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The processes that heat the solar and stellar coronae to sev-
eral million kelvins, compared with the much cooler photo-
sphere (5,800 K for the Sun), are still not well known1. One 
proposed mechanism is heating via a large number of small, 
unresolved, impulsive heating events called nanoflares2. Each 
event would heat and cool quickly, and the average effect 
would be a broad range of temperatures including a small 
amount of extremely hot plasma. However, detecting these 
faint, hot traces in the presence of brighter, cooler emission 
is observationally challenging. Here we present hard X-ray 
data from the second flight of the Focusing Optics X-ray Solar 
Imager (FOXSI-2), which detected emission above 7 keV from 
an active region of the Sun with no obvious individual X-ray 
flare emission. Through differential emission measure com-
putations, we ascribe this emission to plasma heated above 
10 MK, providing evidence for the existence of solar nano-
flares. The quantitative evaluation of the hot plasma strongly 
constrains the coronal heating models.

During an observation on 11 December 2014, the second flight 
of the Focusing Optics X-ray Solar Imager  (FOXSI-2) sounding 
(research) rocket detected hard X-rays (HXRs, above ~ 3 keV in 
this article) from several active regions3. FOXSI is the first instru-
ment to directly focus solar HXRs and achieve high-sensitivity 
imaging and spectroscopic observations3–5. Figure  1a shows a 
FOXSI-2 HXR image (cyan contours) of two such regions near disk 
centre overlaid on background soft X-ray (SXR, below ~ 3 keV) 
images taken by the X-ray Telescope (XRT) on-board the Hinode 
spacecraft. The XRT filter shown is sensitive to > 2 MK plasma. 
Both northern and southern active regions (National Oceanic 
and Atmospheric Administration designations 12234 and 12230, 
respectively) showed HXR intensity changes at some point during 
the flight, but we were able to isolate a time with no significant 
HXR changes for active region 12234 (yellow box in Fig.  1a and 
blue box in Fig. 1b). We checked the SXR emissions detected by 
the Geostationary Operational Environmental Satellite (GOES) 
X-ray Sensor (XRS), which is typically used to identify flares. As 
can be seen in Fig.  1b, GOES/XRS observed no flare during the 
time interval shown in the blue box. SXRs and HXRs from active 
region 12234 (Hinode/XRT and FOXSI-2 lightcurves in Fig.  1b) 
in this time interval were constant within 1σ  standard deviation 
uncertainties (indicated by the error bars in Fig.  1b). We thus 
conclude that active region 12234 was quiescent during this time 
interval. We define such a region a ‘quiescent active region’. Despite 

the lack of distinct, resolved flares, FOXSI-2 successfully detected 
HXR emission up to 9 keV from the region.

The temperature structure of solar plasma can be evaluated by 
estimating the differential emission measure (DEM), which is the 
temperature-dependent brightness. Figure  2a shows the DEM of 
active region 12234, produced by combining HXR and SXR data for 
the time interval indicated in the blue box in Fig. 1b. (See Methods for 
details on the DEM computation.) Magenta curves in Fig. 2a are loci 
curves corresponding to observed values with individual XRT filter 
configurations using the latest calibration6. Blue loci curves show the 
detected HXR emissions by FOXSI-2 in three energy bands: 5–6 keV, 
6–7 keV and 7–9 keV. Each curve indicates the amount of emission 
measure that would be needed to produce the observed intensity if 
the emitting plasma were isothermal at the temperature given in the 
abscissa. The true DEM distribution must lie below these loci curves. 
However, it must not lie too far below, because the total emission 
from the entire temperature distribution must produce the observed 
counts in each energy band. A precise DEM over a wide range of 
coronal temperatures was successfully obtained thanks to the combi-
nation of high-sensitivity SXR and HXR observations; the SXR emis-
sion determines the lower-temperature plasma, while HXRs indicate 
the presence of a faint, high-temperature component. The DEM 
value of this hot component at 10 MK is more than five orders of 
magnitude smaller than that at the peak of ~ 2.5 MK. This challeng-
ing dynamic range is successfully achieved by the combination of the 
different observational wavelength bands with a range of tempera-
ture sensitivities. Between the temperatures, T, of 4 MK and 10 MK, 
the DEM has approximately a steep power-law relation, ∝ −T 12. 
The slope β = 12 is similar to the highest values for the upper power-
law index of the distribution DEM ∝ β−T  in previous studies using 
extreme ultraviolet (EUV) line spectroscopy (β= 5–13 in ref. 7). 
Figure 2b shows the HXR spectrum observed by FOXSI-2, overplot-
ted with the spectrum predicted by the estimated DEM.

