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Summary

It is proposed that the 2007 October 23 massive brightening of Comet 17P/Holmes was the result of a hypervelocity impact with a main belt asteroid in the size range of 10 metres diameter.  Order of magnitude calculations are presented to support this hypothesis.

INTRODUCTION

Comet 17P/Holmes showed a remarkable increase in brightness starting around 23 October 2007.  In about 24 hours it increased from a magnitude 17 object to one of magnitude 2.5, a luminosity increase of about half a million [1].  The coma diameter increased at around 500 m s-1, and had attained a size of 2 million km in less than a month [2].  The total brightness remained within one magnitude of the maximum brightness during this time [3].  Both the size of the brightness increase and the growth of the coma are almost unprecedented, and are particularly remarkable considering the distance of the comet from the Sun (about 2.5 A.U.).  Cometary outbursts rarely exceed a few magnitudes in brightness and the ejected material velocity is usually at least an order of magnitude less than that observed in this event [4].

DISCOVERY

Edwin Holmes discovered the comet that now carries his name on November 6, 1892.  The comet was then visible with the naked eye, probably due to an outburst similar to what we are currently observing, although the angular diameter was then reported as only 5 minutes of arc (in comparison to 30’ as of 20 Nov 2007).  Another outburst of brightness was observed in January 1893.

The comet was observed on the next two returns in 1899 and 1906, but was around

magnitude 16 on both occasions.  The comet was then ‘lost’ until July 16, 1964 when it was rediscovered by Elizabeth Roamer as a magnitude 19 object.  It has been observed on all subsequent returns to perihelion, in each case showing a maximum brightness of around magnitude 17 [5].

PARAMETERS

The following current orbital elements are given for Comet Holmes by the Minor Planet Center [3]:


Perihelion distance
2.05 A.U.


Aphelion distance
5.18 A.U.


Semimajor axis
3.618  A.U.

 
Period


6.88 years


Eccentricity

0.432


Inclination

19.1o

Last perihelion passage
4 May 2007

An estimate of the comet’s nuclear diameter (using an assumed albedo) gives a figure of 3.5 km [6].  At an average cometary density of 500 kg m-3 this implies a total mass of around  1013 kg .

Because of its possible close proximity to Jupiter during Aphelion, this short period comet is subject to constant perturbation of its orbital elements, and in particular its perihelion and aphelion distances and it period may be changed by several percent several times in the course of a century [5].  It should also be noted that the comet spends an appreciable fraction of its orbital period in the asteroid belt.

At the time of its outburst, the comet was approximately 2.5 A.U. from the Sun and 1.6 A.U. from the Earth.  This puts it close to opposition, providing best viewing around midnight.  In mid-November the comet appeared to the terrestrial viewer as a fuzzy ball in the constellation of Perseus.  It was also around this time that the coma started to show a deviation from circular symmetry, which probably indicates the formation of a tail, as both solar light pressure and the solar wind blow the coma material away from the Sun.

BACKGROUND

The dirty snowball model of a comet originally proposed by Whipple [7] is still the basis of current models but has been modified by observation and analysis, including the directed collision of the NASA Deep Impact spacecraft with comet 9P/Tempel 1.  In this model, dust grains are embedded in ices and frozen volatiles.  The ratio of solids to volatiles probably varies from comet to comet and may vary with radial distance from the center of the comet nucleus.  Estimates of dust to gas seem to vary from 2:1 to 1000:1.  In the latter case, the comet will appear much more like a frozen mass of dust or dirt than an iceberg with embedded dust.  This has to the idea that some comets might be more accurately described as snowy dirtballs [8].

As the comet comes close to the Sun the ices and volatile materials undergo sublimation (ie from a solid direct to a gaseous state), releasing both gas and embedded dust grains.  The gas pressure will typically move the particles away from the comet at speeds of a few metres per second.  Sometimes cracks may develop in the surface allowing a larger flow of gas (from a larger surface area) and this may dislodge larger particles.  It has also been conjectured that pressure may build below a more solid surface as volatiles below the surface heat up and expand.  This could then lead to a sudden release of large quantities of gas and dust.  Sudden brightenings

are observed that could be explained by this theory.  However, the brightenings are rarely more than two or three magnitudes.  The particles released in comet outgassings may range in size from several millimetres (10-3 m) down to nanometre (10-9 m) diameters [9].  There may also be much larger chunks but these will be very small in number.  

