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TOPICS

• NuSTAR has recently made advances in measuring small-scale 
energy release – some highlights will be shown here.

• NuSTAR has coordinated with the Parker Solar Probe for a few 
perihelia and will continue to do so.   Some sample quicklooks and upcoming 
plans will be shown.



RECENT NUSTAR PROGRESS IN 
UNDERSTANDING SMALL-SCALE 

ENERGY RELEASE



SMALL MICROFLARES SHOW SIMILAR 
TIME PROFILES TO BIGGER FLARES.

Eleven events: NuSTAR microflares are 
almost always impulsive and rapidly 
reach their highest temperatures, 
followed by a gradual cooling.  

GOES Class: 
A and sub A

Duncan et al. 
(in prep)
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Figure 6. For three microflares, NuSTAR contours (20, 40, 60, 80% of counts) are shown over AIA FeXVIII context images.
The NuSTAR 2-4 keV and >6 keV emission from each event has been integrated over the flare duration and deconvolved over
the number of iterations, i, indicated in the legend. Centorids of emission in each energy range are also marked. Circles with
diameters equal to the NuSTAR HPD (.70” in this energy range) and FWHM (18”) are shown for visual reference. Left:
Microflare 1918 occurred during the August orbit, and shows NuSTAR emission largely from one site within a larger AIA active
region. No background emission has been removed. Center: Microflare 1646 occurred in May Orbit 1, and is one of the smaller
microflares (background subtraction was not possible). Higher energy emission is centered on one particular loop complex,
while a larger surrounding region is bright in 2-4 keV. Right: In contrast, microflare 1618 was large enough for background
subtraction. With background removed, all flaring emission can be seen to be centered around those same loops (displaying no
significant energy-dependent di↵erence in centroid).

AIA FeXVIII images were produced using an established
linear combination of three channels (94Å, 171Å, and
211Å) to isolate FeXVIII emission (Del Zanna 2013).
As documented in previous literature (e.g. Grefen-

stette et al. (2016)), NuSTAR experiences a pointing
uncertainty on the order of a few arcminutes when ob-
serving the Sun. In order to correct for this, the FeXVIII
images were used to approximate the most likely true
center of NuSTAR emission. For each image, centroids
were found for both the AIA FeXVIII and NuSTAR
data, and the NuSTAR contours were shifted by the
di↵erence between them.
Di↵erences in the spatial properties of flare-time emis-

sion in di↵erent HXR energy ranges could provide evi-
dence of a plasma temperature gradient across the flare
site. In order to determine whether an event displays
this kind of spatial complexity, background active region
emission must first be subtracted from the flare-time im-
ages. This ensures the isolation of spatial complexity
within the microflare itself, rather than just characteri-
zation of a spatial di↵erence between flare emission and
(generally lower energy) emission from the surrounding
active region.
For background subtraction, quiet times were sought

for each event with the requirements of occurring dur-
ing the same observation and containing the same ac-
tive region. This was not possible for the August 2017
microflares, as there was no su�ciently quiet interval

during the orbit (see Figure 1). Thus, the image of mi-
croflare 1918 in Figure 6 has not had background emis-
sion removed.
Suitable quiet times did exist within the May 2018

orbits. For these events, instrument livetime and mi-
croflare duration were used to calculate the e↵ective ex-
posure time during each event. Custom quiet intervals
were then created for each microflare, trimmed to have
the same e↵ective exposure.
Subtraction was performed, after which it was seen

that in several small-magnitude events the resulting im-
ages had poor statistics and significant non-physical dis-
tortion. As a conservative rule, it was decided to only
proceed with background subtraction in cases where the
quiet interval had fewer than half of the total counts
observed in the flare interval.
This left only the two largest May microflares (1618,

1747). For these, the NuSTAR centroid was computed
in the 2-4, 4-6, and > 6 keV energy ranges for each
FPM. The di↵erences in centroid between the two FPM
in the full NuSTAR energy range (all counts > 2 keV)
were used as an estimate of uncertainty in the centroid
measurements.
Neither of the events displayed a di↵erence between

emission centroids in di↵erent NuSTAR energy ranges
larger than the estimated uncertainty. This is consistent
with what is observed in AIA FeXVIII, where both of
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Figure 2. NuSTAR lightcurves over flaring intervals, livetime-corrected, and binned in 6s intervals. Each are shown with fitting
intervals shaded pink, fitted models (red) plotted over NuSTAR data, and the extracted start, peak, and end times (teal, purple,
blue) marked. The top panels show all four energy ranges for three events: Left (1747) shows a microflare with a smooth,
impulsive profile in all energy ranges. The middle (1646) shows the handling of an event with comparatively lower statistics
available from 8-10 keV, and where the NuSTAR data interval ends before the flare finishes decaying. The right event (1850)
begins before the start of the NuSTAR data interval and is still decaying when a new flare begins. Additionally, it includes
multiple peaks, and required significant cropping of the fitting interval to allow a good fit to the data. Lower panels show the
4-6 keV time profiles only for the remaining 8 events, showing significant variety in their temporal structure.

The time profile of higher energy HXR emission is
generally observed to be more impulsive than that of
the lower energy emission (lower energy HXRs, or SXR
emission and below), and also to peak earlier in time.
This is consistent with a transfer of energy from accel-
erated particle populations and smaller, hotter plasma
volumes into heating of the surrounding chromospheric
plasma. Both impulsivity and di↵erential peak times
between energy ranges are considered part of the “stan-
dard” flare model (Benz 2016), and consistent observa-
tion of them in microflare events would support the idea
that the evolution of events at this scale is controlled by
similar processes to those that lead to large flares.

3.1. Time Profile Analysis

To examine these properties in the microflares consid-
ered here, four HXR energy bands were chosen within
the observed NuSTAR energy range (2-4 keV, 4-6 keV,
6-8 keV, 8-10 keV). An event asymmetry index (Aev)
was used to examine the impulsivity in all 44 cases (4
energy bands, 11 events). Aev was previously utilized to
characterize the events in the RHESSI microflare study
Christe et al. (2008), following the example of Temmer
et al. (2002). It is given as,

Aev =
tdecay � trise
tdecay + trise

(1)

with a resulting value greater than zero implying an im-
pulsive event.
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Table 1. Event Asymmetries (Aev )

Event 2-4 keV 4-6 keV 6-8 keV 8-10 keV

1850 0.00±0.07 0.57±0.03 0.57±0.07 0.31±0.24

1918 0.55±0.02 0.59±0.02 0.78±0.02 0.79±0.10

1618 0.70±0.01 0.67±0.01 0.64±0.04 0.51±0.10

1900 0.43±0.02 0.28±0.03 0.35±0.04 0.66±0.09

1747 0.48±0.02 0.46±0.02 0.37±0.10 0.31±0.22

1909 0.69±0.10 0.38±0.75 0.90±4.6 0.54±0.63

1736 0.23±0.03 0.07±0.07 -0.02±0.17 -0.68±0.06

1940 0.46±0.03 0.36±0.03 0.32±0.06 0.22±0.36

1646 0.69±0.04 0.63±0.04 0.46±0.14 0.70±0.29

1606 0.62±0.05 0.64±0.03 0.80±0.09 0.95±0.85

1917 0.86±0.01 0.56± 0.07 0.28±0.28 X

Color Impulsive Consistent Non-Impulsive

Key: (Aev> 0) With Either (Aev< 0)

Time profiles were created, including all NuSTAR
emission observed in each energy range from large re-
gions encompassing the full active region (for May 2018
events), or a large section of the active region includ-
ing all flare sites (for Aug. 2017 events). They included
livetime-corrected NuSTAR counts from several minutes
before and after any flare emission was noticeable by eye,
binned in 1s intervals. For a few events, the microflare
either began or ended outside of the period of NuSTAR
observation, in which case as much of the flare-time in-
terval was included as possible.
An automated method was developed to extract flare

start, peak, and end times from each time profile. A
model combining skewed gaussian and linear compo-
nents (to represent flaring and background emission, re-
spectively) was fit to each time profile, using the LM-
FIT Python package (Newville et al. 2014). The skewed
gaussian model was chosen for its ability to flexibly fit
both impulsive and non-impulsive time profiles.
Fit quality was observed to be sensitive to the choice of

initial conditions, so the fitting process was repeated for
an array of initial conditions for three of the fit param-
eters (the gaussian center, width (�), and amplitude),
totaling ⇠800 iterations. Optimal sets of initial condi-
tions were found (those that resulted in the fit with the
minimum chi-square value). Using these, best-fit pa-
rameters were extracted. This was repeated for each of
the 44 time profiles.
Peak time was defined as the time of the maximum of

the resulting model function. Start and end times were
defined as times when the integral of the skewed gaus-
sian model component (with the background component
removed) was equal to 0.1% and 99.9% (respectively) of

