ANALYSIS OF TYPICAL EVENTS OF CORONAL HOLES AGAINST THE FORMATION OF SOLAR ENERGETIC PARTICLE EVENTS
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Abstract By comparing and analyzing the solar and interplanetary data of two fast halo coronal mass ejections (CMEs), we find that the CME far away from coronal holes (CHs) caused a great solar energetic particle (SEP) events, but the other one very close to CHs did not cause a major SEP events. It implies that coronal holes might suppress the production of SEPs. Further, by investigating all fast halo CMEs within a distance of 0.2 $R_s$ from CHs during 1997 -- 2003, it is found that none of the CMEs produced a major SEP event. The result proves that the CHs may have effects against the CME producing SEPs. The possible reasons why CHs may prevent CMEs from producing SEPs are briefly addressed finally.
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1. INTRODUCTION
   Solar energetic particle (SEP) event is one of the most important processes in space weather. International Space Environment Service (ISES) define an SEP event as an event in which the $\geq$ 10 MeV proton flux exceeds 10pfu (1/cm2-s-ster).. Here we consider an SEP event satisfying the definition given by ISES as a major SEP event. Generally, an SEP event can be thought an event associated with the increase of energetic particle flux. Here we consider an SEP event satisfying the definition given by ISES as a major SEP event. There are usually two kinds of SEP events: one is impulsive and the other is gradual[1;2]. The energetic particles in impulsive events come from the sites where flares occur due to the rapid release of magnetic energy through the magnetic field reconnection. The particles in gradual events are considered to be generated at coronal/interplanetary shocks driven by fast coronal mass ejections (CMEs). Shock acceleration is the main mechanism of forming gradual SEP events. Gradual SEP events are statistically larger and longer than impulsive events. The formation of gradual SEP event is determined by the strength of the shock and the possibility of the multiple feeds of particles for shock acceleration[2].
 The correlation between the CME speed and the SEP intensity near the Earth is significant, but the scatter is remarkable[3]. The large scatter is not only because the CME speed cannot reflect the real speed and strength of shock, but also because there are many other factors not taken into account, such as the longitudes and span angles of CMEs, the background solar wind properties, seed populations, energy spectra, the interaction between multiple CMEs, the magnetic field configurations near shocks, and so on[4-9]. This paper will discuss the possible effect of coronal holes (CHs) on SEP events.
Coronal holes are a kind of large structures of corona first observed by X-ray (wave length=3~60Å). The density and temperature of CHs are both lower than those in the other regions of the corona. CHs are the place from which the magnetic fields are opened and the high-speed solar wind streams originate[10, 11]. The open magnetic filed structure and the straight magnetic filed lines in CHs make particles easy to escape, and shock are usually weak or even difficult to form in fast solar wind streams because the MHD fast-mode wave and wind flow speeds are both higher. For these two reasons, we suspect that coronal holes might be against the formation of gradual SEP events.

In the next section, we introduce how we identify coronal holes. In section 3, two typical events are presented, and then other events are analyzed in section 4. At the last section, we give a conclusion and discussion.
2. The identification of coronal holes
  Currently, the most widely used CH maps are provided by Kitt Peak Observatory. They, so called Kitt-Peak CHs, are identified through the He 10830Å spectrum, and usually treated as the bases of CHs[11]. Near the solar surface (≤ 2 Rs), CHs may expand rapidly and superradially with increasing height[12-14], so the coronal holes observed at high altitude will differ from the Kitt-Peak CHs. The most efficient height of shock accelerating SEPs is likely to be ~3 Rs[15], so using the corona observations at high altitude to analyze the effect of coronal holes on SEP events will be much more appropriate. 

The Extreme Ultraviolet Imaging Telescope (EIT) on board the Solar and Heliospheric Observatory (SOHO) and the Soft X-ray Telescope (SXT) on board the Yahkoh spacecraft provide the high altitude observations of CHs. SOHO/EIT observes at four EUV bandpasses of Fe IX/X (171Å, temperature is 1.3*106K), Fe XII (195 Å, temperature is 1.6*106K), Fe XV (284 Å, temperature is 2.0*106K) and He II (304 Å, temperature is 8.0*104K). Yahkoh/SXT worked at energy range 0.25-4.0keV. In our investigated period (1997-2003), only SOHO/EIT can provide complete observations because the Yohkoh spacecraft was retired at the end of 2001. Among the four bandpasses of EIT observations, 284 Å observes the corona at the highest altitude, so we use the EIT 284 Å data to identify CHs. The dark regions in the EIT 284\AA images are thought coronal holes. Fig. 1 and Fig. 2 show the Kitt-Peak CHs and EIT 284 Å images with coronal holes contoured for the Nov. 8, 2000 and Mar. 18, 2003 events, respectively. The comparison of these plots suggests that the EIT 284 Å coronal holes are consistent with the Kitt-Peak CHs.
3. The comparison of two typical events
    Table 1 lists the appearance time in the LASCO/C2 view of field, angular width, projected speed on the plane of the sky, source region and the associated flare for two fast halo CME events (A and B). Fig. 1(b) and Fig. 2(b) show the corona and coronal holes seen in EIT 284 Å for the two events. Coronal holes are encircled by black lines, and the source region of CMEs are indicated by diamonds..

