SEIRILF—BHRTELIFHDSHMI
2021 October 18(Mon)-19(Tue)
Institute for Cosmic Ray Research, the University of Tokyo (Kashiwa/On-line)

BMSEESICBTARFINED
HEZHEL T :
A& 2 L7 & RI8Z PhoENIXFTE

Physics of Energetic and Non-thermal plasmas in
the X (= magnetic reconnection) region

Noriyuki Narukage (NAQOJ)

Mitsuo Oka, Yasushi Fukazawa, Keiichi Matsuzaki, Shin Watanabe,
Taro Sakao, Kouichi Hagino, Ikuyuki Mitsuishi, Tsunefumi Mizuno,

Iku Shinohara, Masumi Shimojo, Shinsuke Takasao, Tomoko Kawate,

Takafumi Kaneko, Seiji Zenitani, Hiroshi Tanabe, Munetaka Ueno,
Tadayuki Takahashi, Takeshi Takashima, Masayuki Ohta and
PhoENiX WG member

TTN
: PH@EMX

\Q/

i



Science Goal
/Understanding of particle acceleration during magnetic reconnection

» Science Objectives

1. To identify
particle acceleration sites
in reconnection-associated structures in
solar flares

2. To investigate
the timing of particle acceleration
during reconnection-associated
phenomena in solar flares

3. To characterize
the properties of accelerated particle
populations in solar flares




Particle acceleration

. Accelerated particles are deviated from equilibrium.

é"d ozdnl Fermi- accolela:lodnb 1st order Fermi-acceleration” Particles
QSMmIC rays are accelerated by are accelerated by shock waves!
random moving magnetic clouds.

Thermal equilibrium
= Maxwell distribution

\Emmala

I=Ipower:law;spectrum
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Particle acceleration

The energy of accelerated particles achieves up to 1020 eV.
4 Accelerated particles are ubiquitously detected in the universe. =
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Particle acceleration SR
.. How are particles accelerated? It is not fully understood. '*d:;_ /
m—
Super Nova Remnant Gamma-ray Burst
(Iong time acceleratlon) (short time acceleration)

SN 1006 :

Gamma rays

Composute Imagerof Crab Nebula

cal (Hubble), Infrarad (Spitzee), X-ray (Chan |
L 1 J\l <
il T

Credits: eCUIP and ISDC

Balbo+ 2011

1st order Fermi-acceleration How are particles accelerated
Statistical acceleration in very short time?



Particle acceleration

. Magnetic reconnection is a key.

Gamma-ray Burst
(short time acceleration)

Uzdensky+ 2011

Magnetic reconnection

Credits: eCUIP and ISDC

Balbo+ 2011

How are particles accelerated
in very short time?



Magnetic Reconnection

. MR is fundamental plasma process and ubiquitously occurs in the universe.
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Significance of solar flare study

[Plasma physics]

Natural laboratory of plasma
 Magnetic reconnection
« Particle acceleration

[Unique observation target]

The closest star

« Solar phenomenon can be
observed with wide field of view and
with spatial and temporal resolutions

[Impacts on the Earth and social environments] :
The mother of the Earth . ‘

» Evolution of life (cosmic rays)

« Space weather

[As a star]

» Reference of other astrophysical objects
2011-09—-12 05:34:16 UT



Magnetic Reconnection Picture in Solar Flare
.., has been established by both observation and theory.

Observation Model

\_/ Plasmoids

with shocks [D]

Energy Release Region T Q
(Reconnection X-line)

Reconnection inflow

Current sheet [A] 0

©

Reconnection outflow [B]

Conduction front

Collapsing fields [C] Slow shock [E]

Termination
shock [F]

(]

SDO Spots X8.2-Class Solar Flare, R ——
Sep 10, 2017 (lower corona / Chromosphere)




Magnetic Reconnection Picture in Solar Flare
.., has been established by both observation and theory.

Observation Model
C
150 o 3 \/ Plasmoids
\ with shocks [D]
125 Energy Release Region T Q
(Reconnection X-line)
100 ‘ Reconnection inflow
§ Current sheet [A] 0
= 75 ¢ Reconnection outflow [B] 0
3 Conduction front
50
Collapsing fields [C] Slow shock [E]
Termination
25 § shock [F]

[

Energy Deposition Region %
(lower corona / Chromosphere)
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Magnetic reconnection & Particle acceleration
.. in solar flare

VECMES
EEEI?
4 Magnetic )
reconnection

Kinetic
Energy,
(Bulk motion)

Thermal

Aschwanden et al. (2017)

Elec/magnetic energy = 0.51+0.17
lons/magnetic energy = 0.17+0.17
- CME/magnetic energy = 0.07+0.14
acceleration direct/magnetic energy= 0.07+0.17

ENERGY CLOSURE :
Sum/magnetic energy = 0.87+0.18

Particle
Acceleration

. Mamm 2. The particle acceleration is

FACT: > 50 % of energy
released by MR is spent
for particle acceleration

Energy)
~=r—— akeyto energy release and
Accelerated conversion in solar flares.

