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            Abstract
The solar corona is shaped and mysteriously heated to millions of degrees by the Sunâ€™s magnetic field. It has long been hypothesized that the heating results from a myriad of tiny magnetic energy outbursts called nanoflares, driven by the fundamental process of magnetic reconnection. Misaligned magnetic field lines can break and reconnect, producing nanoflares in avalanche-like processes. However, no direct and unique observations of such nanoflares exist to date, and the lack of a smoking gun has cast doubt on the possibility of solving the coronal heating problem. From coordinated multi-band high-resolution observations, we report on the discovery of very fast and bursty nanojets, the telltale signature of reconnection-based nanoflares resulting in coronal heating. Using state-of-the-art numerical simulations, we demonstrate that the nanojet is a consequence of the slingshot effect from the magnetically tensed, curved magnetic field lines reconnecting at small angles. Nanojets are therefore the key signature of reconnection-based coronal heating in action.
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                    Fig. 1: SDO, IRIS and Hinode co-observation of the coronal structure.[image: ]


Fig. 2: A nanojet cluster with plasmoid ejecta.[image: ]


Fig. 3: A single nanojet.[image: ]


Fig. 4: Spectral features of a nanojet and coronal loop formation.[image: ]


Fig. 5: A nanojet in our numerical model.[image: ]


Fig. 6: Sketch of a nanojet.[image: ]
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Extended data

Extended Data Fig. 1 Nanojet N4.
Snapshots of nanojet N4 and the timeâ€“distance diagram along the nanojet axis (see Fig. 2 for further details). Part of the process is captured by the IRIS slit at position 1 (marked in the figure). Note the rapid succession of 2 nanojets, whose slopes in the timeâ€“distance diagrams are seen in all channels. To spatially and temporally locate this nanojet within the global loop structure and during the loop expansion see Extended Data Figs. 5 and 6, respectively. See Supplementary Video 5.


Extended Data Fig. 2 Nanojet N5.
Snapshots of nanojet N5 and the timeâ€“distance diagram along the nanojet axis (see Fig. 2 for further details). The IRIS slit at position 2 (marked in the figure) captures the strongest feature, with a Doppler peak at â‰ˆ âˆ’120â€‰kmâ€‰sâˆ’1 and a long velocity tail down to â‰ˆ âˆ’10â€‰kmâ€‰sâˆ’1. Positions 3 and 4 capture the subsequent evolution. Note that the large blueshift seen in the Si iv line is almost absent in the Mg ii line. To spatially and temporally locate this nanojet within the global loop structure and during the loop expansion see Extended Data Figs. 5 and 6, respectively. See Supplementary Video 6.


Extended Data Fig. 3 EUV signatures of nanojets N1, N2 and N3.
aâ€“c, Timeâ€“distance maps in all AIA and IRIS channels (SOT stopped observing at this time) along cuts corresponding to the axis of nanojets N1 (a), N2 (b) and N3 (c) shown, respectively, in Figs. 2, 3 and 4. The temporal and spatial extent shown is the same as that of the timeâ€“distance diagrams shown in those figures. The N1 and N2 cuts trace part of the first clustered appearance of nanojets and the ejection of plasmoids. All cuts show an intensity enhancement that is similar across most EUV channels, indicating very fast and substantial heating.


Extended Data Fig. 4 EUV signatures of nanojets N4 and N5.
a,b, Timeâ€“distance maps in all AIA and IRIS channels (SOT stopped observing at this time) along cuts corresponding to the axis of nanojets N4 (a) and N5 (b), shown, respectively, in Extended Data Figs. 1 and 2. The temporal and spatial extent shown is the same as that of the timeâ€“distance diagrams shown in those figures.


Extended Data Fig. 5 Formation of strands.
aâ€“d, Five moments during the expansion period of the loop are selected that show the global evolution of the structure in the IRIS 1,400 Ã… channel (a) and AIA 171 Ã… channel (b), together with the corresponding running difference images in c and d. The cuts for the nanojets â€˜N1â€™ to â€˜N13â€™ are overlaid in groups, according to their time of occurrence. See Extended Data Fig. 6 for a more precise time location of these nanojets during the evolution. Note the formation of very fine and long coronal strands that originate from the nanojets.


