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HabnopgaeMbin CNeKTp KOCMUYECKUX ny4en

KakoBa npupoga KOCMUYECKMX yCKopuTeneun?
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Kak amo ebi2nisoum?
CH e Oanekux 2anakmukKax

CBepxHoBas la 1994D B ranakTuke
NGC 4526 Hubble Space Telescope

http://www.eso.org/public/images/ann11014a/



OUCTaTKM CH KaK yCKoputenum nJi



CBepxHoBble PenatuBucrtckme [amma-BCnnecku
cBepxHoBble lb/c (ANUHHDbIE)

-CBepxHOBasi 3Be34a MHULMNPYETCH KOSNancomM Xene3Horo sapa 3sesabl

C Maccou > 8 conHe4yHbIX Macc. MoxeT conpoBoXaaTbCA ASNMMHHbLIM
ramma-BCrniecKoM.

» CnusaHue ABYX KOMNakTHbIX 06bekToB H3-H3, H3-4Y[] BeposaTHO nopoxaaloT
KOPOTKUXA ramma-BCreck.



Obonouka octatka Tycho1572 AD (peHTreHoBCcKMe U30bparxkeHunsa Chandra,
NASA/CXC.)



XMM-Newton spectrum of Tycho’s SNR

|l



Chandra 4-6 keV Image of
Tycho’s SNR

Eriksen + 2011



Origin of Cosmic Radiation

PHYSICAL REVIEW

VOLUME 75,

NUMBER 8 APRIL 15, 1949

On the Origin of the Cosmic Radiation

ENricO FERMI
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois

(Received January 3, 1949)

A theory of the origin of cosmic radiation is proposed according to which cosmic rays are originated
and accelerated primarily in the interstellar space of the galaxy by collisions against moving mag-
metic fields. One of the features of the theory is that it yields naturally an inverse power law for the
spectral distribution of the cosmic rays. The chief difficulty is that it fails to explain in a straight-
forward way the heavy nuclei observed in the primary radiation.

I. INTRODUCTION

N recent discussions on the origin of the cosmic
radiation E. Teller' has advocated the view
that cosmic rays are of solar origin and are kept
relatively near the sun by the action of magnetic
fields. These views are amplified by Alfvén, Richt-
myer, and Teller.? The argument against the con-
ventional view that cosmic radiation may extend
at least to all the galactic space is the very large
amount of energy that should be present in form of
cosmic radiation if it were to extend to such a huge
space. Indeed, if this were the case, the mechanism
of acceleration of the cosmic radiation should be
extremely efficient.

where H is the intensity of the magnetic field and
p is the density of the interstellar matter.

One finds according to the present theory that a
particle that is projected into the interstellar
medium with energy above a certain injection
threshold gains energy by collisions against the
moving irregularities of the interstellar magnetic
field. The rate of gain is very slow but appears
capable of building up the energy to the maximum
values observed. Indeed one finds quite naturally
an inverse power law for the energy spectrum of the
protons. The experimentally observed exponent of
this law appears to be well within the range of the
possibilities.



Jnddy3noHHBIM MEXaHU3M YCKopeHust Depmu

®pout MIJ] VB

MI'J] BO3MYyIIIEHUS IEPEHOCATCS TequpllgeM
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1 00pa3yroT “cxopsinuecs 3epkaia’
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“ Fermu first order process” =
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Cxopdiyecs 3epKaja Cucrem

a Tokos YB



Ha6nopeHuna npu6opom AMPTE / IRM anddy3HbIX MOHOB B KBa3n-napanneribHOU 4acTu

ronoBHou YB 3emHOM MmarHutocdepbl
bep Habnropaemas

Ellison, Mobius & Paschmann acppeKTMBHOCTL YCKOpEeHUs
HacTuUy BbICOKaA:

~2.5% NpoTOHOB nonagakT
B HETennoBOU XBOCT

>25% noToKa aHepruu
yepe3 hpoHT YB upet B
HeTensioBble NPOTOHbI

BOW SHOCK

/

B
—f
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= 0 5
He ucknioyeHo, 4TO B CBEPXHOBBIX, SOLAR WIND %

roe YB cunbHble 3(hPpeKTUBHOCTbL
MoxkeT gocturatb 50%

FiG. 1.—Schematic representation of the bow shock during the diffuse ion event of 1984 September 5



Temperature Mopaernb npoOHbIX YacTuy, = pa3pbIB
AL B (ctyneHbKa) ckopocTu 6e3 HefIMHEMHOM
MoauduKauum Te4eHUsa U paspbiBa

p* f(p)

