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Abstract. | present a novel view on the problem of solar coronal heatimgny picture,
coronal heating should be viewed as a self-regulating potteat works to keep the coronal
plasma marginally collisionless. The self-regulating hedsm is based on the interplay
between two fects: (1) Plasma density controls coronal energy releasthei transition
between the slow collisional Sweet-Parker regime and thedallisionless reconnection
regime; (2) In turn, coronal energy release through recctioreleads to an increase in the
ambient plasma density via chromospheric evaporationctwtémporarily shuts 6 any
subsequent reconnection involving the newly-reconnelctepis.

| here discuss certain aspects of solar corgion region. Then, there is an additional ge-
nal heating (sek_Klimchuk 2006, for a recenbmetric factor that leads to faster reconnec-
review) in the context of the_Parket_(1988Yion. This idea is especially important in astro-
nano-flare model. Since the main heating prghysical systems, including the solar corona,
cess in that model is magnetic reconnection,ifrespective of the actual microphysics inside
will first discuss what we have learned abouthe layer. This is because the system dize
reconnection in the past 20 years. Even thoudgs much larger than any microscopic physical
we still don’t have a complete picture of re-scales, e.g., the ion gyro-radiys, the ion col-
connection, there is now consensus about sortigionless skin-deptl; = ¢/wy;, or the Sweet—
of its fundamental aspects. My main goal is t@arker layer thicknesssp = VLi/Va. Then, a
use this emerging knowledge to shed some nejjnple Sweet—Parker-like analysis would give
||ght on the old coronal hea’[ing prOblem. a reconnection rat@ec/Va Sca”ng as’/L <

First, | would like to emphasize the im-1, and hence would not be rapid enough to
portance of a realization by Petschek (1964)e of any practical interest. Thus, we come
that the main bottleneck in the classical Sweete Conclusion |: Petschek's mechanism (or
Parker (Sweet _1958; Parker _1957) reconneits variation) is necessary for sufficiently fast
tion model is the need to have a reconnectidarge-scal e reconnection.
layer that is both thin enough for the resistiv-
ity to be important and thick enough for the  However, several numerical and analytical
plasma to be able to flow out. Furthermorestudies (e.g., Biskamp_1986; Scholer 1989;
Petschek | (1964) proposed that this can be ezdensky & Kulsrud | 2000§ Kulsrid__2001;
solved if the reconnection region has a certalalyshkin et all | 2005) and even laboratory
special structure: the Petschek configuratioexperiments (Ji et &l. 1998) have shown that in
with four shocks attached to a centraffdi resistive MHD with a uniform (and, by impli-
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cation, Spitzer) resistivity Petschek’s mecha2003); | Cassak et al.| (2005); Yamada et al.
nism does not work and the slow Sweet—Park¢2006)] roughly as

scaling applies instead. Thus, we come to

Conclusion I1: Inthe collisional regime, when ~ 9sp < i, . 1)

classical resistive MHD applies, one does not Expressing resistivity in terms of the Coulomb-

get Petschek reconnectllon. . collision electron mean-free pathymrp, one
The natural question to ask now is whethel, 4 \write [Yamada et 4/ 2006):

fast reconnection possible in a collisionless
plasma where resistive MHD doesn't applysg, ( L )1/2(%)1/4

There is a growing consensus that the answet— ~ — (2)

is YES. First, in space and solar physics there" m

has long been a serious evidence for fagfhere | have neglected numerical factors of or-
collisionless reconnection; recently it has alsger 1 and used the condition of force balance
been confirmed in laboratory studieés_(Jiel alpetween the plasma pressurend®.) inside
1998;| Yamada et &l. 2006). At the same timexnd the reconnecting field pressunﬁg,(&r)

several theoretical and numerical studiegutside the layer. Then, the above fast recon-
have recently indicated that fast reconnegrection condition becomes

tion, enhanced by the Petschek mechanism,

does indeed take place in the collisionlesk < Lc = vVM/Me demip = 40 demip (3)
regime. Moreover, it appears that there are L

even two physically-distinct mechanisms 11€ mean-free path is given bimp >
for fast collisionless reconnectiori) Hall 7 - 10°cmngTZ, where we set log = 20
effect (e.qg., [Shay et al. [_1908[_Birn et hl. and wheren and T are the central layer den-
2001 Bhattacharjee et 5. 2001; Cassak ét a$ity Ne and temperaturg, in units of 16°cm
2005); and (ii) spatially-localized anoma- @nd 10 K, respectively. Then equation (..) be-
lous resistivity (e.g., (Ugai& Tsuda [ 1977; comesiL < Le(n,T) = 3. 10%cmny; TZ. The
Sato & HavasHi 1979; | Scholer [_1989strong temperature dependence indicates that
Kulsrud [2000: [Biskamp & SchwalZ _2001:knowing Te at the center of a Sweet-Parker
Malyshkin et all [ 2005). At present, we stilllayer is crucial. If there is no guide field.
don’t know which of these two mechanismdollows readily from the cross-layer pressure
operates under which circumstances and hdlanceTe = 1.4 10'K B gng [hereBys =
they interact with each other. However, theyBo/(30 G)]. Moreover, even iBgyiige # 0, One
both seem to work and both seem to involv&an show that this estimate still approximately
an enhancement due to a Petschek-like Conﬁgolds. As a result, the collisionless reconnec-
uration. Thus, we can dra®onclusion 111: filon condition becomes (Uzdensky 2006)

a Petschek-enhanced fast reconnection does _3 4

happen in the collisionless regime. L < Le(n, Bo) = 6-10°cmmig By (4)

