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A B S T R A C T   

While comets eject mass mostly at cm-sizes and larger, that size range of particles is mostly absent from the 
interplanetary medium. Such particles are thought to be lost from the solar system by grain-grain collisions. 
Here, we investigate the lifetime of cm-sized meteoroids from their abundance in meteoroid streams of different 
age. For 487 streams, we measured the orbital element dispersions, the magnitude size distribution index, the 
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Interplanetary medium 
Zodiacal light 

ratio of fluffy and dense materials in the stream and their bulk densities, and the meteor light curve shape- 
parameter. We find that older long-period comet meteoroid streams tend to be more dispersed and evolve to
wards smaller semi-major axis, higher magnitude size distribution index, and contain relatively more high- 
density material. Meteoroids that approach the Sun closer than 0.2–0.3 AU are mostly young and composed 
of denser materials poor in sodium. We compare the observed properties of the streams to age estimates from the 
literature and to a set of new age estimates for long-period comet streams based on observed dispersions. We find 
that streams broaden with age inversely proportional to the perihelion distance (q). By selecting narrow ranges of 
age, we find that their magnitude distribution index changes proportional to 1/√q, less steep than expected from 
meteoroid destruction by collisions. Instead, this shallow dependence suggests a lifetime inversely proportional 
to the peak grain temperature along its orbit, with the lifetime limited by thermal stresses if 0.3 < q < 1.02 AU 
and by sublimation if q < 0.2 AU.   

1. Introduction 

Comets and primitive asteroids lose most mass in the form of grains 
that are centimeter (cm) to tens of cm-sized (e.g., Curdt and Keller, 
1990; Levasseur-Regourd et al., 2018; Lauretta et al., 2019; Chesley 
et al., 2020). In contrast, the interplanetary (zodiacal) dust cloud that 
results from this mass loss (e.g., Nesvorny et al., 2010; Lasue et al., 2020) 
contains three orders of magnitude less mass at 1-cm than at 0.01-cm 
size (Love and Brownlee, 1993; Ceplecha et al., 1998). The total mass 
per log-mass interval of matter impacting Earth annually peaks at 0.015 
cm and falls off by 2–3 orders of magnitude towards cm-sized meteor
oids on the large size end, and even more towards the small size end 
where solar radiation pressure removes dust from the solar system 
(Fig. 1). 

The lack of cm-sized meteoroids in the zodiacal cloud is usually 
explained by loss due to grain-grain collisions. With a constant supply of 
larger grains, the rate of collisions at different grain size ranges is at the 
heart of interplanetary dust models that describe the impact hazard to 
satellites in orbit (e.g., Grün et al., 1985; Divine, 1993; Soja et al., 2019; 
Moorhead et al., 2023) and the overall appearance of the zodiacal cloud 
(e.g., Nesvorny et al., 2010). 

In the Grün et al. (1985) grain-grain collision model, the mass 
dependence of the influx rate of meteoroids on a spinning surface at 
Earth’s orbit is analytically described by assuming a collisional equi
librium among interplanetary meteoroids and a specific mechanism of 
grain destruction. Target particles with mass m1 are assumed to be 

catastrophically disrupted, whereby the largest fragment is half the size 
of the original mass, by particles of given impact speed V (km/s) that 
exceed a minimum mass m2 (and corresponding kinetic energy): 

m2 ≥ 0.00102 Sc
0.45 ρ1

0.075 V− 2 m1
0.925 (1)  

with Sc the unconfined compressive strength (kbar) and ρ1 the target 
meteoroid density (g/cm3). 

This collision model makes distinct predictions about how the 
meteoroid lifetime depends on mass (Table 1). In this model, the 0.015- 
cm grains at the peak of the max influx curve are preferably destroyed by 
the comparatively few small grains of mass 10− 13 kg (which in Fig. 1 
have low total mass and therefore low total kinetic energy), while the 
larger 1-cm grains are destroyed by the abundant 10− 8 kg meteoroids. 
The collisional lifetime increases again for larger grains, because the 
number density of the projectile meteoroids is less. In this model also, 
higher inclined orbits tend to have about a factor of two longer colli
sional lifetimes because they spend less time at the core of the inter
planetary dust cloud near the ecliptic plane. 