Particles



Space

Magnetic reconnection & Particle acceleration Weather
in solar flare

Magnetospheric
and lonospheric
disturbance

Plasma cloud

Interplanetary Non;thermal i Ac;c;i?;?::d
space e

Solar surface

CME, Jet Shock

Termination delatlon
shock nergy

Downflow

+

Coronal

|
Kinetic o Heating
Energy, Plasmoid : Shock Acc.? Flarin
: o g loop,
Bulk motion
4 Magnetic ) ( ) - - etc.
reconnection MUItlple X'Ilne?
N
\// jermal Thermal pool T;ermal
“ Particle nergy
} : o . . Acceleration
//:\ . Statistical Acc.? "
\ A~ N / “
. Single X-line?
‘Illllllglllllllllll>[!bmﬁm]

Trapping in
loop

FACT: > 50 % of energy I

released by MR is spent

for particle acceleration Accelerated
Particles

Chromospheric
evaporation &
condensation 12




Particle Acceleration is one of %“Eﬁ N
NlX/‘

the long-standing major puzzles in solar physics \@
| «ra= )

By hard X-ray observations, it is known that the

particles are accelerated by solar flares.
But even particle acceleration site is still puzzle.

ard X-ray

Jelitco [Reason 1] Poor observations, especially for
X ot Xeray Source the energy release region (around the X-point)
DC acceleration? Collapsing magnetic traps? Shocks? Turbulence?
\/ ¥\M A GNE_"C RECONNECTION . Reconnection diffusion
/ \_~ RECONNECTION Inflow -~
\ ® PLASMA OUTFLOW Slow shock
/ ?} k ; Magnetic_ ¢
€ COLLAPSING Outflow field Iines‘\%;
'+~ MAGNETIC J
g ' X @ \\\\ TRAP Py
Fest shock
’ /\ ﬁ FLARE LOOP /\ 22\
/e
I o Farar Gsront shaet e o ot Loop top hard
X-ray source ekt oo
Aschwanden (2002) Karlicky & Kosugi (2004) Tsuneta & Naito (1998) Liu et al. (2008),
Takasao & Shibata (2016) Petrosian, (2012)

Accelerator | MHD scale ~ 107 - 10'° cm (Size of plasma structures) | ~ 10 sec (Alfven time)
Accelerated @—[Heasan 2]-Huge-scale gap in both space and time!/
Particles | Particle scale | ~ 10° - 102 cm (Electron - lon Larmor radius) <<1sec




Non-thermal component around X-point

Narukage et al. (2014) Apd, 787, 125 S
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New,observational

Focusmy Imaging-Spectroscopy,
in'soft and hard X-rays

Spectra-Polar/metry
\ in soft Gamma-rays

Particle Acceleration
Magnetic Reconnection

Science Objectives of PhoENiX mission

1.

Identify particle acceleration sites
in solar flares [where]

Investigate temporal evolution of
particle acceleration [when]

Characterize properties of planned to be realized
accelerated particles [how] in Solar Cycle 26 (2030°)

15



Why X-rays and Gamma-rays?
— comparison with spectroscopy in other wavelengths

Significant |New by PhoENiX| Collaboration
Wavelength EUV Soft X-rays Hard X-rays Gamma-rays Radio
Energy < 0.1 keV 0.1 -10 keV 10 - 100 keV 0.1 -1 MeV 0.1 -1 MeV
Common properties
Dynamic range v
Field of view
Spatial sampling v
Temporal sampling VvV VvV VvV
For investigation of thermal plasmas (possible agents of particle acceleration)
Temperature diagnostic capability
Response speed to temperature change v
Velocity measurement of bulk plasma v
For investigation of non-thermal plasmas (particle acceleration)
Accelerating electrons V) v
Accelerated electrons ) v v VvV VvV v vV VE
Low energy cutoff v
Maximum energy
Electron anisotropy v -
Magnetic field measurement
Magnetic field measurement v s




Required measurements to trace the accelerated

particles in MHD-scale solar flare system
=(Update from past or existing observations)

Propagation
of accelerated

S \\(/ _ _ _ Observational capability
Structural Property in particle acceleration
characteristic oint of view i
A ‘ Past or existing obs. Requirements for new
obs.
Around * Energy release region Few samples
- i
i [ ZONE recomi1tect|on => Possible acceleration site in X-ray obs. Plasma diagnostic
sre capability
7N Above-the. | ° Boundary between rare and | Sometimes observed
°_° ZONE2 loon-to dense plasmas as hard X-ray coronal | for both thermal and
p-top =>» Possible acceleration site sources non-thermal plasmas

particles /

A 5 D * Transit area in all the ZONEs
. . Few samples
/// .y o——o Z0ONE3 Flare loop { Trappl_ng area o :l in hard X-ray obs. N

=» Possible acceleration site

|

and capability to track
the propagation of

\ | Footpoints of | ¢ ergy deposition region lerated particl
\\ ﬂ 7 $——= ZONE4 | the flarcloop | 1 [ PRROSTNIEON | flares s the brightest | 26C°1er2ted Particles

Observed in many

* Mirroring region
r' (Solar surface) [ greg hard X-ray source
Above-the-looptop & footpoint sources Double coronal source \.J  Dlasmoids
h Masudactal 1992 i Krucker & Battaglia 2014 | v 200 L a—

(Reconnection X-line) N

Res: = 5 arcsec (HXR)
Res: = 2.5 arcsec (SXR)

10-12keV (,) 2 Reconnection inflow

_12-14 keV [ \\ Current sheet [A]
. 14-16 keV @

Reconnection outflow [B]
Conduction front

Collapsing fields [C] = B Slow shock [E]
| Termination
shock [F]

850 860 870 880 89 900 910

Res: ~ 7 arcsec (HXR) g.' .

Res: ~ 1.5 EUV) # 8 8 % 2 3 Footpoint < Energy Deposition Region 2—
es: arcsec (| ) S po :‘J(%ZONH ZONE4 (lower corona / Chromosphere)




Observational Approach for Scientific Objectives

herml ‘
* power

~ Spatially resolved

s

Temporal evolution of spectrum

N\ [

]

]

spectrum in X-rays

20s - 120s

Non-thermal
component

Released ma
= EB_pre-flare -

&l Tl

MINXS S
CuBeSaT

gnetic energy
EB_post-ﬂare

CME

N
(accelerafed electrons)
v o

&g .

