Dear Manuela, 

Thank you for sending me your manuscript – I think the exchange between us is certainly a good idea, which must help in facilitating our common progress. 

I see that your understanding of conditions under which a shock wave develops differs from our one. This causes differences in considerations of the shock excitation and its subsequent evolution and somewhat in final results, to which you and we come. Our common knowledge of a real situation on the Sun is certainly very limited for the time being and, probably, our exchange with considerations would help both of us to approach its better understanding. I would like to share some considerations with you.

The January 17, 2010 event provides us with unique observations of a wave dome, but the eruption itself is not well visible. Let me try to complement the observations with speculations.

The outermost magnetoplasma component of the CME (behind the leading shock front), i.e., its presumable frontal structure, was the outer edge of either a section of an expanding magnetic flux rope or a stretching arcade (both with an eruptive filament inside) – do you agree? I think the former option is not favored because i) the flare ribbons were very short and ii) behavior of structural components of the forming CME was conspicuously different, with a vigorously changing internal filament-like structure and a quietly expanding outer spheroidal structure. 

These circumstances appear to favor the latter option, i.e., that the presumable frontal structure probably formed from an arcade, which initially was located at some height in the corona (do you agree?). As far as I understand, this arcade corresponds to the spherical piston shown in Fig. 5 of your paper of 2009 – is this correct? To my understanding, the expanding arcade is somehow similar to a stretching spheroid whose nearly elliptical base is anchored at the solar surface. Arcades are initially quasi-potential structures, which do not seem to be able to erupt by themselves. An additional driver of an eruption is necessary anyway. We see in our event the eruptive filament-like structure inside the arcade that could well be a driver as a compact flux rope, which is completely formed during eruption. I could not measure its kinematics, but I saw a similarly aggressive behavior of filament-like structures in other events, when I could measure their kinematic parameters, and I do not see a reason why the scenario of the January 17 eruption could be different. Anyway, the filament-like eruption initially sharply changed shape, writhed like a crumpled spring, which endeavored to straighten, and eventually relaxed and expanded well behind the frontal structure. 

These considerations appear to be close to your ones, as your sentence on page 13 shows, ‘We may speculate that the loop systems expand and are pushed aside due to the early evolution phase of the erupting structure. The magnetic loop structures form the “observable envelope” and are the first signatures of the evolving CME.’ This also corresponds to our conjecture in Paper III: ‘Thus, just an abrupt eruption of the rope structure could have played a role of an impulsive piston, which excited the wave, as was the case in events considered in Paper I.’

If the major driver of the eruption was indeed the filament-like structure inside the arcade, then its sharp initial expansion must have produced an MHD disturbance propagating outwards. The disturbance must have reached the arcade and drive its expansion (otherwise, how could the arcade expand?), then pass through the arcade and continue its omnidirectional propagation. The arcade started to expand. Its acceleration must certainly be not as sharp as that of the primary filament-like driver. The ends of the arcade were probably anchored; therefore, the distribution of the initial speed over the surface of the arcade was, roughly speaking, from zero at the solar surface up to the maximum speed at the arcade top. Thus, we come to strongly anisotropic initial velocity distribution over the arcade – do you agree? 

Thus, we come to an intermediate summary. i) A developing CME had a three-part structure. ii) The major driver was the internal part of this structure, while the outer envelope, the arcade, was passive by itself and was forced to move due to the sharp expansion of the internal driver. iii) Schematically, the Alfven speed was high inside the developing CME (above an active region) and low outside. In fact, all these considerations are shown in our Paper I ‘Reconciliation of “EIT Waves”, Type II Radio Bursts, and Leading Edges of CMEs’ in a compressed form – the paper was very complex and long, and therefore we endeavored to be as concise as possible. 

Please see Section 4.1 on page 454. 

The first remark emphasizes the difference between the scenario, which we consider, and the most popular one:

‘Thus, the theoretical considerations supported by the observational facts make the ignition of waves by flares doubtful in agreement with the conclusion of Cliver et al. (2004) (note that the authors implied the shocks to be driven by outer surfaces of CMEs, whereas we consider the shocks to appear inside CMEs).’