On 4 July 2005 the NASA Deep Impact spacecraft released a one metre diameter 360 kg probe that impacted with comet 9P/Tempel 1 at a relative velocity of 10 km s-1 (delivering a total energy of 19 gigajoules) [10].  The results from this experiment form the best data that we have to compute impacts to other comets.  At the time of impact the comet was 1.51 AU from the Sun and 0.9 AU from the Earth.  Imagery obtained of the nucleus revealed that this comet was substantially different from two previous comet nuclei studied.  These images showed the first unequivocal impact craters seen on a comet nucleus.  Analysis of the impact showed [11]:

· a maximum ejected mass of a few times 107 kg
· ejecta particle sizes ranging from 1 to 100 microns

· a majority of particles had sizes < 2.5 microns

· ejected material included crystalline ice particles < 10 microns

· ejecta speeds up to 200 m s-1
· coma dust to ice ratio increased dramatically after collision

· dust:ice at least 5:1 after collision

· estimated crater diameter of around 100 m

The mean diameter of comet Tempel 1 was estimated at 6 km with a total mass of 1014 kg, only slightly larger than comet Holmes.  The information gathered from this impact may help to calibrate other potential impact events, although we have reason to believe that one comet may differ widely from another in composition and structure.

COMA BRIGHTNESS

To calculate the mass of particles required to produce a coma of a certain brightness (in our case magnitude 2.5 – 3), we probably need only consider particles that are larger then the wavelength of light (average wavelength of 0.5 microns).  Thus 1 micron particles and larger should be the main contributors to the visual coma brightness.  In reality we will have a distribution of particles with the smaller particles being more abundant than the larger particles.  

For a given total mass of particles, smaller particles will provide a greater total scattering cross-sectional area than will larger particles.  And as there are more of the smaller particles, we should find that the largest scattering fraction also comes from these particles.  To compute an accurate figure for coma brightness we should integrate over the entire particle distribution.  However, for an order of magnitude estimate, we will consider that the total mass consists of only one size particle, which will lie within the range 1 to 10 microns.  We might regard this as a weighted average 

of the particle distribution sizes.

If the total mass of the coma is M kg and the mass of each particle is given by 


m =  ( 4 ( ( s3 ) / 3  (kg)


where ( = 500 kg m-3 is the assumed density of a cometary particle


           s = 10-5 m  is the radius of the particle

The total number of particles in the coma is


N = M / m

                = 3 M / ( 4 ( ( s3 )
           

The total scattering area of these N particles is


At = N ( s2

     = 3 M / ( 4 ( s )

It is quite apparent from this formula that smaller particles will produce a larger scattering area.

We now need to determine the apparent brightness to a terrestrial observer from this scattering area, located at a distance r from the Sun, and a distance ( from the Earth.  The source of the light to be scattered is of course the Sun.  At the Earth the total solar flux density is 1370 W m-2 and on our magnitude scale the Sun has a value of –27.

Now the flux density in the visible is less than 1370, and let us designate this as S.

The flux at any other distance r from the Sun is given by


Lr = S (rE / r)2
If we measure r in Astronomical Units (AU) then rE = 1 and


Lr = S / r2
The light intercepted by the cometary coma with an area of At is


Lr At
and the light reradiated is


( Lr At
where  ( is the albedo of the dust cloud (which may include geometrical factors).

The flux of this signal at the Earth is then


Lc =  ( Lr At / ( 4 ( (2 )

where ( is the comet-Earth distance in metres.  Substituting expressions previously derived, we have


Lc = S ( M / ( 3.8x1023 r2 ( s (2 )

where ( is now in A.U. .  To convert this to a magnitude we use the relation


mc = 2.5 log ( S / Lc ) – 27

Substituting for Lc gives a final expression for the cometary (coma) magnitude 


mc = 2.5 log [ ( s r2 (2 / ( ( M ) ] + 32

At this stage we will refer to the Deep Impact spacecraft collision with comet Tempel 1.  This impact released on the order of 107 kg of material, and one report stated that most particles had sizes around 2.5 microns [12].  From Earth ( ( = 0.9 AU and r = 1.5 AU) the visual magnitude of the coma about 8 hours after impact (a time when the ejecta should have dispersed to give an optically thin coma) was estimated to be between 9.5 and 10.5 [13].  These parameters result in the following table, which gives coma magnitude as a function of particle albedo and radius:

Particle                      Albedo

radius(()      0.01    0.02    0.05    0.10    0.20    0.50

    1          11.9    11.2    10.2     9.4     8.7     7.7

    2          12.7    11.9    10.9    10.2     9.4     8.4

    5          13.6    12.9    11.9    11.2    10.4     9.4

   10          14.4    13.6    12.7    11.9    11.2    10.2

With a particle radius of 1 micron (diameter 2 (), an albedo of 0.05 gives a magnitude (10.2) in the middle of the observed range.  In the absence of other data these are probably our best estimates to use for Comet Tempel 1.  