This hot plasma above 10 MK, although faint, is significant. The 
detected HXR counts above 7 keV (locus curve shown by the thick 
blue line in Fig. 2a) require the existence of hot (≥ 10 MK) plasma. 
The < 10 MK plasma in this DEM distribution can account for only 
7% or less of the counts detected in the 7–9 keV band. Even if we 
extend the power law at 4–10 MK to high temperatures, a total of 
only 10% of the detected 7–9 keV counts would be accounted for. 
We confirmed that the instrumental background is notably smaller 
than the detected intensity and that no detector pileup is expected 
(see Methods for details). This means that more than 90% of the 
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observed > 7 keV HXR emissions must come from the ≥ 10 MK 
plasma, revealing a significant excess above the power-law DEM. 
The emission measure of the > 10 MK plasma is in the range 
1.8 ×  1022–1.5 ×  1023 cm−5 in the solutions with chi-squared values 
within the 95% occurrence probability in trial runs (see Methods for 
details of the analysis). The > 10 MK emission measure is > 1022 cm−5 
for 99.8% of the Monte Carlo solutions, and is > 1021 cm−5 for all the 
solutions. Therefore, we conclude that significant HXRs from the  
> 10 MK plasma component were detected.

Simulations show that nanoflare models can have temperatures 
beyond 10 MK (refs 8–10). An alternative set of theories explains coro-
nal heating via waves propagating from the photosphere to the corona, 
including shearing Alfvén waves11. However, it is difficult to produce 
plasma of 10 MK and above using wave heating models12, and thus we 
interpret such a hot component to be an observational signature of fre-
quent energy input by nanoflares13. Our observational result supplies 
quantified parameters (DEM power-law slope, quantity of > 10 MK 
plasma) that will constrain future modelling of nanoflare distributions. 
Recently, a two-fluid simulation suggested that detectable > 10 MK 
plasma could be generated only by short nanoflares with non-ionization 
equilibrium and an ignorable difference in ion and electron heating14.

In past observations, the Reuven Ramaty High Energy Solar 
Spectroscopic Imager (RHESSI) detected HXRs from the Sun dur-
ing periods with no flares by examining the day–night transitions 
of emission from the entire solar disk15. Those HXRs were from hot 
plasma with temperatures of 5–10 MK, and no > 11 MK plasma was 
found. If we fit the FOXSI-2 spectrum with an isothermal model, 
the temperature of active region 12234 during the time period of 
this study is ~10 MK, towards the higher end of the range found 
for the Sun15. The emissions measure for 12234 is also more than 
three orders of magnitude smaller than the lowest emission mea-
sure detected by RHESSI from the non-flaring Sun. The fact that the 
temperature is within the range of the statistical study suggests that 
our target active region is not an exceptionally hot region.

This observation provides the most direct evidence to date 
for the presence of hot plasma in a quiescent solar active region. 
With the advent of directly focusing HXR instruments, we expect 
future observations to enable statistical studies and investigations 
of nanoflare-heated plasma and energy input to the corona. More 
high-sensitivity X-ray imaging and spectroscopic observations are 
expected with current and future instruments, including the next 

launch of FOXSI (FOXSI-3), the Nuclear Spectroscopic Telescope 
Array (NuSTAR) spacecraft16 and a potential future solar-dedicated 
mission that is in the early stages of development.