Then in Section 4.2 on the same page:

‘The shock waves in the four events were most likely excited by eruptive structures as impulsive pistons, which one might call the forming CMEs. Then the waves rapidly steepened into shocks, detached from the pistons, and freely propagated afterwards like blast waves. The shock excitation mechanism implies a source height to be nonzero, but rather low, probably <100 Mm…’ 

On page 455: 

‘Presumable pistons could be either an eruptive filament (EF) or a CME frontal structure (FS). Both expand as an entire ensemble in a completely formed CME; only its outer sheath can be a piston. … The situation is different during the early CME formation inside an active region, when EF moves faster than it would be adequate for a self-similar expansion of the whole CME. The EF acts here as an impulsive piston. The piston excites a wave inside a future CME. The wave freely propagates outwards as a shock wave. In the four events we revealed just this excitation scenario of waves, which resembled blast ones. Propagating upwards, such a wave inevitably would pass through the FS and appear ahead of it.’

On page 456:

‘Most likely, real shock waves are neither purely blast waves nor purely piston ones. A shock front is sensitive to any events occurring behind it, e.g., changes of the FS-piston speed, because the fast-mode speed behind the shock front is higher than its phase speed.’

The three-part structure in your modeling is replaced with a single outer surface. This replacement results in the following: a) basically, the model confirms the impulsive-piston shock excitation, b) it is difficult to expect that details of the process and physical quantities would be reproduced accurately. I think these differences between the model and expectations should be discussed. For example, your conclusion in the abstract, ‘The kinematical evolution of the on-disk wave could be modeled using input parameters which require a more impulsive driver (t=90 s, a=1.7 km/s2) compared to the off-disk component (t=340 s, a=1.5 km/s2)’, appears to be a consequence of the particular model approach being different from expectations based on the three-part structure and therefore its presence in the abstract in this form is questionable.
I tried to play with your Figure 5. Your measurements of the off-disk dome show a break of the curvature at about 04:00 with a change from a positive acceleration to deceleration. This means that at about this time a sharp impulsive deceleration occurred. This behavior is difficult to expect for an upwards propagating wave and suggests that the measurements were considerably affected by brightness changes of the measured feature that might result in a possibility that the measurements before and after the break could be actually related to different features. Possibly, the initial part is not related to a wave.

Then I tried to outline your curves with our power-law fit. By the way, you can try to employ it – it is very simple and convenient in usage:

t0 = anytim('17-jan-10 03:47:48')

; Wave onset time

tmax = anytim('17-jan-10 05:00:00')

; Maximum time to plot

Npoints = 1000L



; Number of points for plot

time = t0 + dindgen(Npoints)/(Npoints-1)*(tmax-t0)
; time array

t1 = anytim('17-jan-10 04:20:00')

; Reference time for one measured point

r1 = 1152.




; Distance to this point

delta = 2.72




; Density falloff exponent

h0 = 85.




; Initial wave center height

Mm_km = 1000.

; Scaling factor for speed Mm/s ( km/s

height = r1*((time-t0)/(t1-t0))^(2./(5-delta)) + h0
;  Fit 

vel = deriv(time, height)* Mm_km 

; Speed

!p.multi = [0,1,2]

utplot, time, height, 0, xtit = '', ytit = 'Distance, Mm'

utplot, time, vel, 0, max = 800, /yno, xtit = '', ytit = 'Speed, km/s'


!p.multi = 0

[image: image1.png]1500

1000

500

Vi 500 km /s
rp: 1680 Mm

ty 340 s

a: 1.5 km/s?
ty: 03:48:32 UT

signal
— source
: exponential
decay length: 220 Mm

.
/& EUVI/COR1 dome
7 AEUVI/CORT behind

7
o = 03:47:48, B
hg = 85 Mm

Vao: 200 km/s
rg: 140 Mm
te 90s h
a: 1.7 km/s?
tg: 03:48:32 UT

% On—disk wave EUVI 171
+ On—disk wave EUVI 195 signal —
atten: exponential

decay length: 500 Mm

04:10 04:20 04:30 04:40 04:50




By means of this simple approach I tried to approximately reproduce your distance-time plots in Figure 5 (the dashed red and blue lines) using the parameters specified in the figure and obtained the speeds shown in the next plot:
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I used t0 = 03:47:48, which we got in Paper III, and found an unknown wave onset height h0 = 85 Mm to fit your measurements. The earlier onset time and lower height appear to reflect the difference between the three-part and single-surface approximations. You see that the distance-time plots, which I got by using the power-law fit, are practically indistinguishable from your plots after 04:10. The overall behavior of my speed-time plot also approaches your result. However, the Alfven speed, which your model provides, seems to be considerably underestimated for the shock development conditions.