Solving the previous equation for the mass of the coma dust cloud gives


M  = ( s r2 (2 10(32- mc)/2.5 / (
We can now substitute


( = 0.1  (dust particle albedo) – this is twice the albedo for Tempel 1 because

                   of a much more favourable illumination phase angle ((100% for Holmes)


( = 500 kg m-3 (dust particle density)


mc = 2.5 (comet magnitude)


r = 2.5 A.U. (comet distance from Sun)


( = 1.6 A.U.  (comet distance from Earth)


s = 10-6 m  (dust particle radius)

To an order of magnitude this gives the mass of the dust cloud as


M =  5 x 1010 kg

We can now compute the number of particles in the cloud as


N = 2 x 1025
This calculation assumes that each dust particle can be seen by the observer and thus contributes to the total scattered light back at Earth.  To test whether this is so we

must compute the fractional cross sectional area of each particle in the cloud.  We first

make the assumption of uniform particle distribution throughout the cloud/coma, and

then compute the average volume particle density as


nV = N / Vc
where Vc is the coma volume  (Vc = 4/3 ( rc3 with rc the coma radius)

What we now need to compute is the column density of particles in a unit area (ie one square metre) column along our line of sight from one side of the coma to the other, through its centre.  This is


n​A = 2 rc  nV 

The fractional cross-section that all the particles in this column occupy is then


( = nA ( s2
The approximate values of nV, nA and ( for two different values of rc are given in the table below.

	rc (km)
	nV (m-3)
	nA (m-2)
	(

	100,000
	5 
	109
	3 x 10-3

	1,000,000
	0.005
	107
	3 x 10-5


It can be seen that even when the corona is only 200,000 km in diameter, the projected area of all the dust particles (in any column through the coma) is less than one hundredth of the total projected area of the column (perpendicular to the line of sight).  It is thus a good assumption that every particle in the coma will contribute to the light scattered back to the Earth (ie  the coma is optically thin).

What this also means is that as the coma expands from 100,000 km to one

million km in radius the total brightness will remain the same, as long as the

number of particles does not change.  In the course of time, as the solar wind

and solar radiation blow particles out of the coma to form a tail, the coma brightness will decrease, unless more particles are injected into it from the nucleus.

In summary, whatever mechanism is invoked to explain the dramatic increase in brightness of Comet Holmes needs to produce on the order of  1011 kg of matter within a very short space of time.  This is 1% of the total cometary mass.  

In comparison, the ESA Giotto spacecraft measured the dust production rate of Halley’s comet ( a much bigger comet than Holmes) near perihelion to be 3.1x103 kg s-1 [14].  At this rate it would take 3.2x107 s or 370 days to eject 1011 kg !  This is within an order of magnitude of the total mass loss of Halley during each perihelion passage.  (Halley has an estimated total mass of around 1016 kg).  This comparison alone is indicative that whatever caused the outburst of comet Holmes was unlikely only due to solar heating.

HYPERVELOCITY IMPACTS
The only hypervelocity impact on a comet that has been observed is the manmade collision from a mass released to hit comet Tempel 1 by the NASA Deep Impact spacecraft.  This can be used as a check on the model results computed here.

Hypervelocity impacts have also been created in the laboratory, and these have been used to calibrate the constants is scaling laws.  

The scaling law that we shall use here was published by Holsapple and Schmidt [15]:


( Mc / mi )  =  k (2-(
where (2 = 3.22 g ri / v2  is a dimensionless scaling parameter.

and 
Mc is the mass displaced to form the crater


mi  is the mass of the impactor


g  is the surface gravity of the target (ie comet)


ri  is the radius of the impactor


v  is the relative velocity of impact (strictly the vertical component)


k and ( are experimentally determined constants.

