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Preview

Measuring	hot	plasma	with	hard	X-rays	(HXRs)

Direct	focusing	instruments:		FOXSI and	NuSTAR

Observations	and	constraints	on	hot	plasma	in	
quiescent	active	regions

New	HXR	accessibility	to	small	flares



Why	hard	X-rays?
• Hard	X-rays	are	produced	immediately	and	abundantly	by	
hot	plasma.
• “Hot”	=	minimum	3,	5,	8	MK	up	to	several	 10s	of	MK.

• Fairly	direct	measure	of	accelerated	electron	distributions

Difficulties:
1. Rich,	nuanced	DEMs	require	supporting	

observations	 at	lower	energies.
2. Low-energy	 cutoff	(or	entire	power	

law)	can	be	hidden	beneath	 thermal	
component.

3. Resolution	 few	(or	several)	 arcsec



Nonthermal

• Traditionally,	Fourier	imaging,	were	
used	(e.g.	RHESSI)
• Limited	sensitivity	and	imaging	
dynamic	range.

How	do	we	measure	HXRs?



Better	hard	X-ray	sensitivity	is	now	available	
with	direct,	focusing	instruments.
• X-rays	can	be	focused	at	small,	“grazing”	angles	of	incidence

• Double	reflection	 on	a	Wolter-1	configuration

• Low	background	à improved	sensitivity

• Point	spread	 function	falls	steeply,	providing	improved	dynamic	range.
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The	Nuclear	Spectroscopic	Telescope	
Array	(NuSTAR)

• Astrophysics spacecraft	not	optimized	for	solar	pointing
l 800	cps	max	throughput	à high	deadtime
l 3-79	keV,	but	most	solar	observations	 <10	keV

l Best	conditions:	 targets	≲GOES	B5
l Quiet	active	regions,	small	 flares
l Quiet-Sun	regions

l Observations	are	planned	3-4	days	in	advance	(minimum)	or	
as	planned	coordinations with	other	spacecraft	observing	
campaigns	 (better).

AIA

NuSTAR

Grefenstette et	al.	(2016)
Hannah	et	al.	(2016)
Kuhar et	al.	(2017)
Wright	et	al.,	accepted
Glesener et	al.,	in	revision
Marsh	et	al.,	in	revision



Focusing	Optics	X-ray	Solar	Imager	
Sounding	Rocket

Goals:
• Demonstrate	 focusing	HXR	optics	
optimized	 for	the	Sun.
• Look	for	indicators	of	nanoflares in	
active	regions	and	the	quiet	Sun

Collaboration:
U.C.	Berkeley
NASA/MSFC
NASA/GSFC
JAXA/ISAS

For	FOXSI-3:
University	of	Minnesota
NAOJ

Flights:
• 2012	November	2
• 2014	December	11
• (planned)	August	2018

4-20	keV



FOXSI-1 FOXSI-2



Quiescent	active	region	measurements
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Fig. 2. FOXSI loci curve in two energy bands (red and blue) overplotted
on a differential emission measure of the active region estimated by
Hinode/XRT and EIS (black). The shaded region shows the parameter
space that is excluded by the FOXSI observation. (Color online)

line spectroscopy, and we modified the code to input the
XRT count rates and temperature response functions.
We assumed the measurement reliabilities of the EIS
line intensities and XRT count rates are similar, and all
the XRT and EIS measurements are equally weighted in
the inversion. We applied the latest XRT calibration by
Narukage et al. (2014), which provides a significantly
upgraded XRT response function, especially for the thicker
filters. The peak in the Hinode DEM is located at log T ∼
6.3–6.4, suggesting the main coronal component of this
active region is ∼ 2–2.5 MK plasma. The combined XRT
and EIS DEM also shows the presence of an extremely hot
component with a temperature >10 MK.

The counts measured by FOXSI (shown spatially in
figure 1) do not come from the active region; rather, they
are spread across the field of view. These counts could be
quiet-Sun flux or instrument artifacts (for example, single-
bounce photons—“ghost rays”—from the microflare on the
west limb, which had already begun at the time of this
pointing but which was well outside FOXSI’s FOV at the
time); this determination will be the focus of a separate
paper. In either case these counts constitute a background
for the measurement of HXRs from the AR. The number
of counts in any given energy band are so small that precise
background statistics cannot be determined. We therefore
assume that an AR HXR source would be detected if it
produced a number of counts equal to the total number of
counts in the image; this is a conservative estimate. Dividing
the counts into 1 keV bins, we calculate the emission mea-
sure required for a variety of temperatures to produce the
measured counts in each bin. This produces a loci curve for

the DEM for each 1 keV bin. Curves in figure 2 show these
loci for the 6–7 and 7–8 keV bands.