There must be a sharp falloff of the Alfven speed in both the upwards and lateral directions. In our Paper III we tried to estimate the fast-mode speed from the magnetic field extrapolation and using a somewhat tricky way to infer the plasma density. The results nevertheless seem to be plausible. The fast-mode speed above the active region at 30 Mm exceeded 5000 km/s and sharply decreased sideward to ~200 km/s, as our color Figure 4h shows. We did not analyze the upwards falloff, but I don’t think it significantly differed from the model of Mann et al. (2003, A&A 400, 329, fig. 6). This steep omnidirectonal falloff of the fast-mode speed must result in very fast shock formation. You endeavored to simulate the effects of both the sharp Alfven speed falloff and the wave amplitude evolution by means of f(d) functions, but this approach does not seem to be appropriate to take account of a realistic Alfven speed falloff.

You can, however, simply estimate the Alfven speed by using, e.g., the Dulk–McLean approximation (Sol. Phys. 1978, 57, 279), B = 0.5[(R/R()–1]-1.5 G = 11.7 G at h0 = 85 Mm, and the density from the Newkirk model 0.3(109 cm-3. With this density and B = 11.7 G we get the Alfven speed almost three-times higher than your result at a height where the shock already formed; the Alfven speed must be certainly higher during its development at lower altitudes.  

I also tried to obtain a better fit for your measurements of the wave:
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– Your earliest measurements are most likely related to the arcade, which was initially steady and had a larger height than the active ‘piston’. Then the arcade started to expand more or less gradually, while the shock signature became pronounced later on. Note that the lesser height of h0 = 55 Mm results in a still higher Alfven speed (2360 km/s). One more outcome of my exercises with your Figure 5 is that the distance between your source and signal (and, especially, my outline of the wave) increases monotonically.  

We are concerned about your second source of the surface disturbance. As follows from its parameters, it keeps on expanding over the solar surface that regrettably weakens your modeling. 

The next issue of our concern is related to the gap between the shock and contact surface, the standoff distance. Your measurements in Figure 6 are most likely limited by difficulties to distinguish them at larger distances. I recall that the COR1 data indeed are not promising in this respect, but I did not look at COR2 data for this event. Possibly, LASCO/C2 images could help, but we also did not consider them. I will therefore use the measurements from the SOHO LASCO CME Catalog and use the hint that the presumable frontal structure seems to gradually approach the wave front ahead (our Figure 6 from Paper III). 

In our opinion, the difficulties to distinguish between the wave and frontal structure are due to dampening and weakening the shock. Indeed, its speed considerably decreased. From the velocity plot, which I got from your measurements, the speed became less than 500 km/s as early as 04:35 and continued to cease. In the next plot I show a fit of measurements from the SOHO LASCO CME Catalog adjusted to the STEREO-B viewing direction (as done in our Paper III, Figure 7e): 
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The power-law fit provides a higher final speed (350 km/s) than the 2nd-order fit in the Catalog (255 km/s), but it is very low anyway. If we recall the solar wind, whose speed must be already established at 25R(, the shock unlikely survived even with a possible secant correction for the viewing angle (( 1.2). Thus, at large distances we are most likely dealing with a subsonic plasma flow carried by the solar wind, and your further considerations of the shock do not seem to be relevant to this event. Note also that actually no shock was detected in situ by STEREO-B.

To shift to the standoff distance issue, I first need to fit the initial expansion of the future frontal structure. I use again your measurements (although we shall see later that this way has some inconveniences) and try to coordinate them with SOHO/LASCO data. The major inconvenience is that the directions of your measurements most likely do not coincide with those in the SOHO LASCO CME Catalog (and also the viewing directions from the vantage points of STEREO-B and LASCO were different). Nevertheless, I try to continue and keep this complication in mind. You see that my black thick outline goes more or less close to your measurements. This outline includes a sharp initial acceleration up to 0.7 km/s2 (which corresponds to the impulsive piston; I use a Gaussian shape; a sharper acceleration is not excluded) and subsequent deceleration. 
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The next plot shows the speeds of the waves along with the black dashed curve corresponding to the black thick outline:
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The black dashed plot lags behind the wave onset time and does not seem to be adequate to produce the wave fronts – this also suggests that just the internal ‘piston’ rather than the arcade was active.

The next plot combines the observed features in LASCO field of view. The solid outline corresponds to our fit of the wave, the dashed outline approximately shows the frontal structure (including its velocity), and the dotted outline in the top panel shows the wave plot corresponding to the outline of your measurements (red dashed in the plot from your Figure 5). You see that the wave goes higher than the LASCO measurements that requires a correction by an additional factor of about 0.88 (I roughly tried to compensate for it in the preceding plots). Note also that I did not try to achieve a perfect fit, because I don’t know the difference between the measurement directions, the time profiles of either hard or soft X-rays, etc., and therefore consider my curves as schematic only.
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Let’s try to understand from these plots the behavior of the standoff distance. From the upper plot we see that this distance initially increases, reaches maximum at about 20–25 solar radii, and then decreases again. If my dashed height-time plot goes too high and the actual CME speed was lower, then the distance, at which the maximum is reached, would be larger, but the overall situation persists: a magnetoplasma structure hyperbolically approaches its final asymptotic velocity, while the wave speed persistently decreases – they both must eventually get together. 

