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Flares	  in	  High	  Resolu0on	  

Carrington	  1859	  
MNRAS	  20,	  13	  

157	  years	  
later	  

sub-‐arcsecond	  observaLons	  
M6.5	  flare	  observed	  by	  IRIS	  
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Tes0ng	  the	  Standard	  Flare	  Model	  with	  IRIS	  
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•  How	  is	  the	  chromospheric	  evapora0on	  related	  to	  
accelerated	  electrons?	  

•  Which	  processes	  cause	  con0nuum	  emission	  and	  at	  which	  
height	  is	  it	  formed?	  

•  Are	  filament	  erup0ons	  flare	  triggers?	  
	  
•  What	  is	  the	  response	  of	  the	  lower	  solar	  atmosphere?	  Which	  

physics	  can	  we	  get	  from	  spectra?	  

Open	  Ques0ons	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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IRIS	  and	  Flares	  

•  so	  far,	  ~41	  papers	  about	  flares	  with	  IRIS	  
•  9	  X-‐flares	  observed	  

Mg	  II:	  0.01	  MK	  
Fe	  XXI:	  10	  MK	  
(highest	  T	  for	  IRIS)	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

X2.1,	  20150311	  

760	  km/s	   700	  km/s	  
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Chromospheric	  Evapora0on	  

What	  can	  we	  learn	  about	  chromospheric	  evapora0on?	  
Rela0on	  to	  accelerated	  electrons?	  
	  
Are	  we	  resolving	  flare	  kernels?	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Chromospheric	  Evapora0on	  

Recent	  studies	  of	  chromospheric	  evapora0on	  

Authors	   Flare	  class	   Vmax	  of	  Fe	  XXI	   Δt	  for	  evap	  
mul0ple	  

components?	   broadening	  

Tian	  et	  al.	  2014	   C1.6,	  20140419	  
125	  km/s	  down,	  
~260	  up	   (64-‐step	  raster)	   no	  

44	  km/s	  (single	  
point)	  

Polito	  et	  al.	  2015	   C6.5, 20140203  82	  +-‐	  7	  km/s	   6	  min	  to	  rest	  

parLally,	  
interpreted	  as	  

loops	  being	  filled	  
130-‐30	  km/s.,	  
decreasing	  

Young	  et	  al.	  2015	   X1.0,	  20140329	   100-‐200	  km/s	  
>6	  min	  blueshifs	  
(obs	  ended)	   no	   43-‐26	  km/s	  

Tian	  et	  al.	  2015	  
M1.1, 20140906, 
X1.6, 20140910  240	  km/s	  to	  0	  km/s	   ~9	  min	   no	   const.	  nonth	  width	  

Graham&Cauzzi,	  2015	   X1.6,	  20140910	   up	  to	  300	  km/s	   8-‐10	  min	   no	   up	  to	  99	  km/s	  

Baiaglia	  et	  al.	  2015	   X1.0,	  20140329	   <200	  km/s	   >6	  min	   no	   -‐	  

Are	  we	  resolving	  the	  
evaporaLon	  spaLally?	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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X1.6,	  2014-‐09-‐10:	  chromospheric	  evapora0on	  
760	  km/s	   600	  km/s	  

56“	  (=	  40	  Mm)	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Chromospheric	  Evapora0on	  (X1.6,	  2014-‐09-‐10)	  

(Canfield et al. 1990; Ding et al. 1995): almost all the flaring
pixels initially display a red asymmetry of the line, which
disappears rapidly; the peak of emission is only slightly
redshifted; and the shift of the bisector with respect to the rest
wavelength appears to increase from the center toward the
wing, perhaps signifying a gradient in the condensation
velocity (Cauzzi et al. 1996). To derive the condensation
velocity, we interpret the bisector position at the 30% intensity
level in terms of Doppler shifts. While this might underestimate
the actual condensation velocity (e.g., Canfield et al. 1990), it
is the best compromise between assessing the flows while
avoiding contamination from possible blends in the far wings,
although these are mostly of photospheric origin. (T. Pereira,
private communication) We confirm that similar shifts are
derived when using the other triplet lines, albeit with more
scatter.