Photons/cm2/s/keV

\

! {Electron)
Directg@N¥acceleration
heating

« Kinetic energy of bulk plasma = 1/2 N, m, v

? 1 5 10’2‘_ m 'rmr: . : 5
3 ! Uit ]
| of : ., <2> | m ﬁ ik |  Thermal energy = [ 3/2N kg T dT
¥4 £ 3 _:;é L L M R | - L L L B -
X Temperature EM (Density) Spectrum Index JL e IS Energy of accelerated particles = | Nyr Eyr CE)
. . . . . . . . ' "\
SaentlﬁchObjsctlve 1 SaentlﬁchObJ,ectlve 2 Parameters obtained Theory / Model
where! when! from spectroscopy N GalSiiilah
umerical simuiation
" .> Power-Law Index
| ' . ' Jefe® T Relative Intensity Laboratory Experiment
Plasmoids Break Energy observations than solar
(flux rope) - "
Termination Scientific Objective 3

shock

energy

how?

A

—%—) X
or
|

isotropic case

A
*—).\‘
[

beamed case

Parameters obtained
from polarimetry

Direction of polarization
Degree of polarization
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Capability

PhoENiX

Other (past or existing) X-ray missions

Dynamic Range

PhoENiX

In the case of In the case of
short exposure, long exposure,
the dark region gms the blooming
cannot be S happens and

cqntaminates
the dark

region.

observed.

100

RHESSI

o Aliasing .+

: £ w o pattern
To observe entire — PR 5%
ZONEs 0 : ':m‘“_' I
thambrail _ photen with AEC gonstant o0} ' 's" 1.".;'
40 20 X('&m) 20 40 40 20 X(&m) 20 40 > 20 400 e 1000
[SXR & HXR] [SXR] [HXR]
Focusing optics (mirror) Focusing optics (mirror) with modulation
+ CMOS or CdTe + CCD collimator
| ;'0"' e P ————
Imaging Spectroscopy . - [l spectro- M. .
SXR: i £ |l scopic f| Non-thermal|
= £ 10 Data —
* Thermal plasma . AW AN
+ Accelerating e- | :
 Low energy cutoff

HXR:
* Accelerated e-

Energy [kev]

[SXR & HXR]
Imaging spectroscopy

10' 10°

10'
Energy [kev]

[SXR]
Mainly Imaging only

[HXR]
Imaging spectroscopy
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Capability PhoENiX Other (past or existing) X-ray missions
L Normalized by Unpolarized Response Minimum detectable Polarization = 6 :-25%
- . ’i'o‘ polarization degree for 100 — 350 keV in M7 flare
Polarization \ /\ <10% Flare on 25-Aug—2005
Electron anisotropy | N /l | ' Al € Expected modulation
. I / \ iy g
(ve_ldo_cﬂy angle t_o tfhel d \/ | N/ polarization with PhoENiX for
guiding magnetic field) | -4 60 — 300 keV in an M3.4 flare.
High energy cutoff T D s e s !\s;gged polarization degree
(highest energy IS £0%.
electrons produced by % e R i e e e LTl s w
the a_cf:eleratlon . % ” = ” 1 Suarez-Garcia et al. (2006)
conditions: mechanism, | o « 4 5 4 i
spatial extent, and ° " 4t ° " 4t =+ There are some studies to estimate
time) et s L the polarization in solar flares with
0 e ° i i
2 100 w0 20 100 a0 | RHESSI. But RHESSI is not designed
Energy [keV] Energy [keV] 1 1 1 i
Jeffrey et al. (2020) (calibrated) to derive the polarization.
10" T A R
[ Thermal Nonthermal i High-energetic : High-energetic ;| Pions a
ly electrons electrons ions electrons :
- 105; : : ;
5 o L We plan to upgrade -
Energy Coverage ot e n 1
é 10'5.7— N
| SOFT X-RAYS! HARD X-RAYS GAMMA-RAYS ™= o]
10710 innnnnnnl 8o ol L ol Ll Lol LY
10° 10’ 102 10° 10* 10° 10°

Photon energy [keV]
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< 1 sec per lightcurve

wakehH B3R R
KBI L7 ZRAT 5-HICBDELZER (2TOIRLF—HIROMAIZHBEDER)
HE > 360x360 arcsec? I LU 7HEBERNREFICIRES &
5B B > 10 minutes P EL, JUTRERMOILTE—VETERAITES L
BSR4 AR AE < 10 sec per spectrum ARG bLIZH L TIXAIfvEnBEE TRE

T4 FA—TIIx L TIIMEREF OElEE TRE

ABI L7 VRATLNREAHT TS ZAIME (I0EF)

EMEPORTFEAZAET 5=DICBBELZIERE | BRXEMEXLBIES K

I RILF—EGH

0.5 keV - 10 keV

TSXTHEEDERE (BHARY ML) &, MBEROEFDIFR (B H
OFEBMEL TN AR ML) AEBTEEZ &

IRILX—fREE

< 0.2 keV (FWHM)

MIEERES I SHI OIS, BRFEERAADPDRAIREG S &

HERBHEAPEFAETEEIZIR =L —LHLDREEND=H. RO
IZ8BFET D, KFEILT (~105km ~ 140”") TIZRZONEREDBLE TS

o'CBH/\ 47 &
2R % AR <2 arcsec (FWHM) ZTHENBATESD S &, IMEBETLT (~10°km ~14") TIEDHEL &S
T L T74EEEZONE1~4IZHBiTEB 2 &,
FAFIvyLUD > 10 TLT7IL—THEHRLTEH. ETDOZONEEZ K FHBHAITESL L

