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S1: EUV movies of the comet streaking across the Sun
The first movie (S1) shows cutouts of images taken by the Atmospheric Imag-
ing Assembly onboard the Solar Dynamics Observatory using its 171 Å channel
(designed to observe emission from Fe8+ and Fe9+ ions, emitting around 1MK).
The images were taken at a cadence of 12 s; an unsharp-mask operation was used
to enhance the contrast (courtesy of T. Berger, LMSAL). A second movie (S2)
shows cutouts (without spatial filtering) that move (in full pixel steps) with the po-
sition of the comet, located at the center of the circle. The comet’s positions were
measured as the approximate head of the EUV-bright tail, then fit by a parabola
to derive a smooth trajectory, used to extrapolate beyond the time of clear visi-
bility. The tail is very faintly visible from the moment the comet enters the AIA
field of view; neither bright tail nor dark coma are seen with AIA past the last
determined position at 2011/07/06 00:05:50UTC. The time stamp also shows the
elapsed time in seconds since the t0 at 2011/07/05 23:40:01UTC. Asterisks in the
top-right corner in the frames mark times of maximum brightness in Fig. 3.

S2: Coma in absorption
Fig. S1 shows the intensity profiles of the comet’s head and tail, corrected for the
background intensity measured 36 s before the comet’s arrival at those positions,
for the 131, 171, 193, and 211 Å channels for a cut along the center line of the
comet’s tail, expressed relative to the background intensity. The negative values
at -5000 km are caused by the absorption in the denser inner region of the comet’s
coma immediately surrounding the nucleus or cluster of residual nuclei.

To achieve an intensity reduction of approximately 2% over the 7 pixel area
over which the signal is averaged, requires an opaque area of ≈ 3 × 1014 cm2. In
S3 we estimate a mass-loss rate from the comet of ṁ = 106−108 g/s, decelerating
behind the nucleus into the coronal rest frame through the EUV-bright tail with a
length of approximately 15,000 km. Assuming a constant rate of deceleration, it
would take the mass approximately 10 s to fall behind a coma with effective radius
of 700 km (see S3 for the origin of these estimates). For gas with a high water
vapor content (with atomic mass µ; or within a factor of two for a high oxygen
content after dissociation of the water molecules), for example, this would imply
a mean column density within the coma of ṁ/(µπr2

c = 3×1013 −3×1015 cm−2,
which would absorb (17) ≈ 0.015 − 1.5% of the EUV signal. This is consistent
with the observed EUV attenuation for values at the high end of the mass loss rate
estimated in S3.

S3: Mass estimate from tail deceleration
In order for the released cometary material to decelerate through the tail along the
comet’s direction of motion through the corona, it must interact and exchange mo-
mentum with the surrounding coronal plasma that it is moving through. Using the
conservation of the kinetic energy of the large-scale motion through the coronal
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Figure S1: Relative intensity profiles, expressed in percent, of the comet’s head
and tail for the 131, 171, 193, and 211 Å channels measured around the time
of the limb crossing (averaging over images taken between 23:50:00UT and
23:53:24UT) when the coma’s absorption is most pronounced. These profiles
are averaged intensity profiles of running-difference images relative to the back-
ground intensity in the same positions 36 s earlier, as shown in Fig. 4, collapsed
between 600 to 800 s past the reference time defined in Fig. 4.

environment and the associated linear momentum conserved in the collisions be-
tween the cometary material and the closed-field coronal plasma (the comet does
not probe the solar wind in its final phase, see Fig. 1),

vnṁn = vcṁc + avnṁn, (1)
1

2
ṁnv2

n =
1

2
ṁcv

2
c +

1

2
ṁna2v2

n, (2)

where the comet mass lost per unit time ṁn from the nucleus must collide with
coronal plasma swept by per unit time with mass ṁc, rebounding via collisions
and the Lorentz force to a final velocity vc with respect to the ambient corona; a
is the ratio of post-deceleration velocity to the relative orbital velocity vn of the
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comet’s nucleus. From the above conservation equalities, we find that

ṁn =
1 − a2

(1 − a)2
ṁc, (3)

implying, for small values of a, that the mass sublimated per second must collide
with about the same mass to decelerate substantially.

The coronal mass with which the cometary mass interacts at any given time
interval while slowing down is given by the integration of the density through the
volume of the comet’s tail

mc = πr2
coma"tncmp, (4)

for an effective radius of the coma of rcoma (within which most of the material
is contained), slow-down path length in the tail of "t, and proton mass mp. The
ambient coronal density of nc within the roughly isothermal quiet-Sun corona
can be approximated by nc = noexp(−h/H), for a base ion density of n0 =
5×108 cm−3 (10), height h, and pressure scale heightH = 75000 km for a plasma
temperature of 1.5MK.