3. PLASMA DYNAMICS

Figure 3 shows a spacetime map for a section of the slit (81
original pixels) where the bright ribbon was found to expand
southward at a steady rate of ∼0″. 03 s−1. These pixels have the
cleanest temporal evolution as the ribbon does not dwell over
any one of them for longer than one to two time steps. The

spatial offset between the Mg II and Fe XXI detectors was
corrected by aligning the spectrographʼs fiducial marks.
The Mg II intensity shows a sudden enhancement due to the

flare, and the development of the ribbon clearly appears as a
diagonal strip across the diagram. The chromospheric down-
flows are co-spatial and co-temporal with each of the new
intensity enhancements, as shown by the red contours at the 15
and 30 km s 1� levels. These values of condensation flows are
consistent with results from many earlier ground- and space-
based studies, but Figure 3 offers unprecedented detail on their
spatial and temporal evolution.
The corresponding evaporation velocities, as derived from

the centroid of the Fe XXI fits, are overlaid as colored crosses on
the same figure. For about 70% of the pixels, we find flows
reaching nearly 300 km s 1� (yellow crosses identify flows
above 270 km s 1� ), these encompass the fastest, early Fe XXI

emission, pertaining to a very thin spatio-temporal strip
approaching our 0″. 5 resolution, and lasting only one to two
temporal steps. Such values of evaporation flows are among the
strongest ever reported (300–400 km s−1; e.g., Antonucci et
al.1982) and the largest documented yet from IRIS. Within the
same pixels, the flows decay to 200 km s 1� (dark blue region)
and below rather uniformly in time. For pixels northward of
124″, we detect only slower flows, up to 150 km s 1_ � .
From Figure 3, we see that all flaring pixels display clear

signatures of both evaporation and condensation, yet the onset
of opposite flows is co-temporal (within one to two time steps)
for only a few; for most pixels, the initial coronal upflow lags
behind the condensation by a minute or more. The delay could
be due to a number of reasons: the Fe XXI line could be so
blueshifted to fall outside of the detectorʼs edge; the initial
emission be too weak to be detected at its earliest inception; or
the same pixel Mg II and Fe XXI signatures could derive from
distinct flare loops, depending on their orientation with respect
to the line of sight. Yet, this appears unlikely because of the
flareʼs geometry and evolution: SDO/AIA 131 Å images

Figure 3. Mg II intensity spacetime map (inverted B/W color table) with
overlays of Mg II downflows at the 30% bisector level at 15 and 30 km s 1� (red
contours). The Fe XXI upflow velocities above 270, 200, and 100 km s 1� are
indicated with yellow, dark blue, and light blue crosses, respectively.

Figure 2. Left panels: fits of the Fe XXI 1354.1 Å line (green) for slit position
y = 122″. The observed spectrum is shown by the stepped black line, with the
total fit in black on top; cooler components are shown by a dotted line. The
non-thermal FWHM, vnt, is also shown. Right panels: Mg II subordinate line
with bisector positions at 10% intensity increments marked by black squares,
and the rest wavelength (2791.56 Å) by the vertical dashed line.
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(Canfield et al. 1990; Ding et al. 1995): almost all the flaring
pixels initially display a red asymmetry of the line, which
disappears rapidly; the peak of emission is only slightly
redshifted; and the shift of the bisector with respect to the rest
wavelength appears to increase from the center toward the
wing, perhaps signifying a gradient in the condensation
velocity (Cauzzi et al. 1996). To derive the condensation
velocity, we interpret the bisector position at the 30% intensity
level in terms of Doppler shifts. While this might underestimate
the actual condensation velocity (e.g., Canfield et al. 1990), it
is the best compromise between assessing the flows while
avoiding contamination from possible blends in the far wings,
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corrected by aligning the spectrographʼs fiducial marks.
The Mg II intensity shows a sudden enhancement due to the

flare, and the development of the ribbon clearly appears as a
diagonal strip across the diagram. The chromospheric down-
flows are co-spatial and co-temporal with each of the new
intensity enhancements, as shown by the red contours at the 15
and 30 km s 1� levels. These values of condensation flows are
consistent with results from many earlier ground- and space-
based studies, but Figure 3 offers unprecedented detail on their
spatial and temporal evolution.
The corresponding evaporation velocities, as derived from

the centroid of the Fe XXI fits, are overlaid as colored crosses on
the same figure. For about 70% of the pixels, we find flows
reaching nearly 300 km s 1� (yellow crosses identify flows
above 270 km s 1� ), these encompass the fastest, early Fe XXI

emission, pertaining to a very thin spatio-temporal strip
approaching our 0″. 5 resolution, and lasting only one to two
temporal steps. Such values of evaporation flows are among the
strongest ever reported (300–400 km s−1; e.g., Antonucci et
al.1982) and the largest documented yet from IRIS. Within the
same pixels, the flows decay to 200 km s 1� (dark blue region)
and below rather uniformly in time. For pixels northward of
124″, we detect only slower flows, up to 150 km s 1_ � .
From Figure 3, we see that all flaring pixels display clear

signatures of both evaporation and condensation, yet the onset
of opposite flows is co-temporal (within one to two time steps)
for only a few; for most pixels, the initial coronal upflow lags
behind the condensation by a minute or more. The delay could
be due to a number of reasons: the Fe XXI line could be so
blueshifted to fall outside of the detectorʼs edge; the initial
emission be too weak to be detected at its earliest inception; or
the same pixel Mg II and Fe XXI signatures could derive from
distinct flare loops, depending on their orientation with respect
to the line of sight. Yet, this appears unlikely because of the
flareʼs geometry and evolution: SDO/AIA 131 Å images

