Thdtn ) poryviTion etvon peyo-
NOtepn xan autd TEpLopllEl o aUTE Tar TAGTY TN Blao ToAY o Yeyohltepo Badud. To amotéheoyoa
€Val TETAUTUGUEVO Oy AU XoTd urxog Tou dEova Teptotpoghc Yo to vegéhwpo [40) [41]. H doun
auTh yiveTon eugavic oTo oy Y10 oo autd PAETOVUE TUPATNENOEL TOU VEQPEAWMUINTOS
Tou Kopxivou oe axtiveg X xou 670 onTind pdoua oL onoleg amoxaAlTTouy €vay 16po YUpm omd TovV
LONUEELVO xou jets va TepBdAhovTon amd TO TETAATUGUEVO Gy AU TOU VEPEADUATOS TO OToto TERLBAA-
AEToL amd DoPEG cav AETTE VioTa and Topacupueva ejecta. O eowTepndg dUXTUMOS avTIo ToLyEel
oto termination shock xou 1 axtivar Tou TEpLYEAPETOL TOAD XA amd TNV e&lowon Moy vnro-
UBPOBUVOUIXES TEOCOUOLOTELS TNS BOUNE TOU avVEUOL avamaedyouy ot mBeBadvouy ToAAES amd
TIC AEMTOUERELES TIOL TOPATNEOVYTAL OE UTE Tat cLo THPOTAL [25].

21



Yyfua 2.3: H mohoeldric dopn tou striped avépou evog mdhoap. Ta 600 BéAn cupBoiilouy Tov dova
TEPLOTROPNC oL TOV Yoy VNTXd dova. Evtog tng meployfc mou €xel we UVOPO TG BLUXEXOUUEVES
YOUUUES, O GVeEUOg TEpLEYEL TOPOEWTc plyec dmou odhdlel 1 moAdTnta. Autd gaiveton omd TiC
evolhayéc oto By. Ouplyeg autég doywpllovtar uetall Toug ané current sheets mou cuyfoiilovton
amo TG YPouUég amd xouxxideg. Extdg tng neploync autng, To payvntind medio 6ev xdvel EVOANaYES

(138])-

To oyetnotind owpatidi Tou avéuou oto PWN moapdyouv axtivofoiior Synchrotron. To ¢doua
aUTAC NS axTvoPBollag exteiveton and ta padtoxuata péypl xat Ti axtivee X. Eniong, to oyet-
O TG aUTA cwpaTidla oxedALouv xat TEQIBAANOVTA PWTOVLOL YOUNATC EVERYELNG Tal OTOLL TROERY OVTOL
am6 TNV xoouixy| axtivoPBohlor utofBddpou, to stellar radiation field xou and exnouny and ™ nept-
Bdihovoo oxdvn. Autéd odnyel o axtivofolla oe axtiveg Y amd oxédaor inverse Compton. 'Eva
neplepyo anotéheoua eivon OTL LOVTEAA Yl TN SUVOLXT) Bour| xou TIC WOLOTNTES TNG EXTOUTNAG 0TI
voPohiag ylo to vepéhopa tou Kapxivou ditvouy o ~ 1073 ouéonc petd to termination shock [42].
Auto xdver xaTavonTod OTL XATOU EVOLGUESH Amd TN Yoy VNnToopouea xat To termination shock, o
Gvepog TMEEMEL VoL OTAUUATAEL Vo xuplapyeltan amd pory Poynting xou vo opy (et var xuplopyeiton amd
cof} cwuatdlwy. Mo mpdTacy elvor Twe payvnTixy enavacLYdeor oto current sheet umopel va
XOTUOTEEPEL TO UayYNTXO TEDIO xou Vo UETAPEREL TNV EVERYELX Tou ota owpatidte [43]. T o
Twe Ymopel vou yivel auTy 1 enavacviEoT ouwe dev undpyet Eexdidopn andvtnon. Ilpdogateg uno-
AOYIOTIXEC TTIPOCOUOLOOELS OYETXOTIXWY shocks oe tétola cuoTApaTa €youy Bellel Twe TEPLOYES
avTileTwy poryvnTix®y Tedinv unopolv va eveoly Aoyw cuunieong T eong Tou avéuou amd To
shock [44]. H Sadixaocio aut divel éva pdopa owpatidinwy tou éyel popey power law dN/dE < E~P
ue p ~ 1.5. T'Opw and tov lonuepod, cuuatidio uPniic evépyelag utopoly va dlayutoly ot unpo-
ot peptd tou shock xon var Smutovpyndoly Sotapoayéc oL oToleg YETE PUTOPOUY VoL ETLTAY OVOLY
enaxdrouda cwpatidia ot uPniéc evépyelag péow emtdyuvone Fermi. ©a avageptolue oe autd to
(PUUVOUEVO AlYO TURATAVEL GTO ENOUEVO XEPAAALO OTIOU Vol LAHOOUKE YLOL TO TS TA TYIAGOQ UTOEOLY
VO AELTOURYCOUYV WG TNYES XU ETLTOUYLVTES CwpaTidlwy LmArg evépyetag. Autd umopel mdovadg
vor Blvel o o omoToun xhion oto @dopa ot uPnAéc evépyeleg Ye p ~ 2.5. Ou B16TNTEC TOU
avEPOoL ahAGCOUY GUVIPTACEL TOU YEWYRAPIXOU TAdTOUS. ATo Tig WdTNTeG aUTéS aopTHOVTAL TO
£0p0Og EVEQYELDY OTIC OTOlEC EXTEIVETOL TO PACUAL, XodidE Xou N UEYLO TN Tou evépyela. Autd utovoel
TS To injection spectrum twv cwpatdinwy unopel va eivar apxetd nepinhoxo [45] Aoyw autdv tov
obvietwy e€apTHoEMVY.

2.3.3 Xymupatiopéc Topwv, Jets xow Wisps

‘Onwe gatveton ané ¢ mapatnehoec (oy. [2.4), n yewuetplo tou vegerduatos tou Kapxivou etvou
€vog hoZ6g TOpO¢ UE jets amd LAXO va p€ouv Teog TG xateLHOVEELS Tou lvor xaTd Uixog Tou dEova
TOU TOPOUL XL Vo exTelvovTal Tepinou 2.5 pc and to mdicap. H Sour) auty elvar cuvodeuduevn
amd €va ayvo countr-jet xon n exmounr) oe oxtiveg X ebvan mo oyuer ota dxpo tou tépou. H
e€Rynomn aut®y Twv 800 @awvouévewy dev eivon Eexdiapr. Tliotedeton e xon T 5V0 aUTE Pouvoueva
elvon xatd mdoa mdavétnta 1o amotéheopo Doppler beaming tng UAng mou péel mpog Tar €€w.

22



Yyfua 2.4: To vegéhwpo tou Kopxivou. Xovidetn exdva ye napatnperioeic oe axtives X (umhe) omd
10 Chandra, 6to ontxd @dopa (xdxxvo xou xitpwvo) and 1o HST, o oto uépuipo (LwP) ond to
Spitzer. (Ewéva and to Chandra X-ray Observatory, https://chandra.harvard.edu/photo/
2009/crab/ ).

23


https://chandra.harvard.edu/photo/2009/crab/
https://chandra.harvard.edu/photo/2009/crab/

Ouuilouye nwg Doppler beaming eivon 1 petoBorr) oty mapatnEOUUEV QWTEVOTNTA DANG TOU
XWVETAL O OYETUOTIXES ToUTNTES AOYW CYETIXIOTIXWY Qawvouévey. H évtaon otic axtivee X, I,
elvon ouvdptnon e Yoviag tpofolfc we [46]

I | V1-p2

In  |1—[Bcoso

I'+1
(2.17)

omou to Bc elvon 1 pory downstream tou termination shock, ¢ elvou 1 ywvio tng poric oe oyéon
ue v euldelo mopatienong, xou Iy eivon n unbeamed évtaor. Iapatneroec and to Chandra tou
G54.1+0.3 detyvouy noapoduoleg yewuetexés doués. Ot mopatnenoeic delyvouv gl xevTpur) onueto-
X TNYT TEPLTELYUptoUEV omd éva Soy TUNSL pe xhiom mepinou 45° 7). H exnopnr, oe axtiveg
X gobveton va elvor puwtevdTEpn 010 BeEl dxpo Tou BoxTuliou. Av autd epunveutel wg Doppler
boosting, téte cuvendyetan Twe N Ty dTNTA PoHC ebvar TNE TaENg Tou ~ 0.4c. Ayvd jets cuvode-
UouV ToV BUXTUAO %ATd Ufxog Tou dgova TepLoTeopng Tou mdAcap. H gwtevotnta Twv jets xou
QUTH TOU XEVTEXOL BoxTUAlOL elvon (Bleg. Auto €pyetan ot avtileon pe to vepéhwua tou Kapxivou
omou o THpog eivan TOAD To PuTEWOS and Ta jets. Emnpdoteta, oto G54.1+0.3 10 pwtewdTtepo
XOUUATL TNG POHC OTO Oy TUASL Bploxeton and TNV ecwTERIXY| Uepd, ONAadY T UePId Tou TdACup,
Tpdrypa mou €pyetan oe avtideon ue to Doppler boosting. Ilapduolec acuugpwvieg topatneodvton
xan 070 vepéhwua Tou Kopxivou 6mou 1 gwtevodtnta 6to daxtOMo elvol oyeTIXd opolouoppr. Ou
AUEAA VoL ONUELDOE TS OTOY AVUPEPOVUE TURATNENOELS, AOYONOVUAGTE OTWS PUIVETAUL TOAD GUY VA
ue 1o vegpérwuo tou Kapxivou xat to ndhcap mou mepiéyeton péoa oe autd. Autod yiveton xong
10 vepéhmua tou Kapxivou elvar évar veapd vepéhwuo mou Beloxeton apxeTd X0OVTd Hog TOU OTo-
fou yvwpllouue TOAD xahd TNV NAxior xou €YOUUE TAUPATNENOELS TOU GE OAO TO NAEXTEOUOYVNTIXO
PAcUA. BUVETKOC €lvon Eva VEQEAWU Yol To 0Tolo YVwellouUe Tdpot TOAAG Xl GUVETKOS Vol TOAY
%AAG ONUELD avapoEdS Yia CUYXELOT UE GAAAL VEQPEAWUOTA.

O oynuatiopds Tov jets xou Tov Tépwy uropel va xatavoniel wg e€ng. Elw and tn poryvntdéogaipa
Tou AR, 1 eon) cwuaTwiwy elivon axtvixf. H meplotpogy| Tou mdhoap dnuiovpyel €va TopOEL-
déc payvnmind medio tou omoiou 1 por Poynting petofddheton we sin?e), émou ¥ ebva 1 ywvia
amd Tov dfova neplotpogrc. H analtnon yio Slathienom tng pofc eVERYELNG XATd UAXOS TV YEo-
uov porc odnyel oe wa e€dptnomn Tou mapdyovta Lorentz and 1o yewypapxd TAATOC TG LORYNS
Y = Yo+ Ym sin? ¢ [48] 6mou g cbvou o napdyovtag Lorentz tou avéuou extdg Tou xUAIVOEOL PuwToC
(Yo ~ 10%) xou v, ebvar o péyiotoc mapdyovroc Lorentz twv cwuatdiny tev utostody to shock
(Ym ~ 10° xovtd 670 termination shock). Anéd tnv e€lowon BArémouue g auTod oNpatvel OTL
X0l 1) TOEAUETEOS ParyviTiong Yo e€opTdton and 1o YEwYpeapwod Thdtog. To o Yo elvar mohd peyo-
ANOTERO GTOV LONUEEVO amd OTL GTOUE TOAoUS. AuTY| 1 avicoTpoTio 0dnyel TN dopr Tou avéUuou v
amotelelton and tépoug xau jets. To payvntind nedio unopel vo extpédel Tn por| cwpaTidlwy and Tov
TOPO xal Vo TNV OTELAEL TPOg TOV dE0VaL TEPLOTEOPNE TOU THACHR ETULTAYUVOVTIC TNY O TayUTNTES
~ 0.5c. Me Bdon to gdopata oe axtivoBoAla synchrotron, mopoatneeitan éva Tohd yeydro ebpog
TdV 670 xhdopa Tou B mou mnyoivel oe jets [49) B50]. Ot tipéc Tou %AdoUATOC 0UTON XUUUVOVTOL
amd ~ 2.5 x 107 070 3C 58 péypt xou 1073 yioa to PSR B1509-58. Autd umodetnviel onuaviiée
OLpopEC oTNY Amod00T TNS EETEA EMTAYLVONS TOU AoUPBAVEL Y (PO XUTd UAXOS TV jets

O tépog nou nepiBdiel to ndhcop tou Kapxivou yapaxtneiletar and tn napoucio Slapdpewy S0y
cov wisps. H mapoucio xou n pwtevdtnTo TV wisps auTtev UETABUAAETAUL (G GUVEETNOT) TOU YEOVOU
070 0patod, UTEELUpO, xan oxtivev X @doua. Ta wisps autd TapatneovvToL Vo ovadLoVToL Amd TO
termination shock xau xtvodvton mpog o é€w amd Tov oo pe TayitnTeg ~ 0.5¢. H @lon autodv tov
doumv dev ebvan oxxdun xatavonti. O [5I] npoteivouv dtu napdyovton and synchrotron instabilities.
Hopbého autd or [49] Peloxouv twe auth 1 Yewpla dev oupPadiler pe tic Souée autéc oto PSR
B1509-58. M dAAn mpdtaot eivon mwg o wisps autd elvon mepLoYEC cuuTieong Twv (EUYARLOY
NAextpoviwy/nolltpoviny 6To TAAoUN OTIC XAMOXES TNS XUXAOTPOVIXAC axTivac ToV LOVTKY. AUTH
1 10€a uropet vo e€nyfoel o wisps oto PSR B1509-58 [52, [53].
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2.3.4 AxtwofBolia andé PWNe

Ago0 eldoye oTic TpoNyoLUEVES EVOTNTES TIC Bacixéc WLOTNTES TwV Tdhoap xat Twv PWNe, ndue
VoL 600pE TIC Paonég WLOTNTES TNE axTvoBoMag mou exméuneton amd autd. O TemTog AdYOS TOU oG
eVOLAPEREL AUTO Elvor ETELDT) VENOUUE VO LOVTEAOTIOLACOVUE TNV EXTIOUTT| X TVOBOAIOG TOUC (OOTE VoL
eZN Y OOLUE Tal PACUATOL TOL TR TNEOVVTAL AAAG XOUL VoL UTOROVUE VoL TROBAETOUUE (PACUATOL Yiot GAAYL
PWNe. "Evog 8e0tepog AoYoc Tou pag EVOLOPEREL aUTO vl ETELDT| 1) EXTIOUTT| OE POTOVIA OYETI EToL
UE TLC UTOAOLTES IBLOTNTES TOU THAGOQ Xt ETUONG X0 UE EXTIOUTY OE NAEXTEOVLOL/ TOLITROVIOL TTOU oS
evOLaEpEL Tdpa TOAD OTN CLUYXEXPWEVT EpYaciaL.

H exmounn ané ta PWNe unopel va yopiotel oe 600 yeydheg xatnyopleg, TNy exmouny and oye-
TG TS COUATION EVTOS TOU VEQEADUATOS XU AUTHY TOU TUQAYETAL OO UAIXO TOU TORACURETOL
XATE TN OLUG TOAT] TOU VEQEAWUATOS.

H exmounn) and 1o oyetiniotxd owuatidio eivon évag ouvduaouog oxtvoforioc synchrotron xou
inverse Compton mou oyetileton ye v oxédoon pwtoviwy tou Peloxovion oto nepBdirov. Edv
yopaxtneicoupe to injected spectrum cov power law [22]

Q(Ee,t) = Qo(t)(Ee/Ep)™" (2.18)

TOTE 1) OAOXANPWUEVT] EVEQYELX CWUTIOIY elva

/Q(E,t)EdE = (14 0)E(t) (2.19)

[ va Beel xavelg 10 cUYOAIXS Qdoua eExTOUTC Vot TEETEL VO OAOXANEMGCEL TO PAGUN TWV NAEXTEO-
Viwv Tévew otny emissivity function yio oxtivofohio synchrotron xau inverse Compton avtictouya,
OTO YOy VNTLXO TEDLO TOU VEQEAWUATOS XAl TN PAUCUATIXY) TUXVOTNTA Loy VOG TOU TERLBAAAOVTOG TEBIOL
poTovioy. Evo obvnieg pdoua PWNe elvar oyetind eninedo ota padioxdpata, dnhady o ~ 0.0—0.3
ue Sy o v va elvon 1 gaopaTind TuxvotnTo pofc. Ly v cuvndileto otig oxtiveg X var ypdpeTon
T0 Qdoua TV pwtovioy g dN,/dE < E7, ye v = a+ 1. To @doya yevixd yiveton mo andtopo
X0OVTd 0TO MM Xl 6T0 ONTX6 €Vpog. 2T oD veapd PWNe mou €youv moAd woyupd oy vnxd
Tedia, 1) oXEDATT) TOV PWTOVIKY LPNAYC eEVEpYELaC Tou €youv Tapay Vel and axtivooiio synchrotron
oo To (Bt Tor cwpatida UPNAAC evépyetag Tou axtvoforoly TNy axtvofBohio synchrotron umopel
va dwoet axtiveg y. H Swdixacio auty| ovopdleton exmouns synchrotron self-Compton. To @doya
eCaptdtar and TRV nhxio, To payvntnd nedio xou Ty oy ) tou spin down tou ndhoop [54].

