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« Koronini izbacaji mase (CME)

— Modeli erupcije
* Induktivitet magnetskog uzeta
* Model magnetskog uZeta
* Inicijacija izbacaja
e (Potpuno numericki MHD izracun (VAC kod) nastanka i propagacije udarnih valova
— istraZivanje Moretnonovih i EUV valova)
* Model MHD otpora (DBM)
— s konstantnim SuncCevim vjetrom
— testiranje modela
e Opceniti model i geometrija
— primjena na medunarodnim prognostickim stranicama

— buduca integracija s naprednim numerickim modelima, npr:

* NASA - ENLIL
(http://www.swpc.noaa.gov/products/wsa-enlil-solar-wind-prediction)

- automatska prognostika
e RjeSavanje problema CME-CME medudjelovanja:

— upotreba naprednih numerickih modela — VAC (Versatile Advection Code)
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Koronini izbacaji mase (engl. CME)

« Procesima u koroni Sunce (m_~ 2x10°° kg) gubi masu na 2 nacina
(Aschwanden, 2006):

kontinuiranim Suncevim vjetrom =~ (0.4-2)x107° g cm™ s [ili = (0.2-1.2)x10"°
kg/s]

sporadi¢nim (nekoliko na dan) koroninim izbacajima mase = (0.02-2)x10" g cm™
s [ili = (0.01-1.2)x10® kg/s]

e Magnetska aktivnost — eruptivni procesi — koronin izbacaj mase:

MHD ,,eksplozije“ u Suncevoj koroni
magnetski ,,oblak® ubrzano ekspandira u okolni prostor (100-2000 km/s)
unutar tjedan dana stizu do Zemlje

mnostvo visokoenergetskih nabijenih elektrona stize do Zemlje za otprilike 1/2—1
sat nakon pocetka erupcije

e Oko 70% izbacaja povezano je s eruptivnim prominencijama koje mogu
prerasti u CME
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Trodijelna struktura CME

» Koronini izbacaji &esto imaju trodijelnu strukturu: ~ Karakteristicni oblik
— vodeci luk
— praznina
— svijetla jezgra - katkad eruptivna prominencija
* ,halo“ CME — usmjereni prema ili od Zemlje

* Moguci oblici (nejasnoce zbog projekceijskih
efekata):

— magnetska vlakna (uzadi, cijevi, engl.
fluxropes)

— polu-ovojnice

— baloni/mjehuri
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Karakteristicni oblik ,,zarulje“

2000,/02/27 01:54 = 2000/02/27 07:42

SoHO LASCO C2/C3 koronagraf. Erupcija CME-a 27.02.2000. Trodijelna struktura: vodeci luk, prazna
Supljina sa svijetlom jezgrom (SoHO, 1995-)

25.05.2016. Tomislav Zic



Podjela modela izbacaja

Modeli
bez magnetskog prespajanja
(idealni MHD procesi)

model s magnetskim uzgonom

model s pritokom dodatnog
poloidalnog toka

model s ,kink nestabilnosti‘

model s pritokom/odljevom mase

model ,,kidanja spona“
(engl. tether cutting)

Modeli
s magnetskim prespajanjem
(rezistivni MHD procesi)

model proboja (engl. breakout)

25.05.2016.
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model poniStavanja magnetskog toka
(engl. flux cancellation)
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Model magnetske strukture CME/bljesak

sistema

* Arkade magnetskih silnica obavijaju
prominencijski materijal

izbacaj plazme 1

. . . mag. uzeta "\ \
* rekonekcijom se uvodi novi / / magnetska silnica
magnetski tok i plazmu " \
* novi rekonekcijski tok pospjesSuje | ( mag, uze
uzdizanje magnetskog vlakna A /
plazmeni tok plazmeni tok /
rekonekcijski pritok » |——strujna ploha A elektr%éng polj o
, " . strujnoj plohi
vrlo vru¢e podrucje (tvrdo X-zracenje) VA,
(> 10° K) ; Lln (2004) rekonekcijski rekonekcijski
| pritok pritok

strujna ploha

dva mlaza Machovih brzina LA
rekonekcijski mlaz

granica udarnog vala

pritok iza udarnog vala
ohladeno udarnim valom

kondenzirani pritok
UV petlje (10° K)
Hopetlje (10°K) * U podnoZju — kromosferski

kondenzirani mlaz . .
mlaz — dvovlaknasti bljesak

vodljiva fronta \

Sunceva povrSina—

magnetska silnica—%
X-petlje (107 K) " |
isparavanje~

kromosferski mlaz YF'\ vlakno bljeska

kromosfera—
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Chen-ov (1989) model magnetskog uzeta

Y orona  ukljucuje:

— Lorentzovu silu, jXB

- silu od gradijenta tlaka, Fy,

- gravitacijsku silu, F,
B  unutar petlje, komponente:

JiT toroidalne: j, — B,

\
2 \\
/N

bzista: 2S

- poloidalne: j, — B,

,
* konstantan razmak izmedu

* ry, Ry sumali i veliki polumjeri torusoida

N
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Induktivitet debelog strujnog torusa

 u prijasnjim modelima se koristi
induktivitet L tankih strujnih petlji

 u stvarnosti izbacaji su debeli

 pnumericki se odredio induktivitet za

_— X
—_— %" debelu toroidalnu struju - zbroj
r"y vanjskog i unutarnjeg,
{ L=L +L,
 dobiva se iz ukupnog toka:
x, 7 I
©B.(x,y) ) D = (Di+ (De = I(Le + Li)

% R,(9)

g ! -z ° 1Biot-Savart-ov zakona:
0 R, (9=0) |

Lo 2/ —;P—»
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J(r)

Profili gustoda struja unutar torusa

0.7 |

0.6 |

Jj(r) = const

= J(r) &< Jo(r)

J(r) o< Ji(r)

25.05.2016.

e 1, 1, - prve nul-tocke Bessel-
ovih funkcija J, J,
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Prilagodba funkcije B,(S, ) izracunatom polju u xy-

ravnini

5 'A
| - E*(Syy) + 1 K" (Sey)) 0.9 K
725 % 10—7 - B.(Say) = {a02 k§1 <6k (Say) + 7 y)) = A
| k=0 WSy n209
7x1077
26.75%1077
3 i 'x"
= 6.5x107 s
6.25x 107"
e +zan=0.5
610 . za 7= 0.652108

0 0.1 0.2 0.3 0.4 0.5
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Ukupni induktivitet ovisi o torusnom omjeru

B2 y
L= w_ [ Zea B@(r):@/ r'j(r')dr’ L =L;4+L.=L;+®./I
12 V2,Ll,0 r 0
Le(n) {A’ [ln (%) —B’], n<n*
B c1(1—n)=, n>n'

8§x 1070

6x107° |

4%x107°

L(m)/Rr

2%x1076 ¢
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Koeficijenti prilagodbe funkcije induktiviteta

Lo (o n(2) -] 0=

fer— e(1 =n), n >
jc jO jl
A [10_7Hm_1] (13.98 + 0.02) (13.93 £ 0.02) (13.95 £ 0.02)
B’ (2.416 £ 0.004) (2.404 £ 0.004) (2.409 £ 0.004)
A'JA° (1.113 £ 0.002) (1.109 £+ 0.002) (1.110 £+ 0.002)
B'/B° (1.208 £+ 0.002) (1.202 + 0.002) (1.204 + 0.002)
c1 [10_7Hm_1] (23.7 £ 0.01) (23.5+0.01) (23.6 + 0.01)

Co (2.227 4+ 0.005) (2.178 £ 0.005) (2.197 £ 0.005)

n* 0.485624 0.487365 0.486743

¢, /IRy [10_7WbA_1m_1] 6.339206 10.019046 7.833740

n(®. < ;) 0.453015 0.347892 0.406853

L;/Rr [107"Hm™!] 3.172148 6.485828 4.826240

(=po/4) (=10/2)
n(Le < L;) 0.593147 0.453015 0.515703

e A"=p, (magnetska permeabilnost) i B°= 2 — koeficijenti za vrlo tanki torus (strujnu petlju)

 zadnja Cetiri retka prikazuju vrijednosti unutarnjeg toka i induktiviteta.