1073
Flow speed test particle shock
]
B hock
10~* /subs ocC
X

NL

“YHuBepcanbHbIN” CNEKTp « E2

TP: f(p) < p*

10~%0.01 0.1 1 10 100 1000
p/ (m,c)

p4 f(p) f(p)is phése space distr.
S
&

YHuBepcanbHbIU CNEeKTP NPOOHbLIX YacTul, YCKOpeHHbIX YB nony4yeH B 1977-78 B
nuoHepckux ctatbax P .Kpbimckoro, A.Bell, W.l.Axford et al, Blandford Ostriker




Temperature
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p* f(p)

Lose universal
power law with NL
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TP: f(p) < p*
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_ A pekTnBHoe yckopeHue KJl npuBogur K _
Mmoaudukaumm tedyeHus nepen opoHTOM.

NMpodunb 6onee nnaBHbLIN, a CKa4vekK
MeHbLue.

CnekTp 4YacTul MeHsIeTCS.

test particle shock

Flow speed — |
subshock
/

[
|

X

» Concave spectrum
» Compression ratio, r, , > 4

» Low shocked temp. r,,, <4

10~%0.01 0.1 1 10 100 1000

PacuyeTt cnekTtpa KJ1 TpebyeT ogHOBpPEMEHHOro y4yeTta 4acTtuu Kak Haa-
TEeNnnoBbIX, TAK U CaMbIX BbICOKUX 3HEPruMm...

D.C.Ellison



YTo TaKoe 6eccToNnKHOBUTENbHbIE YAapHbie BOJHbI?

(HeMHOro uctopum)

Thomas Gold (1955):

BbicTpoe HapacTaHue BO3MYLLUEHUA B MarHUTHbIX OypsiX, CBA3aHHbIX C
COJTHEYHbIMU BCMbIWKaMU, CBUAETENIbCTBYET O HarIM4uu:

(i) MmexxnnaHeTHOM cpeAabl (Tenepb Mbl 3HaeM KyrioHOBCKuUM npober ~1 AE) un
(ii) 6beccTonKkHOBUTENMbHbLIX YAapPHbIX BOJIH




Thomas Gold (1955):

BbicTpoe HapacTaHue BO3MYLLEHUN B MarHUTHbIX OypsiX, CBA3aHHbIX C
COJIHEYHbIMU BCNbILWKaMN, CBUAETENbLCTBYET O HaNN4uMm:

(i) mexxnnaHeTHOM cpeAabl (Tenepb Mbl 3HaeM KyrioHOBCKUM npobder ~1 AE) un
(if) beccTonKkHOBUTENbHbIX YAAPHbIX BOJH

CTonkHoBuTesibHbIE yAapHbieé BOJIHbI

MMeEIoT LUMPUHY 6ornblue ANUHbI BeccTonkHoBuUTEenNbHbIE
KyroHoBCKoro npob6era yAapHbie BOJIHbI
v 'o dx d ;
(d_t)uz'\/—d_:)’hi-rﬁ m?% W.I.»J"W"
12t- :
r 1; 1 i l
— ! - 2000 0 2000 KM
- * _ K >t >t
oo pm, -1 |1 ET
|\ ~
I

Fig. 2. Steepening and formation of a gas dynamic shock. Defi-
nition of shock thickness A.



YaapHbie BOMHbI MOMepeKk MarHUTHOTO  KOJJIEKTHBHDBIE TPOLECCH H YIAPHBLIE BOJIHbI
nonsi B crabocToNKHOBUTENbLHOM Nra3Me B PASPE)XEHHOH TNJIASME

P. 3. Cazdees P. 3. Cazdees 1964
‘0 HEJIMHENHBIX [ABIKEHMAX PA3SPEKEHHOU VVH)
IIJIA3MBI B MATHUTHOM MOJE* 1958
Haiileno pemleHMe JAJA YCTAHOBUBIIAXCA MATHATO3BYKOBHIX
B0IH GONBNION AMINATYIH, PACHPOCTPAHAIMIXCA HONEPeK Mar- 0™ ] p
HATHOTO IO M

d
-B;nv._O
d Mnuv? H?
dx( 2 T Sn)zo’

dv

mnu —Ef- = —enkE, + —-‘;— nvH — vmno,; 2
H* — ° - ]/8nn0Mu2 4 — 0




B, SOLITON

Fig. 8. Transition from magnetosonic soliton to shock for v* #
0,

70-80e roabl — “3onotoun Bek”
HabnoaeHN MeXnnaHeTHbIX
0eCcCTONKHOBUTESbHbIX YAAPHbIX
BOJSIH U PaHHMUX

