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Overview

« Coronal hard X-ray sources™

« Global waves (CME shocks$, EIT waves, Moreton waves, type Il
bursts)

« CMEless flares’
« Energetic neutral atoms (ENAsT) and their implications

“Krucker et al (A&A Rev. 16, 155, 2008)/
$Ontiveros & Vourlidas (ApJ 693, 237, 2009)
"Gopalswamy et al. (Proc. IAU 257, 283, 2009)
TMewaldt et al. (ApJ 693, L11, 2009)
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Coronal Hard X-ray Sources

* There are lots of meter-wave radio source types (I, Il, IlI,
IV, V, ...), so why not hard X-rays?

* They're there: Frost & Dennis (1971); Hudson (1978);
Krucker et al. (2008)

« The remarkable Masuda source (Masuda et al. 1994,
2000; Krucker et al. 2008) needs special discussion

* An identification with the CME process seems to be
developing
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Coronal Hard X-rays: Kruc
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Impulsive-phase Coronal HXR

 Masuda source - unusual but well-known example

* Dec. 31 2005 - maybe RHESSI's best counterpart;
Krucker slides follow

* No time to discuss Sui-Holman or implosions

13—Jan—1992 17:26:52—17:27:40UT
HXR (14—23keV) HXR (23—33keV) HXR (33-53keV)

MSSL 15 July 2009



STEREO/RHESSI 31 Dec. 2007

NEL SECCHI 171 31—-Dec—2007 00:11:22.559 UT

» Complex flare
ribbons

* Ribbons (red and
blue lines) on disk
for Behind.

e The flare ribbons
are NOT visible in
RHESSI images!
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RHESSI hard X-ray imaging

HXR peak (impulsive phase) SXR peak

T 30-50 keV T 6-8 keV
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The HXR source is above the SXR loops! Masuda-like!
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Nobeyama microwave imaging

HXR peak (impulsive phase) SXR peak

The microwave limb is higher; 17 GHz co-spatial with HXR
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Nixr > Nipermal MeaANS

* Almost all the energy is in accelerated electrons

 Collisional heating is very fast (~ 5 keV/s at 10° cm-3;
see McKenzie et al. 1973)

- ALL electrons must be accelerated

- The above-the-loop-top source is the
acceleration region

- Plasma beta in above-the-loop-top source ~ 1

pre-flare flare
A . A
f ambient f Vccelerated
»
> >
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McKenzie’s rule” for thin-
target bremsstrahlung:

dT./dt = 5/ng keV/s

‘need to check: Solar Phys. 28, 175, 1973
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Reconnection?

emission

{ Turbulence acceleration|
region, Coronal X-ray

Looptop source

.
4 l bl S

=or

Thick—target footpoints

Turbulence (e.q.
Liu et al. 2007)

Contracting islands
(Drake et al. 2006)

Drake et al. :

- extended acc. region
- all electrons are acc.

« power law distribution
* B~1 stops contraction
* B~1 stops acceleration

The time evolution is given by acceleration and escape
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Global Waves

« SSC shock; Type Il burst; Moreton wave; EIT wave

« Major controversy on the interpretation of the metric type |l
and Moreton wave: is it a blast wave, distinct from the
CME?

« Gopalswamy et al (2009) list of CMEless X-class flares (cf.
de La Beaujardiere et al. 1994).

"Storm Sudden Commencement, a term from geomagnetism
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18:50 UT | AT 118:52/UT

| Subtracted Doppler Images (R-B Wing) Showing Down-Up Pattern

13
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The wave appears near the peak of the

impulsive phase of the high-energy flare ...
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CMEless X-class flare list (13/93)