Extended Data Fig. 6 UV & EUV lightcurves.
a, A curved slab containing the loop of interest is selected (avoiding most bright structures along the LOS present in the hot channels), and the total over the slab of the intensity relative to a time prior to the loop expansion (t = 76 min) is shown for the IRIS channels and AIA 304 Ã…, 171 Ã… and 193 Ã… channels, normalised to their maxima over the last 22min of observation. The expansion of the loop starts from t â‰ˆ 84 min. We mark with a small vertical line and corresponding nanojet number the location in time of the nanojets â€˜N1â€™ to â€˜N13â€™. b, Standard deviation of the total intensity calculated in a. The unit is DN, a representative of the number of photons (see Fig. 2 for details). Note that the values for AIA 171 and 193 have been divided by 6 in order to fit in the same axis. See the legend in the figure for the colour corresponding to each channel. The level of noise in each channel, as measured from the standard deviation over a quiet region off-limb in the IRIS 1,400, 2,796 and AIA 304, 171, 193 is, respectively, 1, 1.1, 1.4, 18.9 and 65.6 DN.


Extended Data Fig. 7 Statistics of nanojets.
a, Total velocity distribution of IRIS slit pixels having a total intensity above 200 DN (equal to â‰ˆ 1.4 times the total intensity average during the quiet, non-expansion period of the loop). The total velocity is defined as the sum in absolute value of all Doppler components and non-thermal velocities for each pixel. b, Total intensity distribution of IRIS slit pixels having a total velocity higher than 100 km sâˆ’1. The slit pixels corresponding to the nanojets are defined as those having both a total intensity higher than 200 DN and a total velocity larger than 100 km sâˆ’1 (both ranges are marked by a vertical dashed line in the top histograms). c, Distribution of the nanojet pixels along the slit and for a time interval focusing on the last 4 min of observation (time in which the slit captures the nanojets best). The time evolution is shown with different colours. The total number of nanojet pixels within this time interval is 436. Histograms for each quantity are shown at the bottom of each plot. Note that the nanojets are characterised by increases in intensity, Doppler velocity and non-thermal velocity that are very localised in time and space. A few of the nanojets are marked with arrows.


Extended Data Fig. 8 Multi-wavelength view of the coronal structure with Hinode/SOT, IRIS and SDO/AIA.
a, From top left to bottom right we show in order of increasing temperature formation, the common FOV of the coordinated observation at the same time shown in Fig. 1. Chromospheric temperatures are represented by the SOT Ca ii H and IRIS 2,796 Ã… channels (\({\mathrm{log}}\,T\approx 4-4.2\)). Lower transition region temperatures are represented by IRIS 1,400 Ã… and AIA 304 Ã… (\({\mathrm{log}}\,T\approx 4.8-5\)). Upper transition region temperatures are represented by AIA 131 Ã… and 171 Ã… (\({\mathrm{log}}\,T\approx 5.7-5.9\)). Coronal temperatures are best observed by AIA 193 Ã… and 211 Ã… (\({\mathrm{log}}\,T\approx 6.2-6.3\)). A radial filter has been applied to the SOT, IRIS 2,796 Ã… and IRIS 1,400 Ã… images to decrease the disk intensity and to make the off-limb features more visible.b, Same as in a but at the last IRIS observation time (SOT has stopped observing at this time). Note the appearance of the coronal loop following the occurrence of nanojets. See Supplementary Video 7.