Schultz et al [16] summarise experimental results pertinent to this scaling law in graphical form from which values of the two constants can be derived, giving the workable formula for total ejected mass Me (which is estimated to be 50% of the displaced mass Mc ):


Me = 0.1 (2-0.5 mi
This can be reworked to give the radius of the impactor


ri = [ 18 g Me2 / ( v2 (i2 ) ]1/5
where (i = 3500 kg m-3 is the expected density of the impactor (typical asteroid)

and
g = G M / R2 = 0.0002 m s-2 is the surface gravity of the comet

Assuming a minimum velocity of impact of 10 km s-1 gives an impactor radius of 6 metres. 

Note that the impactor mass is 3x106 kg which is a factor of 104 less than the ejected mass.  This is in good agreement with the Deep Impact ratio.

Note that the diameter of the crater necessary to supply 5x1010 kg of cometary material turns out to be around 700 m.  This is almost one half of the nuclear radius of the comet, and probably indicates that such an impact has to be very close to catastrophic for the comet (ie total disintegration of the nucleus) with its expected very low cohesive strength.  

EJECTA VELOCITY

Richardson et al [17] give a formula for ejecta velocity as a function of crater radius fraction during the crater formation process, the highest ejection velocities occurring at the earliest times, and diminishing to zero when the crater radius achieves its final value.  This produces a realistic distribution of ejecta velocities, but is not calibrated for a comet impact, and is not easy to find a mean velocity.

To find a rough estimate of expected ejecta velocity, we will assume that our 1025 particle population of 10-micron dust grains shares equally in the kinetic energy available to eject the dust from the nucleus.  This energy will be a fraction of the kinetic energy of the impactor, which is ½ Mi vi2.  If we designate this fraction by f, then we can write


½ f Mi vi2  =  ½ N m v2
where v is the (average) velocity of each dust grain of mass m.  We can write the expression for particle velocity as


v = ( [ f Mi vi2 / ( N m ) ]

Note that ( N m ) is in fact the total mass ejected.

If we estimate the fraction f at 0.2, the impactor maximum mass Mi of 5x107 kg   travelling with a relative velocity of 10 km s-1 and previously calculated values for N and m, we find an average ejection velocity of  v (  50 m s-1 .  This is rather smaller than the observed coma expansion velocity for Comet Holmes (500 m s-1), and of the observed maximum velocity for the Deep Impact ejecta (200 m s-1). 

There will of course be a distribution of velocities (and a distribution of particle sizes) and the maximum observed velocity can be expected to be several times the calculated mean (giving a better agreement between calculation and observation).  In the case of comet Holmes the expanding coma has been observed to have a sharper outer boundary than is normal in cometary comas [18].  This may imply a maximum cutoff velocity, rather than a distribution which tails off gradually at higher velocities.

Note that all these velocities (ie observed and computed) are above the ejecta velocities noted in normal outgassing events (a few tens of m s-1).

For comparison, the escape velocity of the comet is given by 


ve = ( 2 G M / R

where M and R are the mass and radius of the comet nucleus.  For comet Holmes this gives us ve = 0.6 m s-1 .  This is negligible compared to both the observed and estimated ejecta velocities.

COLLISION PROBABILITIES

If the dramatic brightening of comet Holmes in 2007 is to be explained by a hypervelocity impact, then it is probably necessary to evoke the same explanation for a similar brightening that occurred in 1892 which led to its discovery  (the second flare in January 1893 could be a more normal reinjection of material into a coma that still had an unusually high dust density – and in fact the impact could have opened fissures exposing large area volatiles to solar irradiation that then outgassed at a high rate).

What we need is an estimate of collision rate to examine whether two impacts in a little over 100 years is within the realm of feasibility (not that two events are going to constrain our statistics very tightly).  Still, it is worthy of examination.

The asteroid flux can be written in terms of a size distribution such that [19]


((>d) = (o d-3
where ( is the number of asteroids with diameters > d metres


(o = 2.3x1017 is a best estimate for this constant

We want the number of asteroids with diameters greater than about 10 metres (order of magnitude).  This is easily found to be about 1014.  These asteroids orbit within an annulus of inner radius 2 A.U., outer radius 4 A.U. and depth (ie perpendicular to the ecliptic) of 2 A.U.  ( ie 1 A.U. above and below the ecliptic).  This amounts to a volume of 72 AU3 or about 1035 m3.