Figure 3. Mg II intensity spacetime map (inverted B/W color table) with
overlays of Mg II downflows at the 30% bisector level at 15 and 30 km s 1� (red
contours). The Fe XXI upflow velocities above 270, 200, and 100 km s 1� are
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Figure 2. Left panels: fits of the Fe XXI 1354.1 Å line (green) for slit position
y = 122″. The observed spectrum is shown by the stepped black line, with the
total fit in black on top; cooler components are shown by a dotted line. The
non-thermal FWHM, vnt, is also shown. Right panels: Mg II subordinate line
with bisector positions at 10% intensity increments marked by black squares,
and the rest wavelength (2791.56 Å) by the vertical dashed line.
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Filng	  the	  
Fe	  XXI	  line	  

Gelng	  Mg	  velocity	  
with	  bisectors	  

Mg	  downflows	  
[15,	  30]	  km/s	  
contours	  

Fe	  upflow	  
>270	  km/s	  

Fe	  upflow	  
>200	  km/s	  

•  very	  high	  evaporaLon	  velociLes	  
•  upflow	  ofen	  lags	  by	  a	  minute	  or	  more	  

Graham	  &	  Cauzzi,	  ApJ	  807,	  L22,	  2015	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

(Canfield et al. 1990; Ding et al. 1995): almost all the flaring
pixels initially display a red asymmetry of the line, which
disappears rapidly; the peak of emission is only slightly
redshifted; and the shift of the bisector with respect to the rest
wavelength appears to increase from the center toward the
wing, perhaps signifying a gradient in the condensation
velocity (Cauzzi et al. 1996). To derive the condensation
velocity, we interpret the bisector position at the 30% intensity
level in terms of Doppler shifts. While this might underestimate
the actual condensation velocity (e.g., Canfield et al. 1990), it
is the best compromise between assessing the flows while
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blueshifted to fall outside of the detectorʼs edge; the initial
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Figure 2. Left panels: fits of the Fe XXI 1354.1 Å line (green) for slit position
y = 122″. The observed spectrum is shown by the stepped black line, with the
total fit in black on top; cooler components are shown by a dotted line. The
non-thermal FWHM, vnt, is also shown. Right panels: Mg II subordinate line
with bisector positions at 10% intensity increments marked by black squares,
and the rest wavelength (2791.56 Å) by the vertical dashed line.
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Compare	  velociLes	  of	  Mg	  and	  Fe	  XXI	  
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•  very	  high	  evaporaLon	  velociLes	  
•  upflow	  ofen	  lags	  by	  a	  minute	  or	  more	  
•  “decay”	  similar	  for	  all	  pixels	  
=>	  “elementary”	  flare	  kernels?	  

Graham	  &	  Cauzzi,	  ApJ	  807,	  L22,	  2015	  

(4) The Fe XXI spectra are extremely broadened compared to
the ionʼs thermal FWHM of 92 km s−1 (see Figure 2). Polito
et al. (2015) find similar excess broadening and discuss its
potential origins, including a plasma temperature beyond the
equilibrium formation temperature and unresolved plasma
motions, the latter seeming probable when considering the
initial rapid change in velocity (Figure 5) for individual pixels.

(5) Figure 5 represents the clearest picture to date of the
temporal evolution of both chromospheric evaporation and
condensation. The evolution of plasma dynamics is so
strikingly similar for most of the pixels it suggests that the
characteristics of the energy release are either remarkably
uniform, each time occurring in a pristine environment, or have
little influence over the subsequent plasma evolution.

We conclude by remarking that the large number of
independent flaring pixels observed and the complete temporal
coverage of their dynamical evolution at high cadence allow us to
derive common characteristics of what we can define as
“prototypical” flares, with a spatial extension limited by the
actual resolution of our data, i.e., ⩽0″. 5. In principle, our results
can be immediately compared with the output of numerical
simulations of single flaring loops. For example, with respect to
the third point above, one could attempt to derive values of the
actual coronal emission during the early phases of flare chromo-
spheric heating, as predicted within either collisional thick-target
(Allred et al. 2005) or conductive (Longcope 2014) models.
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Chromospheric	  Evapora0on	  (X1.6,	  2014-‐09-‐10)	  

upflow	  
downflow	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Evapora0on	  and	  electron	  beams?	  