To sum up, there are two regimes of mag- Let us now discuss the implications of
netic reconnection: slow Sweet—Parker recofthese results for the solar corona. | propose that
nection in resistive-MHD with classical colli- coronal heating is a self-regulating process
sional resistivity, and fast Petschek-like recorkeeping the corona marginally collisionless in
nection in collisionless plasmas. the sense of equatiorid (E}(4) (see_Uzdehsky

How can one quantify the transition be2006).
tween the two regimes? Consider for simplic- As long as flux emergence and the braid-
ity the case with no guide fielBq,ige = 0, (If ing of coronal loops by photospheric foot-
Bguide # 0, some of the arguments and resuligoint motions keep producing current sheets in
presented below may be modified, but they willhe corona, magnetic dissipation in these cur-
remain conceptually similar). Then, the condirent sheets results in intermittent coronal heat-
tion for fast collisionless reconnection can béng (Rosner et all_19¥3; Parker 1988). Typical
formulated [e.g.,_Kulsrud | (2001); Uzdenskyvalues ofL and By of these current sheets are

/le,mfp



Uzdensky: Solar Coronal Heating 3

determined by the emerging magnetic strudkeferences

tures and by the footpoint motions. Therefor .
here | will regardL andBy as known and aSkeBh;é?th?Hjse’P?élsrw;s, g 1\2/59& Wang, X.

what determines the coronal density and tenﬁirn 3. etal, 2001, J. Geophys. Res., 106, 3715

perature. : 4
Resolving %) with respect toe, we get a B!skamp, D. 1986, Phys. Fluids, 29, 1520.
" : i .~ Biskamp, D., & Schwarz, E. 2001, Phys.
critical density,n., below which reconnection
Plasmas, 8, 4729

switches frc_)r_n the sIow_coII_|S|onaI regime tOCassak, P, Shay, M., & Drake, J. 2005,
the fast collisionless regime:

Phys. Rev. Lett., 95, 235002
_ Ji, H., et al. 1998, Phys. Rev. Lett., 80, 3256
0 —3 p4/3 1/3 ’ ’ y y y
Ne ~2-10cm™ By Ly, (5)  Kiimchuk, J. A. 2006, Solar Phys., 234, 41

) ) Kulsrud, R. M. 2001, Earth, Planets and Space,
(HereLg = L/10°cm.) This value is close to 53 417

that observed in active solar corona. | SUggefalyshkin, L. M., Linde, T., & Kulsrud, R. M.
that this is not a coincidence. 2005, Phys. Plasmas, 12, 102902

As an example, consider a coronal curreriarier, E. N. 1957, J. Geophys. Res., 62, 509
sheet with some andBy. Ifinitially the ambi-  parker, E. N. 1988, ApJ, 330, 474
ent densityne is higher thamc(L, Bo), the cur- petschek, H. E. 1964, AAS-NASA
rent layer is collisional and reconnection is in - symposium on Solar Flares, (National
the slow mode. Energy dissipation is weak; the peronautics and Space Administration,
plasma gradually cools radiatively and precip- \washington, DC, 1964), NASA SP50, 425.
itates to the surface. The density drops and Rlosner, R., Tucker, W. H., & Vaiana, G. S.
some point becomes lower thag Then, the 1978 ApJ, 220, 643

system switches to the fast collisionless regimgato, T. & Hayashi, T. 1979, Phys. Fluids, 22,
and the rate of magnetic dissipation jumps. 1189
Next, there is an important positive feedbackcnoler, M. 1989, J. Geophys. Res., 94, 8805.

between coronal energy release and the de@hay, M. A., etal. 1998, J. Geophys. Res., 103,
sity. A part of the released energy is conducted g1 g5

to the surface and deposited in a dense phgyeet, P. A. 1958, in IAU Symp. 6,

tospheric plasma. This leads to chromospheric g|ectromagnetic Phenomena in” Cosmical
evaporation along the post-reconnected mag-physics, ed. B. Lehnert, (Cambridge:
netic loops. As a result, these loops become campridge Univ. Press), 123.

filled with a dense and hot plasma. The denygaj M., & Tsuda, T. 1977, J. Plasma Phys.,
sity rises and may now exceed. This will 17, 337.

shut df any further reconnection (and hencgjzgensky, D. A., & Kulsrud, R. M. 2000, Phys.

heating) involving these loops until they again p|asmas, 7, 4018.

cool down, which occurs on a longer, radiativerdenSky, D. A. 2003,ApJ, 587, 450

timescale. Uzdensky, D. A. 2006, ArXiv Astrophysics e-
Thus we see that, although highly intermit- prints, astro-pt9607656

tentand inhomogeneous, the coronais workingamada, M., et al. 2006, Phys. Plasmas, 13,

to keep itself roughly at the height-dependent p52119

critical density given by equatiofl(5). In this

sense, coronal heating is a self-regulating pro-

cessl(Uzdensky 2006).
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