Figure 3. Microflare peaktimes are shown, normalized over
the 2-4 keV event duration such that a value of 0 would
imply the microflare peaks the moment it begins, while a
value of 0.5 would imply a peak halfway through the flare
duration, and so on. Peaktimes are shown in all four energy
ranges, with error bars showing normalized uncertainties for
each. A linear fit is included for each event, with negative
slope in 10/11 cases (zero slope for the smallest event, 1917,
which had su�cient counts to be well-fit in only three energy
ranges). This shows a trend toward earlier peaktimes in the
higher energy ranges. Events are arranged from largest (top)
to smallest (bottom) by the maximum NuSTAR count rate
(livetime corrected & background subtracted) during each
interval.

its value when evaluated over the full input duration.
These thresholds produced reasonable start/stop times
in comparison to what was apparent to the eye for each
result (examples of which can be seen in Figure 2). The
resulting degree of impulsivity seen in these events was
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Figure 5. Time evolution of ratios between two sets of
NuSTAR energy ranges are shown for two example events,
a proxy for temperature. Ratio curves have been smoothed
over a 10s interval, and their peak times are marked with
color coded vertical lines and extended down for comparison
with normalized NuSTAR emission in four energy ranges.
In the top event (may1747), the two ratios peak before the
peaks in emission in any of the NuSTAR channels, while they
straddle the NuSTAR peaks in the bottom event (aug1900).

ever, comparison of impulsivity across energy ranges is
complicated by NuSTAR’s livetime limitations. Severely
limited livetime at microflaring times (combined with
proportionally much greater observed flux in the lower
end of the NuSTAR energy range) limits the spectral
dynamic range (Grefenstette et al. 2016), meaning that
higher energy time profiles have poorer statistics. This
makes them generally poorer-fit, as can be seen in the
systematically larger uncertainties obtained for event
asymmetries of higher-energy time profiles. Thus, the
failure to confirm this relationship is not seen as proof
that it does not exist for these events.
The reported values of Aev represent the location of

the time profile peak within the event duration in each
energy range. It is also interesting to compare time pro-
file peaks in each energy range to the full event dura-
tion (defined as the interval from the earliest start to
the latest end found in any of the energy ranges for each
event; in all 11 microflares this was equal to the 2-4 keV
event duration). The peak times of emission in all en-
ergy ranges for each microflare are shown in Figure 4.
In order to visually compare between energy ranges for
all microflares simultaneously, the peak times were nor-
malized over each 2-4 keV event duration. Linear trends

in peak time across the four energy ranges were calcu-
lated for each microflare. 10/11 resulting trendlines had
negative slopes, confirming observation of the large-flare
property of earlier peak times in higher energy emission.

3.3. Energy Range Flux Ratios

The spectrum of the flux of thermal bremsstrahlung
from a volume of plasma is dependent on the electron
and ion densities (ne, ni), as well as the temperature
(T) of the plasma. It is given as a function of emitted
energy, ✏, as

F (✏) ⇡ 8.1⇥ 10�39

Z

V

exp( �✏
kBT )

T
1
2

ninedV (2)

( keV s-1 cm-2 keV-1 ) where factors on the order of 1
have been neglected, and the integral is taken over the
volume of emitting plasma (Aschwanden 2005). The
ratio of this flux at two di↵erent energies can be shown
to be a monotonically increasing function of T.
With su�cient knowledge of instrument response, this

relationship can be used to determine the evolution of
flare temperature in absolute terms (as was done for a
large population of GOES flares in Ryan et al. (2012)).
NuSTAR’s energy resolution allows for flare tempera-
tures to be more accurately extracted from spectroscopy
(see Section 5). However, the need to include enough
counts to make spectral fitting meaningful limits the
temporal resolution possible when examining the evo-
lution of flare plasma parameters over the course of an
event. Flux ratios between di↵erent NuSTAR energy
ranges do not have this limitation.
Two di↵erent ratios were examined in these events:

R4/2 (ratio of 4-6 keV emission and 2-4 keV emission),
and R8/2 (ratio of 8-10 keV emission and 2-4 keV emis-
sion). Figure 5 shows both ratios as a function of time
during two example events, with normalized NuSTAR
emission in all four energy ranges included for context.
The ratios are normalized over the flaring interval.
These events are representative of the population of

microflares, all of which showed ratios with similar struc-
ture to that of the regular NuSTAR time profiles, peak-
ing either simultaneously or earlier in time. The excep-
tions to this were smaller events, where limited statistics
in the 8-10 keV energy range challenged the interpreta-
tion of R8/2.
Table 2 gives peak times in each of these ratios for

each microflare, events again arranged by magnitude of
peak NuSTAR flux (livetime corrected, background sub-
tracted). The ratio peak times are reported as fractions
of the full 2-4 keV event duration in each case. Un-
certainties were found by applying a range of di↵erent
smoothing intervals to each ratio curve before taking



SMALL MICROFLARES ARE NOT WELL-FIT BY 
AN ISOTHERMAL MODEL.

All eleven flares showed high-energy excess.
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Figure 8. Spectra of may1606 (16:06–16:16 UTC, top row) and aug1900 (19:01–19:08 UTC, bottom row), using three di↵erent
models (vapec (left), vapec+vapec (center), vapec+bknpwr (right)). For each example, livetime-corrected FPMA (black) and
FPMB (red) count spectra are shown in each upper panel, while the lower panels show the error-normalized residuals. For
may1606 (one of the faintest microflares), spectral fits were performed between 3-10 keV. The vapec+vapec model provides the
strongest fit to the data. The significantly brighter aug1900 was fit over 3-12 keV, and required a gain correction. The gain slope
was freed while performing the vapec+vapec fit, and its resulting value (0.990) was applied as a fixed correction for the vapec
and vapec+bknpwr fits. For this event, the vapec+vapec and vapec+bknpwr fits were similar in quality. Thermal fit parameters
for both events are reported in Table 3, and vapec+bknpwr parameters are reported for aug1900 in Table 4.

than just characterization of a spatial di↵erence be-
tween flare emission and (generally lower energy) emis-
sion from the surrounding active region.
Suitable quiet times for background subtraction were

found for only two events (16:44-16:45 UT for may1618,
18:12-18:15 UT for may1747), as essentially no quiet
times occurred during the August 2017 observation (see
Figure 1), and the remaining May 2018 microflares were
faint enough that background subtraction resulted in
significant non-physical distortion. After background
subtraction, the NuSTAR emission centroid was com-
puted in the 2-4, 4-6, and >6 keV energy ranges for
each FPM, considering all pixels with values above 15%
of the maximum pixel value in each image. Di↵erences
in centroid between the two FPM in the full NuSTAR

energy range (all energies >2 keV) were used as an es-
timate of uncertainty in the centroid measurements.
Neither of the events displayed a di↵erence between

emission centroids in di↵erent NuSTAR energy ranges
larger than the estimated uncertainty. This is con-
sistent with what is observed in AIA FeXVIII, where
both of these events showed dominant emission from
just one feature. A similar lack of spatial complexity
was also seen in Glesener et al. (2017), while, contrast-
ingly, FOXSI HXR microflare emission was shown to
be spatially complex in (CITE JULIE). Further studies
involving a greater number of HXR microflares at this
scale are necessary to determine which of these cases is
more typical.

5. SPECTROSCOPY

Duncan et al. (in prep)

Isothermal Double 
thermal

Thermal +
nonthermal

GOES Class: 
A and sub A

where δ is the power-law index, and the power in this non-
thermal distribution is given by

d
d

> = ´
-
-

- -( ) [ ] ( )P E N E1.6 10
1
2

erg s , 5N c N c
9 1

where NN is the non-thermal electron flux [electrons s−1].
We determined the upper limits on NN (and PN) for a set of δ

(d = 5, 7, 9) and Ec consistent with a null detection in the
NuSTAR spectrum. We performed this by iteratively reducing
the model electron flux NN until there were fewer than four
counts >7 keV, consistent with a null detection to s2
(Gehrels 1986). We also ensured that the number of counts
-7 keV are within the counting statistics of the observed
counts. For each iteration, we generated the X-ray spectrum for
the two-component fitted thermal model (Figure 7, right) and
added to this the non-thermal X-ray spectrum for our chosen δ,
Ec, and NN, calculated using f_thick2.pro16 (see Holman
et al. 2011). This was then folded through the NuSTAR
response to generate a synthetic spectrum (as discussed in
Hannah et al. 2016). The upper limits are shown in Figure 12
along with the three estimates of the thermal power for the
background-subtracted flare, PTIF

(“NuSTAR Fit,” black), PT FRI

(pink), and PT FXIT (blue). For a flatter spectrum of d = 5, barely

any of the upper limits are consistent with the required heating
power. With a steeper spectrum, .d 7, a cutoff of 1E 7 keVc
is consistent with the heating requirement. These steep spectra
indicate that the bulk of the non-thermal emission would need
to be at energies close to the low-energy cutoff to be consistent
with the observed NuSTAR spectrum. If we instead consider
some of the counts in the 6–7 keV range to be non-thermal
(e.g., the excess above the thermal model in the left panel in
Figure 7), then we would obtain a higher non-thermal power,
about a factor of 0.5 larger. However, this would only
substantially affect the steep non-thermal spectra ( .d 7) as
flatter models would be inconsistent with the data below 7 keV.
We can again compare the microflare studied here to the

non-thermal energetics derived from RHESSI microflare
statistics. Hannah et al. (2008) report non-thermal parameters
of d = –4 10 and = –E 9 16 keVc , and non-thermal power
ranges from . =( ) –P E 10N c

25 28 erg s−1. The largest upper
limits that NuSTAR produces for this microflare are again at the
edge of RHESSIʼs sensitivity. In a previous study of nanoflare
heating, Testa et al. (2014) investigated the evolution of
chromospheric and transition region plasma from IRIS
observations using RADYN nanoflare simulations. This is
one of the few non-thermal nanoflare studies, and they reported
that heating occurred on timescales of130 s, characterized by a
total energy 1025 erg and ~E 10 keVc . The simulated
electron beam parameters in this IRIS event are consistent
with the NuSTAR-derived parameters, but in a range insuffi-
cient to power the heating in our microflare.