We find that the Hinode-derived hot (> 8 MK) compo-
nent in the DEM is inconsistent with the FOXSI obser-
vations in the gray area in figure 2. If there is plasma
with a DEM distribution extended into this region, FOXSI
should have detected far more flux from the AR. The hot
component as derived mainly by XRT would have pro-
duced >1300 counts in the FOXSI spectrum above 6 keV,
but none were detected. A similar result was found by
Schmelz et al. (2009b). After including RHESSI HXR upper
limits in a DEM analysis, they found that their originally
reported high-temperature component was greatly sup-
pressed. Winebarger et al. (2012) reports that the currently
available EUV and SXR observatories have blind spots to
high-temperature plasma, at least in the presence of an
intense component around a few MK as seen in non-flaring
active regions. In addition, Testa et al. (2012) pointed out
possible discrepancies between estimated DEMs from the
EUV observations by comparing models and DEMs cal-
culated by simulated Hinode/EIS and SDO/AIA data. The
FOXSI observations highlight this issue and demonstrate
the necessity of HXR observations to constrain the high-
temperature end of the DEM.

The additional blanketing in the FOXSI instrument (see
subsection 2.3) is impossible to perfectly calibrate because
the degree of absorption could have changed over time
due to further physical motions of the blankets. Neverthe-
less, at high photon energies (> 10 keV) where the blanket
material contributes little absorption, the hot component
derived mainly from XRT still predicts measured counts
above 10 keV of a total of > 200 counts, far more than
were actually recorded. Hence, the blanketing issue alone
cannot account for the discrepancies between FOXSI and
Hinode, and these discrepancies are not influenced by the
cross-calibration with RHESSI.

4 Summary and future work
We performed an active region DEM analysis using
Hinode/XRT and EIS, and compared it to FOXSI detec-
tion limits as indicated by the FOXSI loci curves. We
find an inconsistency between the Hinode DEM and the
FOXSI limits for the hot, faint portion of the DEM with
T > 8 MK. We conclude that the > 8 MK component above
3 × 1044 cm−3 is excluded from the DEM since the FOXSI
detector performance is validated via the co-observation of
a microflare with RHESSI.

A second flight of FOXSI (FOXSI-2) is scheduled for
2014 December and will include some upgrades. FOXSI-
2 will provide an improvement to the optics by including
additional small-diameter shells. In addition, we will update
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FOXSI-1:		
No	detectable	HXRs.		This	led	to	
constraintson	DEM	(with	Hinode)

Ishikawa	et	al.	(PASJ	2014)
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Quiescent	active	region	measurements
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FOXSI-2:		Clear	detection	of	AR	12234	when	not	obviously	flaring

FOXSI−2 AR12234
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• XRT+FOXSI	 together	
measure	high-temperature	
slope	of	DEM.

• Diverges	 from	power	law	
>10	MK.

Ishikawa	et	al.	(submitted)



Other	explanations	for	7-9	keV emission?

• Background?

• Macroscopic	event?

• Cooler	part	of	DEM?
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Modeling	impulsive	heating	in	AR	12234

Discard	any	parameter	sets	that	violate	these	
constraints:
• Time-averaged	heating	must	be	<108 erg	cm−2 s−1

• AIA	and XRT	emission must	not be overpredicted.

Andrew	Marsh	et	al.,	in	preparation
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Parametric	study	of	impulsive	 heating	events	using	EBTEL field-
aligned	 simulations	of	homogenous	 nanoflares throughout	the	AR.

EBTEL	simulation	
of	a	single	
nanoflare

DEM
Time-average	the	DEM	to	
mimic	many	homogenous	

events	occurring	out	of	phase

Calculate	 hard	
X-ray	fluxes	

using	CHIANTI

Fold	through	
instrument	 response

Compare	to	FOXSI	
observed	spectrum.	 	