KOMMNbIOTEPHbLIX MOoAeneu

1.
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July 9, 1979

ISEE observations of a magnetic field profile of a quasi-parallel shock crossing (courtesy of

C. T. Russell, 1990).



Total variation diminishing






Hybrid PIC simulation of collisionless shock structure at “micro” scales
(1000 gyroradii of thermal proton) . Injection of non-thermal protons is apparent.
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BbluncnurenbHble TpeboBaHusa K PIC mogenam B uHtepsane ot keV go TeV

ANA HepPpenaTuBUCTCKUX ¥YB octatKkos CBEpPXHOBbIX O4YEeHb XKeCTKue:

WHTepBan aHepruiu: E TeV 9
x> >10
Ethermal keV
WHTepBan AnvH Diff Length TeV proton 1010

1-D): I g
(umcno siyeek B 1-D): electron skin depth, (C/ wpe)

Yncno WAaroB no Accel Time to TeV

i 1
BPEeMEeHMU: e

> 10"

MopenupoBaHue PIC no3BonsieT uccrnenoBaTb BaXKHble HENMMHEUHbIe
MUKpOCKONMn4yeckue npoueccbl opMupoBaHUA BA3KOro ckauka YB u
WHXEKLUMIO YacTul B ycKopeHue ®depmMu, HO Npu (pUKCUPOBaAHHbLIX FPAHUYHbIX
yCIroBUSX.

PIC mopenu ponmxHbl 6bITb 3-D (Jones, Jokipii & Baring 1998)

MoaTtomMy Ha cerogHs y4eT o6paTHOro BAMAHUSA YacTUL, BbICOKUX IHEPrun Ha
CTPYKTYpPY Te4yeHusi TpebyeT ncnonb3oBaHUsi NpUbnuXeHHbIX meTogoB MoHTe-
Kapno wnu ypaBHeHMI nepeHoca




PaccesHue KJ1: pe3oHaHCHOe N Hepe3oHaHCHoe



BbicTpasa KOpPOTKOBONMIHOBaA Hepe3oHaHCHasA
HeycTonumBocTb benna (2004)

PrniykTyaumm MarHUTHOro nossf ¢ macwrabamu meHblwe Rg
(mnapmopoBckoro paguyca KJl) Bbi3bIiBalOT NULLb Criadbin OTKNUK ToKa KJ1.
NMoatomy ana takux dnykryaumm Tok KJ1 doukcupoBaH, Takxe Kak

N KOMMEHCUPYHOLLUN TOK INeKTPOHOB hOHOBOU Miia3mbl.

3TO NPUBOAMUT K ObICTPOMY pocTy cdhrnykTyaumm nons ¢ macwtabamm meHble Ry,
otkpbiToMy A.Bennom (MNRAS, v.353, 550, 2004).

Bo3amyLieHMs1 Nonsa u CKOPOCTU, B OTNINYME OT aNilbBEHOBCKUX MoA
UMerT Manyro pa3oBYH0 CKOPOCTb U MNOTHOCTb UX KNHETUYECKOWN 3HEeprum Bbille,
YyeM MarHUTHOM.

Jer, Bo |




KopoTkoBonHoBasi Hepe30oHaHCHas
HeycTonumBocTb benna (2004)
MHOYUNPOBaHHAA TOKOM KOCMUYECKUX nyyen

Fa Fa

_(ou . ~ 14 .
(—U—I—(UV)U) = —Vp, + E'] xB+e(n,—n.)E

np ncr —_— ne
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Ecnu cuna JlopeHua npeBbillaeT MarHUTHOE HaTAXeHUue, UMeeM:
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HeyctonunBoctu TokoB KJl
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[lepeHOC YacTuUL B OKpecTHOCTU YB
Avddysusn

VS

Levy walks

Brownian walk

Lévy flight
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Standard Diff.
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AB+ PHYSICAL REVIEW E 95, 033207 (2017)



HennHenHble mogenwu

MI'-Te4yeHUN c yaapHbIMMN BOSTHAMU U
ycurneHumem PnykTynpyrowmx MarHUTHbIX
nonew

OJ151 pacyeTa YCKOpPeHUs Yyactuu U n3ny4vyeHus
bOTOHOB U HEUTPUHO BbICOKMUX SHEPIrnn

KombuHupoBaHHbIe pacyeTbl MeTogamm particle-in-cell n MoHTe-Kapno

3agaya C LUMPOKUM AMana3oHOM MacliTaboB OT KM A0 AOorien napceka
U puHammnyeckum ananasoHoM 3aHeprum vyactuy ot goneun N3B oo 100 MaB