6. Discussion and Conclusions

In this paper, we have presented the first joint observations of a
microflaring AR with NuSTAR, Hinode/XRT, and SDO/AIA.
During the impulsive start, the NuSTAR spectrum shows emission
up to 10 MK, indicating that even in this ∼A0.1 microflare,
substantial heating can occur. This high-temperature emission is
confirmed when we recover DEMs using the NuSTAR, Hinode/
XRT, and SDO/AIA data. These instruments crucially overlap
in temperature sensitivity, with NuSTAR able to constrain and

Table 1
Summary of Thermal Energies of AR 12333

Method UT0
a UT

b PTF
[×1028 erg] [×1028 erg] [×1025 erg s−1]

NuSTAR fit -
+0.9 0.1

0.1
-
+0.9 0.2

0.6
-
+2.5 1.6

5.4

RI -
+1.2 0.1

0.1
-
+1.1 0.1

0.1
-
+2.3 1.0

0.9

XIT -
+1.2 0.1

0.1
-
+1.2 0.1

0.1
-
+3.0 0.7

0.6

Notes. The uncertainties on the energies and power derived from the NuSTAR
fit are s2.7 (90% confidence), and those from RI/XIT are s1 .
a 164 s observation.
b 116 s observation.

Figure 11. Emission measure distribution obtained from the pre-flare (left) using SDO/AIA and NuSTAR data, and the impulsive phase of the microflare (right) using
SDO/AIA, Hinode/XRT, and NuSTAR data with the Hinode/XRT responses multiplied by a factor of two. The EM loci curves for NuSTAR are shown in the same
colors as in Figure 8: the SDO/AIA loci are plotted in gray, with 94 Å Fe XVIII in dark gray; and Hinode/XRT loci are overplotted as dark gray dashed lines. The
thermal fits from Figures 6 and 7 are plotted as filled circles (black) with shaded 90% confidence contours.

16 https://hesperia.gsfc.nasa.gov/ssw/packages/xray/idl/f_thick2.pro
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Combining NuSTAR with
Hinode/XRT reveals a broad DEM.

GOES Class: 
A 0.1



THIS IS TRUE EVEN FOR THE REALLY
FAINT ONES!

done by adding a thick target model (f_thick2.pro10) to a
simulated spectrum obtained from the total microflare thermal
model. This non-thermal model depends on the power-law
index, the low-energy cut-off, and the electron flux of the
microflare accelerated electrons. The non-thermal power was
calculated throughout this parameter space, where the thick
target model gave fewer than four counts at energies greater
than 7 keV—consistent with a null detection to 2σ (Geh-
rels 1986)—and that the introduced non-thermal counts were
within Poissonian uncertainty at energies 7 keV. We find that
the upper non-thermal limits produced are consistent with the
required heating over the microflare time (∼1024 erg s−1) but
only with low-energy cut-offs down to ∼6 keV with a power-
law index 6.

The upper limit values calculated that satisfy this microflare
heating are lower than the upper limits in Wright et al. (2017).
This is expected as the microflare discussed here is less
energetic. The largest upper limit obtained from this analysis
(∼1025 erg s−1) is only just comparable to the smallest non-
thermal power in similar sized microflares (Hannah et al. 2008,
Table 1). The power-law index and cut-off energy are
consistent with the values obtained in Glesener et al. (2020).
Only the electron flux is different (∼103 larger), which could be

expected as the peak emission is also orders of magnitude
larger than the flare discussed here. However, the values
obtained are not consistent with the events presented in Testa
et al. (2014), who investigated coronal loop footpoint bright-
enings in ultraviolet (UV) and a nanoflare heating model. Their
model required that an electron distribution with a higher low-
energy cut-off (∼10 keV) to match their observations
compared to the microflare presented.

2.5. Multi-thermal Microflare Analysis

Figure 4 shows the EM loci curves (flux divided by
temperature response) from SDO/AIA and NuSTAR plotted
with the temperatures and emission measures obtained from
Figure 3 and their 90% confidence region (hatched regions).
During the pre-flare time (Figure 4, left), the FeXVIII and
NuSTAR loci curves almost intersect at the temperature and
emission measure from the spectral fit. This indicates that
similar emission is observed by NuSTAR and FeXVIII at the
pre-flare stage over the selected region (Hannah et al. 2019).
The microflare time has the additional heated plasma from the
flaring process (see Figures 3 and 4, right) which as expected,
results in FeXVIII and NuSTAR not intersecting at the same
point, nor agreeing with the spectral fit value.
To determine the multi-thermal properties we calculate the

emission measure distribution (EMD; the line-of-sight

Figure 2. SDO/AIA FeXVIII map with 2.5–4 keV and 4–7 keV NuSTAR absolute contour levels for the pre-flare time (top-left panel) and the microflaring time (top-
right panel). The bottom panel shows the the pre-flare subtracted map, i.e., the microflare excess.

10 https://hesperia.gsfc.nasa.gov/ssw/packages/xray/idl/f_thick2.pro
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differential emission measure multiplied by the temperature bin
width, in units of cm−5) using the regularized inversion
approach of Hannah & Kontar (2013). Both AIA and NuSTAR
data were used and the resulting EMD curves, and uncertainty
regions, are shown in Figure 4.

We find that, in Figure 4, the calculated EMDs are consistent
with the values obtained from the spectral fits and the loci
curve upper boundaries. The EMD indicates a sharp edge at the
quiescent AR/pre-flare spectral fitting values (Figure 4, left
panel) and a smoother drop in hotter material during the
microflaring time (right panel). As the microflare heats the
plasma an excess of material appears at temperatures where the

“tail” of the pre-flare plasma falls off quickly. This behavior is
similar to what has been found for significantly larger
microflares, also observed in EUV and X-rays (Athiray et al.
2020). The pre-flare time EMD in Figure 4 (left panel) again
shows the importance of higher-energy X-ray spectroscopy
when trying to robustly determine the presence of hot material
in non-flaring ARs, as highlighted in previous studies (Reale
et al. 2009; Schmelz et al. 2009; Ishikawa et al. 2017).
By subtracting the pre-flare emission from the microflare—

isolating the microflare heated plasma—the loci curves show
more consistent behavior with the spectral fit excess parameters

Figure 3. Thermal model fits, using XSPEC, of NuSTAR emission during the pre-flare time (left panel) and microflare time (right panel). The pre-flare spectrum is
fitted with one thermal model (blue), which is then used as a fixed component for the microflare spectrum fit along with an additional thermal model (red). Both
models in the microflare spectrum combine to give the overall model (purple). The temperatures, emission measures, and times ranges are shown for the spectra with
their effective exposures and livetimes in brackets. The quoted errors denote a 90% confidence range with the fit over the energy range indicate by the vertical dashed
lines.

Figure 4. NuSTAR and SDO/AIA loci curve plots with the calculated emission measure distributions (black) for the pre-flare time (left panel) and microflare time
(right panel). The shaded areas denote the uncertainty range for the NuSTAR loci curves (purple and red), the FeXVIII curve (dashed, blue), and the emission measure
distribution (gray). The region used to calculate the SDO/AIA and NuSTAR instrument loci curves was the boxed region shown in Figure 1, panels (d) and (e). The
spectral fit values for both times are indicated with their hatched 90% confidence regions.
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GOES Class: 
teeny tiny

differential emission measure multiplied by the temperature bin
width, in units of cm−5) using the regularized inversion
approach of Hannah & Kontar (2013). Both AIA and NuSTAR
data were used and the resulting EMD curves, and uncertainty
regions, are shown in Figure 4.