Using the same collisional model as Grün et al. (1985), but applied to 
a modern meteoroid environment model of dust densities and impact 
velocities, Soja et al. (2016) calculated a collisional lifetime of 30,000 
years for 0.01-cm grains and 2500 yr for 1-cm grains that are moving on 
a short-period comet 2P/Encke-like orbit, and about 10 times higher 
lifetimes for dust on a 55P/Tempel-Tuttle orbit (Table 1). Lifetimes are 
assumed to increase exponentially for the smallest grains with mass less 
than ~10− 16 kg. The mass-dependence of this relationship is indepen
dent of the meteoroid orbit. 

Important, too, are the dynamical lifetimes of the grains. Sub- 
microns sized grains are put on unbound orbits by solar radiation 
pressure. The drop-off towards small sizes in Fig. 1 was thought to be 
due to Poynting-Robertson drag, decreasing eccentricity over time and 
causing meteoroids to spiral in towards the Sun. However, small mm- 
sized grains on near-circular orbits in the asteroid belt require longer 
than the age of the zodiacal cloud to reach Earth’s orbit (e.g., Nesvorny 
et al., 2010; Haranas et al., 2018). 

The lifetime of the grains may not be limited by collisions or dy
namics. Fig. 2, for example, shows the rate of Leonid storms and out
bursts from 1333 CE to 1932 ejecta from Halley-type comet 55P/ 
Tempel-Tuttle, predicted from two models by E. Lyytinen and J. Vau
baillon published in Jenniskens (2006) and Jenniskens et al. (2008, 
2009), and compares those predicted rates to the observed values. The 
predicted activity is scaled to the encounters with the young 1–4 revo
lution dust trails. The predictions assume a constant activity of the 
comet in each return and include all possible dynamical effects. The 
models systematically predict higher rates than observed in the case of 
older trails, with the ratio showing an e-folding scale of 259 ± 17 y 
(Fig. 2, dashed line). That rate is a factor of 4–10 more rapid than ex
pected from grain-grain collisions (Table 1). While the comet could also 
have become correspondingly more active over time, this is less likely 
because the perihelion distance has not significantly decreased since 
1333 CE (Yeomans et al., 1996) and the ratio does not correlate with the 
comet’s perihelion distance during ejection. 

Fig. 1. Mass influx curve from Ceplecha et al. (1998), with approximate size 
markers added. Curve “B” is the influx profile proposed by Love and Brown
lee (1993). 
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Processes other than collisions can act on different timescales for 
different grain morphologies and strengths. Indeed, some Leonid me
teoroids survive and evolve into an annual Leonid shower over a much 
longer timescale (Jenniskens, 2006). Further evidence for meteoroid 
fragmentation in the interplanetary medium by processes other than 
collisions are the relatively frequently observed clusters of meteors 
observed from the breakup of 1–10 cm sized meteoroids just before 
reaching Earth, which have been ascribed to thermal stresses (e.g., Piers 
and Hawkes, 1993; Koten et al., 2017, 2024; Vaubaillon et al., 2023). 

On very short timescales, dust bursts observed by the Rosetta mission 
to comet 67P/Churyumov-Gerasimenko show that some mm- and cm- 
sized grains fragment into smaller grains while ice is sublimating from 
the grains (e.g., Fulle et al., 2018). Clusters of dust were also observed in 
the flyby’s of the 81P/Wild 2 and 9P/Tempel 1 comae (Levasseur- 
Regourd et al., 2018). It is the ice-free grains that survive which form the 
cometary dust trails and subsequently evolve into annual streams and 
the zodiacal cloud. 