e n(® <®)in(L, <L ) - omjeri polumjera # =r /R kada su unutarnji tok i induktivitet
izjednaceni i postaju veci od vanjskog

Tomislav Zic
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Zakljucak - induktivitet

e izraz induktiviteta tankog torusa odstupa od numerickog za # > 0.1
— u proucavanju i1zbacaja bolje koristiti numericki dobiven izraz

* ostale vrijednosti: slabo ovise o profilu gustoce struje j(r)

* u visokoj koroni tlak plazme i vanjske sile su zanemarive, visoka
vodljivost — polje je zamrznuto u plazmi:

O = konst. 1 @ = konst.
» pokazalo se: @ oc /R = konst. 7[ oc 1/R

~.

e dobilose: L = R _In(l/n)ikako vrijedi L, oc R tada je:
In(1/7) konstanta proporcionalnosti —{7 = » /R = konst.

e iz® =LI= konst. — L 1/] oc R

— toroidalna stuktura se rasteze samosuglasno ili proporcionalno
— opazacka Cinjenica za izbacaje (Bothmer and Schwenn, 1998)
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Model magnetskog uzeta

* debela zakrivljena cijev magnetskog

“ Vrsnak, 1990
toka (magnetsko uZe) ( )

* model polja B — samouravnotezeno
za cilindar - F, =jJ X B=0 l’/%
— poliodalno, B,
— toroidalno (uzduzno), B,
° na uze utjece:

~ vanjsko koronino polje B,

— SuncCeva gravitacija
— Suncev vjetar stvara MHD ,,otpor*

 u sistem ulazi vanjski magnetski tok
— inducira dodatnu struju A/
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»Funkcija pojacanja“ ¢(t) i sile

* Magnetsko prespajanje povecava e Sacuvanje ,,namotaja‘ silnica:
vanjski magnetski tok — inducira AI (t) (o) — By(rr) ¥ Cy Rr(()
— opisano ,,funkcijom pojacanja“ &(t) (€)= B(rr) "l (0)

* 1 omjera torusnih polumjera:

Ad, = Al L, 1) =1 [ C N (t)]
Y — €
AI(t) = e(t) ], " i () rr(¢) = nRr(¢)
€17 Sin2 (W 1=t ) ot <t<ty — opisuje mggnetsku konflguvracuu
e(t) := 2—h i geometriju magnetskog uzeta
0, t & [t1,12] .
. e ,Magnetske® sile:
— | sila tenzije:
0.8 tol?
~/ i ft —_ — 5
IS 0 67 27TRTX
115 0.6F . .. )
i — 17 sila gradijenta mag. tlaka:
~ | f ol
-S04+ —
|§ | & 47‘(‘RT
02 - 1 ,zrcalne strUJeI:2
, Mo
N Js = ArH
0.2 0.4 0.6 0.8 1
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Jednadzba gibanja magnetskog uzeta

* ukupno ubrzanje vrha torusa je:

d°H(C) _ pol*(C,t) [lT(C) N Ir(¢) (1_ 2
dt2 ArM | H(O) ' Rr(0) X2(¢)

* gravitacijsko ubrzanje: g¢(¢) = — 70 5
TO

e ubrzanje zbog vanjskog koroninog polja:

)] + g(¢) + ac(¢,t) + aq(C, )

_ A1)
| O SR
 doprinos ubrzanju zbog otpora Suncevog vjetra
. dH(¢) d 'dH(¢) d |
aalé,€) = =(H(Q) | TG0 G — w(r (@) | |G~ wlH )
Ap
 funkcija ,,otpora®“: 7 G
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Primjena modela magnetskog uzeta

 Razliciti odabiri pocetne konfiguracije odreduju Cetiri

razliCite kinematike magnetskog uzeta:

* modelom su opisani sljedeci izbacaji:

titranje oko ravnoteznog poloZaja

spora evolucija sistema kroz niz kvazi-stacionarnih
stanja

gubitak ravnoteze

gubitak ravnoteze potaknut rekonekcijom

neuspjeli — sistem se relaksira i priguseno titra
spori — preuzima ih Suncev vjetar
postupni —a < 100 m/s? tijekom vremena od 3-5 sati

tipicni —v ~ 1000 km/s; a < 1000 m/s2 tijekom 20-30
minuta

impulzivni — v ~ 1000-10000 km/s; a < 10000 m/s2
tijekom 10 minuta

(H+1r5)0/2

Model stoSca
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(a) Titranje oko ravnoteznog polozaja

S=02r,;, M=1x10"kg; {,=0; 5=0.1,; I,=3x10"A; X,=4; B,=1x10*T

3 000 T
2500 - o TEEE 25
R B R ak
2000+ v
I at
1 500 R L R R R g
N'_' 1 OOO *j ‘\ ------ ac
|g 500 ’s::..... d
S 500
-1 000 -
- 1500 -

-2000 -
O 01 02 03 04 05 06 07 08 09 1

Hlr,
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ALE N E T CRGOUER A IERE),

§=02r,; M=1x10"kg; {,=0; n=0.1, 1,=3%x10""A; X,=4,; B,=1x10"*T
3000 300 ;
2504 T alz(s
20000+ T :t 200 |
1500 i
T 1000 \ ------ c — 100
' 5000 \ el a g 0
£ e T B e T T T T T T —E \
S Cs00+ TN = 100 | f
-1 000 [
- 1500 200
-2000 - 300
0 01 02 03 04 05 06 07 08 09 1
Hirg 0 0.2 0.4 0.6 0.8 1
i[h]
o ‘ | | | | 02"
6000} " n ” | 0.175 |
5000 | ]
: 0.15¢
4000 |
— [ 0.125 ¢
= 3000 ¢ ] &
g : = 0.1
s 2000 ¢
: 0.075 ¢
1000 | ]
0 ; 0.05 ¢
1000—J \——J \-—J ‘ \-— 0.025 3 |
0 0.2 0.4 0.6 0.8 1 0 0.2 04 0.6 0.8 1
f[h] 1[h]

20
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(b) Evolucija sistema kroz niz kvazi-stacionarnih

stanja

S=02r,;, M=1x10"kg; {,=0; y=0.1,; I,=4x10°A; X,=4; B,=1x10"T

5000 |
[ N azs
L ak
3000 |\ N
— 2000\ X
~ - ) J N N N N o
w1000 \ ‘o, &
L Y e S
1000 wTh
22000 t=--tT
-3.000 -

o o1 02 03 04 05 06 07 08 09 1
Hlr,
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(c) Evolucija sistema kroz niz kvazi-stacionarnih

stanja

S=02r,; M=1x10"kg,; {,=0, 5=0.1; I,=5x10"A; X,=4; B, =1x10"*T

7000 |
6000~  mm=e=e azs
sooo0 LTt Zf
4000 & .
— 3000 \s . __._. "
l@ 2 000 . .
— 1000 Nt
e N G E s e b b e T e T e T e e e e e e
-1000 - -
2000 ‘v, .-t
-3.000 -

o o1 02 03 04 05 06 07 08 09 1
Hlr,

25.05.2016. Tomislav Zic



(d) Evolucija sistema kroz niz kvazi-stacionarnih

stanja

S=02r,; M=1x10"kg,; {,=0, 5=0.1; I,=6x10"A; X,=4; B,=1x10"*T
10 000

8 000 -

6 000 -

S 4000
0]

£ 2000
S

-2 000 -

-4 000 -
o o1 02 03 04 05 06 07 08 09 1

Hlr,
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(e) Evolucija sistema kroz niz kvazi-stacionarnih

stanja

S=02r,; M=1x10"kg,; {,=0, 5=0.1; I,=7x10"°A; X,=4; B,=1x10"*T

14 000
12000 % 0Tt s
-yt | === ak
10 000
- at
gooo - % . ‘
— 6000 \« .. e
l@ 4000 - a
— 2000 -
S IR FZ"\“"T*-H:F-F-F -
-2000 - *, PPTEEL L
-4000 - 777
-6 000 -

o o1 02 03 04 05 06 07 08 09 1
Hlr,
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(f) Gubitak ravnoteze na kriticnoj vrijednosti I/,