ARG MILEDONFH

> 1600 photons

BE - BEORTBREZ10% LUTICIROZZ &

MESAEBRFREORKH L., EOEREEHT H-HICRETHERE | EXBNLRES K

I RILEF—EEH 5 keV - 30 keV IREFOREHR (BN HHOTELIZEREIRS ML) OREBOH
I RILX—5fRRE <1 keV (FWHM) MERENELZZmS (BEIARY MLOFLEY) tRHETESZE
KB BDREREE < 2 arcsec EHSEL- TS XIHEE (NRFEME) (SR LT, MEEFHNEFEET S8

DEUBERETDENEETHY . TOREIL. T3AVHBEDHAEIZLE
gFﬂﬁﬁgﬁE < 4 arcsec (FWHM) ﬁgﬁiﬁﬁ\ﬁgﬁg& El CTZ@%M\Ehfﬁ)éo 7:;}'3\ - a)ﬁ“ﬁi;&i*%g EEE‘ZT%T:

B, TOMEEREDEMNMBELLETH D,

FA4FIvoLo >10° IW—TDRTIERLLTEH, ETHOZONEZ EHBATESL L
ARG MILEDONFH > 3200 photons IEEFDRYMDBITEREE T 7 2 —2LUT (50%~200%) I[ZIRHZ Z &

MESHERFOBERMOIF—Hit L BRIETRLF—ZRET I OICHELZER : BT THERI R

I RILX—EEE

20 keV - 300 keV, #MeV

FYBVWIRLF—ICETMESNLEFORBEMST 5=

I RILF—fEEE

<10 % (FWHM)

MERELNEL LIRS (BEARY FLOHFHEY) bRHETES L

AIEFRE R AED
TIRIE

<10 % in >M5 class flares

IEEFDOEHDIE— R ZTET 5= 6], =FLAEFZICERL. BHE
SAIFED T R ILEF—EEIL60 keV — 300 keVIZ# 5,

ARY M ILVEDOIFH

> 500 photons

LRDFEANEREEZERT 5O
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Instruments and Key technologies of PhoENiX

_ 1 ,The basic developments of these technologies have been completed.

;NN
|

Soft X-ray Imaging Spectrometer (0.5 keV ~ 10 keV) Hard X-ray Imaging Spectrometer (5 keV ~ 30 keV)

High-precision X-ray mirror
Resolution: < 2 arcsec
Low scatter: 104 @ 20 arcsec

wo'g~

High-speed soft X-ray camera

Back-illuminated CMOS sensor
Ve

Si/CdTe Compton camera with active shield

7/]"

7/ A Frssusspmsh ‘
‘M/ /, ;Z-isiixzi‘?;'ﬁzr: 5 f- pixs
/

Large effective area X-ray mirror

Resolution: < 4 arcsec (FWHM)
//'/

2
N
o
=)

High-sensitivity hard X-ray camera

7, 2/ Fine-pitch CdTe detector
% 7

Soft Gamma-ray SnectroPoIarimeter

(20 keV ~ > 300 keV (> 1 MeV) ) Polarization measurement: > 60 keV ‘ :\\\ \\_\\\

22




FOXSI sounding rocket series

FOXSI-1in 2012 FOXSI-2 in 2014 FOXSI-3 in 2018

: Active region and Full sun
Obs. target Quiet sun Quiet sun including Active region Solar flare
Soft X-rays C) (:) >
0.5~10 keV
Energy range
Hard X-rays
5~30 keV
(10 shells + blocker) x 1
7 shell lli 2 | hi i i
Telescope 7 shells x 7 modules 10 shells x 2 modules | (7 shells + collimator) x high resolution optics x5

7 shells x 5 modules 10 shells x 3 modules 10 shells x 2 modules
7 shells x 1 modules

CdTe (6.7 arcsec) x 2
Si (7.7 arcsec) x 4 CdTe (6.7 arcsec) x 5

CdTe (6.7 arcsec) x 2 _ [for hard X-rays]
Si (7.7 arcsec) x 5 [for hard X-rays] N

+
[for hard X-rays] CMOS (1.1 arcsec) x 1 CMOS (1.1 arcsec) x 2
[for soft X-rays]

[for soft X-rays]

Si (7.7 arcsec) x 7

Detector [for hard X-rays]

23
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FOXSI-2 result was published from Nature Astronomy
. (Ishikawa et al. 2017)

coronae

DN/s/pix

Counts/s

19:13:20 19:13:40 19:14:00 19:14:20 19:14:40 19:¥5:00
Start Time (11-Dec-14 19:13:00) /

10%?

10" -

DEM (cm™ K™

Y (arcsecs)

10 -

1014 _

-600 - FOXSI 4-15 keV

10
Temperature (MK) Hinode/XRT SXR

-200 (0] 200
X (arcsecs)

¥ i ¢ Y
1020 | s , i i %phere
. 5 ~ imperature

nature
astronomy

vy

5800K




FOXSI-3 Soft X-ray data

250 FPS data (4 ms continuous exposure)

. . 20 40 60 80 100 120
Image (like pointillism) S _ time [sec]

Pre-collimator X-ray mirrors

CMOS sensor

1000 2000 3000 4000 5000
energy [eV]

FOXSI-3 instrument



Data analysis software

N\ FOXSI3 PhoEnIX data QL

seply TOI [sec) novie|  integ
ﬂ finteg M 1 stop

This full sun image is drawn
by dotting about 10 million
individual X-ray photons.