Cometary meteoroids are porous and diverse and, importantly, a 
mixture of aggregates and compact particles (Langevin et al., 2016; 
Bentley et al., 2016). Derived dust densities were between 0.05 and 0.5 
g/cm3 in the coma of comet 1P/Halley (Fulle et al., 2000), and <1 g/cm3 

for other encounters (Levasseur-Regourd et al., 2018). Short-period 
comet 67P particles had a bulk density of 0.7–1.4 g/cm3 (Fulle et al., 
2017), centered on 0.8 g/cm3. Some particles are extremely fluffy 
(>90% porosity), while compacted and dried particles had density 
1.3–3.9 g/cm3, centered on 1.9 g/cm3. Collected particles of 81P/Wild 2 
contained small particles of different tensile strength (Brownlee et al., 
2006). Cometary dust contains organic components (~45% in mass for 
comet 67P, Bardyn et al., 2017) and amorphous silicates, but also 
crystalline silicate materials that experienced some heat in the past 
(Crovisier, 1997; Wooden et al., 1999). About half of the silicates in 
81P/Wild 2 samples were crystalline, and ~ 1% are highly refractory 
minerals reminiscent of Calcium-Aluminum-rich Inclusions (Westphal 
et al., 2009). 

The grains that survive long enough to become part of a zodiacal dust 
cloud do not fully behave as predicted by the Grün et al. model. To 
explain the observed infrared emission, dynamical models of the inter
planetary dust cloud require about the same collisional lifetimes for 0.1- 
cm particles as for 0.01-cm particles (Nesvorny et al., 2010, 2011; 
Pokorny et al., 2014). The ~0.1-cm sized meteoroids in the sporadic 
background observed by the Canadian Meteor Orbit Radar CMOR 
(Brown et al., 2010) move on similar orbits as the ~0.01-cm sized grains 
observed by the more sensitive AMOR radar (Galligan and Baggaley, 
2002). Both populations seem to be about 300,000 years old (Nesvorny 
et al., 2010), but the Grün et al. model predicts about 7 times higher 
lifetimes against collisions for the smaller 0.01-cm AMOR radar particles 
than the 0.1-cm CMOR particles (Table 1). 

The smaller particles also should evolve faster by Poynting- 
Roberston drag. To match the AMOR orbits, the CMOR meteoroids 
require 3 times more drag than expected for the collisional lifetime 
available. Even smaller ~10 μm grains that scatter light to create the 
visible zodiacal light do not impact Earth on near-circular orbits from 
Poynting-Robertson drag as predicted in earlier zodiacal cloud models, 
but on orbits of eccentricity e ~ 0.3, based on relatively wide Doppler 
broadened spectral features in the zodiacal cloud (e.g., Reynolds et al., 

2004; Rowan-Robbinson and May, 2013) and the relatively high impact 
speeds inferred from helium loss in interplanetary dust particles (e.g., 
Flynn, 2001). While Poynting-Robertson drag lowers the eccentricity 
over time, some mechanism appears to remove the grains before their 
orbits can fully circularize. 

There are other ways than grain-grain collisions to remove large 
grains from the population. For example, repeated cycles of heating and 
cooling could disrupt a meteoroid over time by loosening bonds or 
creating tension. The spin rate of a meteoroid could increase to the point 
where centrifugal forces disrupt the grain, and repulsive electrical forces 
could build up over time when the grains are charged by radiative 
processes. Such mechanisms will display a different mass-dependence of 
lifetimes and a different dependence on radial distance from the Sun and 
vertical distance from the ecliptic plane. 

To test the importance of these mechanisms in removing cm-sized 
grains from meteoroid streams and the zodiacal cloud, it is necessary 
to do meteor observations. These cm-sized meteoroids do not efficiently 
emit infrared radiation or scatter sunlight for direct observations, and 
also cannot be detected by the small dust collectors onboard spacecraft. 

From low-light level video observations of meteor showers caused by 
cm-sized meteoroids (Jenniskens et al., 2011), we derived the disper
sions of 487 meteoroid streams, as well as the particle size distribution, 
the altitude at which 0-magnitude meteors first light up in the atmo
sphere, and the meteoroid density from deceleration in the atmosphere. 
The raw data was published in the book “Atlas of Earth’s Meteor Showers” 
(Jenniskens, 2023). 

