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VLA,	  LWA,	  Starburst:	  
“spectropolarimetry”	  of	  
coherent	  radio	  bursts	  

Villadsen	  et	  al.	  in	  prep	  

Plasma	  or	  cyclotron	  maser	  
from	  coronal	  shock	  fronts,	  
magne+c	  reconnec+on	  

sites,	  aurorae	  
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VLA,	  LWA,	  Starburst:	  
“spectropolarimetry”	  of	  
coherent	  radio	  bursts	  

Villadsen	  et	  al.	  in	  prep	  

Plasma	  or	  cyclotron	  maser	  
from	  coronal	  shock	  fronts,	  
magne+c	  reconnec+on	  

sites,	  aurorae	  

Both	  types	  of	  emission:	  
Need	  magne+c	  field	  

models	  to	  model	  emission	  	  



Dynamic	  spectroscopy	  of	  radio	  bursts	  
–	  why	  and	  how	  
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Image	  credit:	  Chuck	  Carter,	  Gregg	  Hallinan,	  and	  the	  Keck	  Ins+tute	  for	  Space	  Studies	  
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Dressing	  &	  Charbonneau	  2013:	  nearest	  transi+ng	  habitable-‐zone	  
Earth-‐size	  planet	  around	  M	  dwarf	  is	  within	  10	  pc	  

These	  planets	  have	  likely	  evolved	  under	  condi+ons	  of	  strong	  stellar	  
magne+c	  ac+vity	  (e.g.,	  West	  et	  al.	  2008:	  M	  dwarf	  ac+vity	  life+me	  ~	  Gyr)	  
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CMEs	  and	  proton	  events	  have	  not	  been	  observed	  on	  other	  stars.	  

Yashiro	  &	  Gopalswamy	  2009	  

Solar flares and CMEs 241

Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.

Solar	  X-‐ray	  flare	  fluence	  (J/m2)	  

Drake	  et	  al.	  2014,	  Osten	  &	  Wolk	  2015	  –	  predict	  stellar	  CME	  mass	  loss	  rate	  
Segura	  et	  al.	  2010	  –	  predict	  proton	  flux	  from	  large	  AD	  Leo	  flare	  
	  
Lack	  of	  observa+onal	  data	  à	  must	  extrapolate	  proper+es	  of	  solar	  flares	  
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Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.

Solar	  X-‐ray	  flare	  fluence	  (J/m2)	  
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Can	  we	  extrapolate	  flare	  proper+es	  from	  Sun	  to	  ac+ve	  stars?	  
Do	  solar	  flare-‐CME	  rela+onships	  hold	  for	  	  high-‐energy	  stellar	  flares?	  
	  
Do	  the	  strong	  large-‐scale	  magne+c	  fields	  of	  ac+ve	  stars	  prevent	  CMEs	  and	  escape	  of	  
energe+c	  par+cles?	  
	  
Does	  the	  lack	  of	  differen+al	  rota+on	  imply	  few/no	  erup+ons?	  (Jardine	  talk)	  
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Goal:	  Test	  Rela+onship	  of	  CMEs	  and	  
High-‐Energy	  Stellar	  Flares	  

Solar flares and CMEs 241

Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.

Solar	  X-‐ray	  flare	  fluence	  (J/m2)	  
Stellar	  flare	  energy	  
(op8cal/bolometric)	  
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Image	  credit:	  Chuck	  Carter,	  Gregg	  Hallinan,	  and	  the	  Keck	  Ins+tute	  for	  Space	  Studies	  
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Visible	  light:	  CMEs	  and	  protons	  much	  fainter	  than	  star	  and	  planet	  

L*	  >>	  LCME	  



Image	  credit:	  Chuck	  Carter,	  Gregg	  Hallinan,	  and	  the	  Keck	  Ins+tute	  for	  Space	  Studies	  
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Radio:	  CMEs	  and	  protons	  linked	  to	  radio	  bursts	  much	  brighter	  than	  star	  