J =i
I integrated I normalized 2000 1000%  500° 20" [
13
nin [——0_1 center ﬂ N-pole| E-limb| AReX100" all L‘ N-pole| E-1imb: i’ AR+X100" [:1057 - ,m [sec] apply
965 X cen Y cen n -
nax nove 1-pixel event only
N v [— = ¥ obs data only lot
I L L v all events (<= 4-pixels event) R e
F log I auto scale
R |Full  [Full B0 ey —

po g [P - [B00 e sty s zoom

L [_:— [0 - [1s0 (M) scon| aster
selected spectrun | Fitting result|

run Fitting)
4 vehabs [1. ax <[

” wepec [0.06 4+ [es 4+ «[r [t
Svsec [0.16 4+ [1es 4+ «[r [t
A vpec |D.32 4% |1es A <[ [t
1 vapec |p.a g |'a=5 a L]l |

Data analysis software (GUI tool) for FOXSI-3
1. Selection of area, timing and energy range
2. Adjustment of binning for space, time and energy
3. Spectral fitting with Xgpee

This version is developed with
IDL, which is widely used in
solar physics community.



Determine how much particle acceleration occurs in the gradual phase of a flare

Produce images and spectra of flare footpoints from thermal to non-thermal

Determine where non-thermal sources and heated plasma are located in a given

First sounding rocket to observe a solar flare

Measure the spatial distribution of superhot sources in a flare

Science objectives:
1.
2,
energies
3.
coronal configuration
4,
5.

Identify locations of energetic electrons in an erupting CME

Method: Focusing imaging spectroscopy in X-rays (update of

FOXSI-3 observation)

«! FOXSI-4

FOXSI-4 sounding rocket project :
It’s time to observe a flare!!

2

| Excellent F“(" (‘;;:i ‘((" Good |G/F | Fair | F/P | Poor
()vtr;:lll X
grade
July, 2020 2021 2022 2023 2024
Proposal was . . . .
Schedule accepted by Design & Fabrication & Integration & Launch!!
NASA Development Test Test 28




- - (I imm e
" ! "High-precision electroformed Updated CMOS (for soft X-rays) &
X-ray mirror CdTe (for hard X-rays) detectors
o and . Goal (cf. FOXSI-3) CMOS detector (cf. FOXSI-3)
U ¢ <10” HPD (€ 25” HPD) 25 um depletion layer thickness (€ 4 um) for
g B / ") e * <4” FWHM (€ 5” FWHM) * Higher sensitivity to high-energy X-rays
cHr== - - « Higher robustness against X-rays

relative frequency of 1-pixel events

o
n
o

perboloid,  Paral
<
H

T = location of maximum peak : :
B IS 1 Photon counting
% 0.10 capability of
® i CMOS
3 (with 55Fe source)
(Y111 S ——————— ]
0 500 1000 1500 2000

DN

CdTe detector (cf. FOXSI-3)
» Position resolution ( ~30 pm € 60 um)
« High Count Rate (~5 k events / s / detector

€ 500 events / s / detector )
W | (b) This work

. Sub-strip resolution
\ (Furukawa et al., 2020)
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Development of key technologies

High precision soft X-ray glass-polished

mirror

)

A

)
N

Intensity (a.u.

1

Meridional Scan

-h
o
IS

Si/CdTe Compton camera with active
shield

~3x104

x10-5

1 arcmin
(1.16 mm)

1 arcsec

FWHM

~0.12 arcsec

i

BGO design as

 Active shield for polarimetry

» Detector to evaluate maximum
energy (for above MeV detection)

<2”FWHM < 4” FWHM
(Hinode/XRT)  (previous page)
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New,observational

Focusmy Imaging-Spectroscopy,
in'soft and hard X-rays

Spectra-Polar/metry
\ in soft Gamma-rays

Particle Acceleration
Magnetic Reconnection

Science Objectives of PhoENiX mission

1.

Identify particle acceleration sites
in solar flares [where]

Investigate temporal evolution of
particle acceleration [when]

Characterize properties of planned to be realized
accelerated particles [how] in Solar Cycle 26 (2030°)
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Numerical
Approach

4 =
S § R

B s

A ~ 10 (Hoshino et al. 2001)

Lundquist number
HoVaLcs
S=——
n
%
Cf. Reynolds number E

A=)

- ' : ” 3 l ] -

30F <
[ & Multiple X-line W« -
F S collisionless 0*:6 i

LY SN r A* \QQ\Q{\ -
R =o are O ‘\\X A
[ O 1. VS
[ o LY

20 —é < 2]
B -
[ ©

+ 2 |
. - T BRK /
3 Mgjoad 1

10} . ‘ e B
- Tadadlinee Multiple X-line
: \t: * collisional 7

5 - N
! . S=Sc
: e X-line collisional -

oL EPTI-T , | W
0 5 10 15

Ji & Daughton 2011

D520 (fom

lll
D= (@l
= —

An+l
QM/@;I&M
Model of
Shibata & Tanuma

2001

31 320 325 330 335
x

Dynamical Petschek
S <100
(Shibayama et al. 2015)

Sweet-Parker model
S < 104
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« MHD calculation (~ 107 - 10'° cm) + test particle
» Determine global energy release process

* Provide the magnetic field and velocity field structures
(boundary conditions of particle calculations)

* e.g., Shocks, Magnetic mirror
<1+ Particle calculation (~ 10° - 102 cm)

* e.g., Scattering processes via the wave-particle interaction, etc.