Compute	goodness-of-fit

Adjustable	parameters: • Heating	amplitude	 and	duration
• Heating	event	frequency
• Filling	factor	(fit)

Discard	any	parameter	sets	that	violate	these	
constraints:
• Time-averaged	heating	must	be	<108 erg	cm−2 s−1
• AIA,	XRT	emission must	not be overpredicted



Results:	𝜒#	maps	across	parameters

• Lighter	intensities	 =	better	fits
• Preference	 for	short,	strong	
events

• Best	agreement	 for	event	
separation	of	1600-3000	seconds
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Future	steps	in	modeling	HXR	active	region	
observations:
• Include	distribution	of	nanoflares (e.g.	power-law	 in	energy)
• Include	beam	heating	in	additional	 to	direct	heating
• Perform	field-aligned	 simulations
• Model	more	active	regions!

NuSTAR active	regions	have	also	been	modeled	
à See	Marsh	paper
• Longer	observations,	 extending	 to	lower	
energies

• Data	are	available	 for	several	other	ARs;	
ready	for	modeling.
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What	about	macroscopic	flares?

• Sub-A	class	microflares are	now	
being	measured.

• Note	that	the	NuSTAR and	FOXSI	
(and	RHESSI!)	data	points	
represent	an	isothermal	
approximation.

• NuSTAR has	observed	even	
smaller	 transient	brightenings in	
the	quiet	Sun.

See	also:
Wright	et	al.	(2017;	accepted)
Glesener et	al.	(in	revision)

• How	do	flare	energetics	scale	as	we	go	to	small	 sizes?

• Do	flares	occur	everywhere	on	the	Sun?

HXR	microflares (and	counting…)



Flare	on	2015	Sept	01
• Higher	energies	
peak	earlier

• High-energy	
excess	in	impulsive	
phase	à hotter	or	
nonthermal
component	
required.

• Thermal	 energy	
during	flare	peak	is	
1.8	x	1027 ergs.

• Similar	behavior	
to	that	observed	
in	larger	flares.
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Exploring	 impulsive	solar	magnetic	 energy	
release	with	direct	hard	X-ray	imaging	
spectroscopy

Proposed to	NASA’s	2016	Heliophysics Small	Explorer	
(SMEX)	AO.

The	future…



FOXSI	is	composed	 of	two	instruments:
● FOXSI	X-ray	Imager	(FXI): Direct	focusing	hard	X-ray	instrument.
○ X-ray	Flux	Sensor	(XFS): Spatially	integrated	SXR	spectroscopy.

Mission	Concept

Expected	FXI	imaging	performance



Small	flares	and	active	region	heating
Determine	how	energy	releases	
processes	scale	from	the	smallest	
to	largest	flares.

Individual	flare	sensitivity Predicted	FOXSI	results	for	ensembles	of	nanoflares

Distributions	 based	 on	Lopez	Fuentes	 &	Klimchuk (2015,	 2016)	

Assess	the	degree	to	which	 impulsive	
events	heat	active	region	corona.	



• Proposed	launch	in	2022
• Two-year	primary	science	
phase

• PI:	Steven	Christe (GSFC)
• Deputy	PI:	Albert	Shih	(GSFC)
• Project	scientist:																						
Säm Krucker (UCB/SSL,	 FHNW)

• Instrument	scientist:	 								
Lindsay	Glesener (UMN)

• Imaging	scientist:	 																
Pascal	Saint-Hilaire (UCB/SSL)

• XFS	Lead: Amir	Caspi (SwRI)
• Hardware-providing	
institutions:	GSFC,	MSFC,	
UCB/SSL,	 UMN,	SwRI,	LASP,	
PAN,	Orbital/ATK



Summary

Observations	 by	FOXSI	and	NuSTAR
are	ongoing	(though	rare).

A	space-based,	 solar-dedicated	
instrument	is	needed.

How	will	we	accomplish	 future	observations?

What	can	focusing	HXR	
instruments	do	for	you?

High-sensitivity	 imaging/spectroscopy	 of	small-
scale,	impulsive	 energy	release	 on	the	Sun

What	have	we	observed	 already?

Measurement	 of	>10	MK	
plasma	 in	a	quiescent	AR.	
(modeling	 underway)

Transient	events	at	
scales	formerly	

inaccessible	 to	HXRs

And	much	
more!