Radio	  bursts	  up	  to	  
100-‐1000	  +mes	  
brightness	  of	  Sun	  
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Diagnos+c	  tool:	  
Dynamic	  spectroscopy	  of	  

stellar	  coherent	  radio	  bursts	  
	  

Coherent:	  instability	  causes	  wave	  growth	  
allowing	  Tb	  >>	  Teff	  of	  exci+ng	  electrons	  



Plasma	  emission	   Electron	  cyclotron	  
maser	  (ECM)	  emission	  

15	  

Andris	  Vaivads	   hnp://tempest.das.ucdavis.edu/pdg/ECE/	  

Sources	  of	  high-‐energy	  electrons:	  
magne+c	  reconnec+on,	  Jupiter’s	  
plasma	  torus,	  magne+c	  interac+ons	  
w/	  satellite	  –	  responsible	  for	  aurora	  

Sources	  of	  high-‐energy	  electrons:	  
magne+c	  reconnec+on,	  
CME	  shock	  fronts,	  electron	  beams	  
following	  open	  field	  lines	  
(associated	  with	  proton	  events)	  
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GBSRBS	  /	  Stephen	  White	  

Radio	  spectrum	  
of	  solar	  coronal	  
mass	  ejec+on	  
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Sun	  

more	  
dense	  

GBSRBS	  /	  Stephen	  White	  

ν p = (9kHz) ne



Sun	  
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less	  
dense	  

ν p = (9kHz) ne

GBSRBS	  /	  Stephen	  White	  
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measure :Δv,Δt,vc
ν p = (9kHz) ne
ne = n0e

−r/H
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dr
dt rad

= −2H Δv /Δt
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&

'
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GBSRBS	  /	  Stephen	  White	  

Need	  to	  know	  
plasma	  density	  
scale	  height	  to	  
measure	  speed	  
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GBSRBS	  /	  Stephen	  White	  

v	  ~	  1,000	  km/s	  (>Alfven	  speed)	  
	  à	  CME	  shock	  front	  

erode	  planet’s	  atmosphere	  
	  

v	  ~	  100,000	  km/s	  
à  predicts	  proton	  event	  

deplete	  planet’s	  ozone	  

Combine	  these	  two	  types	  to	  forecast	  
proton	  events	  (Winter	  &	  Ledbener	  2015)	  
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GBSRBS	  /	  Stephen	  White	  

Cau8on:	  there	  are	  many	  complex	  types	  of	  solar	  radio	  bursts	  –	  
iden+fy	  source	  type	  based	  on	  frequency	  sweep	  rate,	  overall	  
spectral	  morphology,	  polariza+on,	  imaging,	  mul+wavelength	  data	  



which provides frequency coverage from 1.15–1.73 GHz, with
the Wideband Arecibo Pulsar Processor (WAPP) backend. The
WAPP was selected because it provides the means of observing
a large instantaneous bandwidth with excellent spectral and tem-
poral resolution. TheWAPP provides four data channels, each of
100 MHz bandwidth. These were deployed across the L-band
wide receiver at 1120–1220, 1320–1420, 1420–1520, and 1520–
1620MHz. A gap was deliberately left between 1220–1320MHz
to avoid the strong radio frequency interference (RFI) present in
this frequency range. Nevertheless, the effects of other sources of
RFI could not be entirely avoided in the frequency bands ob-

served.We employed a data acquisitionmode in which data were
sampled with a time resolution of 10 ms; 128 spectral channels
were sampled across each 100 MHz channel, yielding a spectral
resolution of 0.78 MHz. All four correlation products were re-
corded between the native linear X and Y feed elements (XX,
YY, XY, YX) with three-level sampling.

The beam size using the L-band wide receiver at 1.4 GHz is
!3A1 ; 3A5 in azimuth and zenith angle. The 1 ! noise uncer-
tainty ranges from 28 to 43 mJy per frequency and time bin for
the differentWAPPs. Interferometric measurements of AD Leo’s
1.4 GHz flux density during periods of apparent quiescence are

Fig. 1.—Dynamic spectrum of fast-drifting behavior seen on AD Leo with the Arecibo Observatory. Frequency increases down and time increases to the right.
Frequency coverage extends from 1120–1220MHz, 1320–1620MHz; gaps are due to RFI excision or poor bandpass response. The data have been rebinned by a factor of
4 in frequency, and are illustrated at the full time resolution of 0.01 s. (a) Dynamic spectrum of total intensity variations. (b) Dynamic spectrum of circular polarization
variations.