Table 1. X-class flares without CMEs during solar cycle 23 and their properties
#  Flare Start Peak Dur Imp Location AR # Ha III pfpk/flux
1 2000/06/06 13:30 13:39 16 X1.1 N18E12 90267 N N 2.7/560
2 2000/09/30 23:13 23:21 8 X1.2° NOTWO0 9169 N N  15.4/2800
3 2001/04/02 10:04 10:14 16 X1.4 N17TW60 9393 1B Y  15.4/1200
4 2001/06/23 04:02 04:08 9 X1.2° NI10E23 9511 1B N 5/100
5% 2001/11/25 09:45 09:51 0 X1.1° S16W69 97047 N N 15.4/130
6 2002/10/31 16:47 16:52 8 X1.2° N20WO0 0162 N N 8.8/3300
7° 2004/02/26 01:50 02:03 20 X1.1° N14W15 0564 2N N 15.4/830
8 2004/07/15 18:15 18:24 13 X1.6 S11E45 0649 N N 8.8/530
9 2004/07/16 01:43 02:06 20 X1.3 S11E41 0649 N N 15.4/1900
10 2004/07/16 10:32 10:41 14 X1.1 S10E36 0649 1F° Y  15.4/1200
11 2004/07/17 07:51 07:57 8 X1.0 S11E24 0649 3B N 5/820
12 2005/01/15 00:22 00:43 40 X1.2 NI14E08 0720 1F N 15.4/3000
13% 2005/09/15 08:30 08:38 16 X1.1 S12W14 0808 2N N 15.4/4100

Gopalswamy et al. 2009
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A CMEless X-class flare

GOES X-Rays: 2005/01/15 00:54
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Another CMEless X-class flare
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CUA LASCO CME catalog
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CMEless GOES durations

Number of flares
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171, 6—JUN—0O0 08:00:20

Movie courtesy of Ignacio Ugarte-Urra
CMEless flare at 13:30-13:39 (peak)
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CMEless flares seen in X-radiation

« The hard X-ray spectral evolution is entirely “soft-
hard-soft” rather than “soft-hard-harder”

« The soft X-ray events are not “long decay” LDE
events

« There are minimal ramp-up precursor soft X-ray
patterns
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LASCO shock signatures

Table 1
All High-Speed CMEs (V = 1500 km s _1} Between 1997 and 1999
Event CME Date First Appearance Linear Speed AW PA. Typell
(C2 UT) (kms™!)  (deg) (deg) (Dm)
1 1997 Nov 6 12:10:00 15356 360 262 Yes
2 1998 Mar 31 6:12:00 1992 360 177 No
3 1998 Apr 20 10:07:00 1863 165 278 Yes
4 1998 Apr 23 5:27:00 1618 60 116 Yes
3 1998 May 9 3:35:58 2331 178 262 Yes
6 1998 Jun 4 2:04:00 1802 360 314 No
7 1998 Nov 24 2:30:00 1798 360 226 No
8 1998 Nov 26 H:18:05 1505 360 198 No
9 1998 Dec 18 18:21:00 1749 360 36 Yes
10 1999 May 3 6:06:00 1584 360 88 Yes
11 1999 May 27 11:06:00 1691 360 341 Yes
12 1999 Jun 1 19:37:00 1772 360 359 Yes
13 1999 Jun 4 7:26:54 2230 150 289 Yes
14 1999 Jun 11 11:26:00 1569 181 38 Yes
15 1999 Sep 11 21:54:00 1680 120 13 No

Ontiveros & Vourlidas. 2009
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Examples from Vourlidas et al. 2003

1999 April 2

) |:|Pl:::| _.-’"f 1 :J’I,-' 1 8 0% i B

2000 Dec. 18
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Conclusions

 The wave signatures are especially prominent in the
flanks of the CME

* The wave signatures don’t look like the cartoons

« The CME phenomenon is probably central to the
large-scale coronal nonthermal effects

 CMEless flares have clearly distinguishable hard X-
ray properties

 CMEless flares have an upper cutoff in energy
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Something new has been learned

* The classical Uchida theory for type |l / Moreton
wave excitation is a flare-excited blast wave in the
MHD fast mode

« Powerful flares without waves contradict this picture;
the Gopalswamy et al. sample is convincing

 The blast waves - which must occur - must be weak

* The flanks of driven waves have properties
resembling those of blast waves
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Energetic Neutral Atoms’

* An entirely new flare-associated “neutral particle” has
appeared on the scene

 The ENAs are the first guide to the “subcosmic rays” -
particles neither thermal nor detectable

» Are they associated with the flare y-ray sources, or with
the CME shock?