methods
Coronal DEMs are usually evaluated by EUV and SXR observations7,17,18. Because 
intensities of the EUV lines sensitive to high temperatures (~10 MK and above; for 
example, Fe xxiii and Fe xxiv lines with sensitivity peaks at 10–20 MK) are weak 
in the absence of large flares, only a few detections of those lines in quiescent active 
regions have been reported. The few positive reports19 are based on multi-filter 
SXR observations by the XRT, especially using the thick filters. However, the XRT 
uncertainties are large in the temperature range of flare-heated plasma20, and so 
the high-temperature components are poorly constrained without the additional 
use of bremsstrahlung HXRs. The primary solar HXR instrument is the RHESSI 
spacecraft, which has never detected significant emission localized in individual 
quiescent active regions due to limited sensitivity. In the case of ref. 19, follow-on 
work using RHESSI’s non-detection was used to significantly constrain the hot 
plasma present12. In this case, RHESSI supplies only an upper limit, and the hot 
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Fig. 1 | Image and lightcurves of the HXr and SXr emissions. a, HXR (above ~3 keV) emission observed by FOXSI-2 on 11 December 2014,  
19:13:47–19:14:25 ut (cyan contours) overlaid on SXR (below ~3 keV) images (see colour scale) of two active regions taken with Hinode/XRT (sensitive to 
> 2 MK). Active region 12234, shown in the yellow box, exhibited no individual flaring activity during the time interval, and was selected for the analysis.  
b, GOES/XRS (top), Hinode/XRT (middle) and FOXSI-2 (bottom) lightcurves. The GOES lightcurve is for the full Sun, and the XRT and FOXSI lightcurves 
are for 12234. The error bars in the FOXSI-2 lightcurve show 1σ standard deviation statistical errors. The gaps in the FOXSI-2 lightcurve show the intervals 
for pointing changes. The blue box shows the integration time for the FOXSI-2 image in a.
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Fig. 2 | estimated Dem and HXr spectrum of the quiescent active region.  
a, Estimated DEM of the quiescent active region from FOXSI-2 and  
Hinode/XRT observations, and loci curves for observed quantities. 
The error bars show a range of solutions with χ 2 values within the 95% 
occurrence probability in the Monte Carlo runs. Each curve corresponds 
to a filter configuration of Hinode/XRT (magenta) or a FOXSI-2 energy bin 
between 5 keV and 9 keV (blue). The thick blue curve indicates the 7–9 keV 
bin of FOXSI-2. b, HXR energy spectrum observed by FOXSI-2 (black),  
with the spectrum predicted by the estimated DEM (red). The error bars 
show 1σ statistical errors.
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plasma could be constrained much more, or perhaps directly measured,  
with a lower-background, higher-sensitivity HXR instrument. HXR observations 
provide a more reliable method to investigate hot plasma than SXRs or EUV 
because the contributions of hot plasma and high-energy (non-thermal) electrons 
dominate this range. To investigate hot plasma in quiescent active regions using 
HXRs therefore requires the higher sensitivity that can be provided by newly 
available focusing optics that directly image HXRs.

FOXSI is a sounding rocket experiment to investigate HXR emissions in  
the 4–20 keV range from the Sun with superior sensitivity over previous, indirectly 
imaging, instruments3,5. The high sensitivity is achieved by a combination of 
directly focusing optics and semiconductor detectors for imaging and spectroscopy. 
Using a grazing incidence telescope with precision mirrors, we can increase 
effective area with a much smaller detector volume, drastically increasing the 
signal to background ratio and therefore the sensitivity. The first flight of FOXSI 
on 2 November 2012 successfully demonstrated the concept and effectivity of HXR 
focusing optics for solar observation by the observation of a microflare. FOXSI 
clearly showed greater sensitivity and imaging dynamic range than a simultaneous 
observation of the microflare by RHESSI4. During the same flight, FOXSI targeted 
a quiescent active region, but did not detect emission. This observation was used to 
constrain the hot plasma component of that active region21. On 11 December 2014, 
FOXSI-2 was flown for a 6.5 min observation at the White Sands Missile Range in 
New Mexico, United States, during which it successfully performed imaging and 
spectroscopy of multiple regions.

The FOXSI-2 instrument consists of seven optics modules, each paired with 
a dedicated semiconductor strip detector. The FOXSI optics are Wolter type-I 
grazing incidence telescopes developed at the NASA/Marshall Space Flight Center, 
with heritage from previous designs for non-solar astrophysics22. Multiple mirror 
shells (10 shells for two modules, and 7 shells for the other five) are nested together 
to increase collecting area. The optics are the highest-resolution HXR focusing 
optics ever used for astrophysics, with a measured spatial resolution of 5 arcsec 
(full-width at half-maximum) and a 27 arcsec half-power diameter5.

The FOXSI-2 detectors are low-noise, fine-pitch, double-sided silicon (Si) 
and cadmium telluride (CdTe) detectors developed at the JAXA/Institute of 
Space and Astronautical Science by a team including development members 
of the Hard X-ray Imager and Soft Gamma-ray Detector on-board the Hitomi 
satellite. Spatial samplings are 75 μ m and 60 μ m, and measured energy 
resolutions are 0.5 keV and 1.3 keV (full-width at half-maximum) for the Si and 
CdTe detectors, respectively23,24. The sensitive areas are 9.6 mm ×  9.6 mm and 
7.68 mm ×  7.68 mm for the Si and CdTe detectors, respectively, corresponding 
to respective fields of view of 16.5 arcmin ×  16.5 arcmin and 13.2 arcmin ×  13.2 
arcmin. We newly developed the CdTe detectors for FOXSI-2 for higher 
efficiency for energies above 10 keV, and almost 100% efficiency was achieved for 
the FOXSI-2 energy range of 4–20 keV. We used five Si and two CdTe detectors 
for the FOXSI-2 flight. The FOXSI data consist of a list of detected photons with 
energies, incident locations and times. Images, lightcurves and energy spectra 
can be derived from this event list.