The mass mc interacts with tail material within the time τt ≈ 2"t/vn that it
takes for the comet’s mass to move through the tail (at an average speed of half
the nucleus’ orbital velocity, vn, which is close to 600 km/s) and come nearly to
rest within the ambient corona. With ṁc = mc/τt (in which the tail length cancels
out), combination with Eqs. (3) and (4) yields a characteristic mass-loss rate for
the nucleus during its visibility in the AIA observations of

ṁn ≈
1 − a2

(1 − a)2
πr2

coman0mp
vn

2
exp (−h/H) = (0.01 − 1) × 108g/s (5)

for rcoma = 50− 700 km, an average height of h = 120Mm, and with a = 1/6 to
bring the velocity down to 100 km/s at the end of the EUV-bright tail (the results
differ by less than a factor of two for a < 1/3). This phase of the demise of the
comet lasts for about 10minutes, during which a total mass of (0.06− 6)× 1010 g
is lost. The uncertainty range is dominated by the uncertainty in the coma’s size,
given estimated uncertainties in n0 of 50% and in the pressure scale height H of
≈ 20Mm (resulting from the range of temperatures in the quiet-Sun corona). The
comet’s orbit is known so well that uncertainties in that value are a relatively small
contribution to the total uncertainty.

We note that the diameter of the nuclear bodies (of order 10 − 50m and less
at the start of this phase of visibility with SDO/AIA; see S4) is very much smaller
than even the dense EUV-absorbing part of the coma, so that no measurable de-
celeration of the nucleus should occur as a result of its interaction with the coronal
plasma.

These estimates for mass loss rate and total mass lost assume that the comet’s
material is completely sublimated and that all material is decelerated with the
component visible in the AIA images; if part of the mass should survive in the
form of dust for more than a few minutes in the intense radiation field from the
solar surface, for example, then these estimates serve as lower limits.
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In the above derivation, we have ignored the role of the coronal magnetic field.
In order for the magnetic field to have an effect on matter, the latter must be mostly
ionized. As matter initially sublimates from the nucleus, this is not the case: the
vast bulk of the photons in the solar radiation field at an effective temperature of
T ≈ 5800K are not energetic enough to result in a substantial ionization of the
atoms lost from the nuclear volume, although it will be effective in dissociating
molecular compounds. Bulk ionization for this case requires that most atoms
collide with the coronal plasma. Once that has occurred, the magnetic field may
indeed have a grip on the comet’s tail, but this leaves the above estimates for mass
loss rate and total mass lost largely valid.

Once ionization has occurred, the ions in the cometary tail and the coronal
magnetic field become coupled. But initially, that coupling does not do much
to impede the motion of the material in the tail; on the contrary, that material
appears to have enough momentum at first to deform the magnetic field. We can
estimate the relative effect of the coronal field on the mass lost from the comet
by computing an effective plasma-β as the ratio of the kinetic energy density in
the mass lost from the nucleus relative to the energy density in the magnetic field
(estimated to be between 0.4G and 0.8G from the PFSS model shown in Fig. 1a):

βeff =
1
2
ρv2

n

B2/8π
=

ṁnvn

r2
comaB

2
>∼ 4 (6)

for the mass loss rate ṁn from Eq. (5); the range of values is dominated by the
range in field strengths as the comet descends through the corona and is indepen-
dent of the estimate of the radius of the coma. Conservatively, our observations
only give a wide range between lower and upper limits for the radius of the pri-
mary or any major fragment. This estimate shows that the field is not strong
enough to guide the motion of the cometary tail until the latter has decelerated
substantially. The observations (S1) are consistent with this, revealing limited
northward deflection of the tail.

S4: Mass estimate from insolation sublimation
At heights exceeding 0.01 R" or 70,000 km above the solar photosphere, mass
loss is dominated by insolation sublimation, where the surface layers evaporate
into space as they absorb the incident solar radiative energy (3, 6). This produces
a sublimation timescale of order 0.2 s times the initial size in cm, or 103 – 104 s
for m = 109 − 1012 g (10-100 m in characteristic size) (6). The time of final
disappearance is thus a direct measure of the mass.

