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Why is the solar corona orders of magnitude hotter than the underlying chromosphere and pho-
tosphere? After more than 80 years[1,2], this “coronal heating problem” remains one of the funda-
mental unanswered questions in solar physics[3]. Magnetohydrodynamic simulations and observa-
tions of convective flows[4] suggest that the Sun’s complex magnetic field is an efficient conduit 
for energy transport from the solar interior and subsequent storage in the corona, but the mecha-
nism for releasing that energy to heat the corona to millions of Kelvin remains unknown. 

Decades of astrophysical observations 
have established that soft X-ray (SXR; 
~0.1–10 keV) emission provides unique 
diagnostics, not available from other 
wavelengths, of such high-energy pro-
cesses in stellar coronae. Despite the rich 
insights enabled by spectrally resolved 
SXR measurements, similar observations 
of the Sun have been sporadic (Fig. 1), 
with incomplete coverage of the crucial 
0.25–3 keV (4–50 Å) range and with sig-
nificant compromises between spectral, 
spatial, and temporal resolution. Emerging 
advances in detectors, focusing optics, dif-
fraction gratings, and other technology of-
fer both near- and long-term capabilities to completely fill this observational gap with imaging 
spectroscopy at high resolution, sensitivity, and cadence. Significant progress into the critical 
coronal heating question – and other closely related questions – is easily achievable by 2050 
if we leverage these advances and prioritize development of new solar SXR observatories[5,6]. 

Models based on impulsive dissipation of magnetic complexity through reconnection (“nano-
flares”[7]) suggest that coronal plasma should be routinely heated to flare-like, ~5–10 MK temper-
atures, but with relatively low density[8,9]. In contrast, models based on wave dissipation predict 
narrower, cooler coronal temperature distributions[10,11]. Observations showing hot emission from 
the active Sun[12–14] and much cooler emission from the quiet Sun[15] appear to support low-fre-
quency nanoflare heating for active regions but a different mechanism – such as small-scale flux 
cancellation[16] – for the quiet network. However, the difficulty of measuring weak, high-temper-
ature emission – particularly using extreme ultraviolet (EUV) observations – has led to inconsistent 
results and multiple, conflicting interpretations[17–20]. 

Solar flares produce copious high-temperature plasma at temperatures up to ~30–50 MK[21,22]. 
Flare emission is easily observable but the mechanism that drives this heating nonetheless remains 
poorly understood. It is commonly accepted that much of the flare thermal plasma results from 
chromospheric material “evaporating” into the corona as it is heated by collisions from non-ther-
mal, downward-accelerated electrons[23,24]. However, numerical simulations of this process[25,26] 
have difficulty reproducing the “super-hot,” >30 MK plasma observed in intense flares. A growing 
body of evidence[21,22,27–31] suggests that a significant fraction of the thermal plasma – especially 

 
Fig. 1. The crucial 0.25–3 keV (4–50 Å) range, highlighted, has 

never been fully covered by spectrally resolved observations, and 
has been studied only sporadically in recent years. 
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in the hot tail of the temperature distribution – is heated in situ, directly in the corona. This hottest 
plasma, particularly the super-hot component, exhibits fast dynamics during the impulsive phase 
and can precede the onset of hard X-ray (HXR) emission from flare-accelerated electrons[21,23], 
suggesting its sensitivity to the details of the energy release process[22,29]. However, the exact 
mechanism for in situ heating, and its relationship to non-thermal particles, remains strenuously 
debated[24,26,32]. Particle-associated heating may even be driven by non-thermal ions instead of 
electrons, but more detailed measurements of ions are needed[33]. 

Measurements of elemental abundances in hot coronal plasma provide crucial information on 
how mass flows within, and into, the corona in response to heating. It is well established that the 
composition of the solar atmosphere varies from photosphere to corona[34], with variations orga-
nized by first-ionization potential (FIP) whereby low-FIP abundances tend to be enhanced in the 
corona relative to the photosphere (the “FIP bias”). 

Abundance measurements thus test models of hot plasma origin, but studies so far have yielded 
mixed results, complicated by aforementioned observational difficulties (including possible non-
equilibrium ionization) and likely by different temperature sensitivities of the lines studied. Some 
recent SXR observations suggest a near-photospheric composition for high-temperature quiescent 
active region plasma[14], while prior EUV studies have generally shown coronal FIP biases[19,20]. 
Other studies suggest differing composition between active regions despite roughly similar tem-
perature distributions[35]. In flares, some studies have shown a photospheric abundance for Fe but 
an enrichment for (lower-FIP) Ca[36,37], while others show variations from flare to flare[38,39]. An 
inverse FIP effect (Ar enhanced relative to Ca) has also been detected in sunspots[40,41], and FIP 
bias and/or temperature distributions may even evolve over active region lifetimes[42,43]. This var-
iability suggests that the fractionation threshold may depend on details of the heating mechanism 
and properties of the ambient magnetic field. Systematic studies are clearly needed to make pro-
gress on this question, but abundance measurements from many flares and active regions over long 
periods of time have been very difficult to make with previous instrumentation. 