Yo oy 2.5 BAénovye g n cucodhpeucn cwuatdiny oto vepéhnua divel éva gpdoua and inver-
se Compton 1o omnolo augdvetar cuVaPTACEL Tou YEovou. Autd galveton xodig oL XouTOAES TOU
(PACUATOC Efval 1) Uio IO TV amd TNV TEOMNYOUUEVT Yiot UEANOVTIXES Ypovixés oTiypéc. Avtive-
Ta, 1 01| PuTOVIwY synchrotron yeldvetor GUVIETHGEL TOU YPOVOU AGY® TOU OTL TO Uy VNTIXOU
nedio pewwvetar xadde 1o PWN S téhietar. ‘Otav duwe ¢tdoet miow to aviiotpogo shock mou
OVAPEQUUE TIEOTYOUUEVKC 1) CUUTIERLPORE. AUTH OVTIO TEEPETAL XIS TO VEQENWU GUUTELETOL Xo
1 €vTooT Tou doryvnTxol mediou augdveton dpopatixd. Autoé odnyel ot €va paydolo ETMEWGOOO o-
TOAEWY evépYelag Péow oxtivoBoliog synchrotron. ‘Otav Eavalexivioel oA vor Slao TEAAETAL, 1|
exnouny inverse Compton Zavoaexwvder xou autr var avédveton oe oyéon ue tnyv synchrotron. ‘Otov
10 PWN g¢tdoel ota teheutaio otddia Tng e€EMENG Tou, 6Tou To haryvnuxd nedlo lvon Tohd uixed,
n exnouny| inverse Compton ymopel vo 8cdael Evar ToAD xahd aviyvedoo orjua yioo to PWN. Auty
1) CLUUTEPLPOEE. YiveTar opath| oe évay aptiud amd PWNe ta onolo €youv aviyveudel axpiBog uéow
AUTOY TOU (PUYOUEVOL.

H 7umny| evépyeio gotovinv axtivofollag synchrotron, yi nhextpdvia pe evépyeia Fe 100, O

Hovédec twv 100 TeV eivon [22]
ES ~22E2 59B1o keV (2.20)
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Yyfua 2.5: Exmouns synchtrotron (apiotepd) xan inverse Compton (8e€id) yia oxédoon and to
CMB ané éva PWN oe nluxio 1000 (solid), 2000 (dotted), and 5000 (dashed) ypdvewv. Ot uno-
Véoeig elvon otL F51 = 1, Me; = 8Mg, xou ng = 0.1 cm™3 yio v e&éM&n tou SNR xou n = 3,
Ey = 10% ergs s™1, xau 79 = 500 yr yio0 0 néhoap. o tov dvepo 1 unddeon eivon ot 10 99.9%
e evépyetag Tou elvon ot Lop@n nhextpoviwy/nolltpovimy ue éva @dopo power law pe v = 1.6

(22])

6mou B elvar 1 évtaor tou goyvntixol nediou oe povddeg v 10 pG. O oyetindg ypdvoc Lwng
yia Ty oxtvofohio synchrotron yio to cwuatidio etvou

Tayn & 820E_ 00 By yr (2.21)
Tou €yel wg anotéleoya éva break oto @dopa Twv pwtoviny ot evépyela [55]
Eybr ~ LAB 12 keV (2.22)

Yo nhexTeoVIa oL Yivovton inject 6e yeovo tiy,. IIdve and auth ) Tiwr e evépyelag, To pdoua
yiveton o amdtopo xatd 6T = 0.5. Bta veapd ndhoop (UepdV YIAEBWY ETGOV) To oTolol €YOLV To-
N0 1oy Lpd poryvnTixd media, To anotéheoua eivon Wiot aENom 6N (AoT TOL PAoUATOC TWV axTivwy X
S oUVAETNON TNg axtivac Aoyw synchrotron burn-off twv cwyatdiwy ye tic udhnidtepeg evépyeieg
OE YEOVO UIXPOTERO a6 aUTOV ToL yeeldleTon Yo var TogdéPouy uéypt To eEWTEPIXE G TEOUATO TOU
PWN.

H tum evépyeta yia axtiveg v mou mapdyoviar péow oxédaong inverse Compton ye 1o CMB etvou

EI° ~ 0.32E2 |, TeV (2.23)

ue Ee¢ 10, oc povddee twv 10 TeV. AZilel vo onueiwdel twe moapdho Tou 1 eVERYELL TV QPWTOVIKY
yioo TV oxtivoPBolia synchrotron e€optdton xou omd TNV evépyEld TV NAEXTEOVIKY ahhd xou amd
NV €VTaoTn Tou poyvnTixol mediou, 1 evépyela yio Ty inverse Compton eoptdtar povo and tnv
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evépyela TV niextpoviwy. H yovielonolnon xou tov 600 xatnyopledv eXTOUTHS Yo XATO0 GUYXE-
xpwévo PWN emitpénel tov mpocdioploud tng €éviaomne Tou poryvntixol nediov.

Abyw tou uxpol yedvou (whc Tne axtvoBoliag synchrotron yia o cwuatidl TOU EXTEUTOLY o-
ntivee X, 1 powtevotnta oe axtiveg X oyetileton pe ) spin down oy tou ndhoap. H e&icwon nou
ovel auTr TN cuoyETion dlveton amd TOMAEC PEAETES UE Wit oYéoT Tng poppnc Lx ~ 1073E [56].
[Tapdho mou yior CUYXEXEWEVA TEACUP QT 1 OYECT) UTOEEL VoL SLOPEREL XUTA EVALY TIOEAYOVTOL TOU
10, 0 TpoodlopLoP6E TNE PLTEWSTNTAC OE axtivec X ropel vo dhoet Aoyixolc Teploptootc yia to .

To cuvohxd @doua evog PWN, av cuvduacTtel e mAnpogopleg yiar T SUVOULIXT TOU TOU ToRE)0-
VoL amd UETEHOELS TwV WIOTATWY Tou spin down, xat tou yeyédoug Tou PWN xou tou SNR, 9étel
TOA) Loy LEOVE TEPLOPLOUOUE oty eEEMEN XL TO QAoud TV CuUUTOiwY Tou yivovtal inject and
70 mdhoap. Av emlong cuvbuacToly xan TpoceyYioelc Yo TNV pdla TV ejecta Tou €youv Tapd-
ovplel, umopolv va peretnioly ol WLOTNTES Tou TEOYEVVHTOPX acTépa xat Vo TeoPBAe@iel 1 wolpa
TWV EVEQYNTIXWV COUATIOIWY EVTOE Tou vegerwpatoc. Tpdogata, Tohég peréteg mou cuvdudlouy
napatnenoelc PWNe oe moAAd prxn xOuatog xou poviehonotioelg g €ZENMENG TOUG XL TWV (Po-
OUATOV TOUG, €Y0UV BHOOEL TOAESC TANEOPORieS Yiot auTd Tar {nTruATA.

Mohic eldope TV exmouny| amd oYETVUCTIXA CWUATIOLL EVTOE TOU VEQEAWUATOS. O TROYWEHCOUUE
TWEA 6TO Vo doVUE xat TOAD clvtopa TNy exnouny) and shocked ejecta xotd tn Sl TOAY) TOUL Ve-
perdpotog. Kododg 1o PWN Swotéletan, Yepualvel o supernova ejecta mou to mepttpryupilouv.
Axohowel cuVETHE Wiar EXTTOUTT oL elvon €varg cLVBLACUOS amd axTtivoPohrio and shocked aéplo, xon
CUVEY Y| EXTIOUTH O oXOVT Tou €xel cuUTUXVWIEL amd To xELa ejecta xatd TNV aEyxY| adtaBoTin
extovwor tou SNR. H depuin] auth) exmounn eaptdrtan and tnv toydtntae Tou shock tou PWN
mou xatevdivetar mpog To ejecta. H toydtnTa auth pe TN ogpd tng e€apTdtar amd TV Lloyd Tou
spin down Tou xevtpxol TIACUR %o TO TEOPIA TUXVOTNTUC Xou ToyUTNTUC TwV ejecta. T apyd
shocks (6nwe oto vegéhwua tou xapxivou, o G21.5-0.9 xou 1o G54.14-0.3) 1 exmouns auty uro-
eel va topatnendel oto uépuipo xaw 6To omTixd Pdoua,. o yenyopdtepa shocks (énwe oto 3C
58) 1 exmounh unopel va napatnenlel oe axtivee X . H pehétn autod tou eidouc exnouniic urnopel
VoL LOIC TIOREYEL UE YPHOWIES TANROQOPRIES Yo T1) 600 TAOT) TwV ejecta xon TN Tay U TNTA ENEXTAOTE TOUG.

H exmouny| and 10 ox6vn auTh TOU UOAG OVUPEQUUE EYEL T HOP(PY| X TVOPBOAI0GC UEAAVOS GOUATOG.
Q¢ axtvoPolia UENAVOC COUATOS, oUTO GNUAVEL TS OL WOLOTNTES NS e€apTvToL amd TN Vepuo-
xpaoio, TN 00OTACT XaL TN XATAVOUT) TNG oxoOvNG. MeTprioel Tng exmounhc and oxovn me ot
aAnhemdpdoel pe To avtioTpogo shock, éyouv anoderydel va elvon yeyding onuaciog yio Tov Tpoo-
Stoplopd tou puduol ue Tov onolo oynuatiletar oxévn ot exphielc counepvofa [57].

2.4 EZéMEn twv Pulsar Wind Nebulae

YTIC EMOPEVES EVOTNTEC AUTOU Tou Xe@ahaiou Yo aoyohnidolue ye tny e&éMEn twv PWNe. Mepixd
am6 autd Tou Yo culnTniody €youv NoN avagpepUel GTIC TEONYOUUEVES EVOTNTES UE OXOTO VoL YiVEL
xatovonth 1) exnopny| and T PWNe xau ol Bacixéc 01otnTeg Toug. XTIg EMOUEVES EVOTNTES OUWS
Yo oulntnioly aExeTd mo avahuTixd, amAd Vo meénel va Eavaavapepdoly yia Aoyoug TANEOTNTOG
TV EVOTHTOY. Oa acyolniolue ye dheg Tic pdoelc Tng e€éhine twv PWNe ol omoleg xuplapyolv
TIC WOLOTNTES TOUS TIC OTOLES TUPATNPOVUE.

2.4.1 Apywr, Awaoctol evtog twv Unshocked Ejecta

Ané tn Snuovpyla evoc mdhcop oe pio €xpnin counepvofPa, to mdhoop xou to PWN tou, eivon
apyLxd mepitpryvplouéva ano éva SNR mou dactélheton. To wotixd xOpa tou SNR »veltan mpog
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o é€w eheliepa pe oy Ot > (5 — 10) x 103 km s™1. Aouppetplo xatd v éxpnén enlonc diver
wier Tuyodor Ywpe oy UTnTe 0To TG e T8ENC Twv 400 — 500 km s Ytic apyinéc ypovirée
oTiyuéc To mdhoap Beloxeton xovtd oto xévtpo Tou SNR.

To ndhoop Peloxeton evtog twv unshocked ejecta tng €xpning to omolor xivoivton oyetxd opyd.
‘Onwc éyoupe avagepet xou npon\(oupsvmg, emt&q t < Ty T0 TdACUp EYEL OYEOOV cs‘cocﬂepn Tcocpow(oyn
evépyewac E ~ Ey (. . O dvepog and to ndhcap Peloxeton Lo TOAD LPNAY Tieon oe oyéon
ue To TEEBAANOY Tou o BlaoTEMAETOL TOAD amdToua. Emedr Aoyw tne mleong authg xvelton xou
umepnynTxd, oynuatilel éva shock to omolo xiveltar mpog tar ejecta. Xtn opoupind GUPUETELX
nepintwon, 1 oxtiva tou PWN eZehicoeta ¢ [58]

Rpwn ~ L5Ey "IN M 2605

) 1/5 _
- Fy By \P/10 M., 1/2 . 6/5
=1lpc|—g——— — — (2.24)
1038 ergs s—1 1051 ergs 10 Mg, 103 years

omou Rpwpn elvon 1 oxctiva Tou unpootivol shock tou PWN 1t ypooviny| otiyur| ¢, xouw Egn xou
M.; etvon n xavnmued| evépyeta xou 1) ejected pdla avtioTtorya mou anedeutepdnpay xatd tTnv Expnin
coumepvoPa.  Emeidr n taydtnta Slactorric Tou PWN augdveton cuveyme, xon 1 ToOTnTa Tou
AY0U 670 €0wTEPXS TOU VegEAGUaToC eivar ¢/v/3, 10 PWN mapapéver xevipopiopévo ylpw amd
T0 Téhoop. LTI TUPATNENOELS MAC, OUVOUEVOUNE AOLTOV OE QUTEC TIC OEYXEC YEOVIXES OTLYUES
e e&€MEng va BAénouye éva SNR mou Slaotéhheton TOND YERYopd UE €Val GYETIXE CUUUETEXO
PWN xovtd 610 xévtpo tou xou €va veapd ndhcop 6to x€vipo tou PWN. Evo napdderyyo tétotou
cuoTAaTog ivan To Tdhcop J1833-1034 to onolo Beloxeton oto xévtpo Tou veopold SNR G21.5-0.9
xan €yer éva PWN nou ebvan toyuer mnyn axtivev X xou padloxuudtoyv. To chotnua autd extiddton
vo etvon epimou 1000 etédv xon gaivetan 670 oyfua 2.6{(a).

2.4.2 AMNAnAernidpact tou SNR pe to Avriotpogo Shock

Koadoe to SNR Sractélheton, mapaoépvel €va onuavtixd moco udlag Tou dlaoTexol agplou xou
Eexwvdel vo egehicoeton mpog TN @don mou ovoudleton @pdon Sedov-Taylor. e auth T @don n ou-
Vol evépyela dlatnpeitan eV TapdhAnAa, SlapolpdleTon xon looBVUVOUA GE XIVITIXES xal VEQUIXES
ouvetoopéc [62]. H neproyh oddnheniSpoone uetald tou SNR xaw tou nepiBdhhovtoc tou amoxtdet
wa o oOvdetn dopn tou anoptileton and éva umpootvd shock dmou to TEpBdAAwY afpto cuUTL-
€leton xou Yepuabveton, xou €va avtiotpogo shock émou ta ejecta emPBpadivovtan. To avticTtpogo
shock apyixd xwvelton mpog T €€w, mlow and to unpootivo shock ahhd énettar xivelton mpog péoa.
Av dev undpyel xevtpx6 mdhooe, ovte PWN xou und tny unddeon 6t 1o SNR Sioeotéhhetan evtodg
evoc péoou pe otodepr muxvotnta, To avtiotpogo shock @tdver to xévtpo tou SNR oe ypdbvo [63]

M, \%/6 Boy \ V2 - ~1/3
t ~ T J — — k 2.25
Sedov <1O M@> 10°% ergs 1 ergs—3 v (2:25)

UE no Vo bvon 1 optdunTer) TuxvoTnTa Tou TEpBdihovTog agplou. XTn QAcT, QUTY, TO ECKTERLXO
tou SNR eivar yepdto pe ejecta to onoio €xouv Vepuavidel and to shock. O Cox [64] €deile mwe
ohoxAnpo to SNR unopel va meprypagtel and amhéc e€lowoeic Ti¢ onoleg xou amédele. H axtiva
10U PnpooTvol shock yio topdderypa, eehiooeta ke Rgng o t2/° olupwva ue v oyéon

ESN 1/5
Rsng ~ 6.2 X <n> $2/5 (2.26)
0

Edv evtoc tou SNR Peloxeton éva veopd mdhoap mou €yel oynuatioet éva PWN, 1o avtiotpogo
shock tou SNR nou xivelton npog ta y€oo cuyxpoleTon pe to T0 unpootvé shock autod Tou PWN
ToL wvelTon TEOG Tal €W OE YEOVO teoll < tSedov- O YpOVOC aUTOC elvor LVATKC UEEIXEC YINAOES
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Eyua 2.6: (a) M edva oe axtivee X tou SNR G21.5-0.9 ané to Chandra [59]. "Eva xuxhixd
SNR Bopétpouv ~ 5 mepirpryupilet éva ouppetpind PWN Swpétpou =~ 1.5 ye 1o veapd mdhoop
J1833-1034 oto xévtpo tou [60, 61]. H xevtpuxn tonodesio tou ndhoop xou tou PWN xadde xou
70 6Tt xan To PWN odhd %o 1o SNR elvon cuypeted onuoivouv mwg 1o ootnuo elvor opxeTd
veapo xau Bploxetar ot @don émou 1o PWN Slactélheton ehediiepa xou cuypeted oto unshoked
eowtepix6 Tou SNR (b) Eva 8idypoupo evog SNR 6mou gaiveton To napacuppévo Slaoteind xENUQog
ue o xpva xou Tor (eoTd ejecta vor Slaywpeilovtar and to avtiotpogo shock. Paivovian enilong To
%EVTEIXO TdAcap xat To vepéhwua Tou. To Loupapiopévo xoppdtt delyvel To termination shock tou

avépou ([23]).

xeovio [65) 66]. IIopdho mou €youue mapouctdoet uepxés amhéc edlowoels uéypt otiyuns, and e-
00 xou mépa 1 eEEMEN elvon apxeTd mepimhoxr. Axdua xou ot TEpinTwon evog axivitou TdAcHp
UE tooTpomixd dvepo xou opaipixd SNR, elvan mod) S0oxoho va meptypaptel podnuated n eZEMin
am6 autd To onuelo xou Yetd. To avtiotpogpo shock ocuumiéler to PWN xoatd évay okl onuovtixd
mopdyovta. Autd odnyel oe uo adEnom ot wleon Tou xou W amdToun SLcTOAY. AuTd Yyiveton
TOMES PORES XL EYOUUE HLOL TUAAYTOOT) TOU VEQPEAWMUNTOS TOU OLOEXEL UEPIXES YLMADES YPOVLOL TTOU
CLVOOEVETAL A6 Plal AmOTOUT AOENCT OTO PoyVNTIXG TEDGD TOU VEQPEAMUATOC 1 oTtolar Teoxahel €val
burn off twv nhextpoviov pe tic udnidtepes evépyeies [63, 165, 67]. H ouunieon auth tou PWN
napdyel aotdideiec Rayleigh-Taylor n onolec ymopolv vo napdZouy yootixéc dopéc oto PWN nou
wotdlouv pe vipata [66, 68]. Tétoeg dopée pmopolv va mapatnendody oto oyhuo oToL U3
XEOUOTAL.