Here, we use this data to investigate how the particle size 

Table 1 
Calculated and observed lifetimes of meteoroids in the zodiacal cloud.  

Diameter (cm) Mass* (g) Magn. (V) Lifetime calc. (ky) Ref. Lifetime obs. (ky) Method Ref. 

0.001 1e-9 +22.5 1600 [1] -.- -.- -.- 
0.01 1e-6 +15 269 [1] ~300 IR, zodiacal cloud dynamical model [2] 
0.1 1e-3 +7.5 40 [1] ≥300 IR, zodiacal cloud dynamical model [2] 
1 1e+0 +0 13 [1] -.- -.- -.- 
10 1e+3 − 7.5 440 [1] -.- -.- -.- 

Notes: [1] For Grün model of 2 g/cm3 particles on a 55P/Tempel-Tuttle (q ~ 1 AU) orbit; Soja et al. (2016, 2019); *) for density of 2 g/cm3; [2] Nesvorny et al. (2010). 

Fig. 2. Ratio of observed versus predicted Leonids meteor shower activity, with 
predicted activity from the models by Vaubaillon (•) and Lyytinen (o) published 
in Jenniskens (2006) and Jenniskens et al. (2007; 2009). 
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distribution, the meteor light curve, the meteoroid density, and the ratio 
of fluffy to dense materials change with age, both as a function of 
perihelion distance and inclination of the meteoroid orbit. Some age 
estimates were taken from the literature. For a range of long period 
comet orbits, we investigated the stream dispersion over time. From the 
observed changes over time, we will discuss what mechanisms may be 
responsible where for the loss of cm-sized grains in the interplanetary 
medium. 

2. Methods 

2.1. Meteoroid streams observed as meteor showers 

The Cameras for Allsky Meteor Surveillance (CAMS) project (Jen
niskens et al., 2011) deploys networks of low-light video cameras in 
different regions of the world to detect and triangulate the atmospheric 
path of +4 to − 5 magnitude meteors and calculate meteoroid trajec
tories, initial velocity and orbits, as well as light curves, decelerations, 
and meteor magnitude distributions. The network was significantly 
expanded in the southern hemisphere in 2019. 

From 2010 to 2023, CAMS triangulated over 2.7 million meteoroid 
trajectories. From clusters in the distribution of meteor arrival time, 
radiant and speed (e.g., Fig. 3), individual showers were extracted and 
median orbital elements were published by Rudawska and Jenniskens 
(2014), Jenniskens et al. (2016a–c), Jenniskens and Nénon (2016), and 
Jenniskens et al. (2018). This database was again examined for clusters 
using the same methods as before (Jenniskens et al., 2016c, 2018), after 
adding the most recent data up to July 3, 2023, after adding about 1.1 
million other published meteoroid trajectories derived by the SonotaCo 
(Kanamori, 2009), EDMOND (Kornos et al., 2013), CMN (Adreic and 
Segon, 2010), and GMN (Vida et al., 2020; 2021) networks. In all, 122 
new showers were added to the IAU Working List as numbers 
1050–1108, 1110, 1129–1130, 1132–1178, and 1180–1192. While 
working on Jenniskens (2023), the process for shower naming was 
changed, in which the assignment of numbers, codes and names was 
postponed until an undefined later time. In order to be able to include 
these in Jenniskens (2023), eight additional showers were given the 
provisional numbers 674, 676, 678, 682, 690, 697, 699 and 700, pre
viously assigned but not used for Jenniskens et al. (2016a), as well as 

codes and names. In all, 23% of video-detected meteors belong to 487 
identified meteor showers, while another 26 showers described in Jen
niskens (2023) are only detected by radar. 