S=02r,;, M=1x10"kg,; {,=0, 5=0.1; 1,=1.94x10"A; X,=4;, B,=1x10"T

120 000

100 000

80 000

S 60000 -
0]

€ 40000
S

20 000 -

o o1 02 03 04 05 06 07 08 09 1
Hlr,
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Kinematicke krivulje gubitka ravnoteze (f)

§=02r,; M=1x10"kg, {,=0, n=0.1; I,=1.94x10"A; X,=4; B,=1x10*T 1750 L
120 000 +
100 000 - 1500 ¢
80 000 - 1250 ¢
& 60000 =, 1000 -
z 40 000 | §
- i = 750
-
20 000 -
500 ¢
-20000 - 250 ¢
o o1 02 03 04 05 06 0,7 08 09 1 ol
HI ‘ |
To 0 0.2 0.4 0.6 0.8 1

t[h]
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Pomak kvazi-stacionarnih stanja s povedanjem

struje /,

S=02r,, M=1x10"kg; {,=0; #=0.1, X,=4; B,=1x10*T

200 1

| s /
150+ 0,6 I /
;30,4 i /

100 02 -

H,lre

N
50 O000E+00  5,00E+10  1,00E+11
I, [A]

1,50E+11

0- |

0,00E+00 5,00E+10 1,00E+11 1,50E+11 2,00E+11
I, [A]
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Ravnotezno stanje i pocetak rekonekcije

§=02r,; M=1x10"kg; ,=0,; #=0.1; I,=7.8X10"A; X ,=4; B,=1x107*'T . . .
w0, - struja I, kontinuirano raste
[ N A A N L L azs
15000+ Tt ak . .
f a o sistem polagano prolazi kroz
""" g . . .
& oo o ac kvazi-stacionarna stanja
£ so0- i — doseZe kvazi-ravnotezno
| N stanjena H /r_ =0.2
..... e --_______r&e###-i##ﬂ eq O
-5000 -+ B bl
o o1 02 03 04 05 06 07 08 09 1
H/I"@ 12 10 -4
S§=02r,; M=1x10"kg,; £,=0; 5=0.1; 1,=7.8x10°A; X,=4; B,=1x10"*T
* u tom trenutku zapocinje 200007
rekonekcija: 0.2 < H,/r, <0.75 150001

. . . 10 000
 inducira se dodatna struja, Al s

5000 -

e daljnjim malim poveCanjem I, =
— potpun gubitak ravnoteze

- 5000 -

* sistem eruptira - 10000 -
o o1 02 03 04 05 06 07 08 09 1

Hlrg
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Potpun gubitak ravnoteze rekonekcijom

§=02r,; M=1x10"kg,; {,=0; n=0.1; I,=1x10"A; X,=4; B,=1x107*T ' r\_ ' ' ' '
30 000 - 1500 ¢ ‘
25 000 1250 |
20 000
— 15000 — 1000
‘v 10000 2
z I £ 750
= 5000 =
T 500 |
-5000+ 250
10000
0o 01 02 03 04 05 06 07 08 09 1 06 | | | | ]
Hlrg 0 0.2 04 0.6 0.8 1
t[h]
10000 |
7 L
8000 | 6
% 000l 5|
£ 6000
S 4
4000 | S
3 L
2000 | J 5!
0t ‘ ‘ ‘ ‘ ‘ L
0 0.2 04 0.6 0.8 1 ‘ ‘ ‘ ‘ ‘ ‘
([h] 0 0.2 04 0.6 0.8 29 1

25.05.2016. Tomislav Zic




»Neuspjeli“ izbacaj

2500
2000 ¢

— 1500 ¢
500 ¢

=500

400 |

200 ¢

v[kms 7]

~400 |

25.

1000

t[h]

-200

t[h]

S=02r,; M=1x10"kg; T,=0; n=0.1;
1,=7.8%x10"A; X,=4; B,=1x107"T;
w,=400km/s; I'=1
rekonekcija nije dovoljno izdasna ili
dugotrajna:
AL 0<t<10h, e, =0.2212

otpor u niskoj koroni naglo zakoci izbacaj

pada prema ravnoteznom polozaju i
zatitra

0 10 20 30 40
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Spori izbacaj

S=02r,; M=1x10"kg; T,=0; n=0.1;
30 " - 1,=7.8%x10"A; X,=4; B,=1x107"T;

w,=400km/s; I'=1
20

10 I = rekonekcijski tok se neznatno poveca:
/ ALL0<t<10h,¢, =0.23

0 e —
/( e Suncev vjetar odnosi izbacaj
10 ]

e poprima brzinu SuncCevog vjetra

alms _2]

0 10 20 30 40 50
t[h]
300}
50t
250 ¢
40 }
— 200 ¢
Im g 30}
E 150 RS
= 20}
100 }
50} ) 10
0L . . . . R 0
0 10 20 30 40 50 0 10 20 30 40 50
t[h] t[h] 31
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Postupan izbacaj

100 | | | | | 7T S=02r,; M=1x10"kg,; €,=0; n=0.1;
1,=7.8%x10"A; X,=4; B,=1x107"T;
| w,=400km/s; I'=0.2
& 60 |
o « AI:0<t<5h,¢,=0.24
S
20 | * ubrzava se tijekom duZeg vremenskog
perioda
0
. . N . . J * polagano se uzdize — tok raste —
0 2 4 [}61] 8 10 12 eruptira — vjetar odnosi
t
500 | |
20 f
400
_ 15 |
T 300 | o
g T 10}
~ 200 ¢
100 | S
0 2 4 6 8 10 12 0 2 4 6 8 10 1
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1400 f~
1200 |
1000 |

v[kms ~!]

400 |
200 ¢

800 |
600

6 8 10 12
t[h]
6 8 10 12

S=02r,; M=1x10"kg; T,=0; n=0.1;
1,=7.8%x10"A; X,=4; B,=1x107"T;
w,=400km/s; I'=0.2

ALO<t<1h,e, =05

kraci i jaci magnetski pritok —
intenzivnije ubrzavanje

postiZe brzinu ~1300 km/s — kasnije:
vjetar ga koci

60 |

50t

40 |

0 2 4 6 8 10
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Impulzivan izbacaj

S=02r,; M=1x10"kg; T,=0; n=0.1;
20007 | 1,=7.8%x10°A; X,=4; B,,=1x10""T;
4000 | ] w,=400km/s; I'=0.1
”E”OO' - AL0<t<10min, ¢, =1
S 2000 |
 vrlo kratka akceleracijska faza: ~10 min
o | - v ~=1400km/s,a = 5500 m/s’
of!|_— !
0 0.5 1 1.5 2 2.5 3 e« neometano:za3h —~207r
([h]
. . . . . . . 175 F
1200 | !\ - 151
1000} ' 12,5 f
T 800} 1 o 10}
5: 600 1 = 7.5
" 00} ! 5t
200 | ] )51
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Zakljucak - inicijacija izbacaja

» prolaskom kroz ograni¢eni parametarski prostor modela
— model pogodan za opis 1 objasnjenje opazackih rezultata u ranoj
akceleracijskoj fazi koronintih 1zbacaja mase

— pocetnu struju koja tece magnetskim uzem /,
— dodatno induciranu struju A/(7) = / (1)

* nakon odredene vrijednosti model je neosjetljiv na promjene pocetne
,usukanosti* magnetskog polja X

* model je ovisan 1 0 ,,globalnim‘ parametrima: npr. jacini pozadinskog polja
korone B , brzini SunCevog vjetra 1 sl.