During the terminal phase of comet C/2011 N3, the value F of the insolation
can be taken to be a constant 4.4 × 1010 ergs/cm2/s. The mass sublimated from a
comet nucleus subject to insolation is then estimated by

dm

dt
= −

d2F

L
= −

m2/3F

ρ2/3L
≡ −bm2/3

m(t) =
(

m(t = 0)1/3
−

1

3
bt

)3

(7)
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(see Brown et al. (6) and earlier work by, e.g., (2, 18, 19)), for mean diameter d,
incoming flux F , latent heat for vaporization L, and mean mass density ρ. For a
value of L = (3 − 8) × 1010 erg/g, covering the “normal” cometary composition
of water ice and asteroidal material, and a density of ρ = 0.6 ± 0.2 g/cm3 (see
the discussion and references in Brown et al. (6) going back to, e.g., ( 18,19), we
have b ≈ 1.1 ± 0.5 g1/3/s.

To compare with the mass estimates from the EUV observations only the mass
lost during the terminal phase of the comet is considered here. Using a 1300 s in-
terval for this phase (final sublimation of the nucleus determined by the time of
the last detection in the STEREO/EUVI images) in Eq. (7) yields a mass estimate
of 108 g. That mass estimate lies one to three orders of magnitude below the esti-
mate presented in S3 based on the observed deceleration. Yet in S5, we argue that
that higher mass estimate is needed to understand the brightness of the comet’s
tail in the AIA images. This mismatch may point to not a single body but rather
a distribution of sizes of cometary fragments, which increases the total area and
thus the insolation power relative to the total latent energy of sublimation.

The size distribution of Kreutz comet nuclei larger than 5m has been shown
to be a power law (2):

N(r)dr = αr−γdr, (8)
with a best-fit power law index of γ ≈ 3.2, somewhat shallower and rich in larger
bodies than the Dohnyani collisional equilibrium (20) with a power-law index of
3.5. We do not know the distribution of fragment sizes for C/2011 N3, but let us
assume that this general size distribution holds for the observed object throughout
its demise by insolation.

We set the value of γ to 3 below as this enables a compact expression with
adequate fidelity. With such a power-law distribution, the total mass and total
mass-loss rate can be readily computed given a range of fragment radii from r0 to
r1:

m =
α4πρ

3
(r1 − r0); (9)

dm

dt
=

απF

L
log(r1/r0). (10)

For an average mass-loss rate dm/dt ≈ m/tEUV for the time interval tEUV ≈

600 s over which the comet’s tail is bright in EUV, we obtain the following ex-
pressions for the upper limit of the mass derived in S3:

αr1 = 2.6 × 1010 ; α log(r1/r0) = 4.3 × 107. (11)

The resulting values for α and r1 are only logarithmically dependent on the ratio
r1/r0. If we set r1/r0 ≈ 100, then α ≈ 107, and r1 ≈ 30m; for r1/r0 ≈

104, for example, we find α ≈ 5 × 106, and r1 ≈ 55m . With that range of
values of α, the total number of nuclear objects with sizes exceeding, say, 5m (for
which the size distribution of Kreutz family nuclei was established (2)) is ≈ 10−
20. In view of the assumptions made above, some with substantial uncertainties,
these are reasonable numbers; sublimation-driven fragmentation may also help us
understand the intrinsic EUV variability of the comet’s tail shown in Fig. 3.

5



S5: Mass estimate from EUV brightness of the tail
The mechanism that excites the ions responsible for the emission from the EUV-
bright comet tail remains to be established. Direct insolation by solar radiation
can readily be excluded: the effective temperature of the solar radiation field is
5780K, which suffices to evaporate cometary solids and lightly ionize them but
is insufficient to warm the comet’s material to a level where the glow would be
observable at EUV wavelengths. The coronal EUV radiation field would eventu-
ally heat up the material, but that would take far too long (the total coronal X-ray
and EUV emission is 5 to 6 orders of magnitude less than the solar luminosity of
≈ 4 × 1033 ergs/s).

We consider three candidate excitation mechanisms, from which mass-loss
estimates or upper limits to that mass loss can be established by somewhat parallel
arguments: (a) direct collisional excitation, (b) electron heat conduction into the
tail from the embedding corona, and (c) charge-exchange collisions.

We first consider (a): direct collisional excitation (with about 2 keV/nucleon
available in the comet’s kinetic energy when moving at ≈ 600 km/s through the
corona), which allows us to set a lower limit on the mass-loss rate from the nucleus
by comparing the brightness of the comet’s tail to that of the background corona,
using a ratio of estimated emission measures.