We find that, in Figure 4, the calculated EMDs are consistent
with the values obtained from the spectral fits and the loci
curve upper boundaries. The EMD indicates a sharp edge at the
quiescent AR/pre-flare spectral fitting values (Figure 4, left
panel) and a smoother drop in hotter material during the
microflaring time (right panel). As the microflare heats the
plasma an excess of material appears at temperatures where the

“tail” of the pre-flare plasma falls off quickly. This behavior is
similar to what has been found for significantly larger
microflares, also observed in EUV and X-rays (Athiray et al.
2020). The pre-flare time EMD in Figure 4 (left panel) again
shows the importance of higher-energy X-ray spectroscopy
when trying to robustly determine the presence of hot material
in non-flaring ARs, as highlighted in previous studies (Reale
et al. 2009; Schmelz et al. 2009; Ishikawa et al. 2017).
By subtracting the pre-flare emission from the microflare—

isolating the microflare heated plasma—the loci curves show
more consistent behavior with the spectral fit excess parameters

Figure 3. Thermal model fits, using XSPEC, of NuSTAR emission during the pre-flare time (left panel) and microflare time (right panel). The pre-flare spectrum is
fitted with one thermal model (blue), which is then used as a fixed component for the microflare spectrum fit along with an additional thermal model (red). Both
models in the microflare spectrum combine to give the overall model (purple). The temperatures, emission measures, and times ranges are shown for the spectra with
their effective exposures and livetimes in brackets. The quoted errors denote a 90% confidence range with the fit over the energy range indicate by the vertical dashed
lines.

Figure 4. NuSTAR and SDO/AIA loci curve plots with the calculated emission measure distributions (black) for the pre-flare time (left panel) and microflare time
(right panel). The shaded areas denote the uncertainty range for the NuSTAR loci curves (purple and red), the FeXVIII curve (dashed, blue), and the emission measure
distribution (gray). The region used to calculate the SDO/AIA and NuSTAR instrument loci curves was the boxed region shown in Figure 1, panels (d) and (e). The
spectral fit values for both times are indicated with their hatched 90% confidence regions.

5

The Astrophysical Journal Letters, 893:L40 (7pp), 2020 April 20 Cooper et al.

Cooper et al. (2020)

A very faint microflare of energy ~1026 erg was found to have a DEM reaching up to 
T~6.7 MK (though note the difficult in separating a flare from the quiescent region at 
these small scales).



SMALL MICROFLARES CAN HAVE 
ACCELERATED ELECTRONS.

A more physical model than a broken power law is to
directly fit an electron distribution to the X-ray data. To
accomplish this, a thick-target model of X-rays emitted by
accelerated electrons (thick2) was fit to NuSTAR data along
with an isothermal component (vth) in the spectral fitting
package OSPEX,12 which is commonly used to fit solar HXR

flares. Since the emission is integrated over the spatial extent of
the flare and over a few minutes, we assume that the energetic
electron distribution must completely thermalize, so no thin-
target fit was performed. Because OSPEX performs only
single-instrument fits and only uses a chi-squared value as a fit
parameter, data from FPMB (which has better coverage of this
flare) were selected and rebinned to ensure at least 10 counts in
each energy bin. The result of this fitting is shown in the left
panel of Figure 4. The parameters obtained from this fit are

Table 1
Fit Parameters for All Spectral Models in Section 2.2, with Best-fit Statistic Values

XSPEC Models OSPEX Models

vapeca vapec + vapeca vapec + bknpower vth + thick2 warm_thick

Temperature (MK) 12.6-
+

0.3
0.1 11.8-

+
0.3
0.4

-
+10.4 0.2

0.4 10.3-
+

0.7
0.7 10.2-

+
0.7
0.7

EM (1045 cm-3) -
+4.0 0.1

0.1 4.5-
+

0.1
0.1

-
+4.2 0.4

0.5 5.0-
+

1.3
1.3

Density (109 cm−3) 6.0-
+

2.0
2.0

Temperatureb (MK) 400-
+

180
60

EM (1045 cm-3) 0.015-
+

0.003
0.003

Break energy (keV) -
+5.0 0.1

0.1

Photon  indexc γ -
+5.5 0.2

0.3

Norm (phot keV−1 cm−2 s−1 at 1 keV) 530-
+

50
60

Cutoff energy (keV) 6.2-
+

0.9
0.9 6.5-

+
0.9
0.9

Electron index δ 6.2-
+

0.6
0.6 6.3-

+
0.7
0.7

Electron flux (1035 e− s−1) 2.1-
+

1.2
1.2 1.8-

+
0.8
0.8

Loop half-length (Mm) 15 (fixed)

C-statistic (reduced) 2.5 1.8 1.2
χ2 value (reduced) 2.0 2.0 1.1 0.8 0.7

Notes.
a The purely thermal fits are included for fit comparison purposes only; they are poorer fits than the thermal+nonthermal fits and are not good representations of this
flare.
b Parameter was allowed to vary only up to 40 keV (464 MK).
c Index above the break. The index below the break was fixed at 2.

Figure 4. Results of thick-target spectral fitting in OSPEX using models (left) thick2 and (right) thick_warm, which model an accelerated electron distribution
propagating in a cold or warm plasma target, respectively. Fits were performed to FPMB data only. The warm-target model fits the data well with no additional
thermal component needed, indicating that the thermal plasma arises from energetic electron thermalization within the loop. For the warm-target model, the loop half-
length was fixed to 15 Mm from AIA images and both temperature and density were allowed to vary.

12 See https://hesperia.gsfc.nasa.gov/rhessi3/software/spectroscopy/spectral-
analysis-software/index.html.
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power diameter ∼1′.) High time variability is evident, especially
at higher energies. NuSTAR high-energy emission closely
follows the derivative of the flux in the GOES low-energy
channel in the first few minutes of the microflare (see panel (g)).
In this panel, GOES data have been smoothed over a boxcar
interval of 2 minutes before taking the derivative, and both the
NuSTAR and the GOES derivatives have been normalized to
their maximum values over the plot time range. The gray box in
panel (g) shows a 3 minute interval at the beginning of the flare
(18:50–18:53 UT) on which we concentrate our efforts in this
Letter; this interval was chosen because it covers the impulsive
phase of the flare and because the NuSTAR pointing was
relatively steady over this interval; the last ∼minute of the
impulsive phase was excluded due to pointing motion, which
would complicate analysis.

Images of NuSTAR HXR emission are shown overlaid on
AIA images in Figure 2. NuSTARʼs two detector assemblies are
termed Focal Plane Modules A and B (FPMA and FPMB). For
this event, FPMB recorded higher-quality data because some
of the bright emission fell in the small gap between the detector
quadrants of FPMA, so FPMB data are utilized for the images.
In panel (a), FPMB data from 2 to 10 keV have been integrated
over the 3 minute interval indicated in Figure 1, have had the
instrument point-spread function deconvolved for 50 iterations
using the IDL procedure max_likelihood.pro,10 and
have been coaligned to AIA data as previously described. This
figure also includes data from the Extended Owens Valley

Solar Array (EOVSA), which is sensitive to microwave
emission from flare-accelerated electrons (e.g., Gary et al.
2018). Panel (b) shows a zoomed-in image of FPMB emission
in two energy bands after 800 iterations of deconvolution for
the 2–6 keV band and 100 iterations for the 6–10 keV band.
(Different iteration numbers are chosen based on the statistics
available in each image.) Both NuSTAR sources are shown at
10%, 30%, 50%, 70%, and 90% level contours. The NuSTAR
and AIA source shapes are similar, and all HXR emission (in
all available energy ranges) emanates primarily from the flaring
loop (s).
The microflare was observed by RHESSI, although it was too

faint for inclusion in the autogenerated RHESSI flare list. At
this late stage in RHESSI’s mission (15.5 yr post-launch), only
detectors 1, 3, 6, and 8 were operating. Analysis of a microflare
this faint and at such low energies is challenging with
RHESSI’s performance at the time, but the array of spatial
frequencies covered by this set of four subcollimators is
sufficient to produce an image of the microflare using the
vis_fwdfit imaging method,11 as was used in Hannah et al.
(2008). This method presupposes a source shape (in this case a
loop) and forward-fits the source parameters to the observed
visibilities. The result of this method for energies 6–9 keV is
shown in panels (c)–(e) of Figure 2. RHESSI images produced
using other imaging algorithms (e.g., Clean; not shown) and
at higher energies (e.g., 8–10 keV) all show similar results; the
HXR loop matches the position, loop shape, and rotation angle

Figure 2. SDO/AIA images overlaid with NuSTAR, RHESSI, and EOVSA emission. All AIA images are integrated from 18:50 to 18:53 UT. (a) NuSTAR  and
EOVSA emission overlaid on an AIA image of the entire active region, from which the Fe XVIII component has been isolated. The NuSTAR image has been
deconvolved (50 iterations) and contour levels are 5%, 10%, 20%, 40%, 60%, and 80% of the maximum. EOVSA contours are 30%, 50%, 70%, and 90% of the
maximum. The black box indicates the region shown in other panels. (b) NuSTAR  emission deconvolved for 800 iterations (2–6 keV) and 100 iterations (6–10 keV)
overlaid on an AIA image from the same time interval. In panels (a) and (b), NuSTAR images have been coaligned to AIA images, and NuSTAR data shown are from
Focal Plane Module B only. (c)–(e) RHESSI vis_fwdfit images overlaid on various AIA filter images. (No coalignment is necessary.) The HXR emission from
both RHESSI and NuSTARshows good agreement with the AIA flaring loop morphology.