Extended Data Fig. 9 Hot plasma emission measure in the loop.
A DEM analysis is performed (see Methods) for which the temperature range is binned in intervals of \({\mathrm{log}}\,T=0.2\). The FOV is the same as in Extended Data Fig. 8. a, A time towards the end of the loop expansion is selected (t = 96.8min) and the emission measure of the region for each bin is shown. Note the presence of hot plasma along the loop at temperatures of \({\mathrm{log}}\,T=6.3-6.5\) (and possibly at higher temperatures as well). See Supplementary Video 8. b, To see better the appearance of this hot component in the loop the difference between the same snapshot as in a and a snapshot 10 min before is shown. The bins are regrouped to temperature widths of \({\mathrm{log}}\,T=0.3\) for better visualisation. Note the distinct appearance of plasma at \({\mathrm{log}}\,T=6.15-6.45\) and possibly also at \({\mathrm{log}}\,T=6.45-6.75\).


Extended Data Fig. 10 Evolution of twist and braiding along the loop.
A slab containing the loop is selected and the slab is interpolated into a rectangle in order to eliminate the loop curvature and better observe the presence of twist (x and y scales are different in the image). Several times during the expansion of the loop are selected and the Mg ii k Doppler velocity (extrema among the multiple components at each pixel) measured from the IRIS slit is overlaid. The evolution goes from panels a to h. a shows the state of the loop just prior to the loop expansion. Note the presence of braiding. Particularly, 2 rain strands can be seen intersecting each other in the POS (white arrow in panel). Minutes later, b shows that one of the 2 intersecting strands has brightened and moved rapidly outward (and is blueshifted, contrary to the rest of the loop), while the other strand exhibits the clustered appearance of nanojets and plasmoid ejections. The following snapshots (c to h) indicate the rapid outward motion of the strands, local brightening events and the gradual reduction of twist and braiding along the loop. During this motion the strands at the lower part of the loop are on average redshifted while the upper part of the loop is blueshifted, suggesting an untwisting motion sketched in Supplementary Fig. 14. See Supplementary Video 9.





Supplementary information
Supplementary Information
Supplementary Figs. 1â€“23 and discussion.


Supplementary Video 1
Video of Fig. 2: a nanojet cluster with plasmoid ejecta. Left six-set column, occurrence of a nanojet cluster and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1 and 2) in the figures. Please refer to Fig. 2 for details.


Supplementary Video 2
Video of Fig. 3: a single nanojet. Left six-set column, occurrence of a single nanojet and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamond marked 1 in the figures. Please refer to Fig. 3 for details.


Supplementary Video 3
Video of Fig. 4: spectral features of a nanojet and coronal loop formation. Left six-set column, formation of coronal strands and the running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (2 and 3) in the figures. Please refer to Fig. 4 for details.


Supplementary Video 4
Video of Fig. 5: a nanojet in the numerical model. Magnetic field lines representative of the two loops (magenta and green) are displayed. Magnetic reconnection is localized around zâ€‰=â€‰0. The magnetic tension from the reconnected magnetic field lines produces a high-velocity (up to 200â€‰kmâ€‰sâˆ’1), bidirectional jet collimated along the y axis. The width of the region with high velocities (>100â€‰kmâ€‰sâˆ’1) along the x and z axes is less than 1â€‰Mm and 3â€‰Mm, respectively. Note also that the z velocities are only on the order of 20â€‰kmâ€‰sâˆ’1.


Supplementary Video 5
Video of Extended Data Fig. 1: nanojet N4. Left six-set column, occurrence of nanojet N4 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1 and 2) in the figures. Please refer to Fig. 2 and Extended Data Fig. 1 for details.


Supplementary Video 6
Video of Extended Data Fig. 2: nanojet N5. Left six-set column, occurrence of nanojet N5 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1 and 2) in the figures. Please refer to Fig. 2 and Extended Data Fig. 2 for details.


Supplementary Video 7
Video of Extended Data Fig. 8: multi-wavelength view of the coronal structure. From top left to bottom right in order of increasing temperature formation, we show the common FOV of the coordinated observation: Hinode/SOT Ca ii H, IRIS 2,796â€‰Ã… (logTâ€‰â‰ˆâ€‰4â€“4.2), IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… (logTâ€‰â‰ˆâ€‰4.8â€“5), AIA 131â€‰Ã… and 171â€‰Ã… (logTâ€‰â‰ˆâ€‰5.7â€“5.9), AIA 193â€‰Ã… and 211â€‰Ã… (logTâ€‰â‰ˆâ€‰6.2â€“6.3). Please refer to Extended Data Fig. 8 for details.