The meteoroid orbit at the time of entry can be calculated by tracking 
the meteoroid’s motion along its path through the atmosphere, 
expressed as orbital elements perihelion distance (q), eccentricity (e), 
inclination (ι), argument of perihelion (ω), and longitude of the 
ascending node (Ω) (Jenniskens et al., 2011). Hereinafter, the longitude 
of ascending or descending node will be referred to as node. For the 
extracted orbits of each meteoroid stream, the median values of these 
orbital elements are calculated, as well as the 1-σ dispersion (σ), and the 
rate of change in the orbital elements as a function of solar longitude 
along Earth’s path (the orbital element drift). Jenniskens (2023) gives 
the dispersion in orbital elements rather than the radiant dispersion, 
which depends on entry speed (e.g., Tsuchiya et al., 2017). 

The dynamic type of a meteoroid orbit follows from its Tisserand’s 
parameter with respect to Jupiter: 

TJ = aJ

/
a + 2 cos(i) ​

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
a/aJ (1 − e2)

√
(2)  

with aJ the semi-major axis of the orbit of Jupiter. Parent bodies are 
typically described as long-period comets having (TJ ≤ 1), Halley-type 
comets (1 < TJ ≤ 2), Jupiter family comets (2 < TJ ≤ 3), and aster
oids having (TJ > 3). 

2.2. Average physical properties of the meteoroids in showers 

These optical observations pertain to meteoroids of diameter about 
0.7–cm for fast showers from the apex source, and to about 1.8-cm for 
slow showers from the anthelion source (Fig. 4). Once a shower has been 
extracted from the sporadic background, the properties of the individual 
meteors in that shower can be examined. 

How those parameters were extracted is given in Jenniskens (2023). 
In short, the magnitude distribution index (χ) describes the ratio of how 
many meteors are in neighboring magnitude bins of brightness. The 
observed count (N) per magnitude bin (m) depends on the detection 
probability for each magnitude P(m): 

N(m) = P(m) χm (3) 

Fig. 3. Example of meteor showers (labeled with their IAU number) in the radiant distribution towards the northern apex direction during solar longitudes 240◦ to 
250◦ (Nov. 22 to Dec. 2). From: Jenniskens (2023). 
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The mass distribution index s = 1 + 2.5 log (χ). While nearly all 
meteors brighter than +0 magnitude are detected, few faint meteors are. 
This is mainly because the contributing stations in a triangulation are 
often at different distances from the meteor and meteors are fainter 
when further away. Also, fast meteors tend to move rapidly over the 
sensor and are less efficiently detected. Meteors slower than 20 km/s are 
also more easily missed. In addition, the detection efficiency of a given 
shower depends on whether it can be detected by southern hemisphere 
stations, which have newer cameras on average and are located under 
darker skies. When CAMS-detected rates were high enough to populate 
the bright − 4 to − 1 magnitude range, where N(m) ~ χm, then χ could be 
derived directly. Extrapolation to fainter +5 magnitudes resulted in the 
observed versus expected number ratio P(m). In this way, probability 
functions were derived for a range of entry speed and shower radiant 
latitude. If a minor shower had a radiant near one of the calibrated 
showers, then that efficiency curve was used. 

Each meteor has a beginning height where it is first detected (Hbegin), 
a height of peak brightness (Hmax), and an end height (Hend). The 
lightcurve shape parameter is defined as (e.g., Beech and Murray 
(2003): 

F =
(
Hmax–Hbegin

)/(
Hend–Hbegin

)
(4) 

The shape factor is a low F ≤ 0.59 if the meteoroid is fragile, while F 
~ 0.76 if the meteoroid is a single body. 

Looking at the beginning heights of meteors in a given shower, there 
is a range of values (Fig. 5). Often, there are two groups in a shower, a 
group that is first detected at a relatively high altitude (I) and a group 
that is only detected further down (III). The orbital elements of each 
group are the same, hence particles with these different beginning 
heights belong to the same stream. Differences in beginning height are 
expected for meteoroids of different density, different thermal conduc
tivity, but also different strength (Ceplecha and McCrosky, 1976). Our 
spectroscopic measurements of meteors show that the lower group is 
associated with meteors poor in sodium (Jenniskens, 2023), meaning 
that these grains experienced sufficient heating to lose some of the 
sodium-containing minerals. Heating tends to result in an increase in 
strength and an increase in density. Hence, throughout this paper we 

will refer to these groups as “fluffy” or “low density” (I) and “dense” or 
“high density” (III). While the number of members in each group de
pends on the activity of the shower, the ratio of members in the two 
groups, e.g. III/(I + III), is diagnostic for the process that created the 
type III particles. 