- ,,globalne* veliCine slabo 1li sporo se mijenjaju oko srednjih prosjecnih opazackih
vrijednosti — drze se stalnim

e pogodnije mijenjati ,,lokalne® parametre, vezanih za svaki pojedini izbaca;j:
npr. geometrijske parametre ¢, #, struju /, ,,usukanost™ X , masu M, dodatni

magnetski pritok ili ekvivalentno A/

25.05.2016. Tomislav Zic




Model MHD otpora

(engl. The Drag-Based Model, DBM)

* Model MHD otpora: sluzi za predvidanje gibanja ICME u heliosferi — Sto je osnovni
zadatak prognostike u svemirskom okolisu

 prognosticki modeli se mogu podijeliti na:
a) potpuno emiriCke/statistiCke modele
b) kinematicko-empiricke modele
b/c) analiticke (M)HD modele (DBM)
c) potpuno numericke MHD-modele
* Model MHD otpora se oslanja na Cinjenice da na velikim heliocentricnim udaljenostima:
— Lorentzova sila trne (u visokoj koroni)

— dinamika ICME samo pociva na medudjelovanju sa SunCevim vjetrom (okolinom) «
opazacCke Cinenice:
* brz CME - usporava
Vow
e spor CME - ubrzava
— u nesudarnom okruZenju:
* niska je viskoznost
 niska rezistivnost — disipativni procesi su zanemarivi

— impuls i energija se prenose magnetoakusticnim valovima

25.05.2016. Tomislav Zic



Meduplanetarno gibanje - MHD ,,otpor“

- na udaljenosti vecoj R = 15 r_, ukupno ubrzanje ovisi samo o sili

MHD ,,otpora®:

a= Cal%g*ﬁc} g

 otpor nastaje zbog zbog prijenosa impulsa i energije izmedu
izbaCaja i SuncCevog vjetra:

R(t)==y(R)[R(t)=w(R)][R(t)-w(R)

I—»nO(R): —+—+—za R>1.8
R R R v — brzina CMEa

Empiricki model
(Leblanc et al., 1998)

25.05.2016.

k, k, ki
yoce A Qg
I M

za R > 1r(D =
M=M+M = konst.

Tomislav Zic

M — masa CMEa

A — povrSina presjeka CMEa
w — brzina Sun. vjetra

p — gustoca ambijenta

¢, ~ 1 —koeficijent otpora

(Cargill, 2004)




Perturbacije u Suncevom vjetru

* neperturbirani Suncev vjetar: stacionaran i izotropan

~ slijedi iz oCuvanja toka gustoce POTREBNO:

(jednadzbe kontinuiteta)

* neperturbirani Suncev vjetar:

+ ,Konusna
geometrija“:
A «x R?

vodi do:
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Model ,,otpora“ s konstantnim y_i w_

105 — )
- gUStOéa — no/nlAU _: 105
brzina Suncevog vjetra | ——-=  wow,,
N funkcija ,,otpora® | .- Y/ _ 10*
\P\ ........ ] %
§ 1r ’/’—""_-_-;_-_-;-_-_-._.;,.... ———————————— — 50
S - S
= e 1100
L // 1
I // — 10
o1é Y i
10 100
R [7"@]

« nakonR>20: w(R)=w_,y(R)=y_
v(t)=—y, [v(t)—w,]v(t)—w,]

e Dva slucaja rijeSivosti jednadzbe:

— lzbacaj brz: v(t) > w_ — opada i asimptotski se priblizava w_

— lzbacaj spor: v(t) <w_ — brzina raste i doseze brzinu w_
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v, (km/s)

Tranzitne vrijednosti t(v,), v (v,) za zadani w_

160
140 - a)
120 \\
100 | \\ > 300
80 - \ > 400
\ s 500
60 - ° 600
40
20
0 il | | | | |
0 500 1000 1500 2000 2500
\% 0 (km/S)
800
700
600 . . > 600
500 oo ° 500
400 - o o ——° 2 400
300 - o—"° o 2 300
200 -
100 -
b)
0 ml | | | | |
0 500 1000 1500 2000 2500
vV (km/s)
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izraCunate krivulje ovisnosti tranzitnog
vremena 7(v,) 1 brzine v (v,) o pocetnoj v,
brzini izbacaja

razliCite asimptotske brzine Suncevog
vjetra w_ (pokraj linija)

iste kutne Sirine ® = 1 rad 1 mase

M=10"kg

krivulja tranzitnog vremena z(v,) gotovo da
se ne mijenja povecanjem brzine v,

tranzitna vremena su veca za male w_—

vjetar odnosi izbacaj sa sobom

brzina Sunevog vjetra manja — 1zbacaj
duZe putuje do Zemlje

Zakljucak: za navedeni skup parametara
tranzitno vrijeme 7 viSe ovisi o brzini

Suncevog vjetra, w_, N€gO 0 pocetno]
brzini izbacaja, v,

40




Tranzitne vrijednosti z(w_), v (w_) za zadani v,

160 ovisnost tranzitnog vremena t(w ) 1

a : L
140 1 200 ) brzine v (w_) o promjeni asimptotske
T [0,0]
120 - 400
00| 2000 vrijednosti brzine SunCevog vjetra w_
=
80 C . o v :
o » krivulje se razlikuju prema pocetnoj
0 brzini izbacaja v, (vrijednost uz
20 | krivulju)
0 | | | | I | . . B . . .
200 300 400 500 600 700 800 ‘ naglb kflVlll_]a 1 Vehk F - T(Woo) 1
W . (km/s) e qee eee .
v(w_) su osjetljiviji na promjenu
800
700 - brzine Suncevog vjetra w_
600 -
= 500 - D » grupiranje krivulja — #(w_)1v(w )
E e : :
< 400 su neosjetljivi na promjenu brzine v,
> 300 | oo
200 | e Zakljucak: brzina v, je bitna tek kod
100 - b) vrlo masivnih 1zbacaja (il1 kod uskih
0- ‘ ‘ ‘ ‘ ‘ ‘ koji se gibaju u plazmi niske gustoce)
200 300 400 500 600 700 800
W, (km/s) 41
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Tranzitne vrijednosti z(v,), v (v,) za zadani I

160

140 - a)
120 -
100 -
=
80 -
o
60 -
40
20 |
0 - | | | | |
0 500 1000 1500 2000 2500
A% 0 (km/S)
b)
0 1 | | | | |
0 500 1000 1500 2000 2500
A% 0 (km/S)

25.05.2016.
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e ovisnost tranzitnih veli€ina (v ) i v (v,) 0
pocetnoj v, i kutnoj Sirini ® (zapisanoj uz
krivulje)

» asimptotska brzina Suncevog vjetra je
konstantna: w_= 400 km/s

e sve krivulje se priblizno sijeku u
t(v,=w_)~ 100 h:

— nema razlike izmedu brzine izbacaja 1
Suncevog vjetra

— sila MHD otpora je vrlo mala ili 1SCezava

— 1zbacaji se gibaju brzinama koje priblizno
slijede brzinu Suncevoj vjetra w(R)

* zal|v—w| >0 — gibanje izbacaja postaje
osjetljivo na kutnu Sirinu ®

e Zakljucak: (v ) i v (v,) uskih izbacaja
osjetljivija na v, nego Sto su kod Sirokih

42




7 (h)

V. (km/s)

Tranzitne vrijednosti 7(0), v (®) za zadani v,

160

140 4 200 Ei)
120 \\\
1007 4p00— ° 5
80
60 -
1000
40
2000
20
0 n | | |
0 0.5 1 1.5 2 2.5 3
® (rad)
1000 t)
800
700 -
1000
600 -
500
400 400:////;________1Lf
300 - 200
200
100
O il |
0 0.5 1 1.5 2 2.5 3

25.05.2016.