For FOXSI-2, we coordinated an observation of Hinode (Hinode Observation 
Plan 221). Our request to XRT included multi-filter images with a large field of 
view covering an area of 2,107 arcsec ×  2,107 arcsec (more than the full solar disk 
size). XRT took images with 11 filter configurations, and it took ~6 min to take 
a full set. The region of interest in this study was outside the fields of view of the 
other Hinode instruments. In addition to the multi-filter observation, XRT took 
images with an identical filter configuration to check for flare occurrence, called 
the ‘flare patrol’ images. (The flare patrol can trigger a flare mode observation if a 
brightening is found, although none occurred during the FOXSI flight.) The XRT 
data in Fig. 1b are from flare patrol images.

We calculated the DEM by combining FOXSI-2 data integrated from 
19:13:47 to 19:14:25 Universal Time (ut) and a single set of the XRT 
observations at 19:08:56–19:14:57 ut. We checked the flare patrol images and 
FOXSI lightcurves, and confirmed that the X-ray flux from this region was 
constant during this set of observations. The DEM calculation was performed 
in an area of 100 arcsec ×  100 arcsec, centred at (− 90 arcsec, 60 arcsec), shown 
in the yellow box in Fig. 1a, to cover the entire HXR emission detected by 
FOXSI-2. The DEM was estimated by a forward-fitting method to find the DEM 
solution to reproduce FOXSI-2 and XRT observations by assuming a smooth 
distribution represented by a spline function for the DEM curve. The procedure 
used in this work is xrt_dem_iterative2.pro, which is a standard tool set for 
solar data analysis in the Solar Software package. The details of this method 
are described in our previous paper21. We had 10,000 trial runs for the DEM 
estimation by varying each observational value randomly according to a Poisson 
distribution for the statistical error, and a range of solutions with chi-squared 
values within the 95% occurrence probability is shown in Fig. 2.

Although it is not statistically significant, a slight intensity increase in the 
FOXSI-2 lightcurve is seen at approximately 19:14:00 ut. We confirmed that 
the > 7 keV HXRs were not concentrated at the time of the intensity increase, 
but instead were spread over the time range for the analysis. These photons are 
also not spatially concentrated at any preferred location within the active region. 
Therefore, we confirmed that the > 7 keV emissions do not come predominantly 
from a single flaring event.

FOXSI-2 detected 15 photons within the 7–9 keV band from the region of 
interest during the time interval of this work, and no signal above 9 keV was 
detected. We examined, and ruled out, several other possibilities for the origin of 
these photons. The estimated background over the surrounding detector area is 
0.9 ±  0.1 counts. This background includes non-solar charged particles, scattered 
photons from other solar sources (active region 12230 in Fig. 1) and any quiet 
Sun emission, if present. The background-subtracted measurement is . −

+14 1 4
5 

counts, and this value was used for the DEM estimation. The expected 7–9 keV 
counts without the presence of the > 10 MK plasma is 0.54 counts for the least chi-
squared solution, meaning that the high-energy emission is not produced by the 
lower-temperature part of the DEM. We used the FOXSI-2 observation > 5 keV 
because the uncertainty in the detection efficiency is greater at the lower detection 
limit energy of ~4 keV.

High energy counts could, in principle, be falsely recorded due to pileup of 
multiple incident photons. Pileup happens if two photons hit a single detector 
strip within a timescale of ~10 μ s. The detector strip with the highest count rate 
from the target region has 1.0 counts per second in the 4–15 keV range during this 
pointing. Even if we assume the rate of the incident photons down to 3 keV is ten 
times more, the expected pileup count in this strip is . × −2 0 10 3 counts per second. 
By calculating the expected pileup counts for all the pixels assuming that there are 
ten times more incident ≥ 3 keV photons than the detected 4–15 keV counts for all 
the strips, the total expected pileup count by multiple ≥ 3 keV photons by all the 
detectors in this analysis is 0.33 counts. Therefore, the effect of pileup is negligible 
for the 7–9 keV counts, because the expected pileup count is well below the 
statistical error. After ruling out these alternative explanations for the high-energy 
emission, we can state with confidence that our detected photons are primarily due 
to > 10 MK plasma in active region 12234.

Data availability. The data that support the plots within this paper and other 
findings of this study are available from the corresponding author upon 
reasonable request.
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