An upper limit to the emission measure for the heavy-element rich cometary
tail can be achieved as follows. The material lost by insolation of the nucleus
moves through the tail at an average velocity of < v >≈ 300 km/s at a mean
particle density nt that is found with Eq. (5) for a value of rcoma that we here set
to the high end of its range, i.e., ≈ 700 km (we return to this below):

nt =
ṁn

πr2
coma < v > µmp

=
1

µ
1.5 × 108 cm−3, (12)

where this number density is expressed using the average nuclear mass µmp to
allow for the comet’s composition, which is poor in the hydrogen and helium that
dominate the solar plasma but but rich in elements of high atomic numbers (such
as C, O, Mg, Si, Fe, S, etc.) that can easily provide electrons to the coronal plasma.

The equivalent column emission measure (for the moment ignoring the ion-
ization state of the plasma by putting that into a combined factor αγ) is

EMt = (γni)(αne)2rcoma =
αγ

µ2
3 × 1024 cm−5. (13)

Here, α is a correction factor to allow for the fact that the coma material yields
many more electrons per atom than the atoms in the hydrogen-helium dominated
coronal plasma. If the emission in the AIA EUV channels is dominated by the
iron lines to which the channels are tuned, then the factor γ is the iron abundance
in the comet relative to the solar coronal iron abundance.

The above result can be compared to the line-of-sight integrated emissionmea-
sure in the approximation of an isothermal corona (at about 1.5MK averaged over
the quiet Sun) at a base density of n0 = 5×108 cm−3 (10) and density scale height
H ≈ 75000 km. The column emission measure, for ion and electron densities ni,e,
is then

EMc =
∫

∞

0
ninedh/cos(θ) =

∫

∞

0
(n0 exp (−h/H))2 dh/cos(θ)
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=
1

2cos(θ)
n2

0H ≈ 1.8 × 1027 cm−5, (14)

where the factor cos(θ) accounts for the fact that the line of sight for the inte-
gration is not normal to the surface; we take θ = 60◦ for the value given the
observation conditions of C/2011 N3.

We thus find a ratio of brightnesses for the tail and coronal emissions of

EMt

EMc
<
αγ

µ2
1.6 × 10−3

≈ 0.06. (15)

In the last numerical value we assumed γ = 4 × 102, i.e., that iron represents
about 1% of the comet’s atoms as compared to about one in 4 × 104 as in the
corona (which is equivalent to taking the abundances to be solar, but for H and
He (15)). We further approximate the relative electron donor capacity per atom
and the mean atomic mass compared to the solar coronal values at α ≈ 10 and
µ ≈ 10.

The above estimate of a 6% contrast between the comet’s tail brightness and
that of the background quiet-Sun corona is of the same order of magnitude as
the observed values for the coronal EUV channels of SDO/AIA (see Fig. 3), i.e.,
that the spectrum of the cometary tail and of the background corona are plausibly
of the same shape. This estimate assumes the same ionization fractions, i.e., a
temperature of about 1.5MK for both plasmas.

This estimate shows that it is quantitatively possible for the tail to be emit-
ting photons from collisionally ionized iron with ionization states characteristic
of plasma somewhat below 1MK. Yet this scenario provides a rather conservative
lower-limit to the comet’s mass-loss rate from the EUV brightness because the
above value assumes that the ionization states are effectively brought to a level
comparable to that of the background corona. These rough quantitative estimates
are consistent only with the observed tail brightness if the total mass involved,
and the coma’s effective radius involved in that estimate, lie near the upper end of
their range derived in S3.

Next, we consider (b) electron conduction as an efficient way to equilibrate the
temperatures of the surrounding corona with that of the material being lost through
the comet’s tail. In this scenario, the collisionally ionized mixture of sublimated
material would be brought to an ionization equilibrium that naturally matches
that of the large thermal reservoir of the surrounding corona, so that the emission
measure contrast given by Eq. (15) is rapidly brought to a value comparable to the
observed intensity contrast. If we estimate the time scale for thermal conduction
by comparing the thermal energy content 3nkT of the plasma within the tail with
the rate at which classical Spitzer electron conduction transports energy across a
thermal gradient:

τe ≡
3nkT

FC
≈

3nkT

κcT 7/2/"2c
, (16)

for a plasma being brought to ambient temperature T with tail density n, with a
gradient length scale "c and using the standard Spitzer electron conductivity κc.
For a temperature contrast of≈ 1MK, at the ambient density estimated above, and
a length scale of order "c ∼ 1000 km, we find τe to be on the order of a second.
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The application of the Spitzer conductivity requires that "c substantially ex-
ceeds the electron mean free path for ion-electron collisions,

λmfp ≈ 1.1 × 103T 2
6

n8

20

ln(Λ)
km (17)

for n8 the density in units of 108 cm−3, T6 the temperature in MK, and ln(Λ) ≈

10 − 20 the Coulomb integral (21). In the case of the comet’s tail, λmfp is of
order 1500 km (using the density estimated above and with T6 ≈ 1.5), which is
comparable to the diameter of the tail. A empirical correction (21) relating the
achieved thermal conduction F ∗

C to the classical Spitzer value FC in this case is
given by

F ∗

C = 0.11

(

"c,8
λmfp

)0.36

FC ≈ 0.1

(

n8"c,8
T 2

6

)0.36

FC , (18)

which for the tail’s conditions is of order 0.1FC , so that the time scale τe becomes
of order 10 s (roughly comparable to the estimated time for material to fall behind
the nuclear material to the head of the EUV-bright tail).