" See Mewaldt et al. (ApJ 693, L11, 2009)
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Mewaldt et al. Figures
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 The STEREO observations provide

both spatial and temporal signatures that

clearly identify the particles as hydrogen
* The injection times closely match the
GOES light curve of the flare




Mewaldt et al. Figures (Il)
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» The HET counts resemble those expected from neutron decay
* The LET spectrum appears to steepen > 5 MeV
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How many particles?

« Mewaldt et al. estimate a total of 1.8 x 1028 ENA
particles (hydrogen atoms) assuming isotropic
emission in a hemisphere

« RHESSI y-ray observations imply a total of 1.3 x 1031
protons above 30 MeV’

» Assuming a spectral index of 3.5, this implies a total
of 2 x 1034 protons above 1.6 MeV

The escape efficiency of 2 MeV ENAs
may be of order 10

“estimate courtesy of
Albert Shih (GSFC)
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Whence flare ENASs?

RADIO  {ARD X-RAYS

MAGNETIC FIELD DISSIPATION SOFT X-RAYS

PARTICLE ACCELERATIO —
ENERGY RELEASE 25 ARAAR. 3

HEATING

~_ HOT PLASMA

......

CORONA

TRANSITION ZONE

CHROMOSPHERE

PHOTOSPHERE

Neutralization and re-ionization on
open field lines: Mikic & Lee, 2006

NUCLEAR 7-RAYS H XUV LINES

NEUTRONS

UV CONTINUUM

UV HEATING

Neutralization and re-ionization on closed
field lines: Dennis & Schwartz, 1989

http://solarmuri.ssl.berkeley.edu/~hhudson/cartoons/
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Whence flare ENASs?
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Neutralization and re-ionization on closed
field lines: Dennis & Schwartz, 1989
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Timing wrong for CME shock?
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Monte Carlo simulations

* Neutral hydrogen and protons are alternative states
of the same particle. Can successive ionizations and
neutralizations allow flare ENAs to originate from the
flare y-ray sources in the deep corona?

» If so, do the emergent ENAs retain any information
about the spectrum, source structure, or time profile?

* Everything is very complicated, so we are trying to
extract answers via Monte Carlo simulations
embodying enough of the physics
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Proton injected at 1.6 R
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«un @ 2 MeV (example)
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Protons injected at 1.2 Rsun @ 2MeV (examples)

17 2.5 1.60
F B 16 < ® 155
o« g 15 o 207 1 g
£ £ £ S 150
g ] T 1.4 % ] ©
* S 13 t § 145
1.2 1.40
0 5.0-10°1.0410* 1.5+10* 2.0-10* 5.8 6.0 6.2 6.4 6.6 0 500 1000 1500 2000 59 60 6.1 62 63 64 6.5
Time, sec Longitude, rad Time, sec Longitude, rad
25 25 25 2.5
& 2.0 1 & 201 1 & 2.0r 1 & 2.0r b
£ £ £ £
=) =) k=) 5
- 1.5}F 1 2 1.5F 2 15F 2 15 . 1
~
1.0 1.0 1.0 1.0
5.8 6.0 6.2 6.4 6.6 12 13 14 15 16 17 59 60 6.1 62 63 64 6.5 140 145 150 155 1.60
Longitude, rad Colatitude, rad Longitude, rad Colatitude, rad