RADIO BURSTS ON AD LEO 1017

Osten	  &	  Bas+an	  2006	  
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Ac+ve	  M	  dwarfs	  make	  good	  targets:	  
They	  are	  known	  sources	  of	  bright	  coherent	  radio	  bursts	  

Coherent	  radio	  burst	  on	  AD	  Leo	  (M4.5V):	  
>200	  mJy,	  >90%	  circular	  polariza+on	  
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Ac+ve	  M	  dwarfs	  make	  good	  targets:	  
They	  are	  known	  sources	  of	  bright	  coherent	  radio	  bursts	  

Coherent	  radio	  burst	  on	  AD	  Leo	  (M4.5V):	  
>200	  mJy,	  >90%	  circular	  polariza+on	  

Un+l	  recently:	  no	  facili+es	  with	  
sensi+vity	  for	  stellar	  observa+ons	  
and	  frac+onal	  bandwidth	  >	  1	  
(needed	  to	  differen+ate	  between	  
sources	  of	  radio	  bursts)	  
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What	  are	  the	  requirements	  for	  detec+ng	  stellar	  CMEs?	  

Wide	  frac+onal	  bandwidth	  
(fmax/fmin	  >	  1)	  

	  
Sensi+ve	  

(Cooled	  receivers,	  
large	  telescopes)	  

	  
Lots	  of	  observing	  +me	  

(Dedicated	  facility	  –	  AD	  Leo	  
1034	  erg	  flare	  ~	  1/month?)	  

	  

Solar flares and CMEs 241

Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.

Op8cal	  flare	  energy	  
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e.g.	  Lacy	  et	  al.	  1976	  
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UV	  Cet:	  	  
M6V	  flare	  star	  

at	  2.6	  pc	  
	  

Quiet	  star:	  100	  +mes	  radio	  luminosity	  of	  Sun	  

2015	  VLA	  observa+ons	  	  

2015	  observa+ons:	  
	  
VLA	  +	  VLBA:	  (12	  hrs	  each)	  
UV	  Cet,	  AD	  Leo	  
	  
VLA	  only:	  (4	  hrs	  each)	  
YZ	  CMi,	  EQ	  Peg,	  EV	  Lac	  
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UV	  Cet:	  	  
M6V	  flare	  star	  

at	  2.6	  pc	  
	  

Coherent	  bursts:	  100	  +mes	  brighter	  than	  quiet	  star	  

~24	  hours	  of	  VLA	  
observa+ons	  of	  UV	  Ce+	  
–	  7	  coherent	  bursts	  
(Villadsen	  et	  al.	  in	  prep,	  
includes	  simultaneous	  VLBI)	  



27	  Coherent	  radio	  burst	  also	  detected	  at	  300	  MHz	  and	  8.5	  GHz	  
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Posi+ve	  driv	  
(towards	  
photosphere)	  

Nega+ve	  driv	  
(into	  corona)	  

Dura+on:	  
>	  1	  hour!	  

Coherent	  radio	  burst	  also	  detected	  at	  300	  MHz	  and	  8.5	  GHz	  



29	  Coherent	  radio	  burst	  also	  detected	  at	  300	  MHz	  and	  8.5	  GHz	  

Emission	  frequency	  of	  3	  GHz:	  
Plasma	  emission:	  
	  	  	  	  	  	  	  ne	  ~	  1011	  cm-‐3	  

Cyclotron	  maser:	  
	  	  	  	  	  	  	  B	  ~	  1	  kG	  

Both	  features:	  
(df/dt)/f	  ~	  1/(600	  s)	  
à	  vrad	  ~	  H/(300	  s)	  
	  	  	  	  	  vrad	  ~	  300	  km/s	  