Let’s	  look	  at	  details…	  IRIS	  slit	  crossed	  HXR	  footpoint	  during	  X1	  2014-‐03-‐29.	  

HXR	  30-‐70	  keV:	  blue	  
IRIS	  1400	  SJI:	  background	  
image	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Evapora0on	  and	  electron	  beams?	  

Baiaglia	  et	  al,	  ApJ	  813,	  113,	  2015	  

Chromospheric evaporation in the 29 March 2014 flare 5

Figure 4. Top left: IRIS 2796Å slit-jaw image overlaid with 50%, 70%, and 90% contours from RHESSI CLEAN images at 6-12 keV
(black) and 30-70 keV (colors, 70% contours only). The slit positions are indicated with coloured dashed lines. The RHESSI contours show
the position of the HXR footpoint for each slit-position in the respective color. Top, other panels: Doppler velocity maps of Fe XXI along
the slit for rasters 173 to 176 (indicated by white numbers). Grey areas denote pixels where either no Fe XXI emission was detected or the
fit was bad. The contours of the HXR footpoints observed during a given raster are overlaid in the respective colors of the slit-positions.
Middle and bottom row (from left to right): Individual slit positions relative to HXR footpoint location during rasters no. 173 and 174,
overlaid on IRIS 2796 Å and 1400 Å slit-jaw images (raster steps where no HXR footpoints were observed or no 2796 Å and 1400 Å images
were available are omitted).

or, expressed through the total electron flux per second
Ftot found from a thick-target model fit:

Ptot =
δ − 1

δ − 2
FtotEc erg s

−1 (3)

For the time-step starting at 17:46:04 UT, the total
electron flux from the thick-target fit was 2.3 × 1035

s−1, electron spectral index δ = 3.9, and cut-off energy
Ec = 20 keV. This gives a total non-thermal power of
Ptot = 1.1 × 1028 erg s−1. At 17:47:10 UT, the non-
thermal power had dropped to Ptot = 5.5 × 1027 erg
s−1. Since the fits were made on full-sun spectra, these
values include emission from both footpoints. RHESSI
images suggest that the southern footpoint was more in-
tense than the northern footpoint during most of the
flare. Assuming that they were of roughly equal inten-
sity gives a lower limit on the electron flux into the
southern footpoint of Ptot = 5.5 × 1027 erg s−1 and

Ptot = 2.8 × 1027 erg s−1, respectively. The footpoint
area, estimated from IRIS 2796 Å images is ≈ 1017

cm2. A similar value is found from the 50% con-
tour in RHESSI CLEAN images. This is an up-
per limit, since the IRIS images were partially
saturated and source sizes with RHESSI tend to
be over-estimated (e.g. Warmuth & Mann 2013;
Dennis & Pernak 2009). However, this estimate
is sufficient here, since we are interested in a
lower limit of the energy input. The total en-
ergy flux amounts 5.5× 1010 erg s−1cm−2 initially
and 2.8× 1010 erg s−1cm−2 by 17:47:10 UT.

4.2. Spatial Association of HXR footpoint emission with
Fe XXI blue-shifts

According to the above calculation, the non-thermal
power input is big enough to trigger explosive evapora-
tion. According to Fisher (1987), explosive evaporation

Let’s	  look	  at	  details…	  IRIS	  slit	  crossed	  HXR	  footpoint	  during	  X1	  2014-‐03-‐29.	  

SXR	  
HXR	  temporal	  
evoluLon	  

Fe	  XXI	  velociLes	  during	  
four	  8-‐step	  rasters	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

redshifs:	  loops	   blueshifs:	  ribbons	  
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Evapora0on	  and	  electron	  beams?	  
DifferenLate	  3	  cases:	  

blueshif	  ~56	  s	  
afer	  HXR	  was	  
there	  

Slit	  and	  HXR	  co-‐spaLal,	  but	  
blueshif	  occurs	  further	  North.	  
HXR	  was	  there	  ~28	  s	  earlier	  

6 M. Battaglia et al.

Figure 5. Examples of relative location and timing between HXR footpoints and blue-shifts in Fe XXI. Left: blue-shifts observed ∼ 56
seconds after the HXRs (see Section 3.1) at slit position 5. The observations of blue-shifts at about [521,260] arcsec were made at 17:47:28
UT. The co-temporal HXR source was at ∼ [525,259] arcsec (green). 70% and 90% contours are given for the HXR sources. Middle:
co-temporal observations (Section 3.2). The IRIS slit was co-spatial with the HXR footpoint, but the observed upflows originate from a
location where the HXR source was observed 28 seconds earlier. Right: upflows that have no association with HXR emission in
space or time (Section 3.3).

ceases and becomes gradual once the conductive flux out
of the evaporated plasma becomes comparable to the
beam flux. The change occurs at temperatures around ∼

10 MK over time-scales of a few seconds to a few tens of
seconds. In the presented event, the time scale would be
of the order of 10 seconds. This scenario could explain
blue-shifts that are still observed long after the HXR
source since gentle evaporation will continue as long as
there is a temperature gradient. Gentle evaporation is
further supported by the observed velocities of less than
200 km s−1. Thus the observations described in Section
3.1 can be explained with energy input by a non-thermal
electron beam resulting in explosive evaporation followed
by a transition to gentle evaporation whose signatures are
observed once the IRIS slit covers the respective area.