—->For example, pick up local regions and study acceleration
& trapping processes using kinetic models (e.g., PIC)

« Comparison between numerical simulation and observation
* via emission model
» Energy spectrum < Photon spectrum

« Electron anisotropy < Polarization, etc.
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Numerical Approach to combine micro and
. macro scales for comparison with observations

ST Reconnection region
opet=375 : See also
L g . s =m— Shibata & Tanuma 2001,
* S TR e~ o & Drake et al. 2006, Oka et al. 2010,
e E M Y % ", S Shibayama et al. 2015,

| S. Wang, Yokoyama, Isobe 2015,

Kowal et al. 2017,
| = A ~ 100 (Guo et al. 2015) Huang & Bhattacharjee 2016

Hoshino 2017

Propagation
of accelerated / \

particles o Above-the-loop-top region
/ " vV L) (b)  5.10kev electrons
NN 1 Ty R

7N

| | Kaneko & Takasao in prep. X. Kong et al. 2019, 2020

‘ /V ﬂ 7 7 — Foot-point regions

U fecontp Acceleration by Alfven waves:
P \

See also
Takasao & Shibata 2016,
Shen et al. 2018

Fletcher & Hudson 2007,

Wave in progress, , ™ N
ot S \ Reep et al. 2018
in parallel E fiekd / Y (Fast mode)
| -~ 3 Change in
&7 Aitven wave packet NCZ) | tne-ot-sight 34
¢ photospheric
Clromoeph accelerabon =7\ magnetic fiel
X
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Numerical Approach to combine micro and FA4N)
_._macro scales for comparison with observations ¢ -

r——yy |

— (=

Propagation Most previous studies focus on electron acceleration
of accelerated || )\ processes in specific regions in a solar flare system.

=V N
/2\

/ \ However, it is highly possible that electrons experience
/5—\ multiple accelerations, trapping, etc. at different locations.

///A\\\ So we need a model to combine them within a single

/ \ \ | framework for comprehensive understanding.




Numerical Approach to combine micro and NP
., macro scales for comparison with observations ¢c .~

haut Multi-zone model:
| v Pick up the important regions (“zones”) for shaping
electron energy spectra (acceleration, trapping, etc.).

A
| Solve the approximated Fokker-Planck eq (e.g. Petrosian 2012)
for multi-zones,
Propagation oON 0 ON 0 . N .
of accelerated / \ —=—Drr—||— —|(A—E; )N |} +
particles // I \\ ot 0E ( EE 8E> 0E [( L) ] f - 0
4 i\ N(E) : electron energy Escape to
/S =N\ distribution function the next zone
/// \\\ Using the multi-zone model, we can
L — « Consider the propagation of electrons across multiple structures
I ‘ / \ \ | - Examine/test different acceleration mechanisms
T ;‘ by trying corresponding coefficients (A, Dek, etc) for each zone
*\T ﬂ 7 17 —> ldentify electron acceleration/propagation processes through
] B comparisons with observations

A key task of numerical & analytical studies:
|[dentify important zones and derive effective coefficients



y (Mm)

Numerical Approach in macro scale

., MHD for understanding of ambient plasma

/1"~ MHD simulation of a solar flare (magnetic reconnection)

calculated by Kaneko

density
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Numerical Approach in macro scale
., MHD + GCA for understanding of particle acceleration

i calculated by Kaneko

Q) t=120s ) (h) t=132s

150

L L
10° 10' 10°

. J
10° 10 10° 10°
log. (E [eV])

1p=0.00s
T

100

y (Mm)
y (Mm)
y (Mm)

L T R R RN weall _y eennd]
1 0 1 10° 10 10° 10° 10° 10° 10°
x (Mm) logy, (E [eV])
O
8 9 10 "
log;(n [om”])

1p=0.00s
T C ey

x (Mm)

6
log,q (TK])

el vl
10° 10 10°
X (Mm)

sl sl il ™
10° 10 10°
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Numerical Approach in macro scale:
., detailed MHD modeling of the above-the-loop-top region

2D model of Takasao & Shibata 2016 3D model (without heat conduction. By Shibata-san, Osaka U.)
|| on xy plane

Mgeic
tuning fork

Magnetic tuning fork oscillation locally produces turbulence
even when the reconnection outflow is laminar (possibly as a result of ballooning instability)
—~ We will examine the impact on the stochastic acceleration and trapping via turbulence



Numerical Approach in macro scale
., MHD + GCA for understanding of particle acceleration

auNy calculated by Kaneko

time=0.0e+00

0.002
0001 O
0.0005

— 0.0002
— 0.0001

3D calculation in the realistic 0
magnetic fields during a solar,flare’
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Numerical Approach in micro scale
., PIC for understanding of micro-scale physics




Numerical Approach [Emission model]

for comparison P
between observation and numerical simulation

—

calculated by Nagasawa

emitted gamma ray

Solar corona model
in ComptonSoft

40000 km 40000 km

£ .
= |
S Input Electron spectrum 510 : e Photon Spectrum
o} O — —
& — -8 - T
= 10° Ne = NgoE g N '7 ’
£ = Bl
5 & 10° E_ 7'71 )
Z 10+ B E g
= I
10°° > L g
2.0 . UL
107 : C “ J"
1077_1 L1 ECut; =| ];()1(1) |l<l|elv 1 4'|01 L |3|.|0 L L 104 = L | | H’h \“'\ nanl
102 10° 10¢ 10 19 Energy [keV]

Energy [keV]



Iteration between
., observation and numerical simulation

Observation
X-ray spectrum
Magnetic field

Photon Initial
Globallplasmalstructure;

Emission Model Numerical Simulation

MHD scale €-> Particle scale
Energy spectrum
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New,observational

Focusmy Imaging-Spectroscopy,
in'soft and hard X-rays

Spectra-Polar/metry
\ in soft Gamma-rays

approach

Numerical & erdisciplinaryj

approach’ /"

{ Emission model|

approach

@ Particle Acceleration
Magnetic Reconnection

Science Objectives of PhoENiX mission

1.