30	  Coherent	  radio	  burst	  also	  detected	  at	  300	  MHz	  and	  8.5	  GHz	  

Plasma	  emission:	  
	  	  	  	  	  	  	  ne	  ~	  1011	  cm-‐3	  

	  
	  vrad	  ~	  300	  km/s	  

	  
To	  form	  shock:	  

v	  >~	  Alfven	  speed	  
(func+on	  of	  ne,	  B)	  

	  
If	  source	  is	  a	  shock	  front,	  

it	  implies	  B	  <~	  50	  G	  
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Villadsen	  et	  al.,	  in	  prep	  

UV	  Ce+	  Radio	  Burst	  3	  –	  July	  4,	  2015	  

Consistent	  60-‐80%	  
right	  circular	  
polariza+on	  
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The	  UV	  Ce+	  Zoo	  

•  Short	  &	  long-‐dura+on	  coherent	  bursts	  –	  +mescales	  of	  2	  min	  to	  >1	  hr	  
•  Observed	  coherent	  bursts	  have	  varying	  morphology	  but	  all	  share	  strong	  

righthand	  circular	  polariza+on	  (~60-‐80%),	  consistent	  across	  4.5	  years	  
	  	  	  	  à	  long-‐las+ng	  stable	  magne+c	  field	  dominates	  in	  source	  region	  
•  Detected	  apparent	  source	  mo+on	  away	  from	  star	  
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Scenario	  1:	  
	  

Bi-‐direc+onal	  source	  mo+on	  

Scenario	  2:	  
	  

Rota+onally-‐modulated	  auroral	  
emission	  (like	  Jupiter)	  

Dipole	  image:	  Wikipedia	  

Is	  velocity	  fast	  enough	  to	  form	  shock?	  
Useful	  to	  have	  models	  for	  coronal	  plasma	  density	  &	  B	  field	  



Emission	  frequency	  à	  magne+c	  field	  strength	  
	  
	  
	  

Detected	  burst:	  f	  ~	  300	  MHz	  –	  8.5	  GHz	  à	  
	   	   	  B	  ~	  100	  G	  –	  3	  kG	  at	  source	  

Emission	  frequency	  à	  plasma	  density	  
	  
	  
	  

Condi+on	  to	  form	  shock:	  v	  >	  vAlfven	  
Implies	  max	  value	  for	  B	  at	  shock	  front	  
	  

Detected	  burst:	  
ne	  ~	  1011	  cm-‐3,	  B	  <	  50	  G	  at	  source	  
(depends	  on	  density	  scale	  height!)	  
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Scenario	  1:	  
	  

Bi-‐direc+onal	  source	  mo+on	  

Scenario	  2:	  
	  

Rota+onally-‐modulated	  auroral	  
emission	  (like	  Jupiter)	  

f	  (GHz)	  =	  (ne/1010)1/2	   f	  =	  (3	  GHz)	  *	  B	  (kG)	  

Learned	  from	  radio	  burst:	  

Would	  like	  to	  know:	  
	  

Ideal	  world:	  3D	  models	  of	  coronal	  B	  field,	  density	  for	  emission	  frequencies	  
from	  20	  MHz	  to	  10	  GHz	  (B	  ~	  7	  G	  –	  3	  kG,	  ne	  ~	  3x106	  –	  3x1011)	  

	  
Most	  urgent:	  constraints	  on	  plausible	  B(r)	  (B	  vs.	  height),	  
coronal	  density	  scale	  height	  and	  base	  density	  (use	  LX?)	  
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What	  are	  the	  requirements	  for	  detec+ng	  stellar	  CMEs?	  

Wide	  frac+onal	  bandwidth	  
(fmax/fmin	  >	  1)	  

	  
Sensi+ve	  

(Cooled	  receivers,	  
large	  telescopes)	  

	  
Lots	  of	  observing	  +me	  

(Dedicated	  facility	  –	  AD	  Leo	  
1034	  erg	  flare	  ~	  1/month?)	  

	  e.g.	  Lacy	  et	  al.	  1976	  

Solar flares and CMEs 241

Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.