4.3. Co-temporal observation of HXR emission and
upflows

If energy input by electron beams is indeed the ini-
tial cause of the evaporation, as assumed in the sce-
nario discussed above, the question immediately arises:
Why are no blue-shifts observed when the IRIS slit is
co-spatial with the location of the HXR footpoint? In
other words, why is there no high temperature signa-
ture of evaporation for the case described in Section 3.2?
One potential explanation could be the delayed onset of
EUV emission due to the ion equilibration time. Heat-
ing by beam-energy input is almost instantaneous. How-
ever, when neutral Fe is heated quickly from 10000 K
to 10 MK it takes a certain time to reach ionisation
equilibrium, depending on the ambient density. Brad-
shaw (2009) showed that for densities > 1012 cm−3 this
time-scale is shorter than one second. For densities of
1010 cm−3 equilibration takes of the order of 100s. In a
standard thick target, assuming an exponential density,
the bulk of 20 keV electrons will reach heights between
1000 km and 1400 km, corresponding to densities be-
tween 1012 cm−3 to 5 × 1013 cm−3 (Battaglia & Kontar
2011; Brown et al. 2002) thus this effect can be ignored

and one should expect signatures of evaporation in an
8 second integrated spectrum. However, it is likely
that the Fe XXI emission is obscured by strong
chromospheric lines in the spectral window. As
shown by Graham & Cauzzi (2015), the earliest,
and most shifted, instances of the Fe XXI line
can be extremely weak at the footpoints. Due to
the small spatial scales investigated here, accurate co-
alignment between instruments is crucial. For the rea-
sons explained in Section 2.1 we are confident that the
alignment adopting a minimum 0.15 degree rotation is
correct. If no such corrections were applied, the HXR
footpoint would cover the southern edge of the blue-
shifted area in Figure 5 (middle) but would still not
cover it fully. Thus an error in co-alignment alone
cannot account for the observed offset.

4.4. Upflows without association with HXR emission

Chromospheric evaporation in the absence of HXR
emission can most readily be attributed to energy in-
put by thermal conduction from a hot coronal source.
The conductive energy input from classical Spitzer con-
ductivity (Spitzer 1965) is given as

Lcond = 10−6T 5/2
∇T erg s−1cm−2. (4)

This is usually approximated to

Lcond = 10−6T
7/2

LT
(5)

with LT the temperature scale-length. The RHESSI
spectra indicate a hot (∼ 25 MK) coronal source that
persist during much of the decay phase. The temper-
ature scale-length is the loop-half length which is ap-
proximated from the footpoint separation, assuming a
semi-circular loop. For a footpoint separation of 21.4
arcsec this gives LT ≈ 1.2× 109 cm. The resulting con-
ductive flux is then Lcond ≈ 2.9 × 109 erg cm−2s−1. In

No	  HXR	  detected	  there,	  
neither	  in	  space	  or	  Lme	  

Explosive	  -‐>	  gentle	  
evapora0on	  possible	  

Fe	  XXI	  emission	  could	  be	  
too	  weak	  in	  the	  beginning.	  

Hot	  coronal	  source	  -‐>	  
thermal	  conduc0on?	  
gentle	  evapora0on	  

Baiaglia	  et	  al,	  ApJ	  813,	  113,	  2015	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Chromospheric	  Evapora0on	  

What	  can	  we	  learn	  about	  chromospheric	  evapora0on?	  
Rela0on	  to	  accelerated	  electrons?	  
	  
	  
	  
Are	  we	  resolving	  flare	  kernels?	  

Possibly.	  Pixels	  behave	  similarly	  (Graham	  &	  
Cauzzi,	  2015)	  and	  no	  staLonary	  Fe	  XXI	  

component	  seen	  (Polito	  et	  al.	  2016	  and	  others).	  

Can	  be	  driven	  by	  conducLon.	  Explosive	  and	  
gentle.	  (Tian	  et	  al.,	  2015,	  Baiaglia	  et	  al.	  2015)	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

see	  today’s	  talk	  by	  M.	  Baiaglia	  
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Con0nuum	  Emission	  

Where	  does	  the	  WL	  emission	  come	  from?	  Photosphere	  or	  
Chromosphere?	  
	  