Supplementary Video 8
Video of Extended Data Fig. 9: hot plasma emission measure in the loop. A DEM analysis is performed (see Methods) for which the temperature range is binned in intervals of logTâ€‰=â€‰0.2. The FOV is the same as in Extended Data Fig. 8. The emission measure of the region for each bin is shown. Note the presence of hot plasma along the loop at temperatures of logTâ€‰=â€‰6.3â€“6.5 (and possibly at higher temperatures as well). Please refer to Extended Data Fig. 9 for details.


Supplementary Video 9
Video of Extended Data Fig. 10: evolution of twisting and braiding along the loop. A slab containing the loop is selected and the slab is interpolated into a rectangle to eliminate the loop curvature and better observe the presence of twist (x and y scales are different in the image). The Mg ii k Doppler velocity extrema measured from the IRIS slit is overlaid. The nanojets appear mostly vertical in this configuration. Note the reduction of twisting and braiding with time. Please refer to Extended Data Fig. 10 for details.


Supplementary Video 10
Video of Supplementary Fig. 1: EUV absorption for density calculation. Left six-set column, from top to bottom the panels show a pair of a snapshot and its running difference version of a 34 arcsecâ€‰Ã—â€‰34 arcsec portion at the apex of the loop in the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cuts A and B (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 1 for details.


Supplementary Video 11
Video of Supplementary Fig. 2: nanojet N6. Left six-set column, occurrence of nanojet N6 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1 and 2) in the figures. Please refer to Supplementary Fig. 2 for details.


Supplementary Video 12
Video of Supplementary Fig. 3: nanojet N7. Left six-set column, occurrence of nanojet N7 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1, 2 and 3) in the figures. Please refer to Supplementary Fig. 3 for details.


Supplementary Video 13
Video of Supplementary Fig. 4: nanojet N8. Left six-set column, occurrence of nanojet N8 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1) in the figures. Please refer to Supplementary Fig. 4 for details.


Supplementary Video 14
Video of Supplementary Fig. 5: nanojet N9. Left six-set column, occurrence of nanojet N9 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Middle three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Right two-set column, Mg ii k and Si iv 1,402.77â€‰Ã… spectra at the yellow diamonds (1 and 2) in the figures. Please refer to Supplementary Fig. 5 for details.


Supplementary Video 15
Video of Supplementary Fig. 6: nanojet N10. Left six-set column, occurrence of nanojet N10 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 6 for details.


Supplementary Video 16
Video of Supplementary Fig. 7: nanojet N11. Left six-set column, occurrence of nanojet N11 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 7 for details.


Supplementary Video 17
Video of Supplementary Fig. 8: nanojet N12. Left six-set column, occurrence of nanojet N12 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 8 for details.


Supplementary Video 18
Video of Supplementary Fig. 9: nanojet N13. Left six-set column, occurrence of nanojet N13 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 9 for details.


Supplementary Video 19
Video of Supplementary Fig. 16: nanojet N14 before loop expansion. Left six-set column, occurrence of nanojet N14 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels, respectively. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 16 for details.


Supplementary Video 20
Video of Supplementary Fig. 17: nanojet N15 prior to loop expansion. Left six-set column, occurrence of nanojet N15 and its running difference version. From top to bottom: the IRIS 1,400â€‰Ã…, AIA 304â€‰Ã… and AIA 171â€‰Ã… channels. Right three-set column, timeâ€“distance diagrams along cut â€˜Nâ€™ (white dashed lines). The time of the snapshots is indicated by the white vertical dashed line, measured from the start of the IRIS observation. Please refer to Supplementary Fig. 17 for details.
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