Op8cal	  flare	  energy	  

	  
CM

E	  
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Project	  funded	  by	  the	  NSF	  
Advanced	  Technologies	  and	  
Instrumenta+on	  (ATI)	  
program	  

Starburst	  Program	  
•  1-‐6	  GHz	  dynamic	  
spectrum	  of	  flare	  stars	  

•  Dedicated	  facility:	  
observe	  >20	  hrs/day	  

•  Currently	  commissioning	  
first	  of	  two	  27-‐m	  
antennas	  

•  Simultaneous	  op+cal	  
monitoring	  
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Starburst	  Collabora8on:	  
Gregg	  Hallinan	  (PI),	  Jackie	  Villadsen	  (Project	  
Scien+st),	  Ryan	  Monroe	  (Lead	  Engineer),	  
Stephen	  Bourke,	  James	  Lamb,	  David	  Woody,	  
Dale	  Gary,	  David	  Hawkins,	  Stephen	  Muchovej,	  
Oliver	  King,	  Julien	  Morin,	  Mark	  Hodges	  

Receivers	  refurbished	  by	  Owens	  Valley	  Solar	  Array	  



Starburst:	  Monitoring	  Extreme	  Space	  
Weather	  Events	  on	  Ac+ve	  M	  Dwarfs	  

Starburst:	  1-‐6	  GHz	  
(targeted)	   Detect	  stellar	  CMEs	  

&	  measure	  speed	  

LWA-‐OVRO:	  20-‐80	  MHz	  
(images	  whole	  sky	  

1x/second)	  



Starburst:	  Monitoring	  Extreme	  Space	  
Weather	  Events	  on	  Ac+ve	  M	  Dwarfs	  
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Figure 7. Scatter plots between flare and CME parameters. The X axis is for flare parameters,
peak flux (left), fluence (center), and duration (right) and the Y axis is for CME parameters,
mass (top) and kinetic energy (bottom).

Hundhausen (1997) reported a correlation between the flare peak flux and CME kinetic
energy for 249 flare-CME pairs observed by GOES and SMM. The correlation coefficient
of logarithms of these parameters is 0.53. By eliminating the disk events to avoid pro-
jection effects, Burkepile et al. (2004) obtained a better correlation of 0.74. The former
is comparable to ours (0.48) but the latter is significantly higher. For the C-class flares
(10−6 ! FP < 10−5W m−2), the kinetic energy of the associated CMEs ranges over
nearly 4 orders of magnitude (1028

− 1032 ergs) in our plot, while only over 2 orders of
magnitude (1029.5

− 1031.5 ergs) in Burkepile et al. plot. It is possible that the higher
correlation coefficient obtained by Burkepile et al. is due to a smaller number of events
(24).

6. Discussion & summary

CME observations by SOHO LASCO over the whole solar cycle enabled us to perform
an extensive statistical analysis of flare-CME relationships. We examined the CME as-
sociations of flares from 1996 to 2007 and found that the CME association rate clearly
increases with the flare’s peak flux, fluence, and duration.

Case studies on the flare-CME initiation revealed that the onsets of the flares and
CMEs are tightly connected (Zhang et al. 2001, Vršnak et al. 2004). We attempted
to confirm this for a large number of events, but the extrapolated CME onsets are
not accurate enough to examine the initiation process. The difference between the flare
and CME onsets shows symmetrical Gaussian distributions with standard deviations
σ = 17 min (σ = 15 min) for the first (second) order extrapolated onset. We conclude
that the difference between the flare and extrapolated CME onsets results from the error
of the extrapolated CME onset.
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Owens	  Valley	  
Radio	  Observatory	  

Detect	  stellar	  CMEs	  
&	  measure	  speed	  

CSU	  San	  Bernardino	   Measure	  op+cal	  
flare	  energy	  

Compare	  to	  ZDI	  models	  of	  magne+c	  field,	  
X-‐ray	  measurements	  of	  coronal	  density,	  
&	  VLBI	  high-‐resolu+on	  radio	  imaging	  of	  
stellar	  corona	  



Benz	  et	  al.	  1998	  

VLBA	  image	  of	  radio	  corona	  

Gyrosynchrotron	  from	  
energe+c	  electrons	  in	  
closed	  magne+c	  field	  

UV	  Ce+	  –	  Radio	  Emission	  of	  a	  
Prototypical	  Flare	  Star	  
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VLA,	  LWA,	  Starburst:	  
“spectropolarimetry”	  of	  
coherent	  radio	  bursts	  