What	  frac0on	  of	  flare	  energy	  is	  radiated	  away	  by	  the	  
con0nuum?	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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chromosphere	  

photosphere	  

emission	  
•  electrons	  probably	  stopped	  in	  

chromosphere	  
•  hydrogen	  recombinaLon	  (=jumps	  

in	  spectra)	  

•  backwarming	  may	  heat	  photosph.	  
•  H-‐	  and	  hydrogen	  conLnua	  

Con0nuum	  Emission	  
Problem:	  Where	  is	  the	  (whitelight)	  emission	  coming	  from?	  
ParLcles	  probably	  cannot	  reach	  low	  enough	  in	  the	  chromosphere.	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Red	  dwarf	  flare	  spectrum	  (Kowalski	  et	  al.	  2011)	  

Stellar	  spectra	  have	  advantages:	  	  
1)	  wider	  spectral	  coverage,	  2)	  larger	  field	  of	  view	  (whole	  star)	  

-‐	  dMe	  (red	  dwarf)	  
flare	  spectrum	  	  

-‐	  Vega	  (A0),	  T=10000	  K,	  
no	  flare	  

Solar	  flare	  spectra	  (Hudson	  et	  al.	  2010)	  

=>	  Combine	  mulLple	  instruments	  for	  solar	  flare	  spectra	  

Mul0-‐Wavelength	  Flare	  Observa0ons	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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IRIS:	  2014-‐03-‐29	  (X1.0),	  WL	  emission	  

DetecLon	  of	  the	  Balmer	  conLnuum.	  
The	  whole	  spectrum	  is	  enhanced	  at	  some	  locaLons.	  color-coded positions along slit for other plots
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Heinzel	  &	  Kleint,	  ApJL	  794,	  23,	  2015	  
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IRIS:	  2014-‐03-‐29	  (X1.0),	  WL	  emission	  

DetecLon	  of	  the	  Balmer	  conLnuum.	  
The	  whole	  spectrum	  is	  enhanced	  at	  some	  locaLons.	  
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example	  spectra	  
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IRIS:	  2014-‐03-‐29	  (X1.0),	  WL	  emission	  

DetecLon	  of	  the	  Balmer	  conLnuum.	  
The	  whole	  spectrum	  is	  enhanced	  at	  some	  locaLons.	  
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Heinzel	  &	  Kleint,	  ApJL	  794,	  23,	  2015	  

example	  spectra	  
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Pre−flare
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Coordinates [arcsec]:

Widest	  spectral	  coverage	  for	  a	  solar	  flare:	  	  IRIS	  +	  HMI	  +	  DST/FIRS	  
	  	  
NUV	  increases	  more	  than	  VIS+IR.	  Therefore	  Balmer	  conLnuum,	  not	  H-‐	  in	  UV.	  	  
=>	  ConLnuum	  has	  contribuLon	  from	  H-‐	  (VIS+IR)=photosphere	  and	  hydrogen	  
recombinaLon	  (UV)=chromosphere.	  

Kleint,	  Heinzel,	  Judge	  &	  Krucker,	  ApJ,	  816,	  88,	  2016	  

Mul0-‐Wavelength	  Flare	  Observa0ons	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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How	  is	  flare	  energy	  dissipated?	  
	  
Compare	  energy	  input	  derived	  from	  RHESSI	  
(accelerated	  electrons)	  to	  
energy	  output	  in	  con0nuum	  and	  line	  radia0on.	  	  

parLcles	   radiaLon	  
(lines	  +	  
conLnuum)	  

kineLc	  energy,	  
heaLng,	  change	  of	  B	  

Flare	  Energe0cs	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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RHESSI	  (red)	  and	  IRIS	  slit	  coincided	  =>	  input	  vs.	  output	  energies	  

Input	  energy	  calculated	  from	  RHESSI	  
(cutoff	  20	  keV):	  
3.5	  ×	  1011	  erg	  s−1	  cm−2	  	  
	  
Energy	  losses	  in	  the	  conLnuum	  (from	  
spectra):	  
8	  ×	  1010	  erg	  s−1	  cm−2	  	  
	  
=>	  ~20%	  	  of	  input	  energy	  emieed	  by	  
con0nuum	  (method	  not	  exact!)	  
	  

Future	  step:	  esLmate	  radiaLon	  by	  spectral	  lines,	  heaLng	  

Con0nuum	  Emission:	  X1	  Flare	  

Kleint,	  Heinzel,	  Judge	  &	  Krucker,	  ApJ,	  816,	  88,	  2016	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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Con0nuum	  Emission	  

Where	  does	  the	  WL	  emission	  come	  from?	  
Photosphere	  or	  Chromosphere?	  
	  
	  
	  
What	  frac0on	  of	  flare	  energy	  is	  radiated	  
away	  by	  the	  con0nuum?	  

Both.	  NUV	  from	  chromosphere	  (Balmer	  
conLnuum),	  indicaLon	  of	  backwarming.	  
(Heinzel	  &	  Kleint,	  2014,	  Kleint	  et.	  al	  2016)	  

~20%	  (Kleint	  et	  al.	  2016).	  Non-‐IRIS	  
measurements	  found	  15%	  for	  EVE/AIA/SOT	  

conLnua	  +	  lines	  (Milligan	  et	  al.	  2014)	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

see	  also	  today’s	  talk	  by	  A.	  Awasthi	  
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Filament	  Erup0ons	  

How	  fast	  do	  filaments	  erupt?	  
	  
	  
Are	  they	  causes	  or	  triggers	  of	  flares?	  
	  
	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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IRIS:	  2014-‐03-‐29	  (X1.0)	  

Kleint	  et	  al.,	  ApJ	  806,	  9	  (2015)	  

8	  raster	  posiLons	  (every	  ~other	  
shown	  in	  movie)	  
	  
Filament	  erupLon	  visible	  
	  
FUV	  and	  NUV	  spectra	  recorded	  at	  
each	  raster	  posiLon.	  
	  
	  
	  
	  
First	  IRIS	  X-‐flare	  observaLon	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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IRIS:	  2014-‐03-‐29	  (X1.0),	  Flare	  trigger:	  filament	  erup0on	  

Kleint	  et	  al.,	  ApJ	  806,	  9	  (2015)	  

Si	  IV	  line	  at	  each	  raster	  posiLon.	  
=>	  Filament	  is	  acceleraLng	  
	  

(from	  sub-‐
sequent	  raster)	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  
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IRIS:	  2014-‐03-‐29	  (X1.0),	  Flare	  trigger:	  filament	  erup0on	  

Kleint	  et	  al.,	  ApJ	  806,	  9	  (2015)	  

AcceleraLon	  starts	  before	  HXR	  are	  visible.	  ErupLon	  triggering	  the	  flare?	  
AcceleraLon	  high	  compared	  to	  previous	  observaLons	  (<1.5	  km/s2)	  

IRIS Si IV Doppler shifts
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Filament	  Erup0ons	  

How	  fast	  do	  filaments	  erupt?	  
	  
	  
	  
	  
	  
	  
	  
Are	  they	  causes	  or	  triggers	  of	  flares?	  
	  
	  

3.4. Helical Structure and Torsional Motions

Helical structures have been commonly seen in imaging or
spectroscopic observations of solar eruptions, including CMEs
(e.g., Kohl et al. 2006), prominence eruptions (Koleva
et al. 2012), and jets or surges (Canfield et al. 1996; Liu
et al. 2011). We found compelling new evidence in this event,
with the combination of high-resolution SJIs and spectra
offering critical clues to the 3D structure.

In the POS, AIA images show corkscrew-shaped threads,
especially early in the eruption when the morphology is
relatively simple (e.g., Figures 1(a) and (b)). Their temporal
evolution is manifested in the multiple sinusoidal tracks shown
in Figure 1(i), an IRIS C II 1330 Å SJI space–time plot obtained
from Cut 2, perpendicular to the eruption axis. In contrast,
during the late phase, e.g., after 03:00 UT, the falling material
shows no longer sinusoidal, but essentially flat tracks. This
suggests that the pre-stored magnetic helicity or twists have
been transported into the heliosphere by the eruption, and thus
the falling material returns as streamline flows along untwisted
field lines, similar to those in previously reported helical jets
(e.g., Liu et al. 2009).

Doppler measurements by IRIS provide several clues for the
interpretation of the above POS observations as torsional/
rotational motions, rather than transverse oscillations. The
IRIS slit is oriented at 13° clockwise from the central axis of
the eruption, allowing it to cover both sides of the axis, i.e., with
its lower portion sampling the left-hand side and the upper
portion sampling the right-hand side. We find that early in the
eruption, the initial blueshifts of some individual features switch
to redshifts with time as they travel upward along the slit (see
Figures 3(a)–(c) and Animation 2 for an example). Moreover, in
single spectral snapshots, the primary (A) spectral component of
the eruption at times shows predominant blueshifts at lower
heights that smoothly transition to redshifts at larger heights (e.g.,
Figures 2(b) and 3(c)). The combination of these observations
indicates a counterclockwise rotation of the erupting material
when viewed top-down. Note that sometimes both components A
and B show no sign of blueshifts but only redshifts that generally
grow with height. This can be explained by the fact that the
eruption occurs behind the limb and large redshifts due to
outward radial motions are expected and can reduce or even
reverse the blueshifts caused by rotations.

Figure 2. C II 1330 Å SJI (left) and simultaneous spectra in three line windows (right; see Animation 2), Mg II k 2796 Å, C II 1336 Å, and Si IV 1403 Å, for two
selected times (top and bottom). The highest Doppler shift in the eruption of 460 km s−1 is identified in (b). In each spectral panel, the top x-axis shows the Doppler
velocity, whose reference wavelength (see text in Section 3.1) is marked by the vertical dotted line. The plus signs in the bottom panels denote the nominal rest
wavelengths of bright lines. Each pair of horizontal dashed lines defines the height range for the spectrum to be averaged to obtain the logarithmic profile shown at the
bottom in the corresponding color. The horizontal white dashed line in the top panels indicates the height of the chromospheric limb (transition region) at the slit
position shown on the left. “A” and “B” label the two components (primary and secondary) of the eruption in velocity space.

(An animation of this figure is available.)
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several	  hundred	  km/s.	  (>600	  km/s:	  Kleint	  et	  al.	  2015,	  
>460	  km/s	  Doppler	  +	  1200	  km/s	  POS:	  Liu	  et	  al.	  2015)	  

HXR	  emission	  started	  afer	  filament	  erupLon.	  
Filament	  =	  Trigger	  (for	  X1	  on	  2014-‐03-‐29)	  	  

Prominence	  erupLon	  
from	  Liu	  et	  al.	  2015	  
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see	  also	  today’s	  talk	  by	  M.	  Woods	  
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Modeling	  Solar	  Flares	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

How	  can	  we	  explain	  the	  unusual	  flare	  spectra?	  
	  
	  
What	  do	  we	  learn	  about	  the	  lower	  solar	  atmosphere?	  
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Modeling	  Solar	  Flares	  
Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

Types	  of	  spectra	  during	  a	  flare,	  found	  with	  machine	  learning	  (k-‐means).	  

Mg	  flare	  spectra	  have	  a	  single	  peak	  and	  broad	  wings.	  Physics?	  

flare	  ribbon	  
umbra	  

QS	  

flare	  
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Modeling	  with	  RADYN	  

Rubio	  da	  Costa	  et	  al.,	  ApJ	  in	  press	  (2016)	  

SimulaLons	  with	  RADYN:	  energy	  input	  constrained	  by	  RHESSI,	  simulate	  
spectral	  lines	  and	  conLnuum	  	  

Assume:	  
-‐  flare	  loop,	  10	  Mm	  
-‐  inject	  electrons	  at	  top	  
-‐  solve	  1D	  nLTE	  radiaLve	  transfer	  

e-‐	  

heaLng,	  
velociLes	  

=>	  Comparison	  of	  observed	  and	  simulated	  
profiles.	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

see	  FaLma’s	  poster	  and	  today’s	  talks	  by	  J.	  Kasparova	  and	  J.	  Allred	  
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Modeling	  with	  RH	  
Models	  do	  not	  fit	  yet.	  =>	  Parameter	  study	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  

increasing	  density	  just	  
below	  TR	  =>	  single	  peak	  

increasing	  temperature	  
just	  below	  TR	  =>	  single	  
peak	  

=>	  Need	  to	  couple	  
source	  func0on	  to	  the	  
Planck	  func0on.	  	  

broad	  wings	  not	  
reproduced	  yet.	  
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Conclusions	  

VIS	  /	  IR	  

UV	  

X-‐ray	  (on	  UV)	  IRIS:	  ideal	  to	  study	  atmospheric	  response	  from	  0.01	  to	  10	  MK	  
	  
Chromospheric	  evapora0on	  
-‐  possibly	  resolving	  flare	  kernels	  
-‐  observed	  upflow	  lags	  downflow	  
-‐  gentle	  evaporaLon/conducLon	  may	  be	  important	  

Can	  use	  IRIS	  con0nuum	  for	  data	  points	  in	  the	  UV	  
-‐  chromospheric	  Balmer	  conLnuum	  
-‐  during	  X1.0	  2014-‐03-‐29:	  energy	  output	  =	  20%	  of	  input	  

Filament	  erup0ons	  seem	  to	  trigger	  flares.	  Doppler	  velociLes	  measurable.	  
	  
Modeling	  
-‐  Mg	  flare	  spectra	  have	  single	  peak	  and	  broad	  wings	  
-‐  use	  RADYN,	  but	  cannot	  get	  single	  peak	  
-‐  parameter	  study	  indicates	  that	  we	  need	  higher	  T	  or	  e-‐	  density	  	  

Chromospheric	  Evapora0on	  –	  Con0nuum	  –	  Filaments	  –	  Modeling	  