Avth n adAnienidpoot tou avtiotpogou shock tou SNR ye to ympootvd shock tou PWN, 6ntwe
TepLyediape pOAG T, elvor utor E18aVIXELUEVT OAANAETBpao Tou uTtopel Var cuuPel TOA) oTdvia.
X1 mo peahloTX!] TEPIMTWoT, To TMdAcup cUVATWLS Exel ueTonavniel poxpld omd To xEVIPo Tou
SNR péypr 1o avtiotpogo shock va cuyxpouotel pe 1o PWN. Eniong, edv 1o SNR €yel enextodel
UN-OUUUETEXE, Tedyua Tou eivan mohd mdavé, To avtiotpogo shock xvelton mo yeryopa mpog ta
uéoo oe Uepixéc TheLpEg o oyéom Ue dAhec. Autd odnyel oe wa TelodldoTatrn xou mepimhox
aAMNAETOpaon oL ExEL UEYAAT Ypovixh Odpxeta. Metd amd autr) TNV oAANAETdpaoT GAAS Xou
xatd T Sdpxeta Tne, 1o PWN umogel vo amoxthcel yior ToAD mopopop@wuévn yopgoloyio xat vo
€yet petonavnlel xou omd T xevipx) Tou Véon evtog tou SNR 68, [69]. 'Eva yveotéd mopdderypo
Tétoiou ouothuatog eivan to Vela SNR nou goiveton to oyfua [2.7]
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Yyfua 2.7: M exéva ota 2.4 GHz tou Vela SNR (G263.9-3.3) [70] and to Parkes. Paivovton
€val x€Auog Tou €yel BLdpopa PKTEWVS dxpa xat 6To x€vipo 1o PWN. O otaupde cupfBoriler
Véom tou mdhoap B0833-45 xou to Béhoc v xatedduvon xivnone tou [71]. To yeyovde étu o
ndhcap dev etvor 00Te 6T0 %(EVTEO Tou PWN 0dAd olte xivelton xon poxpld amd autd onuolvel mwg

N oA nAenidpaom twv dVo shocks éyer oupBel ([23]).

2.4.3 PWN péoa oc Sedov SNR

Mohig mepdoouyue auth TN QdoT ToL PONG TEpLyeddaue xon ot TohavTwoelg aviueco 6to PWN xou
T0 avtioTtpogo shock tou SNR éyouv e€acdeviioel, 10 mdhoop umopel xar TEAL Vo TEOPOBOTATEL
Eval vepErwpa Tou dlaoTéMeTon cuveyws. Twpa duwe 10 PWN Swoctéhietar evtog depumy xou
shocked ejecta oe umonynuixéc toydTnTee. o Ty e€€MEn tng oxtivag awtob Tou PWN undpyouv
dVo Aboelc. Ou B0 Aooelg autég etvon BELonar OVO ylor TNV WOavixn TEPINTWON EVOC GPULELXd CUY-
petpol PWN. Avéhoya pe to av To t ebvor peyohbtepo 1) pixpdtepo tou 7o (€. 22.6), éxouue d0o
TEPIMTWOOELS. LT TpwTN Tep(ntwor, o £ eivon xatd npocéyylon ctoepd xou 1 axtiva tou PWN
efeMooeton we Rpwy o 1115 [65]. Tt Settepn mepintwon to B peidveton xow avouévouye yio
n = 3 n axtiva va e€ehicoeton we Rpw iy o< $3/10 [63].

Ye auto 1o anuelo N andotaon Tou éyel Talldédel To ndhoop and To onuelo TNS ExpNENng elvon aEXETH
ueydAn. H anéotaon auts unopel va yivel xou cuyxplown 1 axduo xan YeyahlTepn and TN oxtiva
mou Yo elye To PWN dua 1o mdhoop Ytav axivnto. Luvenng 1o ndAcop TEAMXE SpaneTelel and Ty
oYY POLOXA AVEUOU TIoU Elye oynuatiost, aghivovtog tiow éva relic PWN xou Snuiovpydvtog éva
xouvoLplo o uxpd PWN ylpw arnd ) twewvi tou ¥éon [69]. Ytic napatnerioets pag oautd oiveton
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Eyfuo 2.8: Mia obvdetn exxdva tou SNR G327.1-1.1. Me xdravar ypmuoto gatvovTon Tor padtoxOuo-
o evey Ye umhe ot axtiveg X. H popgporoyia twv padloxupdtwy cuvicToton and €va ayvo xEALPOC
70 omnolo mepueheiel éva xevtpixd PWN . H évtovn exnouny| oe axtiveg X divel tn Uéom tou mdhoop.
H andotoon aviueoa 6To VEQEAWUA TOU EXTEUTEL GE CUBLOXVUNTA XL AUTO TOU EXTEUTEL OE OXTIVES
X onuabver Twg to vepéhwua tou exméunel o padoxduata eivon éva relic PWN. To ndhoap xatd
ndoo miovotnTa xwveltow uronynTxd eviog tou SNR xou dnutovpyel éva xawvovpio PWN xadag
amopoxpUVETOL antd To onuelo TNG YEVVNONC TOu. LTNV exdva onueiwvovTon ue Beidaa 1 9o
Tou Tdhoop, N xatebduon xivnone tou, xa N xatedduvon xivnone tou avtictpogou shock. (Ei-
x6va and 1o Chandra X-ray Observatory, https://chandra.harvard.edu/photo/2010/g327/,
Credit: X-ray: NASA/CXC/SAO/[72] and ESA/XMM-Newton Radio: SIFA/MOST and CSI-
RO/ATNF /ATCA; Infrared: UMass/IPAC-Caltech/NASA /NSF /2MASS).

cav €va xevted xan maveg topopop@wuévo PWN mou exnéunel ota padioxdyota xan (owe xou
AMyo otic axtiveg X. To mdhoop Bploxeton otn war TAsLpd aUTAC TNE TEPLOY S Xat PAiVETOL VoL GUV-
oéeton pe o relic PWN ye wa yégpupa mou exnéunet oe padloxduata xou oxtiveg X. ‘Eva Eexddapo
ToEdderyua T€Totou cucthuatog eivar to PWN tou SNR G327.1-1.1 mou qatvetan To oyfua

H toydtnto Tou Hyou yewdvetoar g cuvdptnon tne axtivag and to xévtpo tou SNR oto shocked
ejecta xou CUVETMOC UYELWVETOL xoddC To MdAoop xiveltar amd to x€vipo mpog 1o dxpo tou SNR.
Yuvenng, n toy 0Nt Tou Tdhoap YiveETow TEAXE UTERTYNTIXY XaL Tpeo dnuiovpyel €va bow shock
evtog tou SNR [68, [73]. Q¢ amotéheopa e xivnong tou téhoag, dnuovpyeiton pla tieon mou mélel
70 xowvolplo PWN npoc ta péoa xan 1o mepropilet. To anotéheoua eivon 1) éxtacn tou xouvolelou
vEQEAOUATOS Vo elvar cuvrdng uixer, dnhadh S 1 pe. Emmpdodeta, o dvepog tou ndhocap Bploxe-
Tan o€ LooppoTia YE TO TEPYBAAAOY Tou xot GLVETKS To PWN 8ev Blao TéAeTon Tt GUVORTHOCEL TOU
xeovou. T éva SNR ot gdon Sedov-Taylor, n dnutovpyla autod tou bow shock Eexwvdel nepinou
6ty 1o néhoop Exel uetoxvniel o 68% tne andotaong and To xEvtpo €we To unpooTvo shock Tou
SNR M1, [73]. To ndhoop T, ENEWY| Xivelton UTEENYNTIXG, EVOL XL TEPLTPLYUPLOUEVO Omd Evary
xwvo Moy, xou 10 PWN €yer o eugpdvion mou yowdlet ye xourtn. H exdva auts| yivetan epgoavic
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Eyua 2.9: To SNR W44 (G34.7-0.4). To xupioe mével Seiyvel o exxdva tou SNR ot 1.4 GHz
an6 10 VLA eve) o uixpd mdvel etvor piar eixdva tou veopol tdhoope B1853+01 ota 8.4 GHz and
0o VLA. H ¥éon tou ndhoop cuuBorileton ye évay otowpd. To ndhoup elvon xovtd 6to 6To dxpo
tou SNR xau dnuiovpyel éva bow shock Adyw tng unepnynuxhc Tou xivione. BAénoupe eniong v
opotdtnTa Tou pe xourtn ([23]).

otic oxtiveg X xou tar podtoxvparta. Evo mopddetypa tétolou cuctipatog elvar o PSR B1853+4-01
oto SNR W44. To clotnua gaiveton to oyl

To nédhoap Tumxd Ya dtamepdoet to xéhugog Tou SNR petd ond ~ 40000 ypdvia (e€. [2.27)). Kadde
70 ndAcop Blamepvdel To xéAugog Tou SNR, Umopel Vo UETAPEREL EVEQYELNL GE QUTO XL VoL TO XAVEL
va paivetar potewdtepo [74, [75].

2.4.4 Bow Shocks yUpw and ITdhocop pue Meydin Toydtnto

Ac oulnticoupe Aiyo mo avokutixd TN xivnon tou tdhoop evtdg Tou SNR xan tn Slopuyr| Tou and
auTo, xar Toe bow shocks mou dnuiovpyolvTar mou polg avagépaue. To ndAcop yevixd yevviobvton
UE opxeTd peydhee ywpwée toyvtntec. Tumxd, Vegr = 400 — 500 km s™1 odd pepixée popéc
umopoly va Eemepdoouy xon to 1000 km sL. Autéc ot taydTntec ebvor to amotéheoua tre (Ginone
mou diveton 070 Ao TéRL Xt TN Bidpxela 1 apéowe UETE TN xatdppeuon Tou tuphva [76]. Ta veopd
TGO €YOUV AOLTOV TIC UEYUAVTERES TAYUTNTES UG OTOLOBHTOTE GAAO TANUUOUS OCTEQLIY XaL
TOMNGL €Y 0LV 0XOUA OEXETA PEYTAES TayUTNTES Yt Var SLoplyouy xon omd to Tohoion.

‘Onwg avagépUnxe xot TEONYOUREVWS, oUTH 1) HEYSAN ToyLTNTA EVOS TACHP, TOU ETUTEETEL Vo
dtapiyel and 1o apyixd tou PWN xou var xvniel evtdg twv shocked ejecta tou ecwtepod tou
SNR e ) xlvnon tou va ebvor apyixd utonynTxh eviog tou depuol agplov. Méyper va @tdoet
oto dxpo tou SNR 1 xlvnomn tou yiveton unepnyNTiny AOYw TTOHONG TNE TayOTNTAC TOU 1) 0U GTO
uéoo. Emlong avagépoue nwg otnyv anif tepintworn onou to SNR elvon ogoupixd ot @dorn Sedov
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Eyfuo 2.10: Topoduvauixt| tpocopoinon evog bow shock amd ndhoop. H Véon tou ndhcop onuet-
Ovetow ue évay aotepioxo. To mdhoop xvelton ye amd ta 8edld mpog Ta aptoTtepd pe apriud May
M = 60. Ta SLopopeTnd YPMUATI OTNV EXOVOL GE GUVOLAOUO UE TN UTdEo 6TO TAGL Belyvouv T
TuxvoTNTA o8 Lovédec logyg (po/1072 g em™3) ([23]).

%0l QLUCTEAAETOL EVTOC EVOC OUOLOUORHPOL UECOU, 1) UETHB0OT oUTH amd UTONYNTIXY ToyUTNTAL OF
urepnyMTXy yiveton 6tav To méhoop €xel Taddédel to 68% tne amdotacre and to xévtpo Tou SNR
070 dxpo tou. O ypdvog mou ypeedletar Yo v yivel auto ebvar tepinou To wod Tou crossing time
Tou Blvetan amd TNV elowon To 68% owtd eitvon aveZdptnto tou Vpgr, Tou ng xot tou Egn.
H urepnymtn xivnomn tou ndicap mapdyet Topa éva PWN nou €yel tn popgoroyia evog bow shock.
Egbécov 1o SNR emfpadivetar, to ntdhoop tehixd Yo dlanepdoet o x€hugog xou Yo Stoplyel. ‘Eva
Téhoap Tou xwvelton pe toy Tt Vesr 2 650 km s Yo Suupiyet and to SNR mou ebvon axdpa
ot @don Sedov oe ypbvo [TT]

Esy \'"?/ ng \-U3 Vpsr 573
toross = 44 [ —=2N (7) __TPSR__ k 2.2
(1051 ergs> 1cm 3 500 km s v (227)

[o Tig yeoViXES OTYPES t > teross TO TAACUP XvelTon TAEOV GTO BlACTELXO PEGCO.

O dvepog tou ndhcap ot éva bow shock emPBpadiveton amdtopa xou dnuloupyeitar €va termination
shock nopdpolo ye autéd mou dnurovpyeiton xan oto veapd PWNe evtog twv SNR touc. H Sugpopd
elvon g 1 e€wtepin) Ty mieong mou e€looppotel TNV Tieon Tou avEpou elvor ram pressure omo
N x«bvnomn tou ndAcap xou Oyl ecwtep tieon and tov shocked dvepo. Emnpdoldeta, eneldr| n ram
pressure 0ev elvon lootpomxr, 1 axtiva Tou termination shock eivon cuvdptnom tne ywviog amd
xatevbduvon xivnong tou mdhoop. Mtnv xatedduvon xivnong Tou, N axtiva Tou termination shock
ovoudaleton stand-off distance, R0 xou diveton amd plor oy€cr OuoLoL UE TNV

Ruo = \/E'/4mcp0ngR (2.28)

omou po ebvar 1 TuxveTNTA ToL TEEBdAAovTOS. T lootpomnd dvepo xan w = 1, ot ToAH| Ywvia
0 oe oyéon e tov dova oupueTtpioag Tou bow shock, undpyetl avokutixs AVoT ylor TNV oxTivor ToU
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Yyfua 2.11: To millisecond mdhoop “Maden Xrpa’ ¥ arhide PSR B1957+20. To npdowo yewua
elvow exnouny) Hae mou mopatneinxe ue to Anglo-Australian Observatory. To x6xxwvo ypeouo tvor
exmount| oc axtivec X and 1o Chandra. Erniong gaiveton oto background xou exnouny oe oxtiveg
X an6 actépla. (Ewéva and to Chandra X-ray Observatory, https://chandra.harvard.edu/
photo/2003/b1957/)

termination shock w¢ cuvdptnon authc e Ywviag. H Aboel auth| nopdyeton unodétovtog twe To
shock elvon cav éva Aemtd otphpa. TN mpaypaTxotTnTa, ota bow shocks avauévetan vo umdpyel
éva Oimho shock. H Aoon auts eivou [78]

3(1 —0coth)

sin 6

Ry(0) = Ruo (2.29)

ITAApng LBEOBUVIXES Xai Loy YNTOUBEOBLVIULXES TIROGOUOLOGELS delyvouv OTL 1) e€lowaon elvon
%0\ Tpocéyyion o Teployéc omou 6 S T ahhd Oev Bivel xahd amoTEAEOUOTA Yo UEYUNDTERES Y-
viee [77, [79).

‘Eva amotéheoyo plog T€TolEG TEOCOUOIWONS QolveTal T0 oYU Patveton Eexdidopa 1 SLTAY
dour) Tou shock mou mepLéyel éva unpoctvd shock 6mou to BlacTexd péco Vepualvetar xou Eva
termination shock émou o dvepog tou ndhocap emPBpadivetar. ‘Omwe avauéver, n axtiva Tou ter-
mination shock 6ev etvon opgolopopyn YOpw and to mdAcap. Ewbixd xou youniole aprduoic May,
M ~ 1 —3, o AMoyog Twv axtivwy twv termination shocks oe ywvieg 8 = 7 xou 0 = 0 elvon xotd
npocéyyion M 77, [79]. T M > 1 o Aoyoc autde minotdlet ) i ~ 5 — 6 [80) 1].

2.4.5 To IIdAhoop evtdg Tou Atacteixol Acpiou

‘Onwe avagépoue vopltepa, 10 oo telxd dlagedyel and to SNR xou xveltar evidg tou Slo-
oteol agplouv. H taydtnta Tou fyou oto dloteind depto eivon ouvdptnom tne Yeppoxpaciag xou
Tumiée Tée ebvon 1, 10 xor 100 km s™1 yio to xplo, Veppd xon LeoTd TUAULOTE TOU BLIGTELXOY
uéoou avtiotorya. AVouéVouue GUVETHS, TWE QY TO TEACHE Bev elvon eEoUEETIXE 0EYO, OTL HONG
dtapiyeL amd to SNR, t61e 1) xbvnom tou eivan Tohd cuyvd LPMAS UTEENY TN EVTOS TOU BLAC TELXOU
acplou. ¢ amotéheoua Tng LTERNYNTXNG Xxivnomg, TopdyeTon TEoPavmg ot éva bow-shock PWN.

34


https://chandra.harvard.edu/photo/2003/b1957/
https://chandra.harvard.edu/photo/2003/b1957/

O apuiudc May Tou mdhoop umopel va elvan moAD yeydhog M > 1. YTi¢ TEQINTOOE OTOU TO
Tdhoap xvelton eVvTog oudEtepou aegplov, To umpooTvo shock Tou PWN eivan opatd und tn wopot
exnounfic Ha mou mapdyeton and diéyepon tou shock. O shocked dvepog mapdyel enlong xan oocti-
voPolia synchrotron mou odnyel oe éva oyfua mou €yel o xe@ohy| xan uio ovpd cav xouhtr. Kou
Ta B0 auTd elvan opatd ot padloxduata xou otig oxtiveg X. Eva tétolo mopdderyua bow shock
efvon 1) Soun mou aiveton yUpw and to PSR B1957+20 oto oyfua

Kadoe 1o mdhoop xvelton tAéov evtog tou lahagla, amopaxpbveton amd to Tuxvo aépto Tou Iohaia-
%00 EMTEBOU GTOL YEVWIOUVTAL OL TEPLOGHTEROL UG TEPES VETROVIWY, EVh TapddAnha To B uewdbveTon.
Tehnd ta mepiocdTERA TANGUE XATOUAYOUV VoL €xouv Uixpég spin down luminosities oe meployég
YOUNATC TuxvoTNTaC Omou Théov umopel vo unv xwvoovton unepnyntxd. H evépyela Toug dev elvon
TAEOV QEXETY| YIO VO TPOQODBOTACEL TUQUATNEVOWA VEQEAWMUAUTA. DE AUTO TO TEAXO GTAO0, UTO-
VETOUPE WS TO TIACUP TEPLTELYUEILETOL AT ULol XOLAOTNTO CYETIXO TIXOD UAXOU e oxtivar > 1 pe
Tou ouyxpateiton and Tt Yepuixr nicon tou Swoteixol yéoou [82 [83]. No onueiwdel nwe tétola
‘vegeh@pata povtdouata’ 8ev €youv mopatnendel uéyel oTiyunc.