The average collision rate (ie collisions per unit area of target per unit time) is given by


( =  vc ( / Vab
where Vab is the asteroid belt volume just calculated


vc is the average collision velocity  (assumed around 20 km s-1)

This gives a collision rate of  ( = 2x10-17 m-2 s-1.  The average time between collisions is then given by


Tc = ( ( An ( )-1
where An = ( rn2 = 107 m2 is the cross-sectional area of the comet nucleus


( is the fraction of  its orbital period that the comet is within the asteroid


   belt

This last quantity is given by [20]


( = ( E – e sin E ) / (
and the value of the eccentric anomaly E is given in the solution to the elliptical equation


r = a ( 1 – e cos E)

with a value for the orbital radius of r = 4 AU.  The semimajor axis a, and eccentricity e have previously been stated and lead to a value of E = 104 degrees, which in turn gives ( = 0.45  (ie 45% of the orbital period is spent within the asteroid belt as defined).  This then leads to a value of


Tc = 1010 seconds ( = 300 years )

With only two events, this value of Tc is certainly not incompatible with an asteroid impact hypothesis, and is within an order of magnitude of an average collision rate every century (should another outburst occur around 2100).  On the other hand, if

we started seeing an event every 10 years or so, we should have to rethink the impact hypothesis.

ORBITAL CHANGES

Comet Holmes may approach Jupiter during aphelion at distances sufficiently low to produce significant changes in its orbital parameters.  Indeed, Holmes has shown several noticeable changes in its orbit due to Jovian perturbations over the last 100 years.  The period, perihelion and aphelion distances have all shown changes exceeding 10%.  Asymmetrical outgassing can also lead to small changes in a comet’s orbital elements (comet Encke is an example of this phenomenon).  However, the initial coma development around Holmes has appeared quite symmetrical (at least in the plane of the sky).

However, we need to look at the size of orbital change that could result from a hypervelocity impact such as described in a previous section.  Momentum must be

conserved in any collision (elastic or not), whereas kinetic energy will certainly not be conserved in an (ineleastic) hypervelocity impact.  It is thus most useful to initially consider the magnitude of the momentum vectors for the comet and a potential impactor.

The comet momentum near perihelion is


pn = M vcirc ( (1 + e) = 1013 (19000) ((1.432) = 2x1017 kg m s-1
For the impactor considered (3x106 kg) travelling at the circular velocity of 19 km s-1 at 2.5 AU we have an impactor momentum of


p​i = 6 x 1010 kg m s-1
or less than 10-6 the momentum of the comet nucleus.  Considering that the nucleus may have lost 1%  of its mass during the collision, it is difficult to predict a velocity change, because although total momentum is conserved, the mass of the impactor and part of the mass of the nucleus have both disappeared into the coma.  A collision at right angles to the nucleus velocity vector may produce the largest orbital change.  Even this is likely to be considerably smaller in effect than a Jovian perturbation.  It certainly is worthy of further investigation and a watch for any such orbital change, but it may not be significant.  In other words, the size of impact required to produce the coma brightness change observed may not produce a large enough orbital change to be separated from other perturbations.

CONCLUSION

The size of the brightness change observed recently in comet Holmes is unprecedented, with the exception of a similar event observed in the same comet 105 years ago.  Although comets can certainly undergo rapid brightness changes these rarely exceed five magnitudes in size [21].  Again, most significant cometary activity (ie showing changes over two or three magnitudes) normally occurs at distances from the Sun of less than 2 AU.  The Holmes event has shown a dust production rate increase several orders of magnitude greater than average rates observed, and a dust ejection velocity an order of magnitude greater than normal. 

It is proposed that a hypervelocity impact with an asteroid is the most likely explanation for the observed activity.  The comet spends almost 50% of its orbital period in the asteroid belt, and the expected collision rate computed in this note is quite compatible with two such events in 100 years.

Order of magnitude calculations have shown that a sudden injection of around 1011 kg of dust into the coma is required to explain the observed brightening, and it has been shown that an impact with an asteroid of diameter of around 10 km has the potential to produce this quantity of dust.  The observed ejection speed of 500 km s-1 is larger than both an order of magnitude estimate and of the ejecta velocities observed during the NASA Deep Impact collision with comet Tempel 1, but is within an order of magnitude of both, and importantly is above normal outgassing velocities.
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