 Keeping in mind these circumstances, let’s come to your Figure 6 (next plot). The thick black solid curve calculated from the outlines on top of your modified Figure 5 is more or less close to your measurements. Trying to adjust the plots to the LASCO data, I got the dotted curve. The shapes of my curves are roughly similar to your nonlinear model result (please note, however, that I do not consider my correction to be perfect): 
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Now let us see what occurs at larger distances:
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– These are the same curves, and their overall behavior corresponds to the expectations from the LASCO plots. The differences between the dotted and dashed curves are most likely due to slightly different measurement directions: if the displacement from the CME nose toward its leg were still larger, then the distance-difference curve could rise infinitely. 

You see that the linear extrapolation in your Figure 7 is deceptive: the standoff distance is not monotonic. If the CME speed were high enough, then the approach of the piston to the wave corresponded to the transition to the bow-shock regime, switch-on of the aerodynamic drag, and other consequences known for ICMEs. There is no reason to expect the bow shock earlier. However, the conditions favoring the bow shock development were not reached in this event, because the shock was too weak and eventually relaxed to a linear disturbance. 

I think it is possible to calculate the last plot with your model by using an appropriate scaling factor of 20 to 50, and you would really see its non-monotonic character, which seems to be important. It is difficult to me to suggest you how your model can be elaborated to take account of other features which I mentioned – you know the model better and I hope you would be able to improve it.
In the related discussion, you mention very large distances by referring to Russell and Mulligan (2002) and Maloney and Gallagher (2011). Note that Maloney and Gallagher cite a few studies, which got lesser distances, while their own result is based on a few assumptions, as they state, and is not supported by in situ measurements. In addition, it is possible that the frontal ICME part had a low density (like an ‘empty’ flux rope), while the opportunities of the authors were constrained to Thomson-scattering images only. Anyway, even if the standoff distance was really so large in this particular case, this did not mean that it was a typical situation. 

I don’t have much experience in this business and only mention a couple of particular events. In the event well known to you, 18-20 November 2003, the ‘standoff time’ was about one hour and the ICME speed was ~700 km/s – these lead to a distance of 3.6 R(. However, this ICME was atypically small. In another case, 21 January 2005, the ‘standoff time’ was about 2.4 hr, the ICME speed about 1000 km/s, and the standoff distance about 12.4 R(. These shorter distances appear to be closer to those obtained in other studies mentioned by Maloney and Gallagher (2011). But this issue does not seem to be related to the 17 January 2010 event.

_____________________________________________

As you see, my attempts were very cursory and messy. I endeavored to assist you in understanding the situation and did not pursue either accuracy or correctness. For this reason, my results are rather coarse but nevertheless seem to explain the situation. It would be probably better to use my own measurements for consistency of the measurement directions, better fit, etc., but the direct usage of your measurements hopefully will facilitate your understanding and verification of my results. Please let me know if you need any further explanations, additional information, or data to reproduce these plots. 

When we prepared Paper III, our intention was to demonstrate that the power-law shock fit did not differ much from exact solution for a weak shock wave by comparing the results of both approaches. We did not expect that Paper III, which considered particular aspects, would be more popular than Paper I, which addressed the issue in general – otherwise, I wrote an epigraph to Paper III: ‘Dear reader, if you did not read our Paper I, then please do this first’. Paper III was not an isolated paper being continuation of our considerations in Paper I. You saw that I cited a few sentences from Paper I to explain our approach, and therefore I suggest you to refer also to our Paper I.

Now I’ll briefly summarize the results of your study that look most attractive to me. 

1. Despite limitations of your model that I mentioned, your analysis confirms that the shock wave in this event was excited by the impulsive-piston mechanism. This is the first important result. I would like to make further comments on this issue.

The role of the bow-shock scenario has been traditionally exaggerated. A probable reason for this was, I guess, the apparent simplicity of this scenario. As you can see from our Paper I, a more realistic scenario appears to be more complicated: initial impulsive-piston shock excitation, then transition to the blast-wave-like regime (but not completely independent of a piston), and eventually transition to the bow-shock regime. An additional complication is the three-part structure of a developing CME. 

In my opinion, a rather common exaggerating the role of the bow-shock scenario significantly hampered the progress in a few areas, for example, ‘enigma’ of “EIT waves” (recall considerations of Peng-Fei Chen), their inconsistency with type II bursts, the mismatch between metric and deca/hectometric type II bursts, the problem of origin of solar energetic particles, etc. Our efforts to untangle these problems seem to have been granted by uncovering the more realistic shock development scenario and finding that the shock propagation can be described by a power-law fit. After looking at several events this approach increasingly appears to be promising. Your study provides further support for the impulsive-piston shock excitation. 

2. I would like also to warn you against underestimating or misinterpreting your results. Please don’t regret that the bow shock was not confirmed in this event – instead, the 17 January event demonstrates a different scenario, in which the initial shock wave simply decayed into a small-amplitude linear disturbance. In my opinion, revelation of this scenario is also a valuable contribution. This is the second important result. 

Bow shocks undoubtedly exist, but they most likely develop at larger distances than coronagraphs observe. Our analyses of several events have not revealed any signatures of bow shocks in LASCO/C2 or C3 images (although approach of mass components to leading fronts is sometimes clearly seen), even in such extremely fast events as 17 January 2005. This experience also disfavors implication of a bow shock in the 17 January 2010 event.  
3. One more important circumstance, which, however, is implicit so far (and contradicts your conclusion related to the bow shock). I repeat the plot shown above to attract your attention to the dashed velocity curve in the lower panel that shows the developing and expanding CME. I hope it will not be difficult for you to obtain this plot, but its properties can be logically inferred anyway:

– Your measurements show pronounced initial acceleration up to the speed of about 500 km/s at 04:10–04:20; 

– as LASCO shows, the CME decelerated afterwards to about 350 km/s.
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This plot shows the following. 

a) This is direct evidence of an impulsive piston.  

b) The piston decelerated so that it lagged behind the shock front thus indicating that a bow shock was unlikely.

c) In Paper I (Section 4.3.1, page 455) we mentioned events with ‘explosive’ type of kinematics: ‘Event 1 showed a different behavior, V0 > V(, resembling an explosion with an impulsive acceleration followed by deceleration.’ This kinematical type obviously favors the shock development via the impulsive-piston scenario. We are aware of only a small number of such events so far. One more example is the 17 January 2005 event, for which you obtained in your paper of 2008 (ApJL 673, L95) kinematical curves with well-pronounced deceleration. Together with other colleagues I carried out accurate measurements for this event from LASCO images and confirm that the deceleration, which you got for the 17 January 2005 event, was real and significant. The 17 January 2010 event can now be added to the list of events of such kinematical type.
___________________________________________________________

Now a few minor comments.

​​– Your Figure 1 shows a flat surface larger than the solar diameter that looks strange. 

– You write on page 1, ‘Therefore, by definition a CME is a structured intensity enhancement observed in white-light.’ I guess this sentence was inspired by my last sentence in Paper III, ‘Thus, the leading part of the transient was a plasma flow, i.e., a coronal mass ejection by definition, but it was a shock-driven plasma flow.’ Now I think that our phrase was not the best wording: in fact, this was not a definition, but the direct meaning of the words ‘coronal mass ejection’. Similarly, your sentence also contains not a definition, but a typical property of CMEs.
– The red characters in your Figure 3 are indecipherable. I think the whole rightmost legend could be placed within the panel in a few lines, and a different brighter color could be used (e.g., azure or the same yellow). The images can be enlarged by sharing the axes between the panels and saving space by omitting redundant tick labels. The MULTIPLOT routine provides these opportunities. The titles like ‘Y (arcsecs)’ can the specified in the caption.
– The tick marks in the left panel of Figure 4 are not visible. You can show them better if revert outward by specifying their negative lengths: xticklen = -0.02, yticklen = -0.02.

– When you use the UTPLOT routine, the automatically generated title for the X axis ‘Start Time ()’ is redundant and occupies extra space – you can suppress it by using

utplot, …,  …, xtitle = ‘’

– The wording ‘weakly shocked wave’, which you use, looks odd to us suggesting that ‘the wave was shocked by somebody or something’ (whereas, conversely, the wave shocks everything by itself). We usually hear ‘weak shock wave’, but probably this is a problem of our imperfect English.
– Please replace the reference to our arXiv preprint with a reference to the published paper.
We wish good luck to your paper and success in further studies, and feel free to address us for further comments if you like.

Please forward our best regards to Bojan and Astrid.

Victor – together with Arkadiy and Andrey.