Crucially, the existing studies used instru-
ments with differing and restricted temper-
ature and composition sensitivities, con-
founding efforts to reconcile conflicting re-
sults. For example, very few strong EUV 
lines are sensitive to the physically im-
portant 5–10 MK range[44], and almost all 
available EUV lines at higher temperatures 
are from Fe, limiting abundance measure-
ments of hot ions. Hard X-ray spectra above 
10 keV have no prominent spectral lines and offer limited diagnostics of thermal plasma. 

Spectrally resolved SXR observations, including both imaging and spatially-integrated 
spectroscopy, offer powerful diagnostics to reconcile these numerous issues. SXR emission is 
particularly sensitive to mid- and high-temperature plasma, ~2–50 MK, and includes strong emis-
sion lines from both low- and high-FIP elements (Fig. 2) across this temperature range, from O VIII 
(~2 MK) to Fe XXVI (≳25 MK). The bright bremsstrahlung continuum in SXRs is sensitive to the 
same temperature range and, as it originates from free electrons, is also largely insensitive to po-
tential ionization non-equilibrium conditions that can affect interpretation of line spectra; the con-
tinuum therefore provides strong independent temperature constraints for more accurate abun-
dance determinations from line emission. SXR spectroscopic observations thus completely fill the 

 
Fig. 2. SXR emission includes many spectral lines from hot ions, 

both low- (white text) and high-FIP (orange text), across the full 
range of coronal temperatures, from ~1 to >30 MK. 
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“blind spot” endemic to EUV measurements and provide unique insight into both quiescent and 
flaring coronal temperature distributions and composition[44]. 

These same measurements hold promise to provide insights into closely-related questions in so-
lar and space physics, including the mechanism of FIP fractionation, the origins of the solar wind 
(via comparison of SXR-derived and in situ-measured abundances) and its connections to coronal 
heating, and solar SXR forcing of dynamical processes in Earth’s ionosphere D and E regions. 

In the near term, significant scientific progress can be made even with only modest spectral, 
spatial, and temporal resolution and signal-to-noise (SNR) available from existing low-cost and 
low-resource instrumentation. For example, current commercial off-the-shelf (COTS) silicon drift 
detectors (SDDs) and cadmium-telluride (CdTe) detectors provide high-sensitivity spectroscopy 
with broad passband and modest to good (E/ΔE ≈ 10–100) resolution even from CubeSat plat-
forms[45,46]. New rapid-readout pixelated CMOS imaging detectors[47,48] enable similar spectro-
scopic performance with spatial resolution from ~10 arcsec using replicated focusing optics[48] 
down to sub-arcsecond using emerging new developments. Rapid increases in computer pro-
cessing power, even from low-cost hardware, have also enabled quantitative advances in imaging 
spectroscopy through “overlappograph” instruments where spectral and spatial information is 
overlaid on the same detector, e.g., slot or slitless spectrographs using diffraction gratings[49–51]. 
Several such instruments have recently been proposed and offer the capability of fully spanning 
the 0.25–3 keV observational gap within the next few years. 

Longer-term progress depends on maximizing sensitivity and spectral and spatial resolution 
across the widest possible passband. High-resolution (E/ΔE ≳ 1000) spectroscopy enables detailed 
spectral diagnostics including for bulk velocities and turbulence from line broadening. Such reso-
lution has long been available from crystal spectrometers using Bragg diffraction, but these instru-
ments were typically complicated by very narrow passbands and contamination from fluorescence. 
Ongoing improvements in detector and materials technology hold promise to resolve these issues 
and enable high-performance spectroscopy over much broader passbands. Additional longer-term 
developments in superconducting transition-edge sensors and microcalorimeters offer the possi-
bility of achieving crystal-like resolution with silicon-like sensitivity and passband, including in 
pixelated formats to enable super-high-resolution imaging spectroscopy. 

Breakthrough progress in understanding coronal heating and other crucial scientific questions is 
possible via SXR spectroscopy, including imaging spectroscopy and spectropolarimetry. To 
achieve such progress within the next three decades, by 2050, it is imperative to invest in these 
emerging technologies and funding opportunities to enable rapid development and deployment of 
new SXR instruments and missions that can achieve groundbreaking new measurements. 
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