Identify particle acceleration sites
in solar flares [where]

Investigate temporal evolution of
particle acceleration [when]

Characterize properties of planned to be realized
accelerated particles [how] in Solar Cycle 26 (2030°)
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Interdisciplinary approach
., with strength and heritage of each research field

;NN
|

« Space Physics » Astrophysics
» Observation in interplanetary space  X-ray & gamma-ray observations
(trace of plasmas from the sun) » X-Ray Spectral Fitting Package
« PIC simulation (Xspec)

« X-ray emission model
» Key technologies

_.
<,
@

lllllllllllllllll

.5: V: typica velocity SN1006,
| | B: typical magnetic field
| |L: typical system size

b
(=]

&
o,
S

Ccommon Physics
 Particle Acceleration
» Magnetic Reconnection

3

=
£
8
4
J
g

Maximum Electron Energy (eV)

- [
e
10°F
- Auroral Substorm

10 100 10° 10° 10% 10° 10"
v ~B ~L (volts)

» Solar Physics
» Solar observations

 Laboratory experiment of MR * MHD simulatiqn
» Key technologies
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SOIFER (Solar Flare Energy Release)
- NASA funded Drive Science Genter

P \
eove B Home - soiFer X+

]

« C @ O & nttps://solfer.umd.edu w ® L& N QO MO @

N AS A g‘; . l I: E R Home AboutUs- Research Eventsv Papers&Talksv Outreach Resources

S50 o

The NASA funded Solar Flare Energy Release (SolFER) Drive Science Center is a multi-institutional

. Fast Release Mechanisms

. Onset of Energy Release
. Energization of Electrons

1
2
3
4. Energization of lons
5
6

collaboration whose goal is to understand the release of magnetic field energy and associated particle
acceleration in flares in the solar corona.

. Particle Transport
. Plasma Heating

S PhoENiX can contribute to
and collaborate with these

SolFER Collaboration Awarded Time on Frontera -
Supercomputer to Model Solar Flares CONFERENCE INDICO SITE ‘ toplcs.

A New View into the Central Engine of a Large
Solar Eruption 5 o ‘

SolFER Collaboration Awarded
Time on Frontera Supercomputer
to Model Solar Flares

pcoming events

m Group 4 call
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Major responsibilities

PI/Co-1 Name Affiliation
in Pre-phase Ala in Pre-phase A1b and A2
Noriyuki Narukage NAOJ Project lead Principal Investigator (PI) Te a m
Mitsuo Oka UCcB Mission science study Project Scientist (PS)
Yasushi Fukazawa Hiroshima U. SGSP science study Project Scientist (PS)
Shin Watanabe ISAS/JAXA System study Mission system lead m e m b e rs
Keiichi Matsuzaki ISAS/JAXA System study, SXIS design study Mission system lead
Taro Sakao ISAS/JAXA SXIS science & design study, System study SXIS lead, mirror study
Lindsay Glesener U. Minnesota HXIS US contribution study HXIS U-lead, mirror study
Kouichi Hagino Tokyo Univ. of Science | HXIS science study HXIS J-lead, camera study
Tsunefumi Mizuno Hiroshima U. SGSP science study SGSP lead, detector study - EIRLE— fi_ﬁ j‘%fﬁg iiﬁ%i@g IhE,
Masanori Ohno Edtvos U. SGSP science study SGSP lead : FHHE L %I?E 4:417.:.%;27 ERELst
Kazuto Yamauchi Osaka U. SXIS mirror study SXIS mirror study
Satoshi Matsuyama Nagoya U. SXIS mirror study SXIS mirror study
Masayuki Ohta ISAS/JAXA SXIS/SGSP detector study SXIS/SGSP detector study — -
Collaborator name Affiliation Area of collaboration
Ikuyuki Mitsuishi Nagoya U. Pre-filter and HXIS mirror study Pre-filter and HXIS mirror study —— -
Sam Krucker UCB/FHNW SXIS/HXIS US+Swiss contribution study, SXIS/HXIS US+Swiss contribution study, YOShlnf)rI .Suema.tsu NAOJ SXIS mirror study
HXIS design study SXIS/HXIS design & science study Satoshi Miyazaki NAOJ SXIS detector study
Tom Woods LASP, Colorado U. SXIS/HXIS US contribution study SXIS/HXIS US contribution study, Shin’ichiro Takeda | Kavli IMPU HXIS design & science study
SXIS/HXIS design & science study Hiromitsu Takahashi | Hiroshima U. SGSP design & science study
Amir Caspi SwRI SXIS science study SXIS design & science study Takao Kitaguchi RIKEN SGSP design & science study
Steven Christe NASA/GSFC HXIS design study HXIS design & science study Takashi Minoshima JAMSTEC SXIS/HXIS science study with simulations
Amy Winebarger NASA/MSFC SXIS/HXIS US contribution study SXIS/HXIS US contribution study & science study Shinsuke Imada Nagoya U. SXIS science study
Patrick Champey NASA/MSFC HXIS mirror study HXIS mirror study Yoshiyuki Inoue RIKEN SGSP/HXIS science study
Wayne Baumgartner | NASA/MSFC HXIS mirror study HXIS mirror study Kyoko Watanabe NDA Science study
Bin Chen NJIT SXIS/HXIS science study, Radio observation study | SXIS/HXIS science study, Radio observation study Takuma Matsumoto Nagoya U. Science study
Alexander Warmuth AIP SXIS/HXIS science study, DLR contribution study | SXIS/HXIS science study, DLR contribution study Haruhisa lijima Nagoya U. Science study
Tomoko Kawate NIFS Science study SXIS/HXIS/SGSP science study Satoshi Kasahara Tokyo U. Science study
Masumi Shimojo NAOJ SXIS science study SXIS science study Tomoki Kimura Tohoku U. Science study
Takafumi Kaneko Nagoya U. SXIS/HXIS science study with simulations SXIS/HXIS science study with simulations Aya Bamba Tokyo U. Science study
Natasha Jeffrey Northumbria U. SGSP science study SGSP science study Teruaki Enoto RIKEN Science study
Satoshi Masuda Nagoya U. Science study Science study Herman Lee Kyoto U. Science study
Shinsuke Takasao Osaka U. Science study Science study Yoko Tsuboi Chuo U. Science study
lain Hannah U. Glasgow Science study Science study Ryo Yamazaki Aoyama Gakuin U. | Science study
Seiji Zenitani Kobe U. Science study Science study Yutaka Ohira Tokyo U. Science study
Takuma Nakamura IWF/ 0AW Science study Science study Toshihiro Obata Tokyo U. System advisory
Hiroshi Tanabe Tokyo U. Laboratory-based science study Laboratory-based science study Kazunari Shibata Kyoto U. Science advisory
Munetaka Ueno JAXA N/A System advisory Yoshifumi Saito ISAS/JAXA Science advisory
Takeshi Takashima ISAS/JAXA System study Science advisory Kazuhiro Nakazawa Nagoya U. Science advisory
Iku Shinohara ISAS/JAXA Science advisory Science advisory Yoshizumi Miyoshi Nagoya U. Science advisory
Toshio Terasawa NAOJ Science advisory Science advisory Masahiro Hoshino Tokyo U. Science advisory
Hiroyasu Tajima Nagoya U. Science advisory Science advisory Kazutaka Yamaoka Nagoya U. Science advisory
Tadayuki Takahashi Kavli IMPU Science advisory Science advisory Yasushi Ono Tokyo U. Laboratory-based science advisory
Kuniaki Masai ™U Science advisory Science advisory
Masaaki Yamada Princeton U. Laboratory-based science advisory Laboratory-based science advisory