1. Energy decay 2. Footpoint ENA flight
3. Time out 4. Solar wind ENA flight

1.7 1.80
1.75} . E
gl T~ < %
i g 16f : ] g 1.70} ]
N oy -
s g : & £ 165f :
£ 2 15} 5 £ 160} ;
g ke 2 ] 2 156} ;
T 8 14f o
J 1.50} 1
. 13 AT 1.0 1.45
0 50-10° 1.0-10° 1.5-10% 58 60 62 64 66 0 2.0-1¢°%0+16%0+16%-10%0-102+10" 59 60 61 62 63 64
Time, sec Longitude, rad Time, sec Longitude, rad
25 25 25 N 2.5
& 20} . & 20} . I‘f2-0' 1 ﬂ:i’2-0- 1
£ £ = 5
S S = | ] 2t ]
T 15f . T 15 . £ 15 L 15
1.0 1.0 10 19
58 6.0 6.2 6.4 6.6 13 14 15 1.6 1.7 59 6.0 6.1_ 62 63 64 1.451.501.551.601.651.701.751.80
Longitude, rad Colatitude, rad Longitude, rad Colatitude, rad

MSSL 15 July 2009



Conclusions

 The Mewaldt et al. (2009) result is one of the most
important for flare high-energy physics in this century,
since it opens a vast new parameter space

* Interpretation is wide open at present. Our Monte Carlo
model suggests that ENA escape from the flare y-ray

sources may be feasible, but it is preliminary work

* |f the ENAs come from CME shock acceleration, we
may need to revise our views of where this can happen
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Extra items
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Hard X-ray spectra

Power-law spectrum
with index y ~ 4.2

* Non-thermal spectrum
* Microwave spectrum
IS consistent with
gyrosynchroton
emission

* The above-the-loop-
top source is non-
thermal!



Extended Coronal HXR

« Coronal hard X-ray sources are prevalent, but faint

 We are coming to believe that they are strongly associated
with CMEs, rather than the flare process itself
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Conclusions

« Extended hard X-ray sources probably occur in every
CME event

« At least one example is unresolvably large for
RHESSI

« Large numbers of relativistic electrons are required
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Comments

* The relationships between these sources and the
meter-wave phenomena are complex (see Pick &
Vilmer 2008)

« “Svestka's giant arches” may have been an early
view of some of the phenomenology

 The CSHKP cartoons don't adequately capture this
aspect of flares
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Notes on Monte Carlo model

* The calculation includes ion flight with RK4 tracing of
the guiding center in a Schrijver-DeRosa PFSS
model of the coronal field (Hudson et al., 2009)

* lon dE/dx from Weaver & Westphal (2003); ion
stripping from Barghouty (2000); charge-exchange on
K-shell minor ions from Kuang (1992); ionization
equilibrium from Mazzotta

« The plots show successive ion and neutral flights
(red) for a few particles with different fates
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Some necessary physics

. Charge exchange, protons on H, He, He*, Li, C*, O*®
1C| T =TT rrrr| T =T T rrrr| T LR | T =T T rrIr| T ™ T T T
N__F.%
. -
- By
107 =
e
¥
g
FERI =
w
1%
1%
)
(]
1073 =
3
10 10° 10° 10° 10
Energy, eV

Cross Section, cm?

10%'g T y T ™
10'22 :__ -
E 3
102 E
102k E
Charge exchange
10sL — {19MKiH.C.0) ]
F - . ~ .""s.‘ E
Ve ~o ~ &
- / 7 - -~ \\
102k > 7 o ~\ -
: o Fe?_;
- /' -~
107 Ll ; il .
10° 10° 10°
Energy, eV

» Charge exchange cross-sections
(H-like and He-like only)

» Charge exchange vs collisions

» Impact ionization o; = 2.3 x 10-'7 E 0897 cm2 (Barghouty, 2000)
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Challenge

 How can we make new progress in high-energy solar
physics?
- RHESSI follow-ons (y-rays; HXR focusing optics)
- A Nobeyama microwave follow-on (FASR)
- Other radio facilities (ALMA, LOFAR etc...)

- A dedicated flare ENA observation
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