10 Available within the IDL Astronomy User’s Library at https://idlastro.gsfc.
nasa.gov.

11 See https://hesperia.gsfc.nasa.gov/rhessi3/software/imaging-software/image-
algorithm-summary/index.html for a summary of RHESSI imaging algorithms.
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• We have one clear observation of a nonthermal 
electron distribution in a NuSTAR microflare. 

• The distribution extends down to ~6 keV and contains 
a large amount of energy (4 x 1029 erg, about 10x the 
estimated thermal energy).

• Electrons thermalize mostly in the corona.

power diameter ∼1′.) High time variability is evident, especially
at higher energies. NuSTAR high-energy emission closely
follows the derivative of the flux in the GOES low-energy
channel in the first few minutes of the microflare (see panel (g)).
In this panel, GOES data have been smoothed over a boxcar
interval of 2 minutes before taking the derivative, and both the
NuSTAR and the GOES derivatives have been normalized to
their maximum values over the plot time range. The gray box in
panel (g) shows a 3 minute interval at the beginning of the flare
(18:50–18:53 UT) on which we concentrate our efforts in this
Letter; this interval was chosen because it covers the impulsive
phase of the flare and because the NuSTAR pointing was
relatively steady over this interval; the last ∼minute of the
impulsive phase was excluded due to pointing motion, which
would complicate analysis.

Images of NuSTAR HXR emission are shown overlaid on
AIA images in Figure 2. NuSTARʼs two detector assemblies are
termed Focal Plane Modules A and B (FPMA and FPMB). For
this event, FPMB recorded higher-quality data because some
of the bright emission fell in the small gap between the detector
quadrants of FPMA, so FPMB data are utilized for the images.
In panel (a), FPMB data from 2 to 10 keV have been integrated
over the 3 minute interval indicated in Figure 1, have had the
instrument point-spread function deconvolved for 50 iterations
using the IDL procedure max_likelihood.pro,10 and
have been coaligned to AIA data as previously described. This
figure also includes data from the Extended Owens Valley

Solar Array (EOVSA), which is sensitive to microwave
emission from flare-accelerated electrons (e.g., Gary et al.
2018). Panel (b) shows a zoomed-in image of FPMB emission
in two energy bands after 800 iterations of deconvolution for
the 2–6 keV band and 100 iterations for the 6–10 keV band.
(Different iteration numbers are chosen based on the statistics
available in each image.) Both NuSTAR sources are shown at
10%, 30%, 50%, 70%, and 90% level contours. The NuSTAR
and AIA source shapes are similar, and all HXR emission (in
all available energy ranges) emanates primarily from the flaring
loop (s).
The microflare was observed by RHESSI, although it was too

faint for inclusion in the autogenerated RHESSI flare list. At
this late stage in RHESSI’s mission (15.5 yr post-launch), only
detectors 1, 3, 6, and 8 were operating. Analysis of a microflare
this faint and at such low energies is challenging with
RHESSI’s performance at the time, but the array of spatial
frequencies covered by this set of four subcollimators is
sufficient to produce an image of the microflare using the
vis_fwdfit imaging method,11 as was used in Hannah et al.
(2008). This method presupposes a source shape (in this case a
loop) and forward-fits the source parameters to the observed
visibilities. The result of this method for energies 6–9 keV is
shown in panels (c)–(e) of Figure 2. RHESSI images produced
using other imaging algorithms (e.g., Clean; not shown) and
at higher energies (e.g., 8–10 keV) all show similar results; the
HXR loop matches the position, loop shape, and rotation angle

Figure 2. SDO/AIA images overlaid with NuSTAR, RHESSI, and EOVSA emission. All AIA images are integrated from 18:50 to 18:53 UT. (a) NuSTAR  and
EOVSA emission overlaid on an AIA image of the entire active region, from which the Fe XVIII component has been isolated. The NuSTAR image has been
deconvolved (50 iterations) and contour levels are 5%, 10%, 20%, 40%, 60%, and 80% of the maximum. EOVSA contours are 30%, 50%, 70%, and 90% of the
maximum. The black box indicates the region shown in other panels. (b) NuSTAR  emission deconvolved for 800 iterations (2–6 keV) and 100 iterations (6–10 keV)
overlaid on an AIA image from the same time interval. In panels (a) and (b), NuSTAR images have been coaligned to AIA images, and NuSTAR data shown are from
Focal Plane Module B only. (c)–(e) RHESSI vis_fwdfit images overlaid on various AIA filter images. (No coalignment is necessary.) The HXR emission from
both RHESSI and NuSTARshows good agreement with the AIA flaring loop morphology.

10 Available within the IDL Astronomy User’s Library at https://idlastro.gsfc.
nasa.gov.

11 See https://hesperia.gsfc.nasa.gov/rhessi3/software/imaging-software/image-
algorithm-summary/index.html for a summary of RHESSI imaging algorithms.
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GOES Class: 
A6



HOW DOES THIS COMPARE WITH 
LARGER FLARES?

• The energy ratio of this flare is not very 
different from the energy ratios of 
larger flares.

• This doesn’t follow the same trend as 
RHESSI studies, but sensitivities of 
those analyses could be responsible.

• This flare does fit the trend of steeper
distributions at small energies.  (𝛿 ≈ 6)

A&A 588, A116 (2016)
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Fig. 7. Maximum thermal energy, Eth (top), radiative loss, Erad (middle),
and conductive energy loss, Econd (bottom), of the hot plasma derived
from RHESSI (left) and GOES data (right), plotted versus energy input
by nonthermal electrons, Enth. For Eth,G and Erad,G, the relations derived
from Emslie et al. (2012) are shown by the dash-dotted line.

derived for the sample of Emslie et al. (2012), a very similar
relation is found (cf. the dash-dotted line in Fig. 7).

We continue with the radiative energy loss Erad (middle row
of Fig. 7), which again shows excellent correlation (R ≥ 0.9)
with Enth. The scalings are close to linear, and the median ra-
tios of radiative loss over nonthermal input are 0.08 for RHESSI
and 0.33 for GOES. So far, we have shown that both the maxi-
mum thermal energy and the radiative energy loss can be easily
accounted for by the injected electrons. This is consistent with
the results of Emslie et al. (2012) (cf. the dash-dotted lines in
Fig. 7). However, the correlation found by the latter study was
significantly lower than in our case.

We now turn to the conductive energy losses Econd, for which
we provide the first systematic study of its correlation with the
nonthermal energy input (see bottom row of Fig. 7). The scaling
of conductive energy loss with nonthermal input is consistent
with a power law with a slope below unity (α = 0.58 and 0.54 for
RHESSI and GOES, respectively), which reflects what we have
found for its relation with maximum thermal energy in Sect. 4.2.
For RHESSI, the conductive losses are clearly higher than the
energy input by electrons in the majority of flares (with a median
ratio Econd,R/Enth = 1.45). This is particularly pronounced in the

less energetic events. In contrast, the conductive losses given by
GOES are lower than the nonthermal input for more energetic
events, with a median ratio Econd,G/Enth = 0.61.

We have thus shown that the nonthermal energy input by
electrons cannot offset the conductive losses of the hot plasma,
at least not when considering less energetic flares, or when cal-
culating the conductive losses using RHESSI-derived thermal
parameters. This contrasts strongly with all other thermal en-
ergetics, which can be easily supplied by the nonthermal elec-
trons. The nonthermal input could of course be higher in case
of a lower low-energy cutoff (see Sect. 5.5) or a contribution
by accelerated ions (Sect. 5.6). Other problems related with the
conductive losses are discussed in Sect. 5.8.

4.4. Total radiated energy

So far, we have only discussed energetics based on SXR and
HXR observations. However, flares are known to radiate energy
basically over the whole electromagnetic spectrum, therefore we
have only gained partial insight into the energy partition in solar
flares. In particular, flares emit large amounts of energy in the
EUV, UV, and white-light (WL) range. Early estimates for the
total radiant energy were around ten times the energy emitted in
SXRs (e.g., Neidig 1989).

Any meaningful constraints on the energy partition in solar
flares can only be made if the total amount of energy that is re-
leased in a flare is determined first. Assuming that after various
conversion processes (particle acceleration, generation of flows,
heating) all the released energy will finally be thermalized and
radiated away, the total bolometric radiated energy Ebol (i.e., the
radiative energy loss summed over all wavelengths) is a measure
for this total released energy2.

