Connecting flares to the lower
atmosphere
Vanessa Polito
Harvard-Smithsonian Center for Astrophysics

IRIS-9 meeting Gottingen, June 29 2018

IRIS-9, Göttingen, 25-29 June 2018
Invited Talk
4. Eruptions in the solar atmosphere

Connecting flares to the atmosphere
Vanessa Polito1
1

Harvard-Smithsonian Center for Astrophysics

Thanks to its capability of combining images and spectra formed over a broad range of temperatures
(log (T/K) = 3.7 – 7) with unprecedented spatial and spectral resolution, IRIS has enabled significant
advancements in our understanding of flares. In particular, the observation of the high-temperature Fe
XXI flare line has contributed to address some of the long-standing issues regarding the chromospheric
evaporation process. On the other hand, TR and chromospheric lines (e.g. Si IV, O IV, Mg II, C II)
allow us to investigate the lower atmospheric conditions during the impulsive phase of flares and have
been used to provide important constraints to the properties of flare models. This talk will give an
overview of some of the new insights gained from IRIS, while also mentioning how IRIS observations
can be enhanced and complemented by observations from other space and ground-based instruments.
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10 September 2014 X-class flare

See e.g. Chen et al. 2015, Graham & Cauzzi
2015, Tian et al. 2015, Li & Zhange 2015,
Zhao et al. 2016, Dudik et al. 2016,
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Unsolved questions in the standard flare model
l

l
l

How and where is the energy produced and
stored?
How is the energy released and transported?
How does the atmospheric plasma respond
to the heating?

• Chromospheric evaporation -> blueshifts in UV/SXR spectral lines (T>10 MK).
• Chromospheric condensation -> redshifts in cooler chromospheric and TR lines

Unsolved questions in the standard flare model
l

l
l

How and where is the energy produced and
stored?
How is the energy released and transported?
How does the atmospheric plasma respond
to the heating?

Comparison of plasma observables with 1D
hydrodyamic models, e.g.:
• RADYN (non-LTE, Carlsson & Stein 1992,
Allred et al. 2015)
• HYDRAD (non-eq ionization, Bradshaw &
Mason 2003, Reep et al. 2013)
• FLARIX (non-LTE, Kasparova et al. 2009)

Unsolved questions in the standard flare model
l

l
l

How and where is the energy produced and
stored?
How is the energy released and transported?
How does the atmospheric plasma respond
to the heating?

For 3D models see
Miho’s talk later
today!

Focus on the low atmosphere
Solar flares emit in all EM spectrum, however emission from the low
atmosphere (chromosphere/TR) is particularly important:
• location where most of the energy is dissipated
• Chromospheric evaporation filling the flare loop
• TR/Chromosphere very sensitive to the properties of the heating

Graham & Cauzzi 2015

Topics in this talk
IRIS provide wide temperature coverage during flares, from the chromosphere to
the corona
• Chromospheric evaporation: new insights from IRIS -> Fe XXI
• Evaporation/condensation as constraints for flare models -> Fe XXI & Si IV, C II,
Mg II
• Plasma diagnostics during flares from IRIS TR lines -> OIV, SIV
• IRIS observations of the chromosphere and coordination with ground based
observatories -> Mg II
• IRIS observations in the corona -> Fe XXI

Chromospheric evaporation: (brief) history
Early flare studies
(~1980 with SOLFLEX, SMM, e.g.Doschek+79,80,
Anontucci+89)

Antonucci+86,
SMM/BCS

Blue asymmetric profiles contrary to prediction
of totally blueshifted lines (e.g. Emslie & Alexander
87)
l

Excess broadening of the line, with non thermal
velocities 100-200 km/s, observed over several
minutes (and even before the onset of the
evaporation, e.g. Anontucci 89)
l

NB. Limited resolution of the instruments
Superposition of emission from footpoint & loops

Mason+86, Fe XXI with
SMM/UVSP

Chromospheric evaporation: (brief) history
Soho/CDS (~4”)-Hinode/EIS (~3”)

Young+13
Doschek+15

Most of the observations show
two-components Gaussian profiles
(Young+13, Doschek+15)
l

Totally blue-shifted single profiles only
sometimes observed (Brosius+13)
l

Brosius+13

Blueshift velocity increases with T, cool ions redshifted
(DelZanna+06, Milligan+09)
l

Chromospheric evaporation: new insights from IRIS
IRIS allows the measurement of the Fe XXI line during flares at unprecedented
spatial and temporal resolution, providing new insights into the
chromospheric evaporation process
SJI 1400A

Fe XXI spectral window

SG CCD
SG slit

1. Chromospheric evaporation: new insights from IRIS
• Fe XXI fully blueshifted, in agreement with theoretical predictions -> can IRIS resolve
the site of evaporation?
SJI 1400
Fe XXI

Young et al. 2015

See also e.g. Tian et al. 2015, Graham & Cauzzi 2015, Li et al. 2015, 2017, Polito et al. 2015, 2016,
Battaglia et al. 2015, Dudik et al. 2017

Chromospheric evaporation: new insights from IRIS
Polito et al. 2015

• Blushifted line is also broadened and mostly
symmetric.
• Doppler shift gradually decrease with time (see also
Graham & Cauzzi 2015, Polito et al. 2016, Reep et al.
2018).
• Non-thermal broadening and Doppler shift highly
correlated over time

Chromospheric evaporation: comparing IRIS & Hinode/EIS
• IRIS observes symmetric, fully blueshifted a single
broad Fe XXI components
• EIS observes a superposition of plasma emission
along the line of sight
IRIS Fe XXI

Polito et al. 2016

EIS Fe XXIII

Chromospheric evaporation: comparing IRIS & Hinode/EIS
• IRIS observes symmetric, fully blueshifted a single
broad Fe XXI components
• EIS observes a superposition of plasma emission
along the line of sight
IRIS Fe XXI

Polito, Reep et al. 2016

EIS Fe XXIII

Chromospheric evaporation: comparing IRIS & Hinode/EIS
• Flare simulation assuming heating by a electron
beam (F= 1010 erg s-1 cm-2, Ec=20 keV, !=5) with
HYDRAD can reproduce the observed evolution and
magnitude of the blueshifts
• Physical parameters of the flare loops (plasma
density and temperature) can be constrained by
combining diagnostics from IRIS, EIS, AIA and XRT
data
• NB Similar constraints can in principle be obtained
for wave-driven models (Reep et al. 2016, 2018,
Kerr et al. 2016)

Polito, Reep et al. 2016

Chromospheric evaporation: new insights from IRIS

v > 270 km/s
v > 200 km/s
v> 100 km/s
Mg II 15-30 km/s

• Individual kernels behave similarly
• Evaporation lasts for ~6minutes
• Condensation observed as redshifts (up to ~40 km/s) in
Mg II
• Evaporation lags behind condensation in individual
kernels of ~ 68s

Graham & Cauzzi 2015

• The upflows are accompanied by downflows of
cooler plasma material (chromospheric
condensation)
• This can be observed by IRIS as redshifts in transition
region lines (e.g. Si IV and O IV) and chromospheric
lines (e.g. Mg II and C II).
Si IV

Time

Chromospheric evaporation/condensation

Fe XXI

Fe XXI

Time

Si IV

see also Zhang et al 2016 and poster P-37

Tian et al. 2015

Chromospheric evaporation/condensation
The evolution and magnitude of blueredshifts can provide constraints on
the multi-thread flare models

IRIS observation of the 2015
March 12 flare

HYDRAD simulations

• Persistent redshifts seen in Si IV
cannot be reproduced by any single
loop model (Reep et al. 2016,
Warren et al. 2016)
• A distribution of heating durations,
with a median of about 50–100 s can
reproduce both the red- and
blueshift (Reep, Polito et al. 2018)

Reep, Polito et al. 2018

Slipping reconnection
Dudik, Polito et al.
2016

• Variation of the observed velocity of chromospheric evaporation
in the early phase of the flare, caused by changes in the loop
geometry because of the slipping reconnection
• Fine structure of the flare ribbon visible as small bright knots
observed in Si IV
• Observations consistent with 3D flare models (see Janvier’s talk)
• See also Sobotka et al. 2016 on slipping reconnection combining
GREGOR and IRIS data

Li & Zhang, 2015

Density diagnostics with IRIS TR lines

OIV 1399/1401Å

Polito et al. 2016b

1012 cm-3

OIV 1401/1404Å

1012 cm-3

SIV 1404/1406Å
The O IV and S IV lines can provide very good density diagnostics
(e.g. Bathia80)
1013.2 cm-3
• O IV 1399Å, 1401Å and S IV 1406 are largely free of blends
• O IV+S IV blend around 1404Å can de blended using the density measured by the OIV
1399/1401λ ratio
See also e.g. Olluri et al. 2013, Dudik et al. 2014, Peter et al. 2014, Martinez-Sykora et al. 2016

Density diagnostics in flares using IRIS TR lines
Polito et al. 2016b

• 4 density measurements during the impulsive phase of the
22 June 2015 flare
• The OIV line ratios often reach the high density limit while
the SIV ratio shows densities as high as 1013 cm-3or more.

Mg II observations
Kerr et al. 2015

• Detailed study of the response of these lines to a solar flare: spatial and temporal behavior of the
intensities, k/h line ratios, line of sight velocities, line widths and line asymmetries
• The characteristic central reversal feature that is ubiquitous in quiet Sun observations is absent in
flaring profiles
• Important diagnostic information to constrain the models

The Mg II triplet lines also represent a useful diagnostic that complements the Mg II h&k lines
(Pereira et al. 2015)

Combining IRIS with ground & space-based observatories
Data-driven simulation of the 29 March 2014 X-class flare with the
RADYN code based on IRIS Mg II h&k, DST/IBIS H# and Ca II as well
as RHESSI HXR observations

DST/IBIS
Ca II

DST/IBIS
H#

Rubio da Costa et al. 2016

Combining the IBIS Ca II and H# and IRIS Mg II lines (formed at
different heights in the chromosphere) provide critical diagnostics of

the physical conditions in the flaring atmosphere.

Combining IRIS with ground & space-based observatories
IRIS and IBIS
synthetic emission
lines from RADYN
simulations of a multithreaded loop model
of a flare.

Rubio da Costa et al. 2016

Rubio da Costa et al. 2016

•
•
•

RH (Uitenbroek 2001 ; Pereira & Uitenbroek 2015) was used to simulate Mg II in partial redistribution
Heating is assumed by electron beams, whose properties are constrained using RHESSI data
Discrepancies between synthetic and observed line profiles can help constrain the models

See also Carlsson et al. 2015, Liu et al.2015, P. Heinzel’s talk

IRIS observations in the flaring corona
Tian et al. 2014, see also Tian & Chen 2018

• Fe XXI emission above the loop top is redshifted (~125 km/s) with a
large non-thermal width (~100 km/s)
• Downward moving reconnection flows or hot retracting loops?

IRIS observations in the flaring corona

Polito et al. 2018, under review
• Large Fe XXI redshifts at the top of the loop, coincident with the location of the HXR sources
• Very faint bluesfhits sometimes observed too (not at the ribbon)
• Possible signatures of a termination shock (TS)?

Conclusions
Important constraints on flare models (i.e. properties of the electron beams/waves, duration of
the heating, number of unresolved threads, evolution of the atmospheric structure) can be
inferred by combining spectroscopic and imaging observables:
• Blue/red shifts and line intensities over time using IRIS and EIS lines formed at different
temperatures (and future UV spectrometers, such as SO/SPICE)
• Density diagnostics in the TR (i.e IRIS OIV lines) , corona (EIS Fe XIV) and flaring plasma (AIA, XRT)
• HXR emission from RHESSI, FERMI, the upcoming SO/STIX
• Chromospheric line profiles (e.g. IRIS, DST, SST, DKIST)
Models cannot still conclusively reproduce many observational features, including:
• Large broadening of lines (e.g. Milligan et al. 2011, Polito et al. 2015)
• Origin of white light/continuum (see e.g. Heinzel & Kleint 2014, Kowalski et al. 2015, 2017, Kennedy
et al. 2015, Kleint et al. 2016, Heinzel et al. 2017) as observed by IRIS in the NUV/FUV and by ground
based observatories (see also talk by G. Cauzzi, posters by F. Zuccarello P-41, E. Butler P-46 and K.
Lee P.-36)
• More work need to be done to include waves in the models (Reep et al. 2016, 2018, Kerr et al.
2016)