Villadsen	  et	  al.	  in	  prep	  

Plasma	  or	  cyclotron	  maser	  
from	  coronal	  shock	  fronts,	  
magne+c	  reconnec+on	  

sites,	  aurorae	  



UV	  Ce+	  –	  Radio	  Emission	  of	  a	  
Prototypical	  Flare	  Star	  
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Benz	  et	  al.	  1998	  

VLBA	  image	  of	  radio	  corona	  

Gyrosynchrotron	  from	  
energe+c	  electrons	  in	  
closed	  magne+c	  field	  



Why	  VLBA?	  

•  Some	  M	  dwarf	  radio	  coronae	  have	  been	  
resolved	  by	  VLBI	  

•  Recent	  VLBA	  upgrade	  à	  big	  increase	  in	  
sensi+vity	  

•  Triggered	  VLBA	  within	  15	  min	  demonstrated	  
for	  GRBs	  

•  Plan:	  Use	  Starburst	  program	  to	  trigger	  VLBA	  
•  So	  far:	  simultaneous	  VLA	  +	  VLBA	  obs,	  12	  hrs	  
each	  on	  UV	  Cet,	  AD	  Leo	  (reduc+on	  underway)	  
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Can	  radio	  imaging	  constrain	  source	  
surface	  or	  stellar	  wind	  parameters?	  

•  Some	  M	  dwarf	  radio	  coronae	  have	  been	  resolved	  
by	  VLBI	  à	  lower	  limit	  on	  closed	  field	  size	  
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Single	  stars	  
	  

UV	  Cet	  (M6V)	  –	  (Benz	  et	  al.	  1998)	  
two	  radio	  lobes	  separated	  by	  4D*	  
	  

YZ	  CMi	  (M4.5V)	  –	  (Pestalozzi	  et	  al.	  2000)	  
radio	  corona	  height	  ~	  0.7R*	  above	  photosphere	  

Close	  binaries	  
	  

YY	  Gem	  (M1V	  +	  M1V)	  –	  (Alef	  et	  al.	  1997)	  
radio	  source	  size	  2.1D*;	  no	  radio	  eclipse	  
	  

Algol	  (B8V	  +	  K0IV)	  –	  (Peterson	  et	  al.	  2010)	  
large	  radio	  lobes	  on	  K	  star	  modeled	  as	  
closed	  mag	  loop	  on	  l-‐shells	  2-‐4	  (2-‐4R*)	  

Benz	  et	  al.	  1998	  

observed emission patterns with a surface magnetic field strength of
the order of 103 G and electron densities of ,103 cm23, as shown for
a sample epoch in Fig. 3.

A large, quasi-stable, pole-oriented coronal loop structure
anchored on Algol B appears to be the dominant feature of the
magnetosphere of this star. This diverges from what we know of
the Sun, where most flaring and coronal loop activity is seen in
relatively compact magnetic structures close to the equatorial
regions22. It is more reminiscent of global magnetospheres, as seen
on planets and some low-mass cool stars23. This large coronal loop,
co-rotating and oriented towards the inner binary’s centre of mass,
may provide a natural explanation for a number of previous observa-
tions of coronal emission from Algol and perhaps other similar active
binaries. For example, observations of Algol’s quiescent X-ray light
curve over three consecutive binary orbits24 showed a repeating peri-
odic pattern with a phase indicating that the hemisphere of Algol B
facing Algol A is more active than the other. This is expected if the

X-ray corona is confined to a large loop oriented towards Algol A.
Periodic Doppler shifts in several X-ray lines were observed that were
smaller than expected from a source located very near Algol B1,
suggesting an asymmetric corona biased towards the system centre
of mass. In addition, the line widths were larger than expected from
rotation and thermal broadening, suggesting a radially extended cor-
ona of the order of a stellar radius. A giant X-ray flare17 was occulted
during secondary eclipse, allowing an accurate determination of its
location, which was found to be just above the south pole of Algol B.
This is also consistent with a coronal loop scenario in which the
coronal feet are located near the poles of Algol B. Finally, the orienta-
tion of the coronal loop towards the centre of mass may be a result of
the magnetic topology, in which a magnetically threaded accretion
disk around Algol A25 interacts with Algol B’s magnetic field, causing
reconnection and consequent electron acceleration towards the polar
regions at the feet of the coronal loop. There is some evidence for this
scenario based on observations of periodic ‘super humps’ in the long-
term radio light curves4,26.