The total energy radiated by a flare has first been measured
directly in the total solar irradiance (TSI) data obtained with the
SORCE/TIM instrument (Kopp & Lawrence 2005) by Woods
et al. (2004). Woods et al. (2006) reported Ebol for four strong
X-class flares (i.e., ≥X10). Here, we adopted the correspond-
ing values from Emslie et al. (2012), who have corrected these
bolometric energies for limb-darkening absorption and added an
event studied by Moore et al. (2014). Thus we obtain total radi-
ated energies of 1.4–3.6× 1032 erg in very strong flares.

This technique can only be applied to strong flares because
the TSI flare signal is usually much weaker than the background
fluctuations of the TSI. However, a superposed-epoch analysis
can be performed to obtain Ebol for a larger ensemble of weaker
flares. Kretzschmar et al. (2010) have applied this technique to
the SOHO/VIRGO data set (Fröhlich et al. 1997) from 1996 to
2008 and found statistically significant bolometric flare energies
even for C-class flares.

In Fig. 8 we plot Ebol as given by Kretzschmar (2011) for
flare ensembles with different mean X-ray importance (from
C8.7 to X3.2). We note that as a function of peak GOES flux,
Ebol closely agrees with a power law with a slope of α =
0.79 ± 0.11 and an intercept of b = 34.5 ± 0.5 (rank correlation
coefficient R = 1). A slope smaller than unity means that the total
radiated energy rises at a significantly lower rate than the peak
GOES flux. Second, we point out that the power law intersects
the individual bolometric energies measured by SORCE/TIM.

2 We refer here only to the energy released in the flare. In a solar erup-
tive event associated with a CME and an SEP event, additional energies
have to be considered (e.g., kinetic energy of the CME). This is dis-
cussed in Emslie et al. (2012).
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COULD SIGNIFICANT NONTHERMAL 
ENERGY BE HIDING?

Several studies examine whether a steep nonthermal spectrum hidden 
beneath the thermal emission could power the flare via the thick-target 
model.   The answer is yes.

12 Vievering et al.
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Figure 7. FOXSI-2 images and spectrum for microflare 1 (Target A) using data from D6. Images show AIA
94Å data with a raw FOXSI-2 image (left) and a deconvolved FOXSI-2 image (right) overlaid (contours:
15%, 30%, 50%, 70%, 90%). The FOXSI-2 images show only a portion of the FOV and include events
in the energy range 4-15 keV. For the corresponding FOXSI-2 spectrum, an optically thin thermal plasma
model (magenta) is fit to the data (black) in the energy range 5-8 keV (explained in section 3.2) with bin
size 0.5 keV.

3.4. Imaging Spectroscopy

With the heightened sensitivity of FOXSI, we are able to perform imaging spectroscopy on a sub-
A class flare. For this analysis, we select the target on microflare 1 where the source is closest to
the center of the detector, Target C, since the e↵ective area is highest towards the center due to
vignetting e↵ects. The counts are split into two energy bands: a lower energy band from 4-5.5 keV
and a higher energy band from 6-15 keV, plotted in Figure 11 as the background image and contours,
respectively. By calculating the centroids of both the low and high energy emission, it was found
for all Si detectors that the higher-energy emission is o↵set to the east of the lower-energy emission
with an average o↵set of ⇠7”, which is roughly the width of one FOXSI detector strip. This result
suggests that there may be higher temperature plasma in the eastern part of this flare.

4. DISCUSSION

Spectral analyses of two sub-A class microflares observed by FOXSI-2 show evidence of flare-heated
plasma at ⇠10 MK and emission measures of ⇠1044�1045 cm�3, using an isothermal model. No clear
evidence for a nonthermal component is observed for either flare; however, the possible parameter
space for a hidden nonthermal component is explored in section 4.2. Imaging spectroscopy shows
a di↵erence in plasma temperature over space within a sub-A class microflare, suggesting spatial
complexity, which is discussed further in section 4.3 along with context data from SDO/AIA.

Hidden 
nonthermal 
component?

Cooper et al. (2020) studied a 1026
erg flare and found that the nonthermal 
energy could equal the thermal energy 
and still be unobserved.

characterize the high-temperature emission, which is often
difficult for other instruments to do alone.

In this event, we find that the Hinode/XRT temperature
response functions are a factor of two too small, suggesting that
it would normally overestimate the contribution from high-
temperature plasma in this microflare.

Overall, we find the instantaneous thermal energy during the
microflare to be ∼1028 erg; once the pre-flare has been
subtracted this equates to a heating rate of ~ ´2.5 1025

erg s−1 during the impulsive phase of this microflare. This is
comparable to some of the smallest events observed with
RHESSI, although RHESSI did not see this microflare as its
indirect imaging was dominated by the brighter ARs elsewhere
on the disk.

Although no non-thermal emission was detected, we can
place upper limits on the possible non-thermal component. We
find that we would need a steep ( .d 7) power law down to at
least 7 keV to be able to power the heating in this microflare.
This is still consistent with this small microflare being
physically similar to large microflares and flares, but this
would only be confirmed if NuSTAR detected non-thermal
emission. To achieve this, future NuSTAR observations need to
be made with a higher effective exposure time. For impulsive
flares, this cannot be achieved with longer duration observa-
tions, only with higher livetimes. Observing the Sun when
there are weaker or fewer ARs on the disk would easily achieve
this livetime increase, conditions that have occurred since this
observation and will continue through solar minimum.

These observations would greatly benefit from new, more
sensitive, solar X-ray telescopes such as the FOXSI (Krucker
et al. 2014) and MaGIXS (Kobayashi et al. 2011) sounding
rockets, as well as the MinXSS CubeSats (Mason et al. 2016).
New data combined with NuSTAR observations during quieter
periods of solar activity should provide detection of the high-
temperature and possible non-thermal emission in even smaller
microflares, which should, in turn, provide a robust measure of
their contribution to heating coronal loops in ARs.

This paper made use of data from the NuSTAR mission, a
project led by the California Institute of Technology, managed
by the Jet Propulsion Laboratory, and funded by the National
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Wright et al. (2017) 
found a reasonable range 
of allowed parameters for 
a hidden nonthermal 
distribution.

Vievering et al. (in prep) found similar 
results for one of the FOXSI microflares.



HOW DOES THE SPECTRAL SHAPE SCALE?

Images courtesy of Julie Vievering and Jessie Duncan

Scaling of the spectral shape includes the nonthermal flare.

15

Figure 9. NuSTAR microflares from this study (pink circles) are shown in context with other NuSTAR microflares (black
triangles), as well as FOXSI (stars), GOES (blue) and RHESSI (red) events (aug1850 is included as a pink triangle, to indicate
that it is both previously published and a part of this analysis). Right: Events are shown in the T-EM parameter space
(for NuSTAR microflares where the best fit involved multiple thermal models, the lower-temperature/higher emission measure
model was used to represent the event), along with contours showing expected RHESSI counts [s-1 detector-1]. Left: An
alternative representation of the same events compares flux at 5 keV (a measure of intensity) to the ratio of flux at 8 and 3
keV (a temperature analogue), with reference lines corresponding to constant emission measure. This allows for a comparison
of flaring events that is agnostic to any particular spectral model, and shows a clear monotonic relationship between these two
quantities in the included solar brightenings.

ative incidence of these two contrasting results, and also
to investigate if they are connected to other microflare
properties.
Spectral analysis of these events identified a discrep-

ancy in the NuSTAR gain in the <1% livetime regime,
discussed in Appendix A. In accordance with those find-
ings, a gain slope correction was applied to account for
this discrepancy in 6/11 microflares. Isothermal, double
thermal, and combination thermal + nonthermal bro-
ken power law model combinations were considered to
fit the spectrum of each microflare.
The majority (8/11) of the microflares were found

to be best-fit by a double thermal model. Another
two events were similarly well-fit by both double ther-
mal and thermal + broken power law models. While
there was not su�cient evidence to prove the presence
of a nonthermal electron distribution in these events,
it was noted that nonthermal energies found from bro-
ken power law model components of fits to those events
(Table 4) were around two orders of magnitude larger
than derived thermal energies (Table 3). This suggests
that the spectra are consistent with a nonthermal source
that could power the observed thermal emission. The
spectrum of the brightest event (aug1850) was found to
contain significant nonthermal emission, consistent with
the results of Glesener et al. (2020) and with the tem-
poral behavior observed in that microflare (evidence of
the Neupert E↵ect).