‘Eva evodl\oxTixd OVOoTdTL Tou PTopel vor axolouidnioel éva mdhoop xat To axohovdoly xuplwg
Tdhoap PEYAANS Mo o Buadd cucTAuata, eivar vor auénldel 1 TaydTNTa TEPLOTEOPHEC TOUG
uéow accretion omd tov oUVTEOQO Toug. AuTd €yel we anoTéheoua, TNy TapaywyT evoc millisecond
Téhoap pe wxeh Tl P od\d pe moh) oOvtoun mepiodo mepiotpogic, P~ 1 — 10 ms.
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Kepdiowo 3

Exmoun?n Xouatioloy Ydniov
Evepyeidv and IIdAcap

3.1 T'svixd

[Idhcap mopatneolvTol 68 OAO TO €VPOC TNG NAEXTEOUAYVATIXNAC axTVOBOMAC EVEM TO QPACUA TOU
ndie ndhoop extelvetan oe vl TOND peydho evpog evepyewwy. lpw to Fermi Large Area Telescope
(LAT) elyov avaxahugpiet uévo 7 ndhoop otic axtiveg vy pe peydhn otatiotxy| Befoudtnto [84]. Metd
ond 10 ypévia dpwe 1o Fermi (LAT), oxavdpovtog ohdxhneo tov oupovéd 6to evpog twv TYniodv
Evepyewdbv and ~ 20 MeV éwc 1 TeV, éyel aviyvéuoet téve and 200 néhoop otic axtives v [85].
Auth 1 yeydAn adinom otov aprdud TV TEACHR UAS EMITEENEL VAL XAVOUNE UEAETES TOU TANYUCUOD
Toug %W XA VOl UEAETIUE Yol TIG PAUOUATIXES IBLOTNTEC QUTWV TOV OVTIXEWEVOY PE AUENUEVT|
oxpifBeta. Y auTd 0 *ePdhono Vo avapepVoUUE CUVOTTIXG OTIC LOLOTNTES TNG EXTOUTNG CWHATIOIWY
VPNAGY EVERYELWY amd T TEAGUR, TREYUA TOU UOC EMLTRETEL VO XEVOUUE TNV MEAETYN Tou TANYUGUOU
Toug TNng Tapovoag epyaciag. o meplocdtepeg mANpopoplec umopel xaveic va cuuBoukeutel To
review [86] to omoio xar axoroudolpe.

3.2 Boaowd Oswpentixd Movtélo

3.2.1 To Movornohxo IInvio Ernaywyns - ‘Evag Aywyog nou Ilepiotpepe-
T €vTOg evog Mayvntixol Ilediov

e auth Ty evotnTa Yo avahOGOUUE TO VEWENTIXG LOVTEAO UUE TO OTIOLO LOVTEAOTIOLOVUE TNV EXTOUTY
ot and ta tdAcop. IloAlol cuyypageic Exouv Tovicel TNV oUOLOTNTA TNG PUOLXNC AVIUECA OE EVal
HOVOTIOMXO TNVIo emarywyNg xou €V TAAGOE TOU TEQIOTREPETAL EYOVTOC TOV HoyVNTIXd Tou dEova
evduypouplouévo Ue tov dgova Teploteoprc Tou. Edv Yewpricouye éva ay@YILO TEQIOTREPOUEVO
oloxo Y€oa o€ oTaTIXG Pory VTG Tedlo B, To nhextedvia 670 dloxo yivovion pe ToyuTnTo U = Qx7
o Séyovtan wa dOvoun Lorentz F = —et x B/c. Ta mlextpdvia xvolvion mpoc Tov dEova
TEPLOTEOPNS, TEdyHa Tou odnyel o wor otadepr] Sudtaln 6mou 1 cuvoAixy| dUvaun Lorentz oto
nhextpovia e€agavileton. ‘Oyola, otn tepinTtwon Tou TAACHUp UE TOUS ELYLYEOUULIOUEVOUS GEOVEC,
oo force-free dplo, BNAUDY| Yo Yo Loy VNTOSQOLEA YEUATY UE TAGOUA TOU TEPLOTEEPETAL Hall UE TO
TEACUP, XKoL oY VOOVTAC TNV AdPAVELN TOV cuuaTdiwy, Beloxer xavelc [33]

o Ox

B
E+ 2

=0 (3.1)

o | 3

Tou onuaivel 6Tt E-B = 0. Autd dnplovpyel pa Sopopd BUVaIXoU avIUeso GTOV GE0VA Xl GTO AXEO
Tou 6loxou, 1), 6N TEPITTWON TOL TIACUP, AVAUECH OTNV ETUPAVELNL TOU AOTEQRN OTO TOAO XL OTNV
dxpn tou polar cap. No onueldcoupe Twe To polar cap ToU AVUPEROUE GTO TEONYOUUEVO XEPIANLO
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xan oiveton oo oyfpa 2.2 opiler T tepioy” GTOU 0L BUVOIXES YRUUUES TNG Hory VTOCQaLEOS Efvar
avolytég. Auty| 1 Sopopd Suvaixol SiveTon g

0dp ByQa?

AV——/O E-di= 2 =-"C (3.2)

onou ®p elvor 1 woryvnTxr oY), By To YoryvynTixd medlo xou a 1 axtiva Tou dioxou. Trdpyet o ou-
viotwou B Tou nhextpxol nedlou mou elvon TapdhAnin 6To Tomxd paryvnTixg edlo tou oyetileto
ue auTy TN TTon Tou duvouxoL. To nhextend autd medio Tpafdel poptio amd TN EMPAVELR TOU
aoTépa T omolar TeEAxd yeuiCouv T yayvntéopoupa pe mAdouo. To mhdopo dnuioupyeicton eneidy
oUTé ot opTio TaPoLOIAlouV EXTOUTY PLTOVILY LPNAGOY evepyeldy (synchrotron, curvature) o o-
noto émetta x&vouy et /e pair production. Xenowonoudvrog tov vopuo tou Gauss xon 10 NAEXTEIXO
Tedio Tou TapdYETOL EVTOS AUTAS TNG HayVToopanpag, Beioxouue tn 1 Aeyouevn Goldreich-Julian
ruxvotnta goptiou [33] Tou avagépaue oto TponyolUEVO xepdiato (€&

V-E _G-B
A 27c

PGy = (3.3)

H axtiva 6mou ) taydtnta neplotpogphc Tou payvntixo nediou yall ye to ndhoop yiveton {on e

o OTNTAL TOU POTOC, ONAAOH [Tret| = |Q X 7] = ¢, elvau

Tou €yel avageplel oTto Tponyoluevo xepdhoo. H axtiva auth) opllel to Aeyduevo xOAMVEpo puwTtog
xan ¥€Tel xon To TUTIXO Uéyedog T payvntoogapas. Av R elvon 1 axtiva Tou actépa ,TOTE 1|
TeheuTalol AvoLyTH YEoUUY TOU UoryvnTixol Tedlou, Tou eQATTETUL 0To XUAWORO QwTog, 0pllel To
polar cap tou onolou 1 dxpn Beloxetoan oe oA Ywvio [806]

oo (28] "+ (%)

3.2.2 Movtéro Enflpdduvong twv IIdAcap

‘Onwe €youue avapépet TOMES PORES, Tal THACUR YEVVIOUVTOL WC ATOUEWVSQLN EXPNEEWY couTepvOPa
oL axohovdoly PeTd amod Lo BopuTixy xatdppeuct evog aoteptol. Ia €vay Tuprva acTERLO) TOU
TEPLOTEEPETAL TPOCEYYLOTIXG AV GTEPED GWUA Xat UTOVETOVTAC OTL 1) GTEOPOEUT dlatnee(ton XaTd
™V xatdppeuo), 1 Tehx Yoo Toytnto Yo etvon [86]

R \?
Qr ~Q; i 3.6
; < Rf) (3.6)

6mou R eivan 1 oxtivo xou Q = 27/ P 1 yovixh toyOtnto. O Beixteg @ xou f unodnhédvouy Tic
apyneg xou TeEhxEC TeEe. [ Tic Tumnée Twée Twv R; = 10 em xou Ry = 10% cm nafpvouye plo
aOEnom oY Yevion oy iTnTe xotd évay tapdyovta Tou ~ 1010 xa tehnd meplodo epioTpohc
uetoly millisecond xou devteporéntou. Edv 10 ecwtepind Tou aoTERIOl Elvor TAHEWS oY OYO, TOTE
xau 1 porywnted pof @p = § B-di~ B;R? Yu Sornendel xatd v xatdppeuot, mpdype mou Y
0wOoEL

Ri\?
By=B; — 3.7
e (Rf) 3.7)
H oyéon auts diver Tumixég TWES Yo To eMPaVELaxd oy vnTixd nedlo tng tdng touv By ~ 10'2 G.

‘Onwg avapépae xot 0TO TEOTYOUUEVO XEQPAAALO, 1) TEQLOTROPIXT) EVEQYELX TTIOU €YOLY To TAAGUE elvol
N TNyY evépyelog yia Ty pulsed exmouny| toug, Tar TESlol TOUEG, AAAG XL YOl TOV GVEUO CWHUATIOIY
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Touc. Eniong avagépoue mwg éva ndhoap ydvel evépyeta cuugwva ue Ty e&lowor 7 omola o7
nepinTtewon mov Yewpehoouue axTvoBoAla uoryVNTiXoL BITOAOL YETATEETETOL GTNY €EI0WOT

2
Lypg = —@/f sin? yQ* (3.8)

UE Ly vou ebvon o amdAetec omé axtvoPoliar poyvnmixol dumbéhou xon p = BoR3/2 1 poryvntnd
comr. H tdomn oto polar cap ymopel va ypaptel aviixahotoviog a = Rsin © pc oty e€icwon

BoQ*R3 1
—-A = 2~ | Lpd]V? .
Veo = 222 ~ | L (3.9)
To peduo Goldreich-Julian etvou Aownov
Igy ~ 2pcycA ~ |Lyg|'? (3.10)

ue A = mR%sin% O pc civou oL empdvela Tou polar cap. H cuvolu| nhextpopayvntxt| oy dg etvan
GUVETC
L =AVpclgy ~ | Ll (3.11)

Edv mdpoupe éva otattepd AV we ouvixn xatwgAiou yio pair production ce veopd tdhoop, TOTE
unodétovtag 61t Eror ~ Ling (€. [2.1)2.8) AVOUEVOUUE Ol POTEVOTNTA GE axTiveg v var elvon
1/2

Ly~ AVplgy ~ B (3.12)
enedn) 1o AV = AVp = otodepd. And v dhAn, edv ndAcop ueyaAlTEENS NALxiog EYouv Yoy vn-
T60poupec Tou toug Aelmouv Lebyn nhextpovioy/tolitpoviny, N pwtevétnTo o axtives y urnopel
VO GUUTIEQLPERETAL (G ‘

L, ~ AVpclgy ~ Erot (3.13)

3.3 Kodiepwuéva MoviéAa Exnounrc

To povtého auTod OTOU TO TAACUP TEQLOTREPETAL EYOVTAC TOV GEOVO TEQLOTEOPNC TOU Xl TO [0
yvnuxd tou dZova and toug Goldreich xou Julian mapéyel plo ‘amddelln’ yio yior pory vtoopouea 1
omola efvan yepdtn ye mhdoya. Méypl oTiyuhc, 6TO TEONYOUUEVO XEQPIAAO, ATAA TO VEWPOUCUUE WG
oedopévo. Edw to e&nyrooue nepoutépw. To emayduevo nhextexd medio Adyw Tou TEQIOTEEPOUE-
vou yaryvnuxo0 medlou xuptapyel oe oyéomn ue TN PBapdTnta xovTd 0TV eMpAveLn Tou acTépa. Eivon
UPUETA LOY VPO DHOTE VoL APULEEL LOVTA AT TNV ETUPAVELY TOU ACTERA X0 VoL TAL ETULTOLY OVEL XAUT U0
TWV TOTUXWY OUVAUIXWY YRUUUOY TOU UayvnTxo) Tediou. e autd To XEPdAono Yo avapépouue
OYETXE GUY VA Bidpopa OVOTA amd HOVTENY, OTwe Hoviéla polar cap, slot gap x.A.m. XuvAdwg
AUTA VUPEPOVTAL OE XYTOLO LOVTEAO EXTIOUTHC OTOU 1) EXTIOUTY| YIVETAL XUPIWS Ad CUYAEXQUIEVES
Teployéc e payyntdogoupac (polar cap, slot gap). O meployéc autéc gaivovior oto oyfua
Agev Yo avahOGOUUE XoVEVOL amd oUTA Tar LOVTERX Xat omAd Vot Tl aVaPEPOUUE OVOUOG TIXE XodG
Yo Hlela var xpatow autd To xe@dhoo cbvtopo. Edv o avayvootng 9élel va pdiel neptocdtepa
Yior QUTE TOL LOVTENDL XL TO VoAU TG, UTtopel var cuuBouleuTtel T references dimha amd o ovopaTa
TOug OTaY YIVOVTaL aVaPORES GE QUTAL.

Yo polar cap [87] xou slot gap [88] povtéla, autd to cwpatidio tou éyouv agoupedel extéunouy
puTOVIAL LPNAAC eVépyelog uéow synchrotron xau curvature radiation. To @oTtovia auTd xdvouv
pair production, dnhadh napdyouv Lelyn nhextpovimy/molitpoviny Tapousia Tou 1oyUEoy Hoy Vi
TixoU mediou, dnuioupy®vTag (elyrn nhexteovimv-tolitpoviwy mou yeuilouv Tn Yoy vNToopoued XoL
x&vouv screening oto Nhextex6 medlo Ej. Trdpyouvv oung meployéc 6mou 1o TAdoua dev ebvo
OEXETE TUXVO YioL VoL €YOUUE ETOEXES SCreening xol UmTopoUUE VoL €YOUUE ETUTEYUVOY CWUATIOIWY.
Ot meproyéc autég elvon axpBeg mdve amd TNy EMPAVELN TOL AcTEQU OTa HoVTEAX polar cap, motv
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(a) Fermi-LAT > 5 GeV (c) MAGIC > 15 GeV
23400 4

10001 23200 -

23000 -

22800 -

(b) Fermi-LAT > 15 GeV

Counts

0.0 0.5 1.0 1.5 2.0
Phase Phase

Yyhua 3.1: Light curves tou néhoop Geminga and to Fermi-LAT (ndvek a xou b), xou anéd to
MAGIC (néveh c). Patvovton xadopd oL EVIovES X0pUPES ot Tdvw amtd xdie mdvel gaivovton xou

ol evépyeteg ou éywvay ot petphoeic ([94]).

Eexwvnoel va yiveton pair production xou o upouETEO TOU elvor Evar xhdopa TNg oxtivag R, o xatd
Whixoc TV TERELTUWY XAELGTOV BUVIUXOY YPOPUOY oTa povieha slot gap éntou to B e€apavile-
tou. Xe povtéha outer gap [89) O0], wa pory cwpatdiny and tnv empdveto null-charge, nou eivou
1) ETUPAVELL OTIOU Q L B xou pgy =0, UTOPEL VoL ONULOVEYTHOEL TEPLOYES OTIOU UTOPOVUE VoL €Y OUUE
emTdyuvor xou pair production. Ymdpyouv xou dhha yovtéla mou €youv yehetndel 6mwe To pair-
starved polar cap povtéha [91] xou ta annular xou core gap povtéha [92, 03] mou €youv va xdvouv
ue suppresed pair production, dnhady| povtéla dnou 1 toparywyh Levydv nhextpoviou/tolitpoviou
XATACTEAAETAL, OE TAACUR UEYIANG NAOC XU XEVA AVAUESH GE XPICWIES DUVUUIXES YRUUUES, o-
vTioTolyo. LNUELOVOUUE WS XPIOWUES BUVAUIXES YPUUMES elvon auTEéC Tou Téuvouv Tnyv null-charge
ETULPAVELXL 0L Ol TEAEUTAUES HAELCTEC DUVAULIXES YRUUUES.

Katd tnv neplodo péyper va dnutovpyndoldy mhipnme to xorhepwpévo LovTéAa EXToUTS, YeNoHOToL0-
OvTaY YEWPETEWE two-pole caustic povtéla xan outer gap povTéAa Yo Vol TERLOPIGOUY TNV EXTOUTY
xaL TN YEWUETEl Twv Téhcop. TEétola yewuetpwnd povtéla dev cuumepthoauBavouy xouio yvomon tng
xotavophc Tou B, add utodetouv e otaepr| emissivity avd povado ufixoug xatd uhxog v
OUVIUIXOY YPOUUWY GTO TEQLC TREPOUEVO GG TN OVIPORES TOU TAACUR UE PWTOVIAL VO EXTIEUTO-
VTOL EQUTTOUEVIXG UE TIG TOTUXESG BUVOLXES YRUUUES OTO TEPLOTEEPOUEVO cloTnua. Emnpdoieta,
CUUTERLAUBAVOLY TUPEXXAIELS XU XOVUCTERNOELS OTO YEOVO TTNONG TWV QPWTOVIKY, TEdYU TOU
odnyel oe putovia va palebovtar oTny (Bia QaoT o vor SMuLoupYoly Tar Aeyoueva caustics puTevg
exmounhc. Autd Ta caustics 0dnyolv oe évtoveg xopupég ota light curves. No onueidow nwg light
curve €lvot gLt XoTOAT o delyvel TNy €vTtaon Tng oxTvofBoliog amd xAmol0 COUL WG GLUVAETNOT)
Tou ypovou. Ta light curves oe mdhoop cuvndiCetar va topovctdalovion we CUVEETNON TNE PAoNS
X Gyt TOU YPGYOL YENOOTIOLOVTOS TNV TERindo TeptoTpoghc Tou téhcap. Lto oyrfua[3.1] oiveto
€vol TopddELyUa TETOlWY xopupwy ota light curves tou ndhcap Geminga. Autd ta yovtéha elyov
aEYXd AEXETA XahY| emTuyia 6TO v TpofBAEmouy Tar nopatnpoLueva light curves aAAd eniong €deay
X OTL UdAhoV YpeeldlETol XAMOLO TUO YEVIXO UOVTENO TOL OTOO To YEWUETEXE UOVTEN Elvor OmAd
EWOIXEC UTOTEQLTTAOELS.

