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Introduction

@ We are immersed in the outer reaches of the Sun’s corona
(“protected” by our magnetosphere, to be sure)

@ Transients therein affect a wide swathe of technologies we
routinely use in everyday life

e We focus on coronal mass ejections (CMEs) from the Sun,
which are typical progenitors of space weather disturbances
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Plan for talk

@ Very quick overview of space weather disturbances,
emphasizing role of Earth-directed CMEs

@ CMEs - initiation, propagation
@ CME propagation - salient issues

e CME propagation dynamics/time-of-arrival estimates issues;
observational, theoretical

@ Recent progress (esp on CME-solar wind momentum
coupling), areas needing further work
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Space weather transients

these transients are characterised by anomalous disturbances
in all plasma parameters (density, energetic particle flux,
magnetic fields, currents) and changes in the magnetospheric
field configuration

and they cause a variety of disruptions in technologies (both
space-based as well as ground-based) that we use
(routinely/often)

generally because of charged particle/current excess outside
the magnetosphere (accompanying dayside reconnection and
other complex processes on the opposite side)

affecting astronaut safety, satellite drag, disruptions to space
(radio) communications, etc.

and anomalous entry of cosmic rays into the Earth's
atmosphere, which result in anomalous currents in the
ionosphere, discharges, which affects SW radio
communications, GPS, power grid outages, etc.
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..50 what causes space weather transients?

(Mostly) Coronal Mass Ejections (CMEs) from the Sun

which are bodily expulsions of (million degree) coronal plasma
bounded by large-scale B fields

and CMEs are often aimed at the Earth

CME examples
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CMEs and shocks

Figure : Cane 2000
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Research on CMEs is often (artificially) divided between

e initiation issues (Antiochos, Chen, Forbes, Gibson, Linker,
Low, Manchester, Mikic..)

@ and propagation issues (Cargill, Dryer, Gallagher,
Gopalswamy, Manoharan, Subramanian, Vrsnak..)

@ CME propagation issues are often cast in terms of a “residual
acceleration” (Zhang & Dere 2006; Subramanian & Vourlidas
2007; Gopalswamy 2013); residual, after the initiation phase
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Propagation issues

Broadly speaking, propagation issues are focussed on
@ time-of-arrival estimates (when will the CME and its
associated shock “hit" the Earth?)
o geoeffectiveness -

e magpnetic field direction (southward B,),
e ram pressure, (speed, mass)
e turbulence level in CME sheath
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CME time-of-arrival @ Earth

e CMEs evolve substantially en-route to the Earth (by way of
morphology)

@ Expand, pile up mass, drive shocks, rotate, deflect, often
collide w/ other CMEs

@ So from a geomagnetic impact point-of-view, the question
often becomes: time of arrival of what? (i.e., which part of
the beast)?

@ Some Earth-ToA issues have been clear early on; e.g., shock
arrival @ Earth, but some other ideas have been substantially
modified post-LASCO, and particularly post-STEREO

@ Similar issues with tracking CMEs from the Sun to the Earth;
what to track? (even with two viewpoint STEREO data)
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Tracking CMEs - the STEREO era

@ The two viewpoints offered by STEREO opened up
possibilities for figuring out the 3D structure of CMEs as they
propagate;
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Tracking CMEs - the STEREO era

@ The two viewpoints offered by STEREO opened up
possibilities for figuring out the 3D structure of CMEs as they
propagate; (in the coronograph FOV, for favorable
spacecraft orientations); there have been several well fitted
CMEs

@ Using the tie pointing method (e.g., Byrne, Gallagher,
Maloney, Srivastava..)

e the Graduated Cylindrical Shell (GCS) method, which fits the
CME to a 3D flux rope morphology (Colaninno, Thernisien,
Vourlidas, Zhang..)

@ ..and then there is the challenging problem of tracking them
farther than the coronograph FOV; e.g., Heliospheric Imager
observations, (Colaninno, Harrison, Howard..) Interplanetary
scintillations (Jackson, Manoharan, Tokumaru..) and shock
proxies like IP type Il bursts
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Time-of-arrival estimates

@ Post-initiation, CMEs are subject to driving (Lorentz
self-forces) and drag forces (momentum coupling w/ solar

wind), Sun’s gravity
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Time-of-arrival estimates

@ Post-initiation, CMEs are subject to driving (Lorentz
self-forces) and drag forces (momentum coupling w/ solar
wind), Sun’s gravity

@ Other avenues for energy losses: expansion, CME plasma
heating, shock driving

@ The microphysics for most of these mechanisms is uncertain

e Sun-Earth CME kinematics (GCS fittings to STEREO data)
hard to fit with simple empirical fits (Colaninno et al 2013)

e "Drag-based” models for CME trajectories (especially slow
ones) using an ad-hoc drag parameter Cy need to resort to
wildly different values for Cy (e.g., Byrne, Cargill, Maloney,
Mishra, Virsnak...)

@ ..and of course, many sophisticated MHD CME propagation
codes (e.g., ENLIL, BATSRUS, and many others)
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Physical prescription for aerodynamic drag

@ Subramanian, Lara & Borgazzi (2012) have computed the
operative viscosity in the turbulent, collisionless solar wind
plasma;
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Physical prescription for aerodynamic drag

@ Subramanian, Lara & Borgazzi (2012) have computed the
operative viscosity in the turbulent, collisionless solar wind
plasma; resonant (ion cyclotron) scattering of protons

@ obtained a physical prescription for the dimensionless viscous
drag parameter Cp

@ For fast CMEs, the computed velocity profiles and travel time
predictions agree remarkably well with observations

@ Can be used for Sun-Earth travel time estimates for ICME and
shock (for fast CMEs)

@ Relatively slow CMEs are “picked up” by the solar wind
(become drag-dominated) only > 50R;, or so (Nishtha
Sachdeva’s poster)
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e.g., STEREO data of fast, decelerating CME (Wood et al

2009)
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CME propagation..what next (my perspective)

@ Better understanding of Lorentz self-forces
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CME propagation..what next (my perspective)

Better understanding of Lorentz self-forces (in poor shape at
present!) More interaction w/ prominence flux rope
community

Better understanding of aerodynamic drag (in better shape,
but plenty of interesting collisionless plasma physics left!)

Incorporate physical drag mechanisms into 3D MHD
codes/compare code results w/ 1D drag models

Are fluxrope footpoints rooted in the Sun? If so, tension
“holding it back”? Physical basis for shock arrival time: using
slowdown characteristics of the piston (which is the CME)

Prediction: (apart from arrival time) of shock
strength /turbulence level in sheath; (e.g., Manoharan et al
2000)
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CME propagation..what next (my perspective)

Better understanding of Lorentz self-forces (in poor shape at
present!) More interaction w/ prominence flux rope
community

Better understanding of aerodynamic drag (in better shape,
but plenty of interesting collisionless plasma physics left!)

Incorporate physical drag mechanisms into 3D MHD
codes/compare code results w/ 1D drag models

Are fluxrope footpoints rooted in the Sun? If so, tension
“holding it back”? Physical basis for shock arrival time: using
slowdown characteristics of the piston (which is the CME)

Prediction: (apart from arrival time) of shock

strength /turbulence level in sheath; (e.g., Manoharan et al
2000 ) - possible using cosmic ray Forbush decreases
(Arunbabu 2014, PhD thesis; poster, this meeting)

Subramanian CMEs: How well do we understand their propagation dynamics?