Sazeto: ovisnost tranzitnih vremena
1 brzina o kutnoj Sirini izbacaja ©
krivulje se razlikuju prema
pocetnim brzinama izbacaja v,

brzina Suncevog vjetra 1znosi
w_ =400 km/s

krivulje se stapaju za © > 1
M < 1) — (®), v(0) ne ovise o
pocetnoj v,

Zakljucak: brzina v, bitna samo kod
® < 1 (uskih) 1 M > 1 (masivnih)
1zbacaja (il1 opCenito onth s I' << 1)
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Model s konstantnim y, w_- primjeri

200 PR 1000
| a) R 900 -
180 1 -~ 800 -
169 - g 700 A
140 - 600
120 - 2 T
< 100 - - v, = 1000, w_ = 600, T = 0.2 § 500 1
80 | g v, = 1000, w_ =400, T =0.2 = 400 +
60 - v, = 1000, w =400, T = 1.0 300 -
v, = 1000, w_= 400, T =2.0 |
40 1 = v, =200, . = 600, T = 1.0 200
20 - == v, =200, w =400, T = 1.0 100 -
0 T T T T T O T T T T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120 140 160 180 200
it 20 X
b) 04 d)
0 - -
-10 100 120 140 160 180 200
— R
72 r'\l_| _20 ]
E e
= g -30
-------------------- S _40 A v, = 1000, w = 600, I' = 0.2
v, = 1000, w =400, T =0.2
-50 - v, = 1000, w =400, T = 1.0
_60 - v, = 1000, w =400, T = 2.0
— == v,=200, w =600, = 1.0
0 . . ' ' ' 109 === v, =200, w =400, T = 1.0
0 20 40 60 80 100 120 -0
t [h]
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Raspodjele w_ i I' iz opazackih podataka

(vt—woo)(vo—woo)ln - (vy—v)(vy—w,) v r+r0—r,:O. iz skupa {r,v,z,v} — {L,w_}

(VO_VT) (VT_WOO)(VO+WOO) . v . . .
60% o izraCunate raspodjele w_il 1z
50% opazackih {r v 7,v } podataka Schwenn
40% et al. (2005) 1 Manoharan (2006)
0 » aritmeticke sredine distribucija:
20% _

- I'=(14+

. I'=(1%0.6)
0% \ \ \ \ \ ~ - WOO = (470 :I: 190) km/S

0 200 400 600 800 1000 1200

. [hms]  medijani:

30%
2 - Me({T'})=0.8

20%

- Me({w_}) =410 km/s

15%

* raspodjela parametra I' je nagnuta prema
manjim vrijednostima

10% -|

5% ]

0% * nije nadena nikakva korelacija izmedu I'

1w
00
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Aritmeticka sredina i nepozdanost skupa {Ar}

. » Cilj: pronaci kombinaciju I'1w_
0 za fiksne R = R, Vo= v iz
Schwenn et al. (2005) uzorka,
s 20 KadaAr=(z —7)=0h

— sjeciSte krivulje s apscisom

Az[h]

» Rezultat: za bilo koju brzinu
Suncevog vjetraw_ —

300 T

standardna devijacija opada

porastom I' 1 minimalna je za
['>1

* optimalne vrijednosti su:
174 700 - w_=1500-550 km/s

15 - I'=1

(R,¥),st.devijacija
400

207 500

600

o({AT)) [h]
<
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Raspodjela uzorka zaI'=1i w_= 500 km/s

* iz prijasnje raspodjele prosjeCne
a) vrijednosti se krecu oko:
- I'=1iw, =500km/s
\\ — primjenjene s R, =R 1v,=v, 1Z
0% uzorka Schwenn et al. (2005) 1
5% /\\ Manoharan (2006)
N \/ — raspodjela razlika opazenog 1
36-30 24 -18-12 -6 0 6 12 18 24 30 36 42 48 54 60 tranzitnog vremena At
AT [h]
100% 11y s e za 55% izbacaja je [A7] <12 h
90%
80% /// anl * viSe od 85% izbacaja je |A7] <1d
70% .
0 / Zakljucak:
60% /
0 Ve
ig;’ ~ - najbolja prognostika za w_ = 500 km/s
;g://: e tijekom minimuma: w_ = 300 - 400 km/s
10% S . .
0% r  za ekvatorijalnu koroninu Supljinu:
0 6 12 18 24IA11 [}30 36 42 48 54 w_ =500 - 600 km/s i smanjiti I

25.05.2016. Tomislav Zic



Primjena na pojedinacni izbacaj 12.12.2008.

160 * upotreba modela s konstantnim:
140 - w(R) = w_ = konst.
120 -
R) =17y = konst.
. YR)=7,
~ 80 * izbacaj vrlo naglo ubrzava do
607 r=2.0 udaljenost1 R = 23
40 w,=350km/s
-0 R,=20 e postize visoku brzinu od 740 km/s
y,=620km/s
0 \ \ \ \ \ \ \ < ) SPP <
120 125 130 135 140 145 1s0 1ss ° Kasnije poCinje usporavati
dan u prosincu 2008. . ..
e . Modell dobro opisuje deceleraciju
700 pomocu:
650 -
600 — F — 2, WOO — 350 km/S,
— 550
£ 500 - R, =20,v,= 620 km/s
> 450
400 M ¢ LASCO/SoHO katalog: ,,slab“
o M %Zr izbacaj — visoka vrijednost I"
250 I I I

I I
0 20 40 60 80 100 120 140
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Zakljucak - propagacija izbacaja s w = konst.

Tranzitno vrijeme 7 meduplanetarnog koroninog izbaCaja mase ponajvise ovisi o:

— pocetnoj brzini, v,

N PouPsw < Lt

—  masi, M Q% Siri, manj

, je mase,
—  Sirini, ® % u guscoj okolini
— brzini i gusto¢i Suncevog vjetra, w(R) i n(R) — Veci otpor

e dva bitna granicna slucaja:
— izbacCaj male gustoCe — 7 prvenstveno je odredeno w(R) N\ PesePsw > 1
C e e 1 , . \— uZzi, vecCe mase,

— izbacCaj velike gustoCe — 7 ovisio v, > —

—~—— urjedoj okolini
t<1d — izbacajis v, > 2000 km/s u vjetrus n(R) < 1 ~ — manji otpor

statistiCka analiza opazackih podataka i model s y(R) = y_ = konst. i w(R) = w_ = konst.
— optimalne vrijednosti:
- T'€[02,2], (y, =Ix107km")

- w_ =500 km/s

- o(r)=1/2d
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Konusnhe geometrije ICME

ICME to the
direction observer
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DBM s w = konst. i

samousuglasenom CME ekspanzijom

* Suncev vjetar, w:

— 1izotropan i konstantan
— parametar y je takoder konstantan
» ,samousuglaseno® (SS) CME Sirenje:

— pocetni konusni oblik CME-a je saCuvan
tijekom njegovog Sirenja u
meduplanetarnom prostoru

 za zadan skup ulaznih parametara model
racuna propagaciju ICME-a od Sunca do
odabrane ,, mete‘:

— tranzitno vrijeme
— dolatni datum

— udarnu brzinu

25.05.2016. Tomislav Zic
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Osnovni izracun (w=konst. & SS-Sirenje)
(http://oh.geof.unizg.hr/~tomislav/CDBM-SS/)

Forecasting the Arrival of ICMEs: The Drag-Based Model
with constant solar wind speed and self-similar CME expansion

J Basic DEM | Advanced DBM || Documentation
CME take-off date; [apr v |8 v |o016 5]
CME take-off time (UTC): b EEEA min
v - constant drag parameter: CEN *<10°7 km™?
w - constant solar wind speed: El </s
R - starting radial distance of CME: EE .-

Vg - speed of CME at Rp: km/s
Select target from the list: Selec

© Tomislav Zic, Hvar Observatory, 2013

Zadnja obnova stranice: 8.4.2016.
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http://oh.geof.unizg.hr/~tomislav/CDBM-SS/

Napredniji uzracun (w=konst. & SS-sSirenje)
(http://oh.geof.unizg.hr/~tomislav/CDBM-SS/)

Forecasting the Arrival of ICMEs: The Drag-Based Model
with constant solar wind speed and self-similar CME expansion

Basic OEM | Advanced DBM | Cocumentation
CME take-off date: [ 2pr v |8 v |2018f 7]
CME take-off time (UTC): h EEEl mMin

v - constant drag parameter: B <1077 km™?

w - constant solar wind speed: Bl </s
R - starting radial distance of CME: ENE -

vp - speed of CME at Rp: km/s
A - CME's angular half-width: EN <o
©eme - central meridian distance of source region: deg

Select target from the list:

© Tomislav Zic, Hvar Observatory, 2013

Zadnja obnova stranice: 8.4.2016.
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Rezultat izracuna (w=konst. & SS-Sirenje)
(http://oh.geof.unizg.hr/~tomislav/CDBM-SS/)

Forecasting the Arrival of ICMEs: The Drag-Based Model
with constant solar wind speed and self-similar CME expansion

J Results | Kinematic plot || CME geometry plot || Documentation

Output:

CME arrival at target (date & time): 14.04.2016 at 18h:12min

Transit time: 50.20 h
Impact speed at target (at 1 AU): 634 km/s

Input parameters:

CME take-off date & time: 12.04.2016 at 16h:00min
v = 0.2x1077 km™!, w = 450 km/s,
ng = 20 ."Sun, 'L-"'D = 1000 |<IT‘|XS, .-'J'n = BDD, (,DCME = 0°

Ftarget = 1 AU, @iarget = 0°

Calculated in 3.15 seconds.
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http://oh.geof.unizg.hr/~tomislav/CDBM-SS/

Prikazi izracuna (w=konst. & SS-Sirenje)

(htt

://oh.geof.unizg.hr/~tomislav/CDBM-SS/)

Al

1 .--18pt.. .
- STA E} .. wSTB
-150° : 150°
i ., : #Venus “‘\
05 | -120° Agqe
: i
0 e T T S [rasany 1]
R - i
05 | 60" 60
: M
30 Target 30
1 Sl Earth
1
1 0.5 0 -5 1
Al

25.05

R (AU)

11 T T T T T T T
CME distance e—— CME speed
1 -
09 r
08
07 o+
06
0s t
04
03
0z
01+
D 1 1 1 1 1
o 05: 0 18:00 o o
Ppr Ppr Ppr Ppr Ppr 17-Apr Ppr Ppr Ppr Ppr Ppr
o o o o o 16 o o el e
date

tGORE:

Kinematika '+ CME' segmenta u
ekliptici

—~ LIJEVO:

Sirenje presjeka CME-a u
ekliptici
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http://oh.geof.unizg.hr/~tomislav/CDBM-SS/

Primjena DBM s w=konst. i SS-Sirenjem na

medunarodnim stranicama za prognostiku

Opservatorij Hvar - Forecasting the Arrival of ICMEs:
http://oh.geof.unizg.hr/DBM/dbm.php

Forecasting the Arrival of ICMEs:
The Drag-Based Model

EEEBI=IMN | Advanced DBEM || Docurmentation |

CME take-off date: Apr v 8 v 2016 [
CME take-off time (UTC): 16 ¥ h 47 ¥ min

Ry - starting radial distance of CME (Rg) 20

vp - speed of CME at Ry (kmis) 1000

T - drag parameter (1077 km!) 0.1

w - asymptotic solar wind speed (km/s) 450

Riarget - target heliocentric distance (AU) 1

Calculate | | Reset! |

Drag-Based Model has performed 3254 successful calculations (since 26.12.2012).

® Hvar Ohservatory, 2014
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http://oh.geof.unizg.hr/DBM/dbm.php

Primjena DBM s w=konst. i SS-Sirenjem na

medunarodnim stranicama za prognostiku

The COMESEP alert system:
http://www.comesep.eu/alert/

You are here: Home » Alert System Help » Help » System overview

Main Menu System overview
Home [=3=]
Project Description The COMESEP alert system consists of a network of alert tools connected to a central nods i chargs of
Consortium 1. dispatching the alerts among the different tools,
Alert System 2. presenting a survey of the current alerts to the users,

3. archiving the past alerts
Alert System Help

The data exchange between the central node and the different tools is implemented through SOAP web
service using standardized messages (based on OASIS W3-Iotification specification). Each tool sends alert
Publications messages to the central node wlich both presents the alerts to the users and redirects the messages to the
appropriate tools

News

Mestings

Job The figure hereunder 15 a flow diagram of how the different toels interact with each other through the three
obs levels of the COMESEE alert system:

Links

1. First level producers

Frequently Asked Questions 2. Toocls that are both consumers and producers

Consortium Members Cnly 3. Aleris

Fintlevel
PRaDUCERS.

Gecmazzd SEF forecast
(oTU) (BIRA-1A5E]

Flow diagram of the tools ussd in the COMESEP slart system

CONSUMERS/BRODUCERS

e

Back to main hel 12

clan

of Central Lancashire
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http://www.comesep.eu/alert/

Primjena DBM s w=konst. i SS-Sirenjem na

medunarodnim stranicama za prognostiku

ESA Expert Service Center for Solar & Heliospheric Weather:
http://swe.uni-graz.at/index.php/services/cme-forecast

About Us Contact Us Location

Forecasting CMEs - transit times and impact speed (DBM)

The drag based model (DBM) is an analytical tool which calculates the transit ime and impact speed of coronal mass ejections (CMES). The analytical drag based model covers the
differences in speed as well as density between the CME and the ambient solar wind flow. In addition it takes into account the size of the CME. The method is described in detail in VrSnak
and Zic (2007, A&A, 472, p.937), the evaluation of the toal is given in Vrinak et al. (2014, APJSS, 213, id.21), the Turther development of the toal is published in Zic, vrinak, and Temmer,
2015 (ApJSS, 218, id.32)

Options:

+ Realtime (DBM+ESWF) combines the results from the solar wind forecast and gives the current interplanetary conditions in which an 'almast real-time' CME might propagate
(Note that this aption is anly meaningful far Earth-directed CMEs|)

+ Custom (DBM) uses the interplanetary conditions and individual targets as given by the user

+ Documentation includes a manual and further references for interested users

Results from calculation

+ CME arrival time and impact speed as well as travel time are given
» v(R) and R(t) plots as well as an animation of the CME geometry as propagating in interplanetary space is shown
« Azipfile containing numerical and visual results can be downloaded

Please use the ESA service for calculating CME farecasts using the DBM.

Example output:

Kinematic evolution Animation
' = T T —
[ P——— e ] ¢ N
i
5 !
o
1
- @
. 5 b v N
5 % wVerus
S m Mercur
= v
! 2 1 15
> o5
'
a
5
»
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University of Graz (M. Temmer) 2016
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http://swe.uni-graz.at/index.php/services/cme-forecast

Primjena DBM s w=konst. i SS-Sirenjem na

medunarodnim stranicama za prognostiku

NASA Space Weather Research Center — CME Arrival Time Scoreboard:
http://swrc.gsfc.nasa.gov/main/cmemodels

% NASA Goddard -
+ Space Weather Research Center

Home / Products & Senices / CME Arrival Time Scoreboard

Important Disclaimer Notica

If you are looking for the official U.S. Government forecast for space weather, please go to NOAA's Space Weather Prediction Center
noaa.gov). This “Experi Research ion" consists of preliminary NASA research products and should be interpreted and used
accordingly.

CME Arrival Time Scoreboard

CME arrival time predictions from the h ity
The CME Scarshoard (developad at the Community Coordinated Madsling Center, CCMC) is a research-based forecasting methads validation activity which provides a
central location for the community to:

- submit their forecast in real-time

- quickly view all forscasts at ence in reaktime

- compare forscasting methods when the event has arrived

>>Click here to go to the CME Arrival Time Scoreboard<<

CME Propagation Models

This is a subset of space weather forecasting CME propagation models (see below for references) that can be selected as the CME arrival time "Prediction Method” in
the CME arrival time Scoreboard. If you would like to register your prediction method, please send an email to M. Leila Mays or Yihua Zheng with your
model/technique details. All prediction methods are welcome and all are encouraged to participate in this research activity

CME shock arrival forecast:
- Anemonmilos (Tobiska, 2013)
se Evolution) Model (Msstl et al, 2015)

- ESA (Empirical Shock Arival) Mode! (Gopalswamy ef al, 2001, 2005)
- H3DMHD (HAFv.3 +3DMHD) Model (Wu ef al, 2011)

= HAFv 3 (Fry et al, 2001, 2003, Smith et al , 2009, McKenna-Lawlor et al , 2006)

- SARM (Shock ARival Model) (Nifiez et al., in preparation)

= SPM (Feng and Zhao, 2006) and SPM2 (Zhao and Feng, 2014)

- STOA (Shock Time of Amival) (Dryer et al , 1984, 2004, Fry ef al, 2001, McKenna-Lawlor ef al
- WSA-ENLIL + Cone Model| (Odstreil et al, 2004)

- Ballistic projection

M
3

CME arrival forscast
- BHV (Bothmer Heseman Venzmen Model (Bothmer and Schwenn, 1998)