Emnpdoteta, €xet yivel xan xdnota Souketd oo Aeydueva poviéra striped wind. e autd, nexnouny
hofBdver yopa oe €va current sheet mou dnutovpyeitol xOVTd GTOV IGNUEPVO EXTOS TOU XUAVOEOU
pwtoc. Tevind n 6o autod tou current sheet epgavileton ota force-free (yeudtn ye mAdouo po-
yvnréogoipa) povtéha. e avtideon pe ) hbon tou neplotpepbduevou dinohov, 1 force-free Ao
UTOVETEL TG 1) YEUSTN PayVNTOOQOUEa UE TUxVO TAJOU TPOoXaAEL screening tou Ej oe Ohn 1
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woryvntéogapa yior vor teoBAédet light curves xou odnyel oe pa e€lowon. H e&iowon auth €xel
Aulel yia TN TEPIMTWOT TOL €YOUUE TOV GEOVA TIEPLO TEOPHC TOL TAAGUL Vo Eivol TUESAANAOS UE TOV
dZova Tou payvntixol nediou 6T avagépaue otny oyt Tou xegaiaiou [95]. Eniong to force-free
Hovtého Avdel xau yior T mepinTwon mov ol dEovee eivor untd ywvia [96] ahhd xar yenooTolwvTaC
wory vitoldpoduvouixéc npocopounoel [97, [98].

[Mopdhor autd, OAoL AUTE ToL LOVTEN UE XEVES 1) YEUATEC UE TAAOUA HOYVNTOCQAULEES elvol oxpaleg
npooeyyloeig Tng mparypotixdtnTog. To mpdta dev €youv ehediepa poptior Yo var oaxTvoBoAcOUY
7o pulsed emission mou moEUTNEOVUE am6 Ta TAACUP, EVE Tal BEOTEPA XAVOLY TANPWC screening
0 E)| mpdypa mou dev emitpenel og poptian vo emitoyLVYoLY O UPNAEC EVEPYELEC (OTE VoL OXTIVO-
Bolfioouy putovia.  Atdgopa poryvntoldpoduvouxd povtéra [99HI0T] emdidxouy vo ddroouv mo
PEAMC TIXEC AUCELS ELOAYOVTAS L0 HOXPOCKOTIXY| Y WYWOTNTO 0 GTNV Moy VITOoQaLpa w¢ EAeOiepn
TUPAUETEO XL CUVETWS ETITEETOLY OE QOETIA, PEVUATA Xl ETLTAYUVOELS Vo AABOUV YHOEa EVTOS TNG
woryvntéogatpac. To eptdTnua Tou Twe dnulovpyeiton auTh 1 Ay OYWOTNTH cuoyeTileTal Ue TOo OGO
olapépouv ta injection rates coyatidlwy xou pair formation rates oe SiapopeTinéc meployég NG
worywvntéogaipas. Tétowa epwtiuata xohovvton va peketndoly and particle-in-cell (PIC) xdhdixeg
ol omnolol 6uwe Teplopilovton and LTOAOYLE TG GpLol Xal dEYIXEC UTOVECELS Yiol T1) SLoORPOOT TNG
poryvntoopatpac. Avogpopxd, ot particle-in-cell (PIC) xdduxec eivan par xAdon Te)VixmY Tou emdi-
OXOLV VoL AOGOUY GUC TAUOTA ERIXWDY BLopopix®y eEI0MOEWY. XE TETOLOUC XWOXES, ToL CWUATIOL
novtehomoloUvTon Ye Evay Aayxpavllavé Qopuahloyd GE EVoy GUVEYT| YWEO PACEWY, EVE) TOCOTNTES
OTWC 1) TUXVOTNTA Yo ToL PEVUOTAL LToAOY(CoVTan TouTOY POV TV oTar BlaxeLtd onueior evog mesh
grid.

Y quTH TNV EVOTNTA TEPLYPAPOUE UE APXETA ATAOIXO TEOTO WS To ARG ATOTENOVUY TNYES NAE-
%TEoViY %ot TolITEOVIWY X0 OVAPERUUE TOL LOVTENX UOU HOVTEAOTIOLOUY TN LAY VATOSPOLEN TOUG UE
ox0To Vo TEOBAEPOLY CWOTY TNV EXTOUTY TOug O PuTOVIA xou Ta light curves toug. e omoto-
Ofmote amd autd To wovtéda 1 Bacuxy wéa eivon Bo. To enaywuevo nhexteixd nedlo Adyw Tou
TEPLO TREPOUEVOU oy VITo) Tedlou EepllmdVeEL QORTIOUEVA CLWUATIOLO Xt Tor ETLTAYOVEL XATH UNXOS
TWV TOTUXDV SUVOULXGY YRUUUWOY Tou payvitixol mediou. To cwyatidio exméumouvy puwtovie uPning
evépyelog péow synchrotron xou curvature radiation xow to pwTOVIA TOU EXTEUTOVTOL XAVOLY Pair
production dnuoupywvrac Cebyn nhextpoviev-tolitpoviey mou xdvouv screening oto Ej. Ytic
TEPLOYEC OOV To screening Oev elval UPXETA LoYUEO, EYOLUE EMITAYUVOT COUITIOWY. XTo oy ua
Brémouye To anoteréopata and evav xwdxa PIC tou emPBefoucyvouy T Baowxr auty| 16éa.

3.4 Emnwtdyvvon Fermi

To cwpatida Tou avapépaue TEONYOUUEVKS To omtola EeptldVovTal amd TNV ETUPAVELN TOU Ao TERN
xa TEAXE SLopeYOUY XAVOLY To TTAACUR VoL ATOTEAOUY TNYES XOOUIXWY OXTIVOV. AVopEpaue TTwg
ToL OWPATIOW AUTE PTOEOUY Vo ETLTOY LVIOLY EVTOE TNG LY VNTOCHPOLEAS TOU TYAGOP Amd TO NAEXTEL-
%6 medio mou dnuiovpyeitan. ‘Ouwe LTdEYEL XxaL EVag ETTAEOY UNYAVIOULOSC TIOU UTOREL VoL EMLTOUVEL
xoopwés axtiveg xou ovoudleton emttdyvuvorn Fermi (mpdtne téng) # odde Diffusive Shock A-
cceleration. Adyw tng Swodixactiog TopaywYHC XKoL ETTAYUVONC XOOUXOV OXTIVGY TOU OVOPEQOE
TEONYOUUEVKCS, XU AUTAS TNG €€TPA ETULTAYUVONG TOU UTopoly va dey Yoy xoouixég axtiveg o auTd
ToL CLCTHUATA, Tol TAAGUE €lvol TOAD oY LEES TNYES xOoUXGOY axTivwy. To xAhedl yio authv TNy emi-
Téyuvon Fermi ebvan to unpootivo shock tou SNR nou yeletrioape oo mponyoluevo xegdioto. No
Tovicouue Twg Tapoho Tou ovoudleton emitdyuvon Fermi, o unyaviouog autog dev ovaxohipinxe
am6 tov Fermi.

‘Evac apyxog unyaviouos emtdyuvons xoouxey axtivwy etye npotadel and tov Fermi to 1949

xou 1o 1954 [103], 104]. Xtnv apynh auth eixéve, QopTIoNEVES XOOUIXES aXTIVES ovaAMVTOL omd
oatoparyéc oto T'ohadlaxd payvntixd medio ol omoleg oyetiCovton ue poploxd vépn. Autéc ol dia-
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Yyfuo 3.2: H muxvotnta goptiou twv niextpovioy xo tov molitpoviwy yio oyedov force-free
poryvntoopatpa and évo poviého PIC and toug Brambilla et al. [102]. Paivovtor nhextpdvio xou
rolitpdvia Tor omola Slapedyouy amd Tic polar cap meployég. LTIC Tdvw EXOVES €YOUUE pair injection
TAVTOU OTN) YOy VNTOGHOLEA EVE) OTIC XATW HOVO GTNY EMLPAVELD.

Taparyéc ovoudlovton yaryvnuxol xodeépteg xou xvolvTal Pe Tuyato Teomo. Edv évag uayvnuxog
#xadpE€PTNG NVEITOL TTPOC TO CWUATIBO TOTE TO CWUATIOW TOUEVEL EVERYELD XATA TNV AVAXAACT) EVE
£V amopoxEUVETAL ad TO COUATIO TOTE auTd Ydvel evépyeta. Autr 1 Sadixacta etvon Tuyaio Adyw
e tuyatag xivnong twv xadeeptodv. O Fermi €6eile nwg 1 mdovotnTo yior glor avéxAocr 6mou o
xadpépTng xvelton TEog To cwuATO eivan PEYUADTERN Ad Lol OTIOU O XAVEEPTNS HIVELTAUL TPOS TNV
avtietn xotebiuvon ot CUVETOC Ta cwuatidla Yo emtoyvovTon xotd péco 6po. H dadixacio auty
ovopdletar emtdyuvor Fermi 6eltepng tdéng xodig 1 uéon evépyeto mou xepdilel 10 cuUaTidlo ovd
AVEXAAOT) EVOL AVEAOYT) TOU TETRAYWOVOU TNG TayOTNTAC TOU XodeepTh.

Apvyotepa ov Krymskii (1977) [105], Axford, Leer & Skadron (1977) [106], Bell (1978) [107],
Blandford & Ostriker (1978) xou Blandford & Eichler (1987) Berpav mwe tar shock
fronts eivon éva dAlo onuelo omou unopel va yivel emtdyuvorn Fermi. Yto povtého autd, qopti-
ouéva cwpatidla dtanepvolv To unpootvd shock tou SNR xadde autd xvelton, oAnhemdpoly pe
woryvnuxéc Satapayéc otny post shock neployy| , avorchavton, xou oxeddlovton T, SLUTEPVMVTG
ndAL to shock, amd xOpato Alfvén. Awaboyixéc avoxhdoelc ETTOYOUVOUY GUVEYMS To CWUTIOL 1oL
Ta pdopoTa Toug xatokyouy va etvar power laws. To povtého autd ovoudoTnxe yio auTtd T0 AOYO
Diffusive Shock Acceleration 1 oAk emitdyuvorn Fermi npdtne tédéng xadog n uéon evépyelo mou
%epdllel éva owpatidlo avd didoyion tou shock elvar avdhoyn g taydtnToag Tou shock.
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Ac Solue Ayo topa o avoluTXd Teg SoUAeleL auTh 1) emitdyuvor. Tleprypddoue apxetd avohutixd
OTO TEONYOUUEVO XEPIAoto TNV eEENEN Twv SNR xan avapépope 6TL undpyel €va unpoctvo shock
Tou SNR mou »wvelton pa xdmotor oy bTnta. Edv gavtactolue 61t Poioxduacte 610 cOoTnua neeplag
Tou shock, t6te Yo BAémaye Evay dvepo and copatidia ToL BLac TEXOV UEGOU VoL EQYETOL XAUTE TAVE
woc. H mepoyn auth ovopdletar upstream, eved 1 meploy | mou agrivouye miow pog xadoe to shock
xwvelton ovopdleton downstream. Kododg autéd 1o Slacteind aplo mou €pyetol Xotd Tove Yog, dlo-
nepvdet to shock, Yepuatveton xou cuuméleton amd to shock. Yuvenade 1 downstream neployy| eivon
o Vepur] xou o Tux VY| amd TNy upstream meptoy ), xou enlong etvon xan turbulent xou woyved woryvn-
Tiopévn. Autd To yeyovog Va doUue Twe efvar TOAD GNUAVTIXG VLol TNV ETUTAYUVOT] TWV XOCUIXWY
oaxtivev. Mg auth TNV evotnTa Yo 0OCOUPE amhd plor exova yio auTh| T Swdtxacio. o Tov mo -
vohUTIXG UTONOYLOUOG PTopel xavels var ouuBoukeutel To xepdhono 17.4 and to BiBhio tou Longair [1].

‘Eyoupe Aoimov cwuatidia mou Petoxdtay apyixd otny upstream meployy| xa SwamepvoLy to shock.
‘Opwg elnope tog n downstream meployy| €xet turbulent pyaryvnuind nedio xaw cuvenmg To cwpaTidL
QAUTA UTOPOUY VAL avaxAaGTOOY Tuyalo Teog omoladhrote xatebiuvor. Katd tny avdxhaon auty to
oopotido Ya datneroel Ty evépyela tou. Kdmowa tuyepd cwpotidia and autd Ho avaxhactoly
OUWS TEOG Ta Tow amd exel Tou Apday, dNAadY| Tpog TNV xatedduvor Tou Beloxetar To shock. Autd
Yo Sramepdoouy ndAL To shock. Auth elvon 7 Sradxasta xAewdt oty Diffusive Shock Acceleration.
‘Otay autd damepdoouy mdAL to shock, Yo xepdicouy xdmota evépyeiar xadodg €youv HoT xdmola
TayOtnta otnv downstream meploy | xo xgpdilouv €€tpa TaydTnTa amd To shock xodde mepvdve
TdAL oTny upstream meployn. O mporypoatinde unoloyiopog teplEyel 60o Lorentz boosts yio xdie
TEPAUOUOL OO T ULl TEQLOY T OTNV GAAN AOY® OANAYTC CUCTAUITOS AVAQORAS OTr xGUe TEQLOYT).
Autdc 0 x0xhog Twv B0 Tepaopdtwy and to shock unopel va emovangdel mohhég popé. Xe wdlde
népaoyo and to shock, undpyet xdmota TiovoTNTA TO CLUATIOO Vo Elvar TUYEEO Xo VoL avaXAACTEL OE
yowvia 180 popwyv. Ipogavee xan unopel 10 cwuatido va yodel downstream xou vo unv emioteédel
noté oto shock. H péon evépyeio mou xepdilet éva cwuatidio oe xdie tétolo x0OxAo elvor avaAoyT
e ToryOtnTag Tou shock clugwva pe ™ oyéon

<AE>N4V1_V2 _ iV (3.14)

E 3 c 3¢

omou Vi xan Vo ebvan n taydtnteg tng upstream xou downstream potc avtiotowyo xou Vo oebvan 7
TayOtnta Tou shock. Yto oyfua pofveTon évar oxorypdpnuo auTthg TG dladixaciog. Av autodg
0 xUxhog emavokneiel TOAES POPEC XATAUANYOUUE VoL €YOUNE CLUATIOW Ye TOAD UPNAES evépyELeg.
To yeyovdg 6Tl 6o TeplocdTeERES QopEc VENOLUE Vo Tepdoel €va owuatidlo to shock, t6co o
antavo ebvar, pog odnyel tehixd vo €youpe €va pacUa Tou €yl TN Lop@l power law 16Tl 660
ueYohOTeEEN Elvon 1) evépyela, T600 To oamldavo elvon var avaxhao Tel Eva owuatidlo dpXeETEC POpES
OOTE VO TNV QPTICEL.

Aut) 1 Sodixaota Sev umopel var GUUPBalver yior TavToL, dAAS UTEEYEL Wi HEYLOTT EVERYELX OTNY OoTtolal
umopel va pTdoet éva owpatido péow Diffusive Shock Acceleration. Autéd ovoudletan xpLtriplo Tou
Hillas [I10] xou 1 yéyiotn evépyela eivou

RS Vs Bs
Frar = — —_— — | T 1
‘ <p6> (1000 km/8> (MG> v (315)

onou Ry, vs xan By elvon 1 axtiva mou Peloxeton to shock, n taydtnta Tou, xou 1o yayvnuxd nedlo
xovtd oo shock, avtictowyo. Tnv e€lowon auth unopel va Tnv xatavorioet xovelg eoxoha. H péyt-
ot auTy| evépyela eC0ETATAL YEoUUIXd antd Ta Ry, vs xou By xadde 600 yeyahltepn eivon 1) axtiva
Tou shock, 1 TayTNTA TOU XU TO PAYVNTIXG TEDID XOVTA TOU, TOCO TEPLOGHTERO KoL THO EUXOAA
umopeic va emitayUVELS TEpLocOTERY CwUaTidlo oe LPMAoTepeg evépyetes. TTpontind e€iowvoupe
uéylotn axtivo Larmor pe to péyetog tng meploynic 6mou Aoufdver Yoo 1) ETLTEYLVOT).
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The “lucky” particles that, after the

ApIEAm random deflection, go back to the

waves
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turbulence
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downstream
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upstream downstream

TyAua 3.3 Lorypdonua tne emtdyuvone Fermi npdtne tééne ([4]).