    Fig. 3 shows the observations of ACE and GOES spacecraft during Nov. 8-11 2000. From top to bottom ploted are interplanetary magnetic field B and the north component of the magnetic field Bz, solar wind speed, the ACE proton fluxes at various energies, and the GOES integral proton fluxes. The last three panels of Fig. 3 show that the proton fluxes at all energies increased rapidly soon after the onset of the CME for the event A, and then kept at high levels in the following 1-2 days. The peak intensity of the integral proton flux at energy ≥ 10MeV observed by GOES is 14800pfu. It is a extreme large SEP event. A very strong shock driven by this CME arrived at 1AU near at 06:00UT on Nov. 10, 2001. The enhancement of the magnetic filed at the shock is 20nT, and the average transit speed of it is 1300km.s-1. 

Fig. 4 shows the observation of ACE and GOES spacecraft during Mar. 18-21 2003. From Fig. 4, it is found that the proton fluxes at lower energies increased obviously when the CME originated, which suggests that the shock did accelerate particles. However, the proton fluxes at high energies only increased within a very short duration after the CME onset, and the enhancement is small. The peak intensity of the integral proton flux at energy ≥ 10MeV observed by GOES is 0.84pfu only. It is not a major SEP event. This fact implies that no lots of high energy particles were produced. The shock driven by this CME arrived at 1AU near at 05:00UT on Mar. 20, 2003. The enhancement of magnetic filed is small, but the average transit speed is larger than 1000km.s-1.

Both the CMEs in event A and B are the fast and halo ones originating from the western hemisphere. Both them are associated with a X-ray flare greater than M5.0, and a fast shock at 1AU. But the SEP events caused by these two events are significantly different. The peak intensity of proton flux in event A is higher than that in event B by about 4 orders. Thus there must be other factors influencing the formation of SEP events. 
Figure 1(b) and 2(b) have shown that there were large coronal holes extending from polar to equator for both events. The source region of the CME in event A is far away from the coronal hole, and the shortest surface distance between the CME source region and the CH boundary is about 1Rs, while the source region of the CME in event B is very near to the CH, and the shortest surface distance is only about 0.2Rs. We think that the shortest distance between the CME source region and the CH boundary is the key factor that leads the SEP events produced by the two CMEs totally different, i.e., the coronal hole might be against the nearby CME in generating SEPs. 
4. Other  events
    To further test the effect of coronal holes on CME formatting SEP events, all fast halo CMEs originating near coronal holes during 1997-2003 are analyzed. Here, `Near’ means that the shortest surface distance between CME source region and CH boundary is less than 0.2Rs, `fast’ means that the CME speed measured in LASCO view of field is greater than 1000km.s-1, and `halo’ means that the CME angular width is greater than 100º. As listed in Table 2, six such events are found. From the left to right, Fig. 5 shows the corona and coronal holes observed by EIT 284 Å for event 1, 2 and 3, respectively. For the event 2 (Jun. 28, 2000 event), the source region (N24W84) of the CME is near the limb of solar disk. Due to the projection effect, the coronal hole near this CME was hard to be observed accurately at that time, so the EIT 284 Å image taken on Jun. 25 is used. And the minimum distance between coronal hole and source region of CME are as the same. The event 4 is just the event B analyzed in section 3. The CMEs in events 4-6 originated from the same source region and were near to the same coronal hole. Thus the coronal situation of these three events are the same as that has been shown in Fig.2(b). In general, a CME originating from the center and western hemisphere is more likely to create a SEP event. As the source regions of all the six CMEs are within the longitude range from E20 º to W90 º, they should be expected to cause SEP events easily. 