The beginning height is to first order dependent on the square of the 
entry velocity (V∞). After correcting for this effect, we define a beginning 
height parameter kc as: 

Hb (km) = kc (km) − [2.86–2.00 log (V∞ (km/s) ) ]/0.0612 (5) 

The equation is written this way because the air mass density ρair as a 
function of height over the full 0 to 150 km range is approximated by 
(Ceplecha and McCrosky, 1976; Jenniskens, 2023): 
10log ρair

(
g
/

cm3) = − 2.86 − 0.0612 H (km) (6) 

Values of kc (valid for Mv = 0 meteors) are mostly in the narrow 
range of 85–103 km. The range of kc was divided up in three-km bins, 
from which meteors were assigned to belong to type Ia, I, Ib, IIa, II, IIb 
and IIIa, IIIb, and IV (Fig. 6). They are shown with these symbols 
throughout the paper. The numbering (from high to low beginning al
titudes) is opposite to that used in the classification by Ceplecha and 
McCrosky (1976), which may help avoid confusion. 

Roughly, showers Ia–II are part of band I in Fig. 5, while IIb–IV are 
part of band III. We added the number of meteors in the sub- 
classifications Ia to II into a “low-density” or “fluffy” class, and the 
number of meteors in the subclassification IIb to IV into a “high-density” 
or “dense” class (Fig. 6). The fraction of dense meteoroids in the popu
lation was determined from the number of meteors with low beginning 
height over the total III / (I + III): 

fd = N(IIb–IV)/N(Ia–IV) (7) 

Defined in this manner, fd ranges from 0 to 1. 
The meteoroid density was derived from the measured deceleration 

parameters a1 (unit: km) and a2 (unit: /s), defined as (Jacchia et al., 
1967): 

V = V∞ + a1 a2 (1 − exp(a2t) ) (8) 

Fig. 4. Median grain diameter of a zero-magnitude meteor for all showers over 
the full range of entry speed. Vertical dispersion is due to differences in the 
measured meteoroid density. 

Fig. 5. Beginning height of all shower IAU#842 meteors triangulated by CAMS 
cameras. Symbols “I” and “III” indicate the two main meteor beginning-height 
classes present in the shower. 
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Here we should point out that not all CAMS data were reduced with 
this type of fit. The software allows for three options for the deceleration 
fit and sometimes another option was set by mistake, usually following 
the manual analysis of a fireball that required a different fit. The re
ported deceleration parameters were sorted to only include the ones 
reduced with Eq. 8. 

We assume that the luminous efficiency does not depend on speed. If 
it does (e.g., Koschny et al., 2017), then the dependency of beginning 
height with entry speed would be different than observed. In that case, 
the mass (m) of a zero magnitude (Mv = 0) meteor is derived from the 
emitted energy being equal to the energy passing through a sphere at a 
distance from: 

τ × 0.5 × m × V∞
2 = 3.67.10− 11 × Δt × Δλ × 4 π R2 (9)  

with 3.67.10− 11 W/m2/nm being the V-band irradiance of magnitude 
0 star Vega (Jenniskens, 2006), Δt the meteor duration, Δλ the full- 
width-half-maximum range in wavelength covered by the camera, R 
the distance from camera to meteor and V∞ the entry speed. The dura
tion Δt of a zero-magnitude meteor in CAMS data depends on V∞ as Δt 
~ V∞

-0.73 (by plotting the observed values of log Δt vs. log V∞). This 
makes the mass of a zero-magnitude meteor proportional to m ~ V∞

-2.73. 
The density of the meteoroid (ρ) follows from the transfer of mo

mentum from air with density ρair to the meteoroid. During Δt, a 
meteoroid with speed V and mass m will strike a mass of air mair =AE ρair 
V Δt. The deceleration to first order (from Taylor expansion of Eq. 8) at 
the beginning of the trajectory is (with ρair the air density at the 
beginning altitude): 

δV
/

δt = − 0.5 Cd AE
/

m ρair V∞
2 = − a1* a2

2 (10c) 

For a spherical grain with radius r: m = AE ρ r / 3, so that. 