Coronal loop models with sizes several times the active star’s
radius have been proposed to explain coronal radio emission from
active binary systems27,28. If these structures are bright emission fea-
tures of a dipolar magnetic structure, it suggests the presence of a
globally operating magnetic dynamo. The similarities in non-flare
radio and X-ray emission, including overall size24 and orientation
towards Algol A1, suggest that both plasmas are driven by a common
energy source, and may be largely co-spatial. A major future chal-
lenge is the construction of a self-consistent model to test whether
both non-thermal radio and possibly thermal X-ray plasma may co-
exist in large loops with feet tied to the poles of the active star.
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Figure 2 | Algol radio images at three different orbital phases. Contour
levels are: a, 0.5, 1.0, 1.5 mJy per beam; b, 10, 20, 30 … 60 mJy per beam; and
c, 1, 2, 3 … 6 mJy per beam. The positions and sizes of Algol A (blue) and B
(red) are shown. The 1s uncertainty in position is indicated by the black
cross in each panel, and the orbital phase (w) at the midpoint of each
observation is given in the upper right. Note the position and orientation of
the coronal loop structure, which straddles Algol B and is oriented in the
direction of Algol A. Data were calibrated and imaged using the
Astronomical Image Processing Software (AIPS) package. Standard

corrections were applied to compensate for gain and phase offsets in antenna
electronics and the correlator, for slight errors in the correlator’s predicted
model for the orientation of the Earth’s rotation axis, and for fluctuations
due to the Earth’s ionosphere. Precise astrometric positions were computed
using a standard phase-referencing scheme29, switching between Algol and
the angularly nearby (1.0u) extragalactic radio source J03131412 every three
minutes, then using J0313’s known ICRF coordinates13 when solving for
Algol’s centroid position.
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Figure 3 | Comparison of the radio emission from a gyrosynchrotron filled-
loop model to the Algol radio image at epoch 2008.57 (phase 0.5). a, Radio
image with positions of Algol B (red dashed circle) and Algol A (blue dashed
circle) overlaid and 1s position uncertainty shown by the black cross.
Contours are 1, 5, 9, 13 and 17 mJy per beam. b, Model radio brightness
distribution derived from a theoretical coronal loop bounded by dipolar field
lines filling L-shells between 2 , L , 4, having a circular footprint and a surface
magnetic field intensity of B 5 103 G, with a uniform density of electrons
ne 5 103 cm23 having an energy distribution given by n(E) 5 ne(E/Emin)21.5

where Emin 5 0.16 mec2. The resulting brightness distribution was convolved
with a 0.4 mas beam to mimic the angular resolution of the array. Contour
levels as in a. The brightness asymmetry, evident in both the observed
brightness image and the model, arises from tilting the loop model by 82u to the
observer’s line of sight, consistent with the inner binary’s orbital inclination.
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observed	   model	  

Peterson	  et	  al.	  2010	  



Benz	  et	  al.	  1998	  

VLBA	  image	  of	  radio	  corona	  

Gyrosynchrotron	  from	  
energe+c	  electrons	  in	  
closed	  magne+c	  field	  

UV	  Ce+	  –	  Radio	  emission	  determined	  
by	  stellar	  magne+c	  field	  
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VLA,	  LWA,	  Starburst:	  
“spectropolarimetry”	  of	  
coherent	  radio	  bursts	  

Villadsen	  et	  al.	  in	  prep	  

Plasma	  or	  cyclotron	  maser	  
from	  coronal	  shock	  fronts,	  
magne+c	  reconnec+on	  

sites,	  aurorae	  