Av oploouye tnv péon evépyela evog owuatidlou petd and wa avéxhaon wg B = BEy ye Ey v
EVEPYELOL TTELY TNV avaxAaoT), xon P tny mdavotnta Vo TUpalelvel T GOUATIOW UETA omd Ulal ovEXAaoN
oTNV TEELOYY| Tou cuUPalvel 1 ETTAYLYOY, TOTE YETE amd n avoxhdoelg nofpvouye N = NoP™
ocwuotidl pe evépyeieg ' = EpB". 'Etol 1o @doua eivon tne pop@pnic

N(E)E = const. x E- "t 6 dE (3.16)

H mdavétnta 1o owpatido va dlaplyel and Tn teptoy ) EmTdyuvong, oniadr to 1 — P, elvou

4V
Pesc 3 c (3.17)
Xenowonowvtag Ty e&lowon auth oAl xan Ty e&lowon umopel xaveic va Beet To P xon to
B %o vor ToL avTIXaTaoTHoEL 0Ty e€lowon X0l VoL TWPEL TO pAopa yia TNV emitdyuvor Fermi
TEOTNG TAENS Tou elva
N(E)dE = const. x E7%dE (3.18)

H ¥ tou exdétn dev eivar 1o -2.7 ToU TopoTneeltol 6T0 PAGUO TWV X0oUX®OY axtivey (o). [1.3))
ARG O unyaviouodg g emtdyuvong Fermi npwtng tdng etvan apxetd utooyduevog xadde xon ToAD
mdavog va cupfaivel xou oe dLdpopa dAha shocks oe aoTEOPUOIXS GUCTAUNTA EXTOC AT AUTA TEV
SNR. BéBoua n olyxpion tng TWhAC auThAC Tou -2 e To -2.7 Bev elvon 1660 xohy| xadog to -2 elvon
spectral index yio o injection spectrum eve to -2.7 elvor Yo 10 @dopa Tou TapatneEolue otn I'n,
UETE T BLA000T) TWV XOOUIXWY axTiVWY Yiot var pTdcouy o euds. H 81ddoon temv xoouxdy axtivey
UTOPEL Vo xdvel To @doua o soft Aoy Sudyuone xan yia va €xel To @dopa ot I'm exdétn -2.7,
aUTO oNualvel oG Yo utopolce va €yl €vav exdétn mepinou -2.2 pe -2.3 4tav €yve To injection
TWV XOOUXWV axTivwy 6To BlaoTend Yéco. Autéc ot Tiég etvor TOAD xovTd Ye To -2 Tou Bydhoue
yioo Ty emtdyuvon Fermi npdtne tdEne. Aclaue Aowndy oe autd 10 xEPFAOLO TOUS BVO TEOTOUC
UE Toug oTmoloug Tal TEAGUE UTOPOLY VL ETULTUYOVOLY XOOUXES axTivee o TOAD LPMAEC evépyeleg.
[o autd 0 AdYo howmdy Tor TdAGoE VEWPOOVTOL IOYVEES TNYES XOOULXMY OXTIVWDY Kol Ol XOCUIXES
axtiveg LPNAGY evepyelwy Yo yenowononioldy otn mopodon epyacion we HECW BLEPELYNONG TWV
WOLOTATWY TWV TEACUP.
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Chapter 4

The Cosmic-Ray Positron Spectra and
their Implications on the Properties of
the Milky Way Pulsars

4.1 Introduction

Pulsars represent a class of energetic sources whose properties have been probed over more than
50 years via observations in the electromagnetic spectrum. Emission from pulsars and their envi-
ronments has been detected in the radio, [30, [ITIHI17], infrared and visible [II8-122], ultraviolet
[123, [124], X-rays,[121], 125H129|, gamma-rays [130-135] and most recently, a clear detection of
powerful Milky Way pulsars at O(10) TeV gamma-rays has been established [136-140]. Most of
the observed photons from pulsars and their surrounding pulsar wind nebulae (PWNe) -where
those are present- originate from cosmic-ray electrons and positrons and are emitted via curva-
ture radiation [141] 142], synchrotron radiation [133, 143} [144] and at the highest energies inverse
Compton emission [35] 133], 145 [146]. The fact that we have observed O(10) TeV gamma-rays
from certain pulsars that are still surrounded by their respective PWN clearly sets a lower limit
on the electron and positron cosmic-ray energies in these environments. We expect that such
pulsars will act as sources of cosmic-ray electrons and positrons that are released into the inter-
stellar medium (ISM). In fact, we expect for electrons and positrons to be further accelerated as
they propagate through the termination shock of the respective PWNe before entering the ISM
[147, [148]. If Milky Way pulsars are prominent sources of high-energy cosmic-ray electrons and
positrons then we could expect to see their contribution to the relevant cosmic-ray measurements
and most notably in the cosmic-ray positron flux spectrum.

Cosmic-ray positrons are produced in inelastic collisions of high-energy cosmic-ray nuclei with
the ISM gas and are typically referred to as secondary positrons. Within the same interactions
matter cosmic-ray secondary electrons and nuclei as Boron are produced, which have been mod-
eled in [9, 149-156] and are in agreement with the current observations [I57H159]. A prominent
exception is the spectrum of the positron fraction et /(e™ + e7), measured by [I60-162] to rise
above 5 GeV, in disagreement with the expectation from same type of models. This suggests an
additional source of high-energy cosmic-ray positrons. Such positrons can come from near-by
Milky Way pulsars [148, [163-H177]. One alternative to pulsars includes local and recent supernova
remnants (SNRs) [I78HI88]. However, given that SNRs are the major source of all cosmic rays,
in order to explain the rising positron fraction the metallicities of environments of recent and
close-by SNRs have to be different from those of the Milky Way on average [184), [185, 189, [190].
Another possibility is that of particle dark matter [172] [T9TH210]. While such particle dark mat-
ter models have been constrained by cosmic-microwave background data [211H216] and ~-rays
[217H219], the full parameter space has not been entirely excluded.
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In this work we are going to use the cosmic-ray observations from the Alpha Magnetic Spec-
trometer (AMS-02), the Calorimetric Electron Telescope (CALET) onboard the International
Space Station and the DArk Matter Particle Explorer (DAMPE) satellite. We are going to set
constraints on the contribution of local Milky Way Pulsars to the electron and positron (e*)
fluxes and in turn probe their averaged properties. For cosmic-ray energies E above 10 GeV
the propagation of e* is mostly affected by their energy losses due to synchrotron radiation and
inverse Compton scattering [220]. The relevant energy loss timescale for e* of initial energy
FEinit to loose half it’s energy,

-1
Tloss (Finit) =~ 20 X (1(%;\/) Myr. (4.1)
As pulsars loose their rotational kinetic energy rapidly, most of their rotational energy gets lost
within O(10) kyr. Roughly that is also equal to the time that magnetic fields in the surrounding
PWNe and the further out supernova remnant SNR become weak enough to allow the relevant
cosmic-ray e* to effectively escape. The O(10) kyr timescale is typically one to four orders of
magnitude smaller by comparison to the timescale that it takes for cosmic-rays to reach us via
diffusion from O(100)pc - kpc distances that most pulsars are at. Thus pulsars can be treated as
approximately injecting an appreciable fraction of their rotational energy to cosmic-ray electrons
and positrons at the beginning of their existence [148| [168].

A result of Eq. [4.] is that as the observed energy cosmic-ray increases the number of potential
sources drops given that only most recent pulsars have an age that is similar to 7joss. As pulsars
are born in the Milky Way with a rate of ~1 per century [221H225], only a small number of
them can contribute, and only from an increasingly smaller distance. The relation connecting
the maximum energy that e can have originating from a distance R was approximated in [226]
to be Emax ~ 100 GeV(R/2kpc) 2. For instance at 500 GeV we are probing only pulsars from
within ~ 400 pc. As there is only a small number of such pulsars, the discreteness of those sources
will result in subsequent features [148], [168], 226l 227] (see also [I88] for a similar study on the
impact of recent SNRs). With the recent refined observations by AMS-02 and the observations
by CALET and DAMPE that extend up to 5 TeV we will probe the properties of these pulsars.
The lower energies of 5-500 GeV are also used and provide us with valuable information on
the averaged properties of pulsars that are now "middle aged" and of up to O(100) Myr and
are located still within 4 kpc. Finally, we will show that we can also asses information on the
properties of the ISM within that same volume.

4.2 Modeling

To study the pulsar population, we produce different pulsar astrophysical realizations which we
will just call simulations. These realizations are then fit to CR data to see which realizations
can explain the observed CR e* flux. To produce these simulations we use the galprop code
[11] to calculate the fluxes from background electrons and positrons in the ISM at the location
of the Earth. To calculate the flux from individual pulsars, we use our own code. Combining
these fluxes we end up having primary e, secondary et and pulsar e® fluxes, calculated at
the location of the Earth in the ISM. Afterwards we also need to account for solar modulation.
The details of producing these realizations shall now be explained in the following subsections.
Our modeling is based on the modeling done for Ref. [228|, but with big extensions to probe a
much wider parameter space for the pulsar-population and take advantage of the new, and more
precise AMS-02 data to constrain the pulsars’ properties.
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4.2.1 Neutron Star Distribution and Birth Rate

The locally observed cosmic-ray et are the products of local sources within a radius R from
the Earth. In this work, we model all our pulsar sources to be within a 4 kpc radius from us,
as pulsars’ that are further away will only contribute in the low energies. In our astrophysical
realizations, this causes a break in the low energies in the pulsars’ cosmic-ray flux where the
power-law changes. At energies lower than the energy where the break occurs, only pulsars’ that
are further than 4 kpc contribute. For each realization, we also create a low-energy extrapolated
counterpart where the break doesn’t occur and the flux smoothly extends to the lower ener-
gies as the same power-law via extrapolation. Because we only consider pulsars within a finite
volume from us, the observed cosmic-ray e® flux is sensitive to their spatial distribution and
birth rate within that volume. Although these properties have been studied by many papers
[223] 224], [229], 230], great uncertainties still remain in them due to the lack of a complete pulsar
survey of the sky. For more details on this, see subsection II.B of [228]. Because the pulsar birth
rate is degenerate with the fraction of the spin-down power that goes into high energy e*, we
first choose a birth rate of 1 pulsar per century for simplicity. We also create realizations with
birth rates of 2 and 0.6 pulsars per century.

The pulsars’ spatial distribution in the Milky Way is expected to follow the stellar distribution
in it’s spiral arms and thus, according to Refs. [229] and [224], the distribution of pulsars in our
realizations follows a radial density profile

p(r;B,C) = A (g@)B exp (—C [T E{SQD kpe2, (4.2)

where r is the galactocentric distance, B = 1.9, C' = 5.0, Ry = 8.5 kpc, and A is normalized to
a pulsar birth rate of one per century. This leads to a probability distribution function for the
radial distance r of a pulsar from the galactic center of the form,

CB+2 p(r; B; O)r

PDF(r;B,C) = AcCr2 T(B12) (4.3)

where I'(z) is the Gamma function. The pulsars do not lie on the galactic disk but also have
distance z away from the disk. In our realizations, according to Ref. [223], this distance follows
a Laplace distribution with a scale height of 50 pc and mean of 0 pc. We choose to not model
the spiral arms of our Galaxy and only assume a uniform distribution in Galactocnetric angle.

4.2.2 Neutron-Star Spin-Down

Born in the violent collapse of massive stars, neutron stars are born with large three-dimensional
kick velocities due to the asymmetric nature of supernova explosions. They also have large initial
rotating energies at birth and extremely strong magnetic fields. A rapidly rotating neutron star,
will gradually lose it’s rotational energy. This process is called spin-down and the rate at which
a neutron star loses it’s rotational energy is called spin-down power or spin-down luminosity and
is defined as,

1
d (2192> p
E=—"" 2 =100 = —47%] 4.4
o ™l 53 (4.4)
where E = 1/2 IQ? is the rotational kinetic energy of the neutron star. € is the angular velocity
of the neutron star, P it it’s rotational period, I is it’s moment of inertia and the dots represent
derivatives with respect to time. This spin-down power evolves with time as [29],

k+1

B(t) = Fo (1 + t) o (4.5)
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where Ej is the initial spin-down power at birth and 7 is characteristic timescale, or age of a
pulsar, and is defined as [2§],
Q k—1
11— — . 4.6
(Q(J) ] (46)

k is the braking index and it describes the evolution of the neutron star’s angular velocity as
Q) = —kQ" while differentiating this equation gives

QO

o= (k—1)Q

00 PP
- -2

R=——= - =,
Q2 P2

(4.7)
where P (Q2 = 2w/ P) is the rotational period of the neutron star, which means that in order to
measure K, one must measure {2, Q and ) or equivalently P and it’s derivatives. This makes
the braking index hard to measure and it has been accurately measured for only a few pulsars.
Refs. [231H239)] give x < 3, but also higher values have been measured [240]. The braking index
may also evolve with time as suggested by Refs. [241H243|. k = 3 describes spin-down due to
magnetic-dipole radiation [241]. In our simulations we cover five different choices for the braking
index, Kk = 2.5, 2.75, 3.0, 3.25, 3.5. For each choice of k, we also try different values for the
characteristic spin-down timescale 79. In the first two columns of Table one can see the
different sets of choices for x and 79. The pulsars in each realization, do not have the same
initial spin-down power, but they start with an initial spin-down power Ej given by

Ey = 10" erg/s = 10%cwoft ™Y erg /s, (4.8)
with y sampled from a log-normal distribution

Exp { - )

202
) = ——. (1.9)

Radio observations of pulsar rotation periods and modeled surface magnetic fields of Myr
old pulsars [223], give constraints to the values of Zcutof and g, while a hard cut-off on ob-
served spin-down power of pulsars larger than 10%%7 erg/s is given by observations of the
Crab Pulsar [244, 245]. These observational constraints result in pulsars with 7y values as
small as 0.6 kyr for k = 2.5 and as large as 33 kyr for k = 3.5. Therefore we take 19 =
[0.6,0.7,0.8,0.85,1,1.2,1.3,1.5,1.6,2,2.4,3.3,4,4.5,6,7, 9,10, 15, 18, 20, 27, 30, 33]. To probe a
wide parameter space, in our simulations we also take x.uof = [38.0, 38.2,38.3,38.5,38.7, 38.8,
38.9,39.0,39.1,39.3], pu, = [0.0,0.1,0.18,0.25,0.3,0.4,0.5,0.6] and o, = [0.25,0.36,0.5,0.75].
We allow for such a wide range of assumptions regarding the pulsars’ properties in order to use
CR measurements to constrain these properties with high precision. In Table [£.I] we show all the
different combinations of these parameters that we consider and our simulation number range
related to each parameter set.

A neutron-star kick velocity of ~ 100 km/s at birth, would result in displacement of only a few
pc in their first ~10 kyr (~ 79). Therefore, we are not concerned with their displacement from
their birth site and take the neutron-star spacial distribution to be their distribution at birth.

4.2.3 Injection Properties of Cosmic-Ray Electrons/Positrons

There is extensive evidence that pulsars are important sources of high-energy e*. As a pulsar ro-
tates rapidly, the highly rotating magnetic field creates strong electric fields that can rip charges
from the pulsar’s surface and accelerate them. These charges then emit high energy photons
due to synchrotron radiation and inverse Compton scattering which then produce e* pairs that
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Sim no. ‘ 70 (kyr) K Tcutoff My oy
100-1H7 6 3 388 0.25 0.5
200-2H7 3.3 3 38.8 025 0.5
300-3H7 10 3 388 0.25 0.5
400-471 3.3 3 39 0.1 0.5
500-571 1 2.5 388 0.25 0.5
600-671 20 3.5 39 0.1 0.5
700-771 0.7 2.5 388 0.25 0.5
800-871 20 3.5 39.1 0.0 0.25
900-971 0.6 25 390 0.1 0.25
1000-1071 6 3 39.0 0.1 0.25
1100-1071 6 3 38.7 0.5 0.75

1200-1271 30 3.5 388 025 0.5
1300-1371 0.85 25 385 06 0.75
1400-1471 18 3.5 390 00 075

1500-1571 10 3 387 05 075
1600-1671 4 3 390 0.0 0.36
1700-1771 1 25 387 05 075
1800-1871 9 3 382 04 0.36

1900-1971 0.8 25 382 04 0.36
2000-2071 0.6 25 382 04 0.36
2100-2171 30 3.5 382 04 0.36
2200-2271 7 3 39.0 01 075
2300-23H7 30 3.5 380 05 0.36
2400-24H7 30 3.5 387 05 075

2500-25H7 6 3 389 0.18 0.36
2600-26H7 4.5 3 393 00 025
2700-27H7 9 3 385 0.5 0.25

2800-28H7 27 3.5 385 03 025
2900-29H7 33 3.5 380 05 0.25
3000-3071 0.85 25 383 05 025
3100-3171 18 3.25 388 025 0.5
3200-3271 15 3.25 388 025 0.5
3300-3371 18 325 385 04 025
3400-3471 20 325 380 04 025
3500-3571 15 325 385 04 0.36
3600-3671 20 325 388 05 0.7
3700-3771 2 2,75 388 025 0.5
3800-3871 1.5 275 388 025 0.5
3900-3871 1.6 2.7 385 05 0.25
4000-4071 1.3 27 380 04 0.25
4100-4171 1.2 27 383 04 0.36
4200-4271 2.4 275 385 05 0.75

Table 4.1: The assumed pulsar-simulation spin-down power distributions and time evolution.
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are then also accelerated inside the pulsar magnetosphere. This is known from microwave and
radio observations radio and microwave observations of synchrotron radiation close to the poles
of the NS and of inverse Compton scattering in gamma rays further away from the NS [246-260)].
High-energy e* may also be produced via the acceleration of particles at the PWN termination
shock or at the SNR forward shock via Fermi-like processes [146], 259, 261H267]. Some of these
highly energetic e* cosmic-rays may escape these environments and be injected into the ISM.

In this work, we consider each pulsar to be a point source of e* cosmic-rays, which is described
by the source term [148],

a4l
dN

QB Z,t) = ~=6(3) (1 + :0) . (4.10)

where 0(%) is the Dirac delta function localized at the pulsar position and dN/dE is the CR
injection spectrum from a given pulsar given by

AN E \" E
v _ Bxpd — 411
A <1Ge\/> P { Fout } : (4.11)

where F.,t is the injection spectrum’s upper cutoff energy and n is it’s spectral index. Because
the value of F.y does not affect our results since et that propagate into the ISM cool down
very rapidly, we take it to be fixed to a value of 10 TeV. Qg is given by

EXn 2
Q= o (4.12)

where I'(2 — n) is the Euler gamma-function, n < 2, and x > 1. This is derived by requiring Qg
to normalize @ such that [148)]

/ / / dE dZ dt Q(E, %, t) = nWo, (4.13)

where 7 is is the fraction of the rotational kinetic energy, Wy, of the pulsar that has already
gone into CR e®. The total available rotational kinetic energy can be found from Eq.

A wide number of suggestions have been proposed for the value of the spectral index n. Refs. [268}-
270] suggest values of n ~ 1.4 — 2.0 while Refs. [270] 274] reveal a softer spectrum for the Crab
pulsar. In our realizations, the parameter n for each pulsar is sampled from a uniform distribu-
tion g(n). We use three options for the range of the uniform distribution given as

[1.4,1.9], option "A"
ne{[1.6,1.7], option "B" (4.14)
[1.3,1.5], option "C".

We also sample the parameter n for each pulsar from a log-normal distribution [226],

B Eaxp {_ [—;Hrl7"b(—21+77)]2 }

20
h(n) - \/%(77 _ 1)0_

We allow three choices for the parameters pu and o of this distribution. To explain these three

(4.15)

choices, we must first define the mean efficiency given by 7 = 14 Exp { W+ U—;} and the param-

eter ( = 10V?. For each astrophysical realization, we choose one of the three options for these
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two parameters, then solve these two defining equations for ¢ and o, which enables us to sample
from the distribution. The three options are:

(4 x 1073,1.47), option "A"
(7,¢) = ¢ (1 x 1073,2.85), option "B" (4.16)
(2 x1072,1.29), option "C".

We note that, when fitting our realizations to cosmic-ray data, ¢ remains fixed, but 7 changes
because we allow a normalization factor, ¢, in the flux from pulsars as a parameter to be fitted.
The 7 after the fitting is really 7 ¢, where c is the best fit value of the pulsar normalization
factor. Because 7 is the fraction of the spin-down power the goes into cosmic-rays, and we know
that there is an equipartition between the spin-down power that goes into the cosmic-rays and
the electromagnetic field, we allow ¢, for each realization, to take only values such that # ¢ < 0.5
while fitting.