However, the observations of proton fluxes recorded by GOES spacecraft within the 3-4 days following the onset of these CMEs reveal that all these events did not cause major SEP events. In  event 3 and event 4, the increase of the proton fluxes can be found, but the peak intensities did not exceed 10pfu. They are 7.14pfu and 0.84pfu, respectively. For the event 5, we can not determine how large proton intensity was caused by the CME, because the proton flux was swamped by the large SEP flux produced by the earlier CME, i.e., the CME in event 4. However, it is definite that this CME did not cause a major SEP event. Thus, our point that the coronal hole may be against the nearby CMEs producing SEP events is confirmed. Furthermore, we extend the shortest surface distance to search the near-CH CMEs. It is found that there are exceptions with the larger shortest surface distance. This result implies that 0.2Rs is a threshold, below which coronal holes may prevent CMEs from producing SEP events efficiently. 

Though only six near-CH CMEs events are investigated here, it does not mean that the CMEs originating near the CHs are rare. If we release the sifting conditions of the CME angular width and speed, many more CMEs would be found. The formation of SEP events is influenced by many factors. In order to stress the effect of coronal holes on SEP events, other factors, such as the CME speed and the angular width, should be reduced. The analysis of only fast halo CME is just for this purpose. 

5. Summary and discussion
   By analyzing all the fast halo CMEs originating near large CHs from 1997 to 2003, it is found that none of the CMEs with the shortest surface distance from CH boundaries ≤0.2Rs produced a major SEP event. This result suggests that coronal holes may be against the nearby CME to produce SEP events, and the possible effective range of CH against the formation of SEPs is about 0.2Rs.

   The possible reasons that CHs may prevent CMEs from producing SEP events are proposed below. First, in fast solar wind streams, driven shocks are usually weak or even difficult to form because both the MHD fast-mode wave and wind flow speeds are higher in those regions. Therefore the SEP events caused by such CMEs should be small. Second, the open magnetic filed structure and the straight magnetic filed lines make the particles easy to escape. Thus the shocks traveling near or in CHs are difficult to capture particles for acceleration repeatedly, and major SEP events are therefore unlikely to be produced.
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Table 1 Two typical CME events and the associated flares

	No
	CMEa
	Flarec

	
	Date(UT)     Width  Speed(km.s-1)  Siteb
	Time(UT)d   Class

	A

B
	20011108 23:06    >170°    1738    N14W63

20030318 12:30    209°     1601    S13W48
	23:28    M7.4

  12:08    X1.5


a CME list is from SOHO LASCO CME CATALOG (http://cdaw.gsfc.nasa.gov/CME_list/).
b CME source region location are identified by EIT 195 Å images.
c Flare data from NOAA (address).
d the peak time of flare.
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Fig 1 The sketch map of Kitt Peak CHs and EIT 284 Å image on Nov. 8, 2001. The regions enclosed by black lines in both plots are CHs, and the small black circle in EIT image indicates the source region of a CME. The Kitt Peak CH data are obtained from Solar-Geophysical Data (SGD, http://sgd.ngdc.noaa.gov).
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Fig 2 The sketch map of Kitt Peak CH and EIT 284 Å image on Mar 18, 2003[image: image3.wmf]
Fig 3 The observations of ACE and GOES spacecraft during Nov. 8-11 2000. The solid vertical line indicates the onset time of the CME.
[image: image4.wmf]
Fig 4 The observation of ACE and GOES spacecraft during Mar. 18-21 2003.
Table 2 List of fast halo CMEs near large CHs (dc≤0.2Rs) from 1997 to 2003 
	No
	CMEa
	Ipd(pfu)

	
	Date(UT)      Width   speed(km.s-1)   Locationb     dc
	

	1

2

3

4

5

6
	20000208 09:30 360°     1079        N27E15   0.1
20000628 19:31 >134°    1198        N24W84   0.1
20000916 05:18 360°     1215        N13W06   0.2
20030318 12:30 360°     1601        S13W48   0.2
20030318 13:54 360°     1042        S13W48   0.2
20030319 02:30 360°     1342        S13W48   0.2
	7.14

0.84

?


aCME list is from CME CATALOG (http://cdaw.gsfc.nasa.gov/CME_list/).
bCME source region location is identified by EIT 195Å image.
cThe shortest surface distance between CME source region and CH boundaries.
dThe peak intensity of integral proton flux at energy ≥ 10MeV observed by GOES spacecraft.
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Fig 5 EIT 284 Å images showing the coronal holes for the events 1, 2 and 3 listed in Table