Figure 9 shows these eleven microflares in context with
previous NuSTAR, FOXSI, GOES and RHESSI events.
This representation highlights the extent to which fo-
cusing HXR solar observation with NuSTAR has sig-
nificantly broadened the parameter space across which
we are able to preform detailed imaging spectroscopy
in the HXR range. Consideration of these eleven mi-
croflares together with previous studies (Glesener et al.
2017; Wright et al. 2017; Hannah et al. 2019) begins
to establish a picture of a ‘standard’ low-A-class HXR
microflare. These events are dominantly thermal, with
flare plasma distributions well-approximated by a com-
bination of a brighter, cooler, plasma volume (T=3-5
MK) with a fainter, hotter one (T=6-10 MK).
While the presence of nonthermal emission cannot

be definitively established in the majority of cases (the
nonthermal behavior of the brightest event (aug1850)
remains a singular occurrence among microflares ob-
served so far), the spectra of some of the larger events
(aug1900, aug1918) are consistent with a picture involv-
ing a nonthermal energy source. Therefore, it seems that
the range of magnitudes in peak HXR flux spanned by
the events here includes the transition between a regime
where nonthermal emission is dominant, and where it is
largely hidden. Further exploration of nonthermal prop-
erties in HXR events of similar brightness is needed to
further characterize this transition, which is noted as an
especially crucial regime for developing an understand-
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THE FIRST CO-OBSERVATION 
CAMPAIGN IN APRIL 2019
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4TH PSP PERIHELION, JANUARY 29, 2020

• Guest Observer Program #5181, led by 
Jessie Duncan

• NuSTAR observed intermittently on Jan. 29 
and 30th.

• Targets: Both active regions + southern pole
(at different times)

• At least one flare captured, probably more.

7NuSTAR Jan 2020

• Flare at about 30 Jan 2020 13:40 caught in NuSTAR, GOES and AIA

nu20515018001

7NuSTAR Jan 2020

• Flare at about 30 Jan 2020 13:40 caught in NuSTAR, GOES and AIA

nu20515018001

NuSTAR AIA

Plots by Iain Hannah



NUSTAR GUEST OBSERVER PROGRAM #6259

• Principal Investigator: Jessie Duncan

• Six co-observations with Parker over June 2020-
2022.

• The first observation occurred June 6-10 2020.

• STIX crashed the party!
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3 Observing Plan Table 1: Properties of Cycle 6 & 7 PSP Perihelia

Date Distance Location
June 7th, 2020 27.9 R� East Limb
Jan. 17th, 2021 20.4 R� Central Meridian
April 29th, 2021 16.0 R� East Limb
Nov. 21st, 2021 13.3 R� West Limb
Feb. 25th, 2022 13.3 R� Central Meridian
June 1st, 2022 13.3 R� East Limb

The goal of coordinating with PSP
makes this a time-constrained pro-
posal. For each proposed observation,
we plan to target the PSP perihelion,
as well as the interval during which
PSP will be on the Parker spiral link-
ing the Earth to the Sun [12]. The ex-
act timing of this second interval in relation to the perihelion depends on solar wind con-
ditions, as well as the location of the perihelion above the solar disk as visible from Earth.
The latter are reported in Table 1, along with other parameters for each perihelion [11].

A few days prior to each observation, the expected solar wind conditions will be estimated
from NOAA-reported Real-Time Solar Wind data [13], and a specific observation schedule
will be developed in tandem with the NuSTAR SOC. Also at this time, a simple magnetic
model will be used to find approximate footpoint locations of the Sun-Earth Parker spiral
at the Sun, and therefore determine a solar pointing for NuSTAR [14].

Final orbit timing and pointing decisions will take into account not only the parameters
described above, but also the schedules of other solar-capable observatories. This will include
radio observatories such as the Low-Frequency Array (LoFAR) and the Expanded Owens
Valley Solar Array (EOVSA), as well as EUV and SXR instruments (the X-Ray Telescope
(XRT) and Extreme-Ultraviolet Imaging Spectrometer (EIS) aboard Hinode, as well as the
Interface Region Imaging Spectrograph (IRIS)). We also hope to coordinate with the Dual
Aperture X-ray Solar Spectrometer (DAXSS), a SXR CubeSat launching in early 2020.

Past PSP perihelia (as well as the upcoming January 29th, 2020 encounter) have already
inspired such collaborative observing e↵orts, and we expect the breadth and e�cacy of this
coordination to only improve as PSP’s mission continues. In addition, the NuSTAR data
resulting from the proposed observations will also be considered in context with EUV data
from SDO/AIA and SXR data from the Geostationary Operational Environmental Satellite
(GOES), both of which continually observe the sun. Therefore, the proposed observations
will allow NuSTAR to contribute to a substantial multi-instrument solar dataset during each
of the six perihelia.

We are requesting 20 ks of observation time per perihelion, with the timing optimized to
target the perihelion and the Parker spiral encounter. The total requested observation time
will be 120 ks (3 perihelia, or 60 ks, in each of Cycle 6 and Cycle 7).

4 Feasibility
Even in quiet sun conditions, NuSTAR can be expected to observe transient events. Based
on previous HXR observations, small brightenings can be expected to occur around 3 times
an hour in a region the size of the NuSTAR FOV, even outside of any active region [3].
Thus, over each of the proposed NuSTAR solar pointings we expect to observe a minimum
of around 16 events for which corresponding signatures could be seen in PSP instruments.
This is a conservative estimate, given that solar activity will increase over the next few years
as we move away from the current solar minimum.

We also note that null results in either instrument will still represent a scientifically

3

Plot by Säm Krucker



CLOSING THOUGHTS

• You can’t measure a big flare (on the Sun) with NuSTAR.  But the small flares are 
proving quite lucrative!
• New studies of the smallest observable hard X-ray microflares find similar behavior 

to larger flares.  One observation implies that there may be more nonthermal energy 
than was apparent to previous instruments. 
• NuSTAR is actively supporting Parker Solar Probe campaigns and will continue to do 

so for at least the next two years. Small microflares will be the best targets for these 
campaigns.
• A solar-optimized direct-focusing hard X-ray telescope supported by high-resolution 

EUV imaging and high-resolution soft X-ray spectroscopy is necessary for thorough 
investigation!



MORE BACKGROUND ON NUSTAR
SOLAR OBSERVATIONS:

• Grefenstette+ (2016)

• Hannah+ (2016)

• Wright+ (2017)

• Glesener+ (2017)

• Marsh+ (2017)

• Kuhar+ (2017)

• Marsh+ (2018)

• Kuhar+ (2018)

• Hannah+ (2019)

• Glesener+ (2020)

• Cooper+ (2020)

Getting the data and the software:
• Quicklooks by Iain Hannah: 

http://ianan.github.io/nsigh_all/

• HEASARC data (all data are public): 
https://heasarc.gsfc.nasa.gov/docs/archive.html

• Some software tools (casual development by 
team):  

• https://github.com/ianan/nsigh_all

• https://github.com/NuSTAR/nustar_pysolar

Papers published 
(microflare papers highlighted)

http://ianan.github.io/nsigh_all/
https://heasarc.gsfc.nasa.gov/docs/archive.html
https://github.com/ianan/nsigh_all
https://github.com/NuSTAR/nustar_pysolar


NUSTAR FLARE OBSERVATIONS ARE NOT
LIMITED TO THE SUN.

NuSTAR observations of giant flares 
on other stars exhibit some of the 
same properties observed in solar 
flares.
• Impulsivity, early high-energy 

emission, etc.
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Abstract

We study the structure and dynamics of extreme flaring events on young stellar objects (YSOs) observed in hard
X-rays by the Nuclear Spectroscopic Telescope Array (NuSTAR). During 2015 and 2016, NuSTAR made three
observations of the star-forming region ρ Ophiuchi, each with an exposure ∼50 ks. NuSTAR offers unprecedented
sensitivity above ∼7 keV, making this data set the first of its kind. Through improved coverage of hard X-rays, it is
finally possible to directly measure the high-energy thermal continuum for hot plasmas and to sensitively search for
evidence of nonthermal emission from YSO flares. During these observations, multiple flares were observed, and
spectral and timing analyses were performed on three of the brightest flares. By fitting an optically thin thermal
plasma model to each of these events, we found flare plasma heated to high temperatures (∼40−80MK) and
determined that these events are ∼1000 times brighter than the brightest flares observed on the Sun. Two of the
studied flares showed excess emission at 6.4 keV, and this excess may be attributable to iron fluorescence in the
circumstellar disk. No clear evidence for a nonthermal component was observed, but upper limits on nonthermal
emission allow for enough nonthermal energy to account for the estimated thermal energy in the flare on protostar
IRS43, which is consistent with the standard model for solar and stellar flares.

Unified Astronomy Thesaurus concepts: Star forming regions (1565); Stellar flares (1603); Stellar x-ray flares
(1637); Pre-main sequence stars (1290); Young stellar objects (1834); Stellar activity (1580)

1. Introduction

Observed flares on distant stars are typically assumed to be
similar to flares on our own Sun. Standard models for solar
flares theorize that these energetic events are driven by
magnetic reconnection, and during this process, a significant
portion of the dissipated magnetic energy (∼40%) is converted
into kinetic energy of particles (e.g., Aschwanden et al. 2016).
These accelerated particles then travel along magnetic field
lines, producing nonthermal bremsstrahlung emission through
interactions with dense chromospheric plasma (Brown 1971)
and heating the ambient plasma to high temperatures
(>10MK). This heated plasma then expands into the flare
loop in a process called chromospheric evaporation and
produces thermal bremsstrahlung emission. In this model, both
thermal and nonthermal processes result in emission of X-rays,
and thus, spectroscopic measurements in the X-ray regime are
key to understanding the nature of energy release and transfer
in flares.