4.2.4 Propagation of Cosmic Rays in the ISM

The cosmic rays that are injected into the ISM from our pulsars, have to travel to the location
of the Earth where they are detected AMS-02, DAMPE, and CALET detectors, whose data we
fit our realizations to. They diffuse through the ISM due to the complicated structure of the
galactic magnetic-field. They also lose energy via synchrotron radiation as well as ICS with the
CMB and ambient infrared and optical photons. In the ISM, the propagation of cosmic-rays
is generally described by the a diffusion-loss equation. Each cosmic-ray species obeys such an
equation. The equation is given by [§],

WO — apt) 49 (DecF0 = Vit [P D (30) | = 55 [0 = 5770
(4.17)
where ¥(7, p,t) is the density of cosmic-rays per unit of particle momentum at position 7. Dif-
fusion is described by the spatial diffusion tensor D,,. Diffusive reacceleration is modeled as
diffusion in momentum space and described by the tensor D,,, p are the energy losses, while
q(7,p,t) is the source term. Convection perpendicular to the Galactic Disk is described by the
convection velocity V. Here, we model diffusion to be homogeneous and isotropic within a thick
disk of half-height 2z around the Milky Way stellar disc, and described by a simple term given
by
D(E) = Dy(E/1GeV)°, (4.18)

where ¢ is the diffusion spectral index and Dy is called the diffusion coefficient. Energy losses
are described by
dE/dt = —b E?, (4.19)

where b is proportional to the sum of the energy densities of the local (within a few kpc) magnetic
field Up and the local radiation field U.,q. We adopt twelve different propagation models by
defining twelve sets for the values of the parameters z, b, Dy and §. We ignore the effects of
convection and diffusive reacceleration because they are not important for CR e*. These models

are described in Table .21

4.2.5 Solar Modulation

After their ISM propagation, the cosmic-rays have to travel through the heliosphere to reach
our detectors. Inside the heliosphere, they diffuse through the solar wind and the fast-evolving
heliospheric magnetic-field. They also transfer via drift effects and lose energy through adiabatic
energy losses. This process alters the CR spectra and is known as solar modulation. To calculate
this change of the CR spectra, we use a force-field approximation model where the effect on the
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Model zp, (kpc) b (x107°GeV—lkyrs™!) Dg (pc?/kyr) 6

Al 5.7 5.05 140.2 0.33
A2 5.7 8.02 140.2 0.33
A3 5.7 297 140.2 0.33
C1 5.5 5.05 92.1 0.40
C2 9.5 8.02 92.1 0.40
C3 9.5 297 92.1 0.40
El 6.0 5.05 01.3 0.50
E2 6.0 8.02 51.3 0.50
E3 6.0 2.97 01.3 0.50
F1 3.0 5.05 33.7 0.43
F2 3.0 8.02 33.7 0.43
F3 3.0 2.97 33.7 0.43

Table 4.2: The basic parameters that describe the propagations assumptions of cosmic rays in
the Milky Way. Assuming isotropic and homogeneous diffusion, D(R) = Do(R/1GV)°. The
energy losses due to synchrotron radiation and inverse Compton scattering are described by
dE/dt = —b E?.

spectra is governed by the modulation potential ®. Solar modulation causes a translation in the
energy of the CR spectra described by [21]

N () = Bt —m”
dEgy ™ 7 (Bign +m + | Z]e®)? — m?
dNISM
X (B + | Ze®), 4.20
5 (Ban + 12]c) (1.20)

where Eyj, is the observed kinetic CR energy at Earth (), while dj\;e;(:?kd) are the differential

CR flux at Earth and the local ISM respectively. The equivalent Fy;, for the ISM spectrum is
Eyxin + | Z|e®, where ® is the modulation potential and |Z|e is the absolute charge of the CR.

We adopt a time, charge and rigidity dependent modulation potential from Ref. [I8] given as,

ot = o () o rr-aae) (o)

B(R/Ro)® ) \=/2) "
where R and ¢ are the rigidity and charge of the CR, and Ry = 0.5GV is a reference rigidity.
|Biot| and A are the strength and polarity of the heliospheric magnetic field (HMF), and « is
the tilt angle of the heliospheric current sheet. H is the Heaviside step function and ¢¢ and ¢
are free parameters in our realizations to be fit to CR data. Ref. [277] set strong constraints on
the ranges of these two parameters and following their work, we marginalize ¢g and ¢ within
[0.1,0.6] GV and [0, 2] GV respectively. Using measurements by the ACE satellite [278] and the
models of the Wilcox Solar Observatory [279] for the values of Byt (t) and «(t) in each Bartels’

Rotation (BR) number, we modulate our CR fluxes for each BR that the experiment we want
to fit to was collecting data, and then take the average of these modulated fluxes.

4.2.6 Combining All the Options for the Pulsar Population

To create an astrophysical realization, we first generate a pulsar population in the Milky Way
with an assumed spatial distribution and birth rate given by subsection The pulsars
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Figure 4.1: Primary e”, secondary e® and pulsar e fluxes in the ISM for realization

A2 2837BB. Also, we show the low energy extrapolated version of the pulsar flux. Above
the break, the red and green lines are exactly on top of each other, but in the low energy extrap-
olated version, the break doesn’t occur and we extrapolate the pulsar flux in the low energies
with the same power-law as above the break.

within this realization, must have a choice of the parameters 19, K, Tcutoff; fty and oy that de-
scribe their spin spin-down evolution according to subsection [4.2.2] There are 42 sets of choices
for these parameters (see Table [4.1). These pulsars also follow the distributions g(n) and h(n)
on the injection properties. There are three choices for g(n) (Eq. and three choices for
h(n) (Eq. (see subsection [£.2.3)), so nine combinations of these choices which are referred
to as "AA", "AB", ..., "CC". We also have to choose one of the twelve propagation models
given in Table [£:2] of subsection [£:2.4] Choosing a birth rate of 1 pulsar per century and with
the combinations of all these choices, we end up with 3384 astrophysical realizations. We also
create 3384 realizations with the same sets of parameters but with a birth rate of 0.6 pulsars per
century. We also created 504 realizations with a birth rate of 2 pulsars per century using only
the most dominant propagation models, which where the ones ending with 2 in their name (see
Table . All these are 7272 astrophysical realizations in total. For each realization, we also
create a low-energy extrapolated counterpart (see which we call "LowE", so we end up
with 14544 simulations to be fit to CR data in total. For instance, in our naming scheme, the
realization C2 2540BB_ 06perCentury LowE, has choice "C2" for the ISM propagation model,
has the choices for 79, K, Zcutoff, thy, 0y of a simulation with Sim no. 2500-25H7 (see Table ,
has choice "B" for g(n) and choice "B" for h(n), has a birth rate of 0.6 per century, and is also
the low energy extrapolated version. An example of what the output of such a realization is, can
be seen in Fig. From each realization we get three fluxes as a function of energy. These are
the primary e™, secondary e* and pulsar et fluxes in the ISM. In these fluxes, solar modulation
hasn’t been taken into account yet, since this happens while fitting.

After producing all our simulations, we are ready to fit each one of them to the CR data.
We allow for seven fitting parameters while fitting. The two solar modulation parameters, ¢g
and ¢1, three normalization factors a, b and ¢ for the primary CR e~ flux, secondary CR e*
fluxes and total pulsar e fluxes, and two spectral indices d; and ds responsible for hardening
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Dataset H Acquisition Period \ BR Numbers

AMS-02 et 5/2011 - 11/2017 | 2426 - 2514
AMS-02 et /(eT +e7) || 5/2011 - 11/2017 | 2426 - 2514
AMS-02 et + e 5/2011 - 11/2017 | 2426 - 2514
DAMPE et + e 12/2015 - 6/2017 | 2488 - 2508
CALET et + e~ 10/2015 - 11/2017 | 2486 - 2515

Table 4.3: The datasets that we use with their corresponding data acquisition periods and their
BR numbers

or softening the primary e~ and secondary e® spectra by multiplying them with (£/1 GeV)®%
and (E/100 GeV)? respectively. The parameters a and b are marginalized within [0.6,1.2] and
[0.8, 2] respectively. The parameter c is only given an upper bound such that 7 ¢ < 0.5 for each
realization. The parameter d; is marginalized within [—0.2,0.5] while the parameter dy within
[—0.1,0.1]. For details on the fitting procedure that we follow, see section

4.3 Data

We use the publicly available AMS-02 e™ flux, positron fraction and e™ + e~ flux [280H282].
We use the et + e~ flux from [280] instead of the one in [281] because the results are obtained
through an analysis that does not use charge sign identification and therefore results in more
data events due to it’s higher efficiency according to the AMS-02 Collaboration. For the e™
flux and the positron fraction, we ignore the measurements below 5 GeV since the spectra are
strongly affected by solar modulation at these low energies and the pulsars’ contribution is neg-
ligible. We also perform fits ignoring the measurements below 15 GeV to avoid a bump in the
positron fraction at ~ 12 GeV that our simulations find it difficult to fit to. Even though the
data were acquired during the same time periods and by the same experiment, we do not fit to
the AMS-02 datasets simultaneously to avoid any undisclosed correlated uncertainties. We also
ignore the measurements below 10 GeV for the AMS-02 et + e~ flux.

Additionally, we use the e™ + e~ flux measurements from DAMPE [283] and CALET [284].
Because the e™ + e~ data from these three experiments are in statistical tension with each
other, we avoid fitting to any combination of these three datasets. The used datasets with
their respective data acquisition periods and the corresponding Bartels’ Rotation Numbers are

presented in Table

4.4 Fitting

We fit each produced simulation to each dataset via a x? minimization. Our fitting strategy goes
as follows: We first fit each simulation to the AMS-02 et flux. Then we fit the realizations that
fall within 50 in the e flux, to the AMS-02 positron fraction and e™ + e~ flux separately. By
falling within 50 we mean that they can fit to the data within 50 from an expectation of x? of 1
for each degree of freedom. Eventually we only keep simulations that fall within 50 in all 3 AMS-
02 datasets and check which simulations are also within 3¢ in all 3 AMS-02 datasets. When we
later add DAMPE and CALET fits, we fit those 5o simulations to the DAMPE and CALET
e’ +e~ fluxes and check which simulations are within 5 and 3 ¢ in all 5 datasets that we use. In
each fit after the et flux fit, we allow dy, ¢g and ¢1 to be free within their allowed range while
keeping the secondary spectral index parameter do fixed at it’s best fit value from the e™ fit.
For the other parameters we only allow a 50% variation from their best fit values from the e™ fit.
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We chose to define the positron fraction in each bin using counts instead of differential fluxes
because AMS-02 uses binned data to avoid any errors caused by excessive features in the simu-
lated fluxes. The positron fraction defined with fluxes to be fit to the experimental data in each
energy bin would be

d2 & sec pul
bE‘lOO(I)e+ + C(I)e+

aB @P 4 bER 5 + P+ bER @5 4 Pt

(4.22)

where the ®s are the interpolated differential fluxes at earth after accounting for solar modula-
tion at the center of each bin, F is the center energy of each bin measured in GeV, while F; and
E190 mean E/1 GeV and E/100 GeV respectively, a, b, ¢, d1, ds are free real parameters and the
indices e~ and e™ refer to the electrons and positrons respectively while the indices pri, sec, pul
refer to the primary, secondary and pulsar fluxes.

We redefine the positron fraction with counts in each bin by integrating each differential flux

over each bin as 5
max dN
N = —dF, 4.23
| (4.23)

where E,in, Emae are the bounds of the bin. We note that IV is not the real event count in each
bin because we don’t know the exposure of the AMS-02 detector but this is not an issue be-
cause the exposure cancels out from the numerator and the denominator of the positron fraction.

min

The positron fraction becomes

N6 + cNP
aNP™" + bN®¢ + cNP" + pNsce + NP

(4.24)

We note that the factors Ei“ and E{lgo have been absorbed into their respective counts since
these factors have the responsibility of hardening or softening the primary and secondary spectra
and they do depend on energy. Therefore the correct way to integrate these fluxes would be to
consider those factors as part of the differential flux and integrate E4® over each bin. No such
procedure is possible with the e™ or the e™ + e~ fits because there is no fraction to cancel out
the exposure and therefore we are forced to work with fluxes.

For the minimization we use SciPy’s [285] least_squares routine from the optimize module
to solve our non-linear least squares problem. We also used iMinuit [286] but found out that
least_squares performs good minimization much faster and since we do not care about pa-
rameter uncertainties we mostly used that.

We also noticed that the starting value for the parameter d; can cause the minimization in the
positron fraction to fall into local minima and therefore we minimize each simulation several
times starting from different values for d; in it’s allowed range. In each minimization all the
other parameters’ starting values are chosen randomly within their allowed ranges since we found
out that they do not cause any issues.

4.5 Results

4.5.1 Using Only AMS-02 Data

The new AMS-02 |280] data allow us to further constrain combinations of the astrophysical
uncertainties that were mentioned previously. When presenting results, for each realization we
consider it’s low energy extrapolated counterpart as the same realization. So, we treat the total
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Figure 4.2: The x?/d.o.f distributions for each of our AMS-02 datasets that we fit to, for all our
realizations (top) and only those that are within 50 in all three AMS-02 datasets (bottom).

number of 14544 astrophysical realizations that we produced as being only 7272 realizations.
That is because the low energy extrapolation only changes the assumptions of the pulsars that
are outside of our 4 kpc range where we model our population, so our pulsar assumptions re-
main intact. Of the 7272 astrophysical realizations, 2831 can fit the AMS-02 et spectrum within
50 from an expectation of x? of 1 for each degree of freedom. Of these 2831 realizations, only
261(37) can also fit within 50(30) the AMS-02 positron fraction spectrum and et +e~ spectrum.

The first thing we noticed is that the positron fraction sets the stronger constraints. The smaller
error bars than the ones in the old AMS-02 positron fraction data [287], have made the positron
fraction much harder to fit to than the work done in [228]. Also, the small bump in the positron
fraction at ~ 12 GeV is causing a lot more trouble now because of the smaller uncertainties in
the data. Of the 2831 realizations that we fit to the positron fraction, only 325(50) can fit to it
within 50(30). This difficulty to fit to the positron fraction, is why we ended up only 261(37)
within 50(30) in all three AMS-02 spectra. The et and et + e~ spectra are a lot easier to fit
to. Only one astrophysical realization named A2 2837BB (see Section for the details of the
naming scheme) gives a perfect fit to the AMS-02 positron fraction with y?/d.o.f. = 1.03. In
our figures, we denote this specific realization as Pulsar Model I. These results become more
apparent if we look at Fig. We can see how the positron fraction fits, tend to have much
higher x?/d.o.f as opposed to the fits for the other two AMS-02 datasets. The distributions for
et and et + e~ fits have peaks around the value of x?/d.o.f = 1 with many realizations around
that value (top panels). However, the distribution for the positron fraction fits has two peaks
around 2 and 5, with all x2/d.o.f values being greater than 1. In the bottom panels, we can see
that for the realizations that are within our 50 CL, many realizations have values of x?/d.o.f < 1
for the e™ and et + e~ fits, but for the positron fraction, the distribution is shifted greatly to
the right of our 50 CL with no values below 1. These historgrams justify the fact that only
325(50) can fit to positron fraction within 50(30) and why the positron fraction measurement
sets the greatest constraints.

In Fig. we show the predicted et spectrum of Pulsar Model I along with the AMS-02 e*
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Figure 4.3: The predicted e™ spectrum for Pulsar Model I along with the AMS-02 data. Fluxes
from individual pulsars are also visible. These pulsars can explain the features of our predicted
et spectrum in the high energies.

flux data. This realization can fit the et flux with x2/d.o.f. = 0.68. Also, the fluxes from indi-
vidual pulsars within this realization are shown. We note that the pulsar fluxes are multiplied
by a significant factor, such as 5 or 10 (shown in the figures), in order to make the lines well
visible within the figure. These fluxes are colored according to the pulsars’ age and distance
from Earth. It is noticeable that these individual pulsar fluxes can overall explain the features
of the e™ flux predicted by this realization. Clearly, the most powerful pulsars (denoted with
red) can explain the features above 1 TeV, while the slightly less powerful pulsars (denoted
with blue) can explain the features in the 400 GeV - 1 TeV range. The flux from a single young
pulsar (Age < 5x 10%) is also visible in the high energies. Because of the lack of data from AMS-
02 detector above 1 TeV, we cannot probe the properties of these highly energetic young pulsars.

In Fig. [£.4] five different positron fraction spectra from five different astrophysical realizations
are depicted, named Pulsar Model I through V, along with their respective x?/d.o.f.. Pulsar
Model I is the best fit in the positron fraction but the others are not the rest of the five best
models. The four other models were chosen randomly out of the 261 models that fit our data
well. The AMS-02 positron fraction data from [280] are also plotted and one can notice the
bump at ~ 12 GeV that was mentioned previously. Most of the spectra that fit the positron
fraction well, are spectra where the break occurs exactly at the energy of the bump. This can be
seen more clearly in the zoomed part of the figure. It can also be seen that the predicted positron
fraction spectrum, which increases from 7 to ~ 300 GeV can either keep rising at higher energies
(model I), drop (model ILIILV) or flatten out (model IV). This was also shown in Ref. [228].
Finally we found out, and it can also be noticed in this figure, that the spectra that fit the
positron fraction well, are usually spectra that are not smooth, and have a noticeable amount
of features in them.

In Fig. m we depict the five e™ + e~ spectra for the same Pulsar Models I through V. Also,
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Figure 4.4: Predicted positron fraction spectra for five different pulsar realizations along with
the AMS-02 data. The x?/d.o.f. of these pulsar models are also shown. The zoomed part is
shows the area around the bump at ~ 12 GeV.

for model I we plot the e~ and e™ fluxes separately and the fluxes from some individual pulsars.
All five of these Pulsar Models can fit to both the AMS-02 e* and e™ + e~ fluxes extremely well
and have x?/d.o.f. < 1, apart from Model V which has x?/d.o.f. = 1.51 only in the et + e~ fit.
Again, same as Fig. it can be seen that individual pulsars can explain the features in the
higher energies in both the e~ and e™ fluxes separately, and obviously also explain the features
in the combined et + e~ flux.