ρ ∼ ρair V∞
2/( a1 a2

2 r
)

(10b) 

If we use the beginning height of 0-magnitude meteors only, and 
taking into account that the mass of a zero-magnitude meteor scales with 
V∞

-2.73, in that case we have r ~ V∞
-2.73/3 = V∞

-0.91 and the bulk meteoroid 

density (ρ) scales with (Jenniskens, 2023): 

ρ ∼ ρair V∞
2.91/( a1 a2

2) (10c) 

The scale was chosen so that the highest densities measured were 
that of molten silicate droplets (3.5 g/cm3). While there are higher 
density iron particles in the cm-sized meteoroid population, at a rate of 
21 such Fe particles detected among 1005 random meteors (Jenniskens, 
2023), they are not associated with meteor showers. 

The results can be compared to the rigorously determined meteoroid 
densities from high temporal and high spatial resolution imaging and 
lightcurves of cometary meteoroids. The approach above puts the 
October Draconid density at 0.28 g/cm3 (measured from lightcurves: 
0.30 g/cm3 by Borovicka et al., 2008), the tau-Herculids at 0.28 g/cm3 

(0.26 g/cm3 by Buccongello et al., 2023, 2024, using the same method as 
Borovicka et al., 2008), the eta-Aquariids and Orionids at 0.41 g/cm3 

(~0.40 g/cm3 by Buccongello et al., 2023; 0.26 ± 0.11 by Buccongello 
et al., 2024), the Lyrids at 0.41 ± 0.07 (0.44 ± 0.05 g/cm3 by Buccon
gello et al., 2024), the eta-Lyrids at 0.78 g/cm3 (0.86 g/cm3 by Buc
congello et al., 2024), the Southern Taurids at 1.38 ± 0.05 (0.68 ± 0.17 
g/cm3 by Buccongello et al., 2024), and the Geminids at 1.27 g/cm3 

(1.39 ± 0.24 g/cm3 by Buccongello et al., 2024). 

2.3. Meteoroid stream models 

To investigate the changes over time in the parameters discussed in 
Sect. 2.2, we investigated the age of long-period comet showers in our 
sample, which comprise of almost half of all showers. To date, there are 
very few published dynamical studies of long-period comet showers and 
the studies that have been published are not focused on how the showers 
disperse as a function of time, but rather how the complex can evolve to 
created multiple showers (Hajduková et al., 2015; Hajduková and 
Neslusan, 2017, 2019, 2021; Neslusan and Hajduková, 2018, 2019, 
2020, 2021). 

The theoretical work follows methods developed by Vaubaillon et al. 
(2005), Jenniskens (2006) and Jenniskens and Vaubaillon (2010), tak
ing into account the planetary perturbations of all the planets from 
Mercury to Pluto as well as radiation pressure, solar wind pressure and 
Poynting-Robertson drag on the meteoroids. Orbital elements of known 
comets were used during testing. Integrations were carried out on a Dell 
Precision 7820 Tower Workstation dedicated to this project. The tech
niques used have been successfully applied in the past (e.g., Vaubaillon 
et al., 2005; Wiegert et al., 2009; Moorhead et al., 2014; Abedin et al., 
2015; Tomko and Neslusan, 2019). 

The PINTEM code by Vaubaillon et al. (2005) was adapted to speed 
up the integrations and remove redundancies. This code is built around a 
15th order implicit Bulirsch–Stoer-like routine (Everhart, 2014). Com
parisons of integrated orbits with NAIF SPK kernels for known comets 
indicated that requiring convergence to 14 or 15 digits was attainable. 
With less than that, the exchange of kinetic and potential energy around 
perihelion is slightly different than that obtained using NAIF kernels. 
The code is configured now to run with either the SPICE library and 
NAIF SPK kernels (Acton et al., 2017), or with the Calceph library and 
INPOP files (Gastineau et al., 2015; Fienga et al., 2008). The latter are 
necessary for longer period integrations that extend beyond the 15,000 
years that the JPL De441 kernels allow. 