- DBM (Drag Based Model) (Vignak ef al, 2013)

- DBM + ESWF (Drag Based Model + al Solar wind Forecas) (Vidnak, Temmer, Vieranig
- COMESEP automated system (CGFT, Geomag24) (Crosby ef af, 2012)

- ECA (Empirical CME Amival) Model (Gopalswamy et al., 2000, 2
« Expansion Speed Pradiction Made! (Schwenn, 2005)

- WSA-ENLIL + Cone Mods! (Odstrcil e al, 2004)

= HelTomo (Jackson et af, 2010, 2011)

« Hl J-map technique (Sheeley, 2008; Rouillard ef af., 2008; Davis ef al, 2009, 2011)
- TH (Tappin-Howiard) Madz| (Tappin and Howard, 2003, Howard and Tappin, 2010)

=)

7, Rotter et al, 2015)
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Primjena DBM s w=konst. i SS-Sirenjem na

medunarodnim stranicama za prognostiku

NASA Space Weather Database Of Notifications, Knowledge, Information (DONKI):
http://kauai.ccmc.gsfc.nasa.gov/DONKI/

[k COMMUNITY g
\ | CoORDINATED
]  MopELnG ) ) ) )
CENTER Related Links | Frequently Asked Questions | Community Feedback | Downloads | Sitemap

About Models at CCMC Request A Run | View Results Instant Run | Metrics and Validation Education | R20 Support | Mission Support | Community Support

Request Procedures | Generate Input Data Files & Parameters | Movies on Request | About the Run Pracess | Publications Policy

05 S Forecasting the Arrival of ICMEs:

The Drag-Based Model with constant w and y

J Basic DBM || Advanced DBM || Documentation |

l’ar Observatod CME take-off date:

CME take-off time (UTC):

y - drag parameter:

w - asymptotic solar wind speed:

R, - starting radial distance of CME: 20 Sun
vg - speed of CME at R 1000 km/s
Select target from the list: Earth v | Select

Calculate Resetl

@ Tomislav Zic, Hvar Observatory, 2013

et

Curator: Anna Chulaki | NASA Official: Dr. Masha Kuznetsova | Privacy, Security MNotices

CCMC logo designed by artist Nana Bagdavadze
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DBM s heliocentricnom funkcijom w(R) i

izravnjavanjem vodecedg luka CME-a

* Suncev vjetar, w: apex to the
A tjlrget
— ovisi o heliocentricnoj udaljenosti
R: w(R)
- — parametar y postaje takoder -~ i e
: : . e Ry N
ovisan o heliocentricnoj Ve ' g,,(tz\@u\
udaljenosti: y(R) <\i /7
: , \ /
 svaki segment vodeceg luka (VL) \ |/

CME-a giba se nezavisno

...........................

— pocetna konusna konfiguracija
se izravnava

(e | i = ety

— suglasno s opazackom
Cinjenicom

top view
of Sun
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Prikazi izracuna (za w(R) i izravnjavanje VL)

(http://oh.geof.unizg.hr/~tomislav/DBMy/)

1 1 1 1 1 1000
180° wip (km/s)
i -150° e . 450
- @STA | -, S5
4 400 | =
: : = 3
: . - “eVenus . S | £
<0 o : i - 120° - s
05 . - 2
p 300
‘_f_ - =00
: 250 :
E D —-ED . = e ‘I' AT TN R, '| SDQ = 12:00 18:00 00:00 05:00 12:00 18:00 00:00 05:00 12:00 18:00 00:00
05 1 D6 ms  me  me w6 ms  me  mie  me  ms e
200 date
Rezultat:
150
05 L " - Dolazak CME do odabranog poloZaja (datum):
-60° . B0® 100 14.04.2016 u 18h:20min
: > - Vrijeme putovanja: 50.35 h
3 Tarkat 50 - Udarna brzina (at 1 AU): 633 km/s
1 30 - gEath T 30° - Ulazni parametri:
a i - Vrijeme pocetka erupcije:
' ' : : : 12.04.2016 u 16h:00min
1 0.5 a 0.5 1

— ¥w = 0.2x107 km-1, w,, = 450 km/s,
. . . R, - R,=20rg, v, =1000 km/s,

* LIJEVO: Sirenje presjeka CME u eklitici 3= 30°, Qe = 0°

- Rtarget =1 AU: (ptarget =0°

 DESNO: Kinematika '+ CME' segmenta u ekliptiCi  1,;azunato 2a 13.48 sekundi.
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Primjer integracije DBM + ENLIL modela

nizg.hr/~tomislav/DBM-ENLIL/)

w, (km/s)
} 700

| 600

500

400

300

200

100

* LIJEVO: Presjek gibanja vodeceg luka CME-a u ekliptici.
Erupcija zapocinje: 10. veljace 2009. u 06:13 UT.

« DESNO: Kinematika '+ CME' segmenta prema ,,meti‘

(Marsu).

1000

Tsw velocity — cME velocity | CME diStance meees

4 900

- 800

4 700

velocity (km/s)

- 600

4 500

4 400

0 L i i i i i i i i | 300
06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00 06:00 12:00 18:00 00:00
10-Feb 10-Feb  10-Feb 11-Feb 11-Feb 11-Feb  11-Feb 12-Feb 12-Feb 12-Feb 12-Feb  13-Feb
2009 2009 2009 2009 2009 2009 2009 2009 2009 2009 2009 2009

date

Opceniti model: w(R), Y(R) — pozadniski
Suncev vjetar intenzivno utjeCe na Sirenje CME

e parametar: I' = 0.2

« pocCetna CME udaljesnot:
R,=31rq

* pocetna brzina CME-a:
v, = 1000 km/s

* kutna poluSirina CME-a: A = 60°
* pocetna longituda erupcije CME-a: ¢ = 150°

e ,,meta“: Mars
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Minimizacija kvadratnog odstupanja

e ULAZNI parametri: skup vrijednosti
opazenih ICME poloZaja i brzina

{(RO’VO)’ . "(RN’VN) } Stand. dev1]acua prllagodene knvul]e a ]e man]a do opazacke 0 !
. .. . L | I ]
e [ZLAZNI parametri: DBM vrijednosti

(I, we, Ry, V) 500: _ _
_lll 1 '-F"F-r—'P-'--I-

* Metodom minimizacije kvadratnog
odstupanja (engl. the least-square fitting): — I
Z 400

— uzastopnom varijcijom DBM parametara l l L ?o T ]
— minimalno odstupanje izmedu opaZenih Y | ]
v; 1 izraCunatih vrednosti brzina v(R;) DBM .- - ]
metodom: 300 i
N
o(l',w,,R,,v, E——
i=0 L B data
2000, 4 i — ———
= Opip — 02F ! |
— najbolji skup DBM vrijednosti: = 0.1 — -
(F, Woo: RO, VO) e_{ O :_ —
-~ ¥
* pogodno za svemirsku prognostiku u - otk E
realnom vremenu: —
uzastopnim prilagodavanjem DBM krivulje -o2t—-—"—oo 1t -»— 1. . 11 ]
0 50 100 150 200 250

podacima kako ICME propagira R [ro]
Vo
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Zakljucak - opcenita DBM propagacija izbacaja

* Pogodnosti modela MHD otpora (The Drag-Based Model DBM):
— jednostavan je, brz i prilagodljiv razlicitim situacijama

— njegova tocnost nije bitno loSija u usporedbi s drugim ,,naprednijim®
modelima (Vrsnak et al., 2014)

— prilagoden je brzom proracunu svemirske prognostike u realnom
vremenu (Zic et al., 2015)

* Nedostaci:
— magnetsko polje i Lorentzova sila nije ukljuCena u model
- CME-CME medudjelovanje je problematicno za proracun

— DBM nije potpuno prilagoden uporabi u kompleksnom i
turbulentnom heliospefrskom okolisu

 Hoce li DBM + ENLIL integracija dati bolje prognosticke rezultate?
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Primjer na STEREO-A i STEREO-B podacima