PeweHune TpebyeT KOMOMHMPOBAHHLIX METOAOB MUKPOCKOMNYECKOIro
nrnasmeHHoro mogenupoBaHusa (PiC) n HennHenHou moaenun MoHTte-Kapno




3aKOHBbI COXPAHEHHUS MOTOKOB MAaCChl, UMITYJIbCA
U SHeprum Ha ppoHTe YB

p(x)u(x) = py,

p(x)u2 (x) +P, (x)+PCV (x)+PW (x) =0,

p(X);f ) F (44 F (1) F, (x)+ 0., ~ 0,




YpaBHeHHE MEPEHOCA CIIEKTPAJIbLHON IJIOTHOCTH
JHEPIrUuU TYPOYJECHTHOCTH

O, (k)  O(wK) 3R R) o= £ (. 8)
P ok Ox )

Heycmoﬁqueocm}mu

mypoyieHmuwiil

Kackao
3 W(x,k)
F, (x,k)zgu(x)W(x,k), Pw(x,k)z 5

N3MeHeHUs MOTOKOB YHEPIrUid KOMIIOHEHT

dF, (x .

F:bg ):u(x)dPgi )+(£)r(x,k)W(x,k)dk—L(x)

dr, dP, -
d)fx):u(x) d)Ex)+L(x), L(X):(',[)L(x’k)dk

(X) AJIS BBITIOJTHCHUA 3AKOHOB COXPaHCHUSA

d dP ()
Vow (¥) = —(_][)F(x,k)W(x, k)dk / "




Using approximate plasma
physics (quasi-linear theory,
Bohm diffusion, etc.)

Thermal
Monte Carlo code iteratively +
solves nonlinear DSA problem T
with MFA / Injection
Acceleration ]
Efficiency iterate magnetic
turbulence,
ABI/B,
dissipation, &
cascading
Nonlinear
Shock
structure

If acceleration is efficient, all elements feedback on all others

Monte Carlo model of Nonlinear Diffusive Shock Acceleration



HenunHenHble pacueTbl cTpYKTYpbl MI-TeueHusn
mMmoaudPuUUMPOBAHHOIO0 HeTen/10BbiMM YaCTULLAMU

_m,cuy,

v =
0
eB,

1, =0.3 en™; u, = 5000 —; B, =3 mxlc

AB +., Ap), 789:137, 2014.



CneK'rpbl qacmu, YCKOpPEeHHbIX Ha YB
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MarHuTHaga TypOyneHTHOCTb

TypOyneHTHbIN KacKkan
A.H.KonmMmoropoBa

B HECXKMMaeMoun
cucreme Unu
aHusoTponHaa MI'l-
TYPOYNEeHTHOCTb
Nongpanxa-Cpuaxapa?




CneKtpbl marHuTHou TypbyneHtHocTn YB ¢ 3 HeycTtonuusoctamu K/l

ApJ, v.789, p137, 2014 7 =03 cu™; u, =5000 == B, =3 mcl'c

C



A heKTUBHOCTbL KOHBEPCUM IHEPIUN TE€YEHUA B MAarHUTHYK TYpOyneHTHOCTb
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Sharp synch. X-ray edges

CBupetenbLCTBO CBepx-agnaamnadbaTn4yeckoro )
Cassam-Chenai et al. ApJ

ycunieHus B-nons

N .« | Radial cuts

radio X-ray

Chandra observations of Tycho’s SNR
(Warren et al. 2005)

Cwm otnuume paano u peHTreHoBCKUX
CUHXPOTPOHHLIX (bVl.ﬂaMeHTOB

ToHKMe CUHXPOTPOHHbIE PUNIaMEeHTbI

Aatot none 10 pa3s Bbiwe aguabaTu4yeckoro




Mopaenb nonapu3oBaHHOro PEHTreHOBCKOro U3o0paxeHnsa o00no4YKku
MOJ1I00M CBEPXHOBOWU Ha 3Heprum 5 KaB.
CTteneHb nonsipusaumMm nokasaHa Ha rnpaBoW NaHersu.

TypOyneHTHocTb Konmoroposa K*{-5/3}

AB & Uvarov MNRAS v.399, p1119
J Phys 2017



Simulated X-ray images for polarized 5 keV photons

XIPE/IXPE perspective (24” PSF)

No Faraday rotation in X-rays and

the intermittence of the anisotropic turbulence result in a sizeable polarisation

K~{-5/3} (Kolmogorov model) K~{-1} (Bohm diffusion model)

Bykov Uvarov MNRAS v.399, 1119-1125
ApJL v735, L40



Gas Pixel Detector

P.Sofita +




Cnacum6o 3a BHumaHue!
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