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Why X-rays?

Emission mechanism: bremsstrahlung

‘ X-ray photon
proton

accelerated electron

X-ray intensity (at a given photon energy)
depends on:

« qaccelerated electron flux density
« ambient plasma density
« does NOT depend on magnetic field strength

I(e) = 47:1%2 / TeMFlBfoe B)ae

(Brown 1971, Holman et al. 2011)

X-ray flux spectrum at Earth
Ambient plasma density

Electron flux

X-ray bremsstrahlung cross-section
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Some questions regarding electron acceleration in solar flares

1) Where are electrons accelerated? > X-ray images

2) How are electrons accelerated?

- X-ray spectra
3) How much energy is contained in
accelerated electronse

4) What are the time scales of

: - X-ray lightcurves
electron acceleratione

5) HOW are e|€CTI'OﬂS TI’CmSpOI’Ted Iﬂ > X_rOy imgges and Specfrg
the corona?
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X-rays in the standard solar flare scenario - imaging

= 6-8 keV: soft X-rays (SXR)
o ) 30-80 keV: hard X-rays (HXR)
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Sketch of the standard scenario overlaid X-ray image contours overlaid on
on extreme UV-Image extreme UV-image
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X-rays: speciroscopy

thermal bremsstrahlung T~10-25 MK
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Krucker & Battaglia 2014
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X-rays: speciroscopy
thermal bremsstrahlung T~10-25 MK
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-1801 : thermal
: 10000} footpoint
.200 - » non-thermal bremsstrahlung
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.260:-. - 2
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X (arcsecs) energy [keV] Krucker & Battaglia 2014

- photon energies > 20 keV of interest for studying flare accelerated electrons

Spectrum often described as a power-law with photon index y: f(é‘) ~e’
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X-rays time evolution T T

Det 1,3,4,5,6,9,

FDecim 1, Att 1
— 6-12 keV
. - — 25-50 keV
Generally (with MANY | — 50-100keV
exceptions) ~
s 10°L
. &
low photon energies: -
gradual evolution, heafing and 7,
cooling of ambient plasma ﬁ
£
higher photon energies: § 10°E

Impulsive evolution, signatures
of accelerated electrons

photon energies > 20 keV of accelerated electrons

interest for studying flare o
13:12 13:16 13:20 13:24

accelerated electrons Start Time (09-Nov-02 13:10:14)
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Some questions regarding electron acceleration in solar flares

1) Where are electrons accelerated? > X-ray images

2) How are electrons acceleratede

3) How much energy is contained in > X-ray spectra
accelerated electronse

4) What are the fime scales of > X-ray lightcurves
electron acceleratione

5) HOW are e|eCTrOﬂS TrOﬂSpOFTed Iﬂ > X_rOy imgges and Specfrg
the corona®
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1) Where are electrons accelerated?

13-Jan—=1992 17:26:52-17:27:40UT

HXR (14—23keV) HXR (23-33keV) HXR (33-53keV)
Ve
/ //
\ / /4 above-the-
thermal loop X-ray footpoints loop-top-source

Masuda et al. 1994: first observation of a HXR source in the corona with
Yohkoh - now interpreted as signature of accelerated electrons

Krucker & Lin 2008: HXR emission in most of the “ “
studied coronal sources with RHESSI, RN -W——

but mostly co-spatial with SXR source | n N

§ o
: E q
arf g
I B
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Above the loop-top-source is the acceleration region

RHESSI: 22-0¢t-2003 19:57:40.500 UT
T T T T T
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.............

X (arcsecs)

AlA 1¢

I3A

photons s’ om” keV'
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Krucker et al. 2010
& Krucker & Battaglia 2014

Low ambient density & strong X-ray source - very large number
of accelerated electrons
- Entire plasma is accelerated (non-thermal) in bulk

energization process

pre-flare

ambient

>

q

\'

fA

flare
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Electron acceleration along the loop

[| +00:02:00 ———
( + 00:04:00 ———

« Some flares show loop

nn CLEAN =« ]
structure up to high S 41
energies : n vis_fwdfit : i
« Loop length increases
energy .n CLEAN
« QObservations can be \

explained with a model,

acceleration region

featuring an extended
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Some questions regarding electron acceleration in solar flares

1) Where are electrons accelerated? > X-ray images

2) How are electrons acceleratede

3) How much energy is contained in > X-ray spectra
accelerated electronse

4) What are the fime scales of > X-ray lightcurves
electron acceleratione

5) HOW are e|eCTrOﬂS TrOﬂSpOFTed Iﬂ > X_rOy imgges and Specfrg
the corona®
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3) How much energy is contained in accelerated electrons?

Simplest approach: “cold thick target model” (Brown 1971)

Electrons are completely stopped in a very dense = thick target, where

electron energy E > kT of the target = “cold” target

I(e) = 4;]%2 | / " (nVF)(E) o(c, E) dE tomed A

observed A electron \
photon \ spectrum
spectrum Fo(E) |

>
Ener y
i Total power: P= [ EF,(E)dE
L

cut

- >
Ecut Energy

Problems with this approach:
P depends strongly on E_;, target may not be cold
New developments using a “warm’” target, e.g. Kontar et al. 2015
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So, how much energy IS contained in accelerated electrons?