* automatizacija: minimizacijom

1000 7 —m— STEREOA . o
900 & STEREOB kvadratnog odstupanja racunske v(R)
i — {3.191955, 399.969645, 2.356, 526.694} : S : : :
800 1 (> 161688, 214 03583, 1966, 755.066) krlvulJe i Rodataka S obznom na bilo koju
7007 kombinaciju nepoznatih ulaznih
— 6007 parametara (I, w.,, Ry, V,)
= 500
= 4007 . ‘&éh‘i:‘“\?“"; em nepoznatih parametara i
3007 W P RO B L E M ! kim traZzenjem minimuma
?gg meeemre Ukupne greske E(I°, w,,, Ry, vy) —
oL 2011-02-13 parametri, kinemati¢ka krivulja, tranzitne
0 5 10 15 20 25 30 35 vrijednosti
900 -
i —@— STEREO A
800 1 —& STEREOB
700 X — {2.506356, 517.07983, 2.752, 1350.94}
] 1200 ——— {1.425088, 427.517033, 2.109, 1492.507}
s |
= 500; WL VA IRYLVE. S ﬁlOOOi,
£ 400 \L\/\/\ = 8001
~ e =~ .
3007 —m— STEREOA ~ 6007 K’”\/}(x\- *-/-ijl.
200 —e STEREOB 400 - |
100 - — {131203.9445, 529.684522, 2.045, 92.391} 7
11 ——— {152815.5133, 494.549846, 1.626, 33.103} 200
0 T T T T T T T T T T T T T T T T T 1 _0 2011'02'15
0 10 20 30 40 50 60 70 80 90 O+
R[r. 0 10 20 30 40 50 60 70 80 90 100
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CME-CME medudjelovanje

25.05.2016. Tomislav Zic o



 VAC (Versatile Advection Code)
- MHD, 2.5-D [f(x,y); B=B,], B =0, Suncev vjetar je u sustavu mirovanja

- okolina: jednoliko polje: B,=1,p,=1,v=0
(CME se giba u Suncevom vjetru)

1)
T i
> X e udarni val -~ CME u mirovanju:
I * inicijacija udarnog vala: grad B
N N ® B=B e a)p=10; b)p=0.1
c) CME — CME direktan udar d) CME - CME bocni udar 2)

00 ©O4

p=2
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Udarni val nalijeé¢e na ,,gusti“ CME

rho&m: #7&1=0.60997

rho&m cut at z,=0.25 #7&1=0.60997

03 04 0.5 06 07

v1&v cut at Zz =0.25 #7&1=0.60997

05
04
03
N
0.2
0.1
0
0
#781=0.60997 i -
time & [x_, tho_, I
020391
030554
0.40868
050785
060997
20 X [0025  1.4476]
X [03s  1.4476]
X [0195  15212)
X [0375  1.5044]
X [a3ss 15044
[0425  1.4843]
S 15F X D43 14843
[ X [0635  1.4736]
= X [ess 1484
g X [0Bss  1.484]
& X [p74s 14753
n, X [077s 1.4698]
g— [0:835 1
£ 10F % 0845 1
X [0g0s 1
+  [ooos  1.4478]
+  [0145 15418
+  [305  2.0347]
+ [03z5 20347]
+  [n3es 1508
5 + a5 15109
+  [sEs  z40489]
+ [0575  240489]
+ [0655 1.4941]
+ @715 1.4881)
i e [u;s,sA 1479
@ 1.4353]
0 h 0'8+ [0.805°" 1.4853] 1
X +  [a7s 11
+  [osss 1]
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Udarni val nalijec¢e na ,rijetki“ CME

rho&m cut at z_=0.25 #7&1=0.624
rho&m: #7&t=0.624 ¢

0.8 0.9 1

#761=0.624 -time & [x_, rho_ T
vi&v cutat z =0.25 #7&t=0.624
0.208
0312
0,416
052
0,624
X [0z 83597]
“ 145 80859
X 0285 15.4089]
X 0415 1]
X D425 1
X D485 1
P f [aBs 1T
ﬁu X [s0s 1
= % [0s2s 1
%‘\1{ X [0545 1
= X [0sBS 1
n, X [0585 1]
N *  [0885 1]
g + [0oos  8.3682]
+ i3 90089
t pzas 154807
+  [oers 154108
+ (D43 1]
+  [nars 1
+  [D4gs 1]
+  [051s 1]
+  [o53s 1]
(0555 1
+  [ps7s 1
(0605 10]
F—sehehtsetictrol ! L : ;
0.5 0.6 0.7 08 09 1 X
X
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CME-CME medudjelovanje

2c¢) direktni nalet

rho&b: #7&t=0.61927 rho&b cut at z =0.25 #7&t=0.61927

rho(z =0.25, y =0)

HI1-A
2011-02-15T06:49

#78&1=0.61927

-time & [x . tho_ I:
020483
261 030807
oa1aze
051688
081527
% [o0ss 0ose2s)
X [p1zs 10053
X [0175  1.0075]
{215 1.0031]
X {245 09463
X (0285 084051)
X [a1s 0sssaz)
X [0445 1.3764)
X [psas 19813
X [0865 08321]
ps7s 1)
+ [ooos 093886]
+ [11s 10053
+ fass 10077]
+ s 10152
+  [225 1.00d8]
+ [zs5 ogss21)
[0.305  0.96647)
+ [3es 20028
+ [sos 20524
ﬁ!ﬂ 575 ~Feons)
b B mﬂ
+\ g )

2d) bocni nalet

rho&b: #7&t=0.61857 rho&b cut at z =0.25 #7&t=0.61857
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rho(z =0.25, y =0)

#78&1=0.61857 -time & [x . tho_ I:

X [0025 089618

X [0.045 099594]

X [0075 089479)

x [0.125 0.88225]

x [0.405  1.0211]

X [0s4s  1871]

X [0645 094892)

X [0865 084845

X [o98s 1

+  [000s 10014

+ [0035 088619)

+ [0.085 0.99554]

+  [135 089263

+ [033s 18532

+ [048s 1.9975]

+  [0505 1.8966]

+ (0565  1.9806]
0805 11932

1
08 09 )




CME je
gusci od

- CME je

" rijedi od

okoline - -

" okoline

1.0 1.0
0.8 // / 0.8 ﬂ/
0.6 0.6 Xshock ||
X / e / ——Xditch
0.4 / vy 0.4 /r
\ = Xshock \
0.2

0.2
e XhUMp
/ N\ kontakt / N kontakt
00 T / T T T 00 U / J L U
0.0 0‘5/ 10 15 2.0 25 0.0 0.5 / 1.0 4 15 2.0 2.5
1.8 / '

e w7
1.4 k/l/ 2.5 A /
1.2 / II = \/shock - IV

1.0 \ —\/hump v I/\
V' 08 15 \_ =\/shock

0.6 V ,\‘F ——Vditch

1.0

0.4

0.2 /_/_/v 0.5 /

0-0 T T T T 0-0 T T T T

0.0 0.5 1.0 1.5 2.0 2.5 0.0 0.5 1.0 15 2.0 2.5
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CME - CME (

direktni

SIraz
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1.0 .
0.9 CME-CME
' ~
: central
0.8 AP
S
0.7 ‘-
X A/_//"
0.6 7N\
U
0.5 / ——X1LE
0.4 —X 2 LE
/ Xshock
0.3 : : : . !
0 0.5 1 t 15 2 2.5
0.35
AN udarni val —vaie
: \ / Vshock
0.20
0.15 - V LA —
L y=0.13 x
v 0.10 a
oo i—l Y NN/ .
-0.05 t—2°
-0.10
~ sudar
-0.15
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\ udarni val
v DV
0.15 7
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Zakljucak - CME medudjelovanja

* nove era satelita za opazanje Sunce (npr. STEREO-A i -B)
pokazala a su medudjelovanje izmedu vise CME-a CeSCa nego Sto
se mislilo

 potrebno nadograditi DBM model na osnovu numerickih racuna
kako bi ugrubo ukljucio i posljedicne efekte CME medudjelovanja

* ocigledno, ovisno o masama ovisan im i sraz CME

 mase CME (odnosno y parametre moguce je odrediti) iz poCetne
kinematike (,,automatskom prognostikom*)

— — dobiti y parametre nakon sraza

— - odrediti novu kinematiku CME-a
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paznji!
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