Comet 55P/Temple-Tuttle was used for validation of short term in
tegrations, with good agreement obtained with previous studies by 
McNaught and Asher (1998) and Vaubaillon et al. (2005) using NAIF 
kernels. The z-plane crossing locations for ejecta streams from all peri
helia from 1699 to 1965 were compared, and the width and temporal 
profile of streams were analyzed, in order to catalog the mass distribu
tion versus time for streams of various ages. 

For longer integrations, our workhorses are two 500kyr INPOP 
ephemerides centered on the present, and readable with the Calceph 
library (Gastineau et al., 2015). Our implementation of the Calceph 

Fig. 6. The median beginning height of all CAMS-detected meteor showers, 
corrected for velocity-dependence (Kc). Different symbols (used in later graphs) 
define 3-km bins in the Kc-heights distribution and correspond to the shower 
type Ia – IV, as defined by Jenniskens (2023). 
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library was checked by finding consistent agreement between in
tegrations performed from 10,000 BCE to the present for a number of 
initial conditions, using the Calceph library and ephemerides versus 
using the SPICE library with the NAIF de441 kernel. 

The method to study the dynamical evolution of meteoroid streams 
(e.g., Kondrat’eva and Reznikov, 1985; Harris et al., 1995; Vaubaillon 
et al., 2005; Jenniskens, 2006) focuses on quantifying the growth in 
dispersion of the stream particles’ orbital elements as the stream is in
tegrated forward in time. Initial conditions are found by first integrating 
the orbit of the parent body, or of a body with the stream’s orbital ele
ments when the parent body is not known, back in time for 60,000 to 
100,000 years. We adopt initial orbits with orbital periods between 250 
and 4000 years, similar to that of known dynamically long-period 
comets with observed showers (Jenniskens et al., 2021). Comets on 
longer orbital periods have streams too dilute to be detected. Non- 
gravitational forces are taken into account only if they are tabulated 
in the NAIF Small Bodies database. 

Fig. 7 shows our calculated ages for long-period comet showers by 
matching the observed stream dispersion in Earth’s path to that modeled 
as a function of age (open circles, Table 5 below). The derived ages are 
plotted against ages calculated from a general equation based on 
dispersion (Jenniskens (2023). We tend to find similar, on average ~ 
27% higher, ages than derived from other work (dashed line). Solid 
triangles show results from comparing observed dispersions to those 
calculated for different ages in graphs published by Hajduková et al. 
(2015), Hajduková and Neslusan (2017, 2019, 2021), and Neslusan and 
Hajduková (2018, 2019, 2020, 2021). Showers are identified with the 
IAU shower number. The age of the Orionids (8), eta-Aquariids (31) and 
Perseids (7) are discussed in the “Brief history” sections in Jenniskens 
(2023) and may be higher than given here. 

3. Results: Shower properties and dependencies 

3.1. Detected streams 

A total of 487 meteor showers were extracted from the video data, 
while 26 additional showers were identified unique to radar. The nature 
of these showers is shown in Fig. 8A, which plots the median orbital 
inclination versus semi-major axis. Nearly half of the showers (247) 

originated from long-period and Halley-type comets. These showers 
have semi-major axis larger than 5 AU and inclinations between 20 and 
180◦. Short-period showers (semi-major axis < 5 AU) are mostly found 
in the anthelion and helion sources (inclination <20◦) and in the 
toroidal sources (inclination 20–90◦). The radar-detected showers are 
mostly short-period showers in the helion and toroidal sources, as well 
as some strong Halley-type showers (open circles in Fig. 8A). The 
showers unique to radar are not considered here. 

Fig. 8B plots the orbital elements in terms of the Tisserand parameter 
with respect to Jupiter. The traditional distinctions between asteroids 
(TