A global picture of active regions:
models meet observables
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Global models

What is an active region?
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1. Observables in the corona
2. Comparisons with data




Schrijver et al. (2004)

Full Sun (2 datasets)

Magnetic configuration: flux transport
Extrapolation: PFSS (46,000 field lines)
Loops modeled in 0D

- Ad hoc heating: Fy = aB?[ﬂf(Bf)

0.0<B<20 -17<~v<0.3

- Uniform, Non-uniform
- Hydrostatic solutions (Serio et al. 1981)




Warren & Winebarger (2006)
Active region size (26 regions)

Magnetic configuration: MDI los magnetog.

Extrapolation: Potential
Loops modeled in 1D

- Hydrostatic solutions (van Ballegooijen)
- Ad hoc heating:

Uniform
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Lundquist et al. (2008a, 2008b)

8

8

Active region size (10 regions)
Magnetic configuration: vector magnetogram
Extrapolation: NLFF
Loops modeled in 1D
- Steady state energy balance model

L~
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Winebarger et al. (2008)
Active region size (1 region)
Magnetic configuration: MDI los magnetog.
Extrapolation: Potential
Loops modeled in 1D
- Steady heating
Ex guess: 171 moss + Martens + Rosner
Hydrostatic solutions (van Ballegooijen)
Find Ex that matches moss and total SXT
Regression Ex vs B vs L




Dudik et al. (2011)

Active region size (1 region)
Magnetic configuration: MDI los magnetog.
Extrapolation: Potential
Loops modeled in 1D
- Hydrostatic solutions
- Ad hoc heating:
Non-uniform




Warren & Winebarger (2007)

Active region size (1 region)
Magnetic configuration: MDI los magnetog.

Extrapolation: Potential (2000 field lines)
Loops modeled in 1D

- a) Hydrostatic solutions
- b) Hydrodynamics (NRL Solar FT Model)
Ad hoc heating: Ep(t) = g(t) REs + Ep

Uniform > B
S X Z




3D volume
Fixed topology
0D /1D hydro §yamic

Schrijver et al. (2004)
Warren & Winebarger (2006)
Warren & Winebarger (2007)

Winebarger et al. (2008)
Lundquist et al. (2008a,b)

Dudik et al. (2011)

Full Sun, AR size
1500 km< Pixel size < 10,000 km
Ad-hoc parameterized heating
Static and dynamic heating
Uniform and non-uniform
Constant and expanding cross-sections

Visual (morphology)
Intensities
Intensity-flux relationship
Filter ratio temperatures

3D volume
3D MagnetoHydroDynamics




Mok et al. (2005, 2008)

Active region size (127x91x137 mesh)
Magnetic configuration: MDI los magnetog
Topology: Potential = NLFF

3D MHD code

- static magnetic field

- thermodynamics along the field
- Ad-hoc steady heating:

Ep(x) = cB(a')*p(x)’




Mok et al. (2005, 2008)

Active region size (127x91x137 mesh)
Magnetic configuration: MDI los magnetog
Topology: Potential = NLFF

3D MHD code

- static magnetic field

- thermodynamics along the field
- Ad-hoc steady heating:

Ep(x) = cB(a')*p(x)’




Mok et al. (2005, 2008)

Acti Lionello et al. (2013) 1)

Magnetic configuration: MDI los magnetog
Topology: Potential = NLFF

3D MHD code

- static magnetic field

- thermodynamics along the field
- Ad-hoc steady heating:

Ep(x) = cB(a')*p(x)’
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Gudiksen & Nordlund (2005)
Peter et al. (2004)

60 x 60 x 37 Mm? (150x150x150 mesh)
Magnetic configuration:

MDI los magnetogram scaled down
Topology: potential (t=0)

Field advected by prescribed velocity field
3D compressible MHD code

- thermal conduction along field




D::rf‘ter cm cwv _ ‘ Gudiksen & Nordlund (2005)
‘ Peter et al. (2004)

— red

60 x 60 x 37 Mm? (150x150x150 mesh)
Magnetic configuration:
: MDI los magnetogram scaled down
§ line shitts from average . Topology: potential (t=0)

Field advected by prescribed velocity field
3D compressible MHD code

Doppler shift [km/s]

- thermal conduction along field
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Gudiksen & Nordlund (2005)
Peter et al. (2004)

60 x 60 x 37 Mm? (150x150x150 mesh)
Magnetic configuration:

MDI los magnetogram scaled down
Topology: potential (t=0)

Field advected by prescribed velocity field
3D compressible MHD code

- thermal conduction along field




D::rf‘ter cm cwv _ ‘ Gudiksen & Nordlund (2005)
‘ Peter et al. (2004)

— red

60 x 60 x 37 Mm? (150x150x150 mesh)
Magnetic configuration:
: MDI los magnetogram scaled down
§ line shitts from average . Topology: potential (t=0)

Field advected by prescribed velocity field
3D compressible MHD code

Doppler shift [km/s]

- thermal conduction along field
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o ©m bw L ' Gudiksen & Nordlund (2005)
Peter et al. (2004)

— red

60 > Peter et al. (2006) sh)
Magnetic contiguration:
: MDI los magnetogram scaled down
§ line shitts from average . Topology: potential (t=0)

Field advected by prescribed velocity field
3D compressible MHD code

Doppler shift [km/s]

- thermal conduction along field
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Zacharias et al. (2009, 2011)
Bingert & Peter (2011)

* 50 x50x 30 Mm?3 (256x256x256 mesh)
* Magnetic configuration:

Gudiksen magnetogram + QS network (x5)
* Topology: potential (t=0)
* Field advected by prescribed velocity field
* 3D compressible MHD code (Pencil code)

- thermal conduction along field




Zacharias et al. (2009, 2011)
Bingert & Peter (2011)

* 50 x50x 30 Mm?3 (256x256x256 mesh)

* Magnetic configuration:
Gudiksen magnetogram + QS network (x5)
Topology: potential (t=0)
Field advected by prescribed velocity field
3D compressible MHD code (Pencil code)
- thermal conduction along field
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OBSERVATION o Bourdin et al. (2013)
Bingert & Peter (2011)

235x235x 156 Mm?3 (1024x1024x256 grid
Magnetic config.: SOT vector/los magnetog.
Topology: potential (t=0)

Field advected by prescribed velocity field:

- correlation tracking: supergranulation

- Gudiksen granulation

Fe XV emission

3D compressible MHD code (Pencil code)
- thermal conduction along field

Fe XII Doppler line-shift

150 200 250 100 150 200
Solar-X [arcsec) Solar-X [arcsec)
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Hansteen et al. (2010
Gudiksen et al. (2011

16 x 16 x 16 Mm? (512x512x325 grid)
Magnetic configuration: prescribed field
Optically thick radiative losses = convection
Magnetic field advected with flow

3D MHD compressible code

- thermal conduction along field




Olluri et al. (2015)

Size: 24 x 24 x 17 Mm?3 (512x512x496 grid)
Magnetic configuration: prescribed field
Optically thick radiative losses = convection
Magnetic field advected with flow

3D MHD compressible code

- thermal conduction along field




Olluri et al. (2015)

Size: 24 x 24 x 17 Mm?3 (512x512x496 grid)
Magnetic configuration: prescribed field
Optically thick radiative losses = convection
Magnetic field advected with flow

3D MHD compressible code

- thermal conduction along field




Olluri et al. (2015)

Testa et al. (2012)

Size. o grid)
Magnetic configuration: prescribed field
Optically thick radiative losses = convection
Magnetic field advected with flow

3D MHD compressible code

- thermal conduction along field




Olluri et al. (2015)

Testa et al. (2012)

Size.
Mag Martinez-Sykora et al. (2011) :ld _
Opticuiy wiien rauwauve 1voocs — vonvection
Magnetic field advected with flow

3D MHD compressible code
- thermal conduction along field

o grid)




3D volume

Fixed topology
0D /1D hydro static

dynamic

Schrijver et al. (2004)
Warren & Winebarger (2006)
Warren & Winebarger (2007)

Winebarger et al. (2008)
Lundquist et al. (2008a,b)
Dudik et al. (2011)

Full Sun, AR size
1500 km< Pixel size < 10,000 km
Ad-hoc parameterized heating
Static and dynamic heating
Uniform and non-uniform
Constant and expanding cross-sections

Visual (morphology)
Intensities
Intensity-flux relationship

Filter ratio temperatures
DEM

3D volume

3D MagnetoHydroDynamics

Mok et al. (2005,2008)
Peter et al. (2004, 2006)
Gudiksen & Nordlund (2005)
Zacharias et al. (2009, 2011)
Bingert & Peter (2011)
Bourdin et al. (2013)
Hansteen et al. (2010)
Gudiksen et al. (2011)
Martinez-Sykora et al. (2011)
Olluri et al. (2015)
Testa et al. (2012)

16Mm - 250 Mm
Rigid topology / advection mag. field
Ad-hoc steady heating /
Intermittent Ohmic heating
Prescribed velocity fields /
Convection simulation
Visual (morphology)
Intensities (total, fluctuations)
Doppler shifts
DEM
3D geometry
Line widths




Warren & Ugarte-Urra (TBD)

Active region size (15 regions)
Magnetic configuration: HMI los magnetog.
Extrapolation: NLFF (10,000 field lines)

Loops modeled with EBTEL (0D)

- Hydrodynamics B

- Ad hoc heating: F «x —
Uniform L
Frequency: dt o< E;_1

DN

. 150 DN



Warren & Ugarte-Urra (TBD)

Active region size (15 regions)
Magnetic configuration: HMI los magnetog.
Extrapolation: NLFF (10,000 field lines)

Loops modeled with EBTEL (0D)

- Hydrodynamics B

- Ad hoc heating: F «x —
Uniform L
Frequency: dt o< E;_1

DN

. 150 DN



Warren & Ugarte-Urra (TBD)

Active region size (15 regions)
Magnetic configuration: HMI los magnetog.
Extrapolation: NLFF (10,000 field lines)

Loops modeled with EBTEL (0D)

- Hydrodynamics B

- Ad hoc heating: F «x —
Uniform L
Frequency: dt o< E;_1

STA

RT

END
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3D volume
Fixed topology
0D /1D hydro static

dynamic

Successful at reproducing the high T emission
Difficulty in reproducing EUV (impulsive?)

Hints about the timescales of heating:
quasi-steady or not too infrequent

Difficult to get at the source

3D volume
3D MagnetoHydroDynamics

Successful at reproducing the
TR-low corona emission (QS)

Too cool for the high T core emission in AR
Intermittency of heating

Source is everywhere, 90% near footpoints




Final thoughts

* Significant progress since 2002
* The coronal heating problem is not just about producing 1-2 MK
* Model to data comparisons are very specific with several successes

* Challenges:
- Scaling with total flux
- Properties of different loop populations
- Temperature distributions (DEM)
- Time dependency
- Evolutionary timescales









EXTRAS



Dahlburg et al. (Submitted to Ap))

Mg VII 280.737A SIVII275.368A Fe X 184536A Fe XI188.216A Fe XIl 195.119A Fe Xl 203.826A Fe XV 284.160A
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