When studying stellar flares, young stellar objects (YSOs)
are particularly interesting targets as their heightened magnetic
activity leads to extreme flaring events. The term YSO covers
the early stages of a star’s life, from infalling protostar
(∼104 yr) to weak-lined T Tauri stars (∼107 yr). From early
infrared-millimeter observations of YSOs, Lada & Wilking
(1984) developed an evolutionary classification system (Class I
through Class III) based on characteristics of spectral energy
distributions in this waveband, with higher class numbers
corresponding to more evolved YSOs (Wilking & Lada 1983).

Along with hosting extreme flaring events, YSOs also prove
to be interesting sources due to the presence of circumstellar
disks, which allows for the possibility of different flare loop
configurations, such as photosphere–disk and disk–disk, in

addition to the photospheric footpoints for flares on solar-type
and M dwarf stars (Feigelson & Montmerle 1999). Though the
dense circumstellar material associated with YSOs strongly
attenuates emission in certain wavebands, including the optical,
higher-energy emission in the X-ray regime can be transmitted
and measured by X-ray observatories.
Observations of intense X-ray flares on YSOs can

additionally provide an opportunity to investigate the impact
of high-energy radiation on the surrounding environment. One
major question regarding YSOs is whether their flaring activity
has an impact on planet formation. If enough high-energy
X-ray emission penetrates the protoplanetary disk, it is possible
that the disk material could become sufficiently ionized to lead
to magnetorotational instabilities (MRIs; Feigelson 2010).
YSOs have previously been observed in the X-ray regime by

observatories such as Chandra and XMM-Newton (see Imanishi
et al. 2001; Pillitteri et al. 2010). Surveys of the nearby star-
forming region ρ Ophiuchi (∼120 pc; Loinard et al. 2008) by
both observatories have detected many YSO flares and found
through spectral analyses, that Class I sources are associated
with hotter temperatures and larger absorption columns than
their older counterparts. Additionally, these surveys have led to
the discovery of interesting spectral features, such as the first
detected 6.4 keV line from a Class I source, which has been
attributed to iron fluorescence (Imanishi et al. 2001). However,
due to limited sensitivity at higher X-ray energies, these studies
do not measure or place constraints on nonthermal emission,
which is essential for understanding the energy transfer from
nonthermal electrons to heating of plasma.
The Nuclear Spectroscopic Telescope Array (NuSTAR) is

the first satellite to use focusing optics in the hard X-ray
regime and overtakes the effective are of previous X-ray
imaging observatories above ∼6–7 keV. With improved
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coverage of higher-energy X-rays, it is possible to search for
evidence of nonthermal emission, to directly measure thermal
continuum of hot plasmas, and to investigate the impact of
high-energy radiation on circumstellar disks. NuSTAR per-
formed the first focused hard X-ray (10 keV) observations
of YSOs during 2015 and 2016 through three ∼50 ks
exposures of ρ Ophiuchi. Over the course of these observa-
tions, NuSTAR observed multiple X-ray flares from YSOs,
and the brightest of these events are analyzed here. Section 2
introduces the observations and outlines the process for data
reduction. In Section 3, the analysis of flare spectra is
described, and the corresponding results are presented.
Section 4 offers a discussion of the results, and Section 5
provides a summary of our study.

2. Observations and Data Processing

The star-forming region ρ Ophiuchi was observed by
NuSTAR over three ∼50 ks exposures during 2015 and 2016
as part of NuSTARʼs Guest Observer Program (see
Table 1).The NuSTAR science instrument is composed of two
grazing incidence telescopes that are optimized over the energy
range of 3–79 keV (Harrison et al. 2013). Each focal plane
module, focal plane module (FPMA) and focal plane module B
(FPMB), contains a 2×2 array of pixellated cadmium zinc
telluride detectors, leading to small crosshair gaps in the image.
Data from FPMA/FPMB were processed using the NuSTAR
data analysis software (NuSTARDAS4 v1.6.0).

The flares analyzed here were selected by eye from full field-
of-view (FOV) images integrated over the entire observation
period (see Figure 1). Multiple distinct flares were observed
during the three observing intervals, and three of these flares
have been analyzed in depth (see Figure 2 for corresponding light curves). Sources were identified by comparing the flare

location with catalogs from previous surveys of ρ Ophiuchi
(Imanishi et al. 2001; Pillitteri et al. 2010). During the first

Table 1
NuSTAR Observations of ρ Ophiuchi

Sequence ID Start Date and Time (UT) End Date and Time (UT) Exposure (ks)

30102028002 2015-May 10 10:31:07 2015-May-11 14:51:07 55
30102028004 2015-Aug-25 18:56:08 2015-Aug-26 23:36:08 51
30102028006 2016-Apr-29 09:36:08 2016-Apr-30 11:11:08 46

Figure 1. Images from FPMA show the time integrated NuSTAR observations of ρ Ophiuchi over the whole FOV and the full energy range of 3–79 keV. Images are
not background subtracted.

Figure 2. Light curves (binned by hour) of three YSO flares during the first two
NuSTAR observations of ρ Ophiuchi with combined data from FPMA and
FPMB over the full energy range of 3–79 keV. Dashed lines indicate the time
interval selected for the flare spectral analysis.

4 https://heasarc.gsfc.nasa.gov/docs/nustar/analysis/nustar_swguide.pdf
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observation, Class I protostar Elias 29 (hereafter EL 29;
Elias 1978) produced a flare that lasted ∼5 hr. Two large flares
occurred during the second observation: one from Class I
protostar IRS43 (Wilking et al. 1989) and one from Class III
source WL19 (Wilking & Lada 1983). These flares lasted
∼12.6 and ∼4.2 hr, respectively. In future analyses, we will
both examine the bright additional flares visible in Figure 1 and
search for other potential sources near the sensitivity limits of
NuSTAR.

3. Analysis

3.1. Background Estimation

The relatively low background of NuSTAR (∼10−3 counts
s−1 at 10–30 keV) within the half-power diameter includes
focused cosmic X-ray background (CXB), unfocused CXB
through the open light path, environmental neutrons, and
instrument background (e.g., fluorescence lines). The back-
grounds for the sources studied here were simulated
through use of the nuskybgd suite of IDL routines (Wik
et al. 2014). In this method, a source-free region of the FOV is
selected—in our case, an annulus around each flaring YSO;
each background component has a known spectral shape, and
a fit of the normalizations of these components is performed
based on the selected background region. Once this fit is
performed, the background is determined for the whole
FOV, and we can estimate the background at the source
position.

3.2. Spectral Analysis

For each flaring source, a time frame was selected by eye to
encompass the rise through decline of the flare (see Figure 2).
The source extraction region was reduced to a circular region
with a radius of 15″ centered on the source. Counts outside the
calibrated NuSTAR energy range (3–79 keV) were removed
prior to the analysis, and spectra were binned so that each bin
included a minimum of 30counts. The high end of the energy
range for the spectral analysis was further limited by low
statistics (i.e., not enough counts at higher energies to make a
bin with at least 30 counts), and most spectra extend up to
∼20 keV. The spectral analysis was performed for each source
in XSPEC (version 12.9.0u), simultaneously fitting data from
both FPMA and FPMB (see Figure 3). EL 29 falls close to
the chip gap for FPMA (closer than for FPMB) during this
observation, which is likely the cause of the difference in
normalization between the focal plane modules for this
spectrum.

3.2.1. Single Temperature Model

For each source, the flare data were modeled as an optically
thin thermal plasma (vapec) with an absorption component
(tbabs) to account for attenuation by circumstellar material,
which is mainly important at lower X-ray energies. The
free parameters for this model, labeled “1-T + abs” in
Table 2, included temperature (kT), absorption column (NH),
and a normalization factor (n). From this normalization,
we compute an emission measure (EM) by using the

Figure 3. Flare spectra for (top) IRS 43, (middle) WL 19, and (bottom) EL 29.
The top panel of each plot shows data from FPMA (black) and FPMB (magenta)
along with the best-fit model. Data from FPMA and FPMB are simultaneously
fit, with all parameters tied together except for a cross-normalization factor. EL
29 falls close to the chip gap for FPMA (closer than for FPMB) during this
observation, which is likely the cause of the difference in normalization between
the focal plane modules for this spectrum. The middle panel shows the
contribution to the chi-squared value, with sign according to the difference of the
data and the model for each data point using an optically thin thermal plasma
model (vapec) plus an absorption component (tbabs). With this model, excess
emission is observed around 6.4 keV for IRS43 and WL19 (but not for EL 29).
The bottom panel shows the contribution to the chi-squared value for each data
point when a 6.4 keV line is added to the model. For the flares in IRS43 and
WL19, including this additional emission line improves the fit.
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