Our findings when it comes to the properties of the pulsars and also the ISM can be summarized
in the tables and These tables show the per cell percentage of the pulsar population
realizations that are consistent within 30 and 5o limits (in parentheses) to the AMS-02 positron
fraction spectrum, the positron flux and electron plus positron flux. For instance, the top left
cell of Table [4:4] is the percentage of the realizations that had x = 2.5 and propagation model
A1, that are consistent with the AMS-02 data and so on. These tables allow us to see which
pulsar and ISM properties are favorable and are preferred by the AMS-02 data. In Fig. [4.6] and
Fig.[47] the tables are presented as heatmaps for easier reading. We advise to also look at them
when reading results.

In Table we show our results for the combination of the five choices of the braking index
and the twelve choices of ISM propagation conditions. The first result that we notice is a clear
preference for the propagation models that end with the number 2 i.e. "A2, "C2", "E2" and
"F2". Practically, almost 0% of all the astrophysical realizations that didn’t have one of these
propagation models survive within 3 and 50. These propagation models are characterized by
the highest energy losses in our simulations b = 8.02 x 1075GeV~lkyrs~! (see Table . The
underlying reason for this result, is that low energy losses cause the pulsar spectra to overshoot
the data points at high energies where the energy losses have a dominant impact. The effect
of the higher energy losses in our pulsar fluxes, is to move the individual pulsar spectra more

o7



“eYRp

ARI-OTWS0D Z(-GV Y oY) 01 (sosorjjusred Ul) SHUWI OG PUR O¢ ) UIYIIM JUSISISUOD oIR Jel[) suorenuls resind Jo UOIORI) 0y oY) ‘SPPOW NS dA[oM)

oy pue (L)y pue (u)6jo (,dv, PUe ,ddy WYV WVeu WOV ‘wDy) SOOI0TD XIS 03 JO UOTRUIquIod oy} 10§ ‘yussord om [ o[qRL, UL SV :¢'F O¥L

0o (Mo o o 1 (o (Mo @o @o o @O0 (00|e=I % 0IXT=LCT>U>SHT | gV
o ®o (o (o ez @o o (¢1)e (o (o e (V0]88e=I%0IxTI=LLT>u>9T|dg
0o @o o (o (o (o (Mo o0 o 0 OO (DO |LFT=2%0IxF=L'CT>U>TT | VY
0o @z o o (z)z (o0 (o ()¢ o0 o 1)z (VO |LFT=2 % 0Ixy=LLT>Su>9T|Vd
Mo #o o o @1 o (o @1 o (o0 (€00 (@0 |66T=2 % 0Ixc=LET>U>STT| DV
Mo #Dz (0o (o (6)so (Mo (o (e (00 (00 Qe (0M0]6cT=2 7 0Ixe=ULT>u>9T|Dd
% % (% % % ®% @ % (% (% (% (%)

ed ad T4 ed éel iR o N 40) D ¢V gV 1V

(0¢) og Uy pomoye oxe (%01)
%I~ 0T (0g) ¥ Yorym Jo ‘siojemrered [eorsAydorjse Jururewar o) oqoid o} suorjenuats ggz peonpold am g0, PUR ¢ = ¥ JO UOI)RUI(UIOD Y[} I0]
‘(s[regep 10§ 9x09 99s) XN} uo1ysod4uoIode o) pue xny uorysod o1y ‘wniyoeds uonoely uorysod -Gy oYl 03 (seseyjuared ur) s)rwi] oG pue o¢
UM JU9)SISUOO o1e ey} suoryenuts uonyendod resnd Jo uorjoriy o) oAIS opp ﬂ o[qe], 99S) &4, 01 41V, Aq popow suonipuod uoryesedord
NS JO So010TD oA[oM] 9} PUR G'¢ ‘GZ'€0°¢‘GL'EGg = ¥ Xopul SumyrIq JO SOOIOYD OAY O} JO UOIJRUIGUIOD 9} I0J SHNSAI INO MOUS dA\ F'F O[qRL,

0o (80 (o (o (oo (0o (o (e o (o (Gnr (o ge=w
0o (g o o (a1 (Mo (o 69 (o (o 1 (1)0]|sCe="1
0o @wo (o o e (o (o €z (o (o (g (1o | og=w
0o @1t o o @o (Mo o (@1 (o o0 o (o0]|sLe=1
0o @o (o (0o ((@so (o (o (0o (o (0o Fso (00| gc=*
% % (% (%) (%) %) (% (% (% % (% (%)

ed zd 4 €d cd 4 €D 40 D €V v 1V

o8



“RJRp ARI-DIS0D Z)-S Y oY)
01 0G pu® 0¢ UMM JUIISISU0D d1e Je() suonjenus uoremdod resind jo wonoely % oyl ‘G'¢ ‘Gz e ‘('€ ‘GL'E ‘C'¢ = ¥ XopUl Sunyel( JI0J Se0I0UD dAT ()

pue (L)y pue (u)b Jo sed10YD XIS Y[} JO UOIJRUIGUIOD d) I0] MOTS oM H @Q@ﬂ So[qe], Ul WoAIS ooeds Iojourered UT SOOI[S 9} 0} IR[IMUIS :9'f S[qR],

(¢) 0 @)oo (@eo (0o (000 [G8C=0 % 0IXTI=U6T>SUu>S¥HI|ay
(8) 1 ¥) 1 ¥) 1 (¢) o (000 |8C=I%0IxT=ULT>Su>9T | dd
6000 (80 o (2000 (00 |[FT=)%0Ixy=U6T>SUSHI| VY
(Lvo (e1)e Lz #90 (©F0 [FT=9 %01 xy=0LT>Su>9T | Vg
(¢)eo (@0 ()0 (Mo (g0 |6cT=2%0Ixg=bCT>SUu>¥T1|DV
(8) 1 (01) @ ®1 (990 (1o |66T1T=9 %2 01xg=bL1>5u>9T|Dg
(%) (%) (%) (%) (%)
Ge=Y Cre=% (0g=% GLg=%Y Cg=¥

99



10 100 1000

— ]
—— Model | — Model Il Model I

i Model IV —— Model V |
T/: _____
73]
T 100 — —100
‘Tm B i
RS | —---— Cosmic Ray e~ Pulsar Model | ]
>
\8/ | — — - Cosmic Ray e* Pulsar Model |
Y 9 AMS 6.5yr e*+e”
\J L -
) T
N;o Fe-o__ -
o B -

e* from individual pulars (x5
10 | | frorn ‘PL‘J|S‘,O‘F‘MOde| | : 10
10 100

E (Gev)

Figure 4.5: The predicted et + e~ spectrum for the same five pulsar realizations. For model I,
we also show the individual e~ and e™ spectra and also the flux from individual pulsars. Again,
these pulsars can explain the features in the high energies.

towards lower energies and also make the spectra steeper. This first result is a major finding
for the ISM properties and shows that the ISM conditions are such that greatest assumed en-
ergy losses actually occur. Our second finding from this table has to do with the choice of the
braking index. We can see that the choices kK = 2.5 and k = 2.75 are almost excluded. Very few
realizations with these choices survive within 50 and almost zero within 30. In Ref. [22§], a first
indication for such a tendency was found. We now confirm this tendency with a much larger set
of simulations that account for even greater range of the relevant parameter space being mod-
eled. At k = 3.0 we see a big increase in the percentage of the realizations that survive, followed
by an even higher percentage at k = 3.25. At this value of the braking index, we have the peak
percentage of realizations. The percentage drops again at k = 3.5 while being roughly the same
as k = 3.0. A higher value for the braking index, means a slower spin-down (see Eq. . In sub-
section we mentioned that most measurements of the braking index for pulsars give k < 3.
The fact that very few realizations with k < 3 survive, shows that the pulsars may not lose their
rotational energy as fast as we thought from observations, and may actually spin-down quite
slower. A braking index s < 3, produces pulsars that are very powerful sources at their younger
stages when most of CR e* are produced. Consequently, the realizations with such values for the
braking index overshoot the data points in the high energies which probe those youngest pulsars.

In Table we present the results for the combination of the six choices ("BC", "AC", "BA",
"AA", "BB" and "AB") of g(n) and h(n) and the twelve ISM models. There are three choices
("CA", "CB" and "CC") missing but that is only to avoid redundant rows in the table as only
one pulsar realizations with one of these choices is within our 50 limit. The clear preference for
the propagation models "A2, "C2" "E2" and "F2" is again noticeable. In this table, we also
notice a preference for the choice "B" for the range of the distribution g(n) (see Eq. . This
preference can be seen even more clearly in the 30 limit where almost every realization that
survives within this limit has the choice "B" for g(n). The second most preferable choice is "A",
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Figure 4.6: Tables and presented as heatmaps for the 50 case.
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Figure 4.7: Tables and presented as heatmaps for the 3o case.
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where a reasonable percentage of these realizations survive within 5o. Very few realizations with
choices "AB" survive when compared to the choices "AC" and "AA". Choice "C" for g(n) is
entirely excluded as only one realizations survives. No clear preference for the choice for the
distribution h(n) (see Eq. is discernible. A fair percentage of realizations with each of the
three choices "A", "B" and "C" for this distribution survive for both of the two most preferable
choices "B" and "A" for g(n). It seems that the deciding factor is the choice for the distribution
g(n), and no conclusion can be extracted for h(n).

The range for g(n) is the range where we sample values for the pulsars’ injection spectrum’s
spectral index (see subsection [£.2.3). A broader range for g(n) (choice "A") would result in a
more diverse pulsar population regarding the spectral indices n and therefore to pulsars having
quite different spectra from each other. This would cause more features in the resulting com-
bined pulsar spectrum. A similar thing can be said for the choices for h(n). Choices with a
greater value for ¢ (choice "B"), would result in a greater o for the log-normal distribution since
¢ =10V, and therefore to more "spread" to the values of 1. This leads again to more diverse
injection spectra for the pulsars (see Eq. and Eq. and therefore again to more features.
For g(n), the dominant choice is choice "B", which is a narrow range of greater values for n,
n € [1.6,1.7]. This shows that pulsars in the Milky Way most likely have a small range of values
for their spectral index that would not cause excessive features in the observed CR spectrum at
Earth. The second most dominant choice (only in the 50 CL) is choice "A" where n € [1.4,1.9],
which would cause more features in the CR spectrum. Choice "C", which is a small range of
small values for n, n € [1.3,1.5], is completely excluded.

In Table [4.6) we present our results for the combination of the six choices for g(n) and h(n),
and the five choices for braking index. No entirely new information is visible on this table.
The domination of the choice "B", followed by choice "A", for g(n) that was described in the
previous paragraphs is shown, and also the preference for braking index values x 2 3.

4.5.2 Including Data from DAMPE and CALET

We’ve mentioned previously that due to the lack of data for the positron flux at energies above 1
TeV from the AMS-02 collaboration, we are unable to probe the properties of the youngest and
most energetic pulsars that are close-by. Two more experiments, DAMPE [288] and CALET
[289] have published their measurements of the total et + e~ CR flux up to 5 TeV [283] 284].
These spectra allow us to test pulsar-population models at energies where their expected frac-
tional contribution to the total measured quantities can be very significant. At higher energies,
the combination of volume and age necessary for pulsars to be able to contribute is reduced.
Therefore, the number of individual pulsar sources drops and the highest energies only probe a
small number of near-by pulsars. The result is e™ +e~ fluxes that are rich in features and bumps
in the spectrum from individual pulsars are easily detectable with the naked eye. Such spectra
can be seen in Figs. and where we show some of the predicted et + e~ fluxes for some
of our pulsar models. Above 1 TeV, the spectra can either have a cut-off or a change in their
slope, due to the fact that only a very small number of pulsars contribute at these energies. The
characteristics of the spectra in these energies depend on those individual pulsars’ properties.

Combining AMS-02 and DAMPE data

After fitting to the DAMPE e + e~ spectrum, we find out that they only constrain our as-
trophysical realization properties very slightly. Of the 261(37) realizations that were within
50(30) to all three AMS-02 datasets, 230(27) are also consistent within 50(30) to the DAMPE
et + e~ data. In Fig. we show the predicted et + e~ flux from six pulsar models that are
consistent with the DAMPE data along with their x2/d.o.f. We also show the flux from one
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Figure 4.8: The predicted e™ + e~ spectra for seven different pulsar models along with their
x2/d.o.f. One of the models (model IX in beige color) is excluded by the DAMPE data. This
model greatly overshoots the data points above 1 TeV. Some fluxes (such as model VI and IV)
contain notable features in the highest energies from individual powerful pulsars.

model (Pulsar Model IX) that is not consistent with the DAMPE data in beige color. We can
see that this model greatly overshoots the DAMPE data points at £ > 1 TeV where we lack
AMS-02 data. The realizations that are excluded by DAMPE, are usually excluded because of
these high energies. The flux is not consistent with the DAMPE data at energies which AMS-02
doesn’t allow us to probe. In some of the fluxes in this figure, we can see great features at the
highest energies created by single powerful pulsars. Because of only this small reduction in our
astrophysical realizations by DAMPE (261 — 230 at 50 and 37 — 27 at 30), there are no new
findings regarding the pulsars’ and ISM properties. The findings presented in tables and
[4.6] still hold. The only new finding is that realizations that contain extremely powerful young
and near-by pulsars, that cause the e™ + ¢~ flux to overshoot the DAMPE data in the highest
energies are excluded.

Combining AMS-02 and CALET data

CALET doesn’t constrain our astrophysical realization properties at all. Of the 261(37) real-
izations that were consistent with all AMS-02 data, all of them are also consistent with the
CALET e' + e~ flux. This is caused by the huge error bars in the data in the entire energy
range, and also the fewer data points above 1 TeV, compared to DAMPE, which makes these
highest energies contribute even less to the total x?. When fitting to the CALET data, we have
extreme overfitting. Almost all of our 261 realizations, end up with x2/d.o.f. < 1, with 111 of
them even having x?/d.o.f. < 0.5. It is evident that CALET data cannot help constrain the
pulsars’ and ISM properties any further than AMS-02 data already could. In Fig. [4.9] we show
seven different e + e~ fluxes from realizations that can fit the CALET data along with their
x2/d.o.f.. We can notice how easy it easy for the flux to fit to the data due their error bars.
The x2/d.o.f. values are very small and Pulsar Model IX, which was excluded by DAMPE with
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Figure 4.9: Seven different predicted et + e~ fluxes from realizations that can fit the CALET
data along with their x2/d.o.f.. Pulsar Model IX, which was excluded by DAMPE can fit the
CALET data extremely well. Prominent features are also visible in the highest energies from
powerful pulsars (models VI, IX, XI and XII).

x2/d.o.f. = 4.96, can fit the CALET data with x?/d.o.f. = 0.53. Overshooting the data points
in the highest energies doesn’t seem to affect the CALET fits at all.

In Fig. we present a histogram of the fitted values of the mean fraction 7 (original 77 before
fitting multiplied by the pulsar normalization) of the pulsars’ spin-down power the goes into
CRs from each realization. The y-axis shows the number of these astrophysical realizations that
are allowed within 50 by the the AMS-02 & CALET data (red histogram), or by the AMS-02
& DAMPE data (blue histogram). The range of 7 values that explain the CR data are between
0.00241 and 0.5 for both histograms with a mean value 7 = 0.10 and multiple peaks. This
means that on average, about 10% of the spin-down power of a pulsar goes to CRs. The range is
exactly the same for both histograms. We can also notice a pile-up on the rightmost bin. This
is caused by the realizations preferring a higher value for the pulsar normalization which is not
allowed by the hard physical reasoning that 77 ¢ < 0.5 so the fitted 7 values get that maximum
allowed value.

4.6 Conclusions

We have used CR e~ and e data to study the properties of the pulsar population of Milky
Way pulsars. We've used the e', positron fraction and et + e~ flux measurements from the
AMS-02 detector, as well as e™ +e~ flux from DAMPE and CALET, to test thousands of pulsar
realizations. We work under the assumption that pulsars are the dominant source for the rise of
the positron fraction at high energies. These realizations probe the astrophysical uncertainties
associated with the CR spectra observed at Earth. We do that by producing 14544 realizations
that sample a broad range of possibilities for the spatial distribution and birth rate of neutron
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Figure 4.10: The distribution of the fitted values of the 7 parameter for the astrophysical
realizations allowed within 5o by the AMS-02 & CALET data (261 realizations in the red
histogram), or by the AMS-02 & DAMPE data (230 realizations in the blue histogram).

stars in the Milky Way, their age and spin-down properties, the uncertainties associated with
the injection spectra of CR e* from these sources into the ISM, and the uncertainties associated
with the propagation of CRs into the ISM. These details are described in Section [£.2]

We find that models with low energy losses (models without b = 8.02 x 1075GeV~tkyrs~! in
Table are excluded by the AMS-02 data alone, or by combining AMS-02 data with DAMPE
or CALET data. Furthermore, we find that a braking index xk < 3 is disfavored by the data
regardless of the other astrophysical assumptions. All pulsars are considered to have a constant
braking index throughout their time evolution. Moreover all pulsars have the same braking
index in each realization. Their spin-down properties are chosen to be such that explain the
radio observations. We also find a preference for a braking index x of 3.25 as opposed to 3.5 or
3.0. We find no indications for any preference in terms of a narrow or a wide initial spin-down
power distribution. Also, the fraction of rotational energy going to CR e is very uncertain.
Additionally we find a strong preference for the option "B" for the distribution g(n) followed
by the option "A". Option "C" is entirely excluded. No obvious preference could be found for
the options for the distribution h(n). These results are given by Tables and The
et +e~ fluxes from DAMPE and CALET above 1 TeV, allow us to study young near-by pulsars.
However, the DAMPE data allow us to constrain the pulsars’ properties only very slightly due to
the fact that they exclude only a small portion of our realizations that are allowed by AMS-02.
These excluded realizations typically overshoot the DAMPE data points above 1 TeV. CALET
cannot help probing the pulsars’ properties any further than AMS-02, due to it’s large error bars.

Our results for the braking index contradict the fact that we have observed several young pulsars
with a braking index of less than 3. One solution could be that pulsars have time-variable braking
indices. For instance, pulsars might start with smaller indexes leading to fast spin-down in their
initial stages. As the braking index increases to a value of ~3, the pulsars spin down more
slowly. If the braking index indeed changes with time, we will need additional simulations to
probe all the possible paths of k(t), versus the k = constant studied in this work.
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