Aschwanden et al. 2017 Precipitation

Magnetic Chromospheric Bolometric Luminosity

reconnection Heating and
: Evaporation Ebol
electrons
: WHITE LIGHT

gmiesgirri]r?g 3 THERMAL E
‘ ENERGY = WL
] E
MAGNETIC FREE th > SOFT X-RAY, EUV
E,?;[ENT'AL o “E”QSFTCEJ'C DlREcET HEATING RADET'ON
Emag dir rad
O
' CME KINETIC & SOLAR ENERGETIC
~ GRAVITATIONAL PARTICLES (SEP) -
. ENERGY ‘
E . E :

: SHEEN SEP ~50% of magnetic free

Inesabity Acsteration energy goes into
 PRIMARY ~ SECONDARY accelerated electrons

. ENERGY DISSIPATION

Based on several extensive statistical studies
Used warm thick target, average E_; = 6 keV
Lafest, but probably not last word on flare energy partition!
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Some questions regarding electron acceleration in solar flares

1) Where are electrons accelerated? > X-ray images

2) How are electrons acceleratede

3) How much energy is contained in > X-ray spectra
accelerated electronse

4) What are the fime scales of > X-ray lightcurves
electron acceleratione

5) HOW are e|eCTrOﬂS TrOﬂSpOFTed Iﬂ > X_rOy imgges and Specfrg
the corona®
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4) What are the time scales of electron acceleration?

T
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Multiple HXR bursts in short succession, each associated with spectral hardening,

- individual acceleration events
RHESSI time resolution: 4 seconds (2 seconds) - acceleration fime scales possibly

not resolved
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10 ¢ ‘ ]
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Some questions regarding electron acceleration in solar flares

Above the loop-tope
1) Where are electrons accelerated? Along the loop?

Bothe
2) How are electrons accelerated?

3) How much energy is contained in

accelerated electfrons? ~ 50% of magnetic free energy?

4) What are the time scales of

) sub-second?
electron acceleratione

5) How are electrons transported in
the coronae

Konus-Wind 2019 19
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The past, present, and future of X-ray solar flare studies

« To conclusively answer the question summarized earlier we need

« Imaging at high (~ arcsec) spatial resolution: RHESSI until 2018,
« Imaging with large dynamic range

« Spectroscopy at high spectral (~ 1 keV) resolution: RHESSI until 2018, Fermi
(Konus-Wind)

« High temporal (< 1s) resolution: Konus-Wind

« Energy coverage from a few keV up to a few 100 keV: RHESSI, Konus-Wind,
Fermi

* High sensitivity for studying the smallest flares: NUSTAR

of o liedkevi 1 . |FPMA

Glesener et al. 2017:
~/ worees faintest ever observed HXR flare
" GOES class ~ AO.1

Kemel 0% / ..:-]
400t 7 3:568-3:59% 1/

3:59-4:008 7/ 4:00-4:0117 7/ 4:02-4:03%

ol 7/ 35835087 7 3594008 7 40040147/ 4024038 7/ 407-408
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Upcoming X-ray imaging-spectrometer: STIX on Solar Orbiter

Solar Orbiter: ESA mission to study how the Sun forms, shapes and affects the

heliosphere
Launch: February 5 2020

Remote sensing instruments:

- EUI: Extreme Ultraviolet Imager

- Metis: Coronagraph

- PHI: Polarimetric and Helioseismic imager

- SoloHI: Heliospheric imager

- SPICE: Spectral Imaging of the Coronal environrment
- STIX: Spectrometer / Telescope for magingsXsrays

-,
“’ ‘wo STUN

SWA-EAS
In-situ instruments:
- EPD: Energetic Particle Detector
- MAG: Magnetometer
- RPW: Radio and Plasma Waves
- SWA: Solar Wind Plasma Analyser
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STIX on solar orbiter

32 CdTe detectors, 1 cm? detector area

Energy range 4 - 150 keV

Energy resolufion 1-15 keV

Time resolution: nominally < 1s, telemetry-dependent
Fourier imager with spatial resolution ~ 7 arcsec @ 1 AU

n w University of Applied Sciences
Northwestern Switzerland

e 4

I’O@@mwe LESIA
AISTE N RI

I J 7
\"\/ TRINITY COLLEGE DUBLIN =« & UN ITA DEGLI STUDI
' COLAISTE NA TRIONOIDE
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STIX components

L Beryllium “window" in heat shield

1 pair tungsten grids
separafed

Detector
Electronics
Module
with 32

detectors

Beryllium “window”
32 CdTe detectors, in heat shield
1 cm? detector area

~ 2> energyrange 4 - 150 keV, resolution 1-15 keV
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STIX imaging
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Other developments
 We currently have no solar-dedicated X-ray imager and
spectrometer

« STIX (from 2020) will have similar capabilities as RHESSI

 Still missing high dynamic range imaging - difficult to observe X-
rays from low-density regions such as the (suspected)
acceleration regions

MM PRNNRtRNRNE || V0 s PV S HAMRSRMRAMAGRRY
- focusing optics
Flare observed with RHESSI and the

22-27 keV

Focusing Optics X-ray Solar Imager o 20000 s .
(FOXSI) sounding rocket BRRTREst . R 151 © < by @B TEN Tt SRR
RHESSI FOXS! R 270 e |0 P o b o .
. 2PN =i Bt M, DROR" | Yo ,;_,_’ | : o | AL S ‘
| L © simulated sources- .. | (O 'RHESSI (CLEAN) - 1] L @) X (deconvolved) - .
2000 ") 0 "', -200 ’ . . .
Tl | >k P Simulation of a flare observed with a
e A I (hopefully futurel) solar dedicated
o : o focusing optics space mission (The

i ) FOXSI team, AGU 2017)

X (arcsecs) arcsecs)
Krucker et al. 2014
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Summary

« X-ray observations provide crucial insight into electron
acceleration and fransport in solar flares

« A lof of progress has been made in the past ~20 years

« For a complete picture of the flaring process, multi-wavelength
observations are needed (see talk by G. Fleishman)

HXR Spectral Index Evolution
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Start Time (19-Aug-02 21:01:00)
Glesener & Fleishman 2018
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