Note that the ionization energies of Fe8+ and Fe9+, which are the dominant
ionization states at ≈ 1MK, are naturally comparable to the thermal energy.
Hence, it should take only seconds to tens of seconds to conduct enough energy
into a tail of up to a few thousand kilometers in cross section to bring the atoms
to ionization states characteristic of the temperature of the embedding coronal
plasma.

Lastly, we consider mechanism (c): charge-exchange collisions. This mech-
anism is responsible for the X-ray and EUV signatures of comets far from the
Sun where cometary neutrals interact with the ions in the solar wind (12, 13):
ions coming within about 1 nm of a neutral atom or molecule capture an electron,
which – if that ends up in a highly-excited state – results in the emission of rela-
tively high-energy photons upon the subsequent de-excitation (often in a stepped
cascade).

The neutrals sublimating away from the nucleus of C/2011 N3 (SOHO) will
encounter the ionizedmaterial of the solar corona at the orbital velocity of 600 km/s,
comparable to the relative velocities involved for the interaction of cometary neu-
trals with the solar wind far from the Sun, so the velocity-dependent cross sections
used for interplanetary charge exchange analyses should be applicable here. In
this scenario, the excited ions from which subsequent emission can be expected
into the AIA passbands will be at most those involved in the collisional interac-
tion with the cometary material, which is comparable to the estimated mass of
the cometary gas streaming through the tail. Hence, Eq. (15) can be directly ap-
plied to estimate the emission measure ratio. In this case, however, the emitting
tail plasma has, by definition, the solar coronal composition, so that αγ/µ2 = 1,
yielding EMt

EMc
≈ 1.6 10−3, with is about 1.5 orders of magnitude too low to match

the observed brightness. As the charge-exchange collisions leave the captured
electrons in a range of orbital energies, that difference is in reality even larger, so
that charge-exchange collisions appear less efficient than the two processes above.

We can illustrate the reason why deep in the solar corona charge-exchange
collisions between cometary neutrals and coronal ions are likely less efficient as an
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excitation mechanism leading to EUV emission than collisions between cometary
ions and coronal electrons by directly comparing the total collision rates, CCX
and Cie, respectively.

The rate of charge exchange collisions with atoms of species i with relative
abundanceAi equals the total number of such atoms lost from the comet’s nuclear
bodies per second because each atom lost becomes a charged ion after a single
interaction:

CCX =
ṁ

µmp

Ai. (19)

Cie is the product of the ion-electron collision frequency per electron, νe, and
the total number of ions contained within the tail, equal to the ion-loss rate from
the nuclear bodies times the average dwell time of these atoms within the tail.
Combining the mean free path estimate for electron-ion collisions in Eq. (17) with
the electron thermal velocity of ve = 4.2 × 107T 1/2 yields νe = 4 × 103n/T 3/2,
so that:

Cie = νe
ṁ

µmp

Ai
2"t
vn

. (20)

Combining Eqs. (19) and (20) yields a collision rate ratio of

Cie

CCX
= 4 × 103 n

T 3/2

2"t
vn

≈ 2 × 104. (21)

This shows the total number of ion-electron collisions per second to very much
larger than the number of ion-neutral charge-exchange collisions in the relatively
dense environment of the solar corona (mainly because of the coronal density
compared to the solar-wind density which is, for example, of order 3 − 10 cm−3

near Earth orbit). Ion-ion charge-transfer collision that occur after the initial ion-
ization will cause the ratio R of electron-ion to ion/neutral-ion charge-transfer
collisions to be lower than the expression in Eq. (21), but because the total num-
ber of collisional interactions between cometary atoms and coronal ions is limited
to an average of a few dozen (as argued when analyzing the tail deceleration in S3,
realizing that the cometary material is relatively heavy compared to the hydrogen-
helium dominated coronal plasma), the electron-ion collision rate will exceed the
charge-transfer collision rate by at least three orders of magnitude in any case.
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