 Extra Science

Beyond the PhoENiX Scientific Objectives

48



Contribution to

Coronal Heating (thermalization) & Weather
Space Weather (Impulsive SEP, CME onset, pre-flare heating) ——
agnetospneric

Plasma cloud

and lonospheric
disturbance

Interplanetary CME, Jet Shock NERHUETIE] o Accelerated
Energy; Particles
space )
Solar surface Termination R U
Downflow shock Energy
» Coronal
n Heating ~
0 i [ ]
p N - Plasmoid = Shoc Flaring loop,
Magnetic . . etc.
reconnection = 11
| |
\/ : Thermal pool jps :
Sl " % . Particle <
N . = Acceleration
//\ ks = e J
E — — ‘\ Single X-line?
‘IIIIIIIIIIIIII‘IIII»W Trapplngln
Energyj loop

FACT: > 50 % of energy I

released by MR is spent Chromospheric

for particle acceleration A‘;‘;?‘lt?;f::d evaporatIi)on &

condensation 49




Observation of CME and astronomical objects

" PhoENiX can observe
the CME and astronomical objects
near the ecliptic plane (within 5 degree).

Composite Image of Crab Nebula |
Ogtical |Mebixel, Infraned |Spitzecl X-ray Chardea) l

-
Al Ty

2 ™ - ¥
Neutren Stae ! ‘c':,_):'z
v Srinning Disc
’ . -, -
4 n(\;
< ’
v > Ny
e S L P j & !
‘Bg- ,\.? :
YW o wmas . )
2 .

Credits: eCUIP and ISDC

Balbo+ 2011

CME Carb Nebula

Scorpius X-1
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Interdisciplinary approach

for the understanding of plasma physics beyond individual research field

Maximum Enerqgy

Magnetic Reconnection

S0 o e s e s s s e e e e e S S R
i Crab Nebula
10"5f V: typical velocity SN1006,
| | B: typical magnetic field
| |L: typical system size |
i Blazar ]
10 .
Radio Lobes ]

Galactic Diffuse X-rays

Maximum Electron Energy (eV)
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One-Page Ideas

PhoENiX team is looking for
your scientific ideas

that is wanted to be realized
with

X-ray imaging spectroscopic
and soft gamma-ray
spectropolarimetric
observations for solar flares,
l.e., by PhoENiX mission.

https://phoenix-project.science/one-page-idea
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https://phoenix-project.science/one-page-idea

Schedule of PhoENiX
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eluniverse is'filled withw. - :
High Energy|(Accelerated) Partlcles"' in solar flares [where]

g \“\ SNSRI Science Objectives of P#oENiX mission
Tlp 98 1. Identify particle acceleration sites |

o “What is,the origin o particle acceleration [when]

2. Investigate temporal evolution of

& H’gh Ener 9y Particles: 3. Characterize properties of planned 1o be realized
N accelerated particles [how] in Solar Cycle 26 (2030°)
The sun is unique in that:
v Energization of space plasmas v A natural laboratory of high energy plasmas
v Formation and evolution of life v Mother of life
v Influence on planetary environments v Impact on earth and social environments

(G
201 2 2014 2018

NASA DRIVE Science Center e

Solar Flare Energy Release {

https://solfer.umd.edu/ Emission model

Fggising  Imaging-Spectroscopy,
in soft and hard X-rays
Spectro-Polarimetry,

. — | ——————

in soft Gamma-rays

Particle Acceleration
Magnetic Reconnection
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https://indico.ipmu.jp/event/395/

.‘.‘ -

Part_icle Acceleration in Solar Flares an.d the Plasma Universe -
Deciphering its features under magnetic reconnection

15-19 November 2021
Virtual

Overview Dates and time:

Timetable

Monday, 15 November - Fri, 19 November, 2021

Contribution List 22:00-3:00 JST* each day

Registration and Abstract (* 21:00-2:00 CST / 14:00-19:00 CET / 8:00-13:00 EST / 5:00-10:00 PST)
Submission
Venue:
Participant List
Kavli IPMU Code of The workshop will be held as a virtual, online-only event. A link for connection will be sent out later to
Conduct registered participants.
Registration and Abstract Submission:
B4 seminar@ipmu.jp | Abstract submission deadline is October 19, 2021, 23:59 JST.|Registration is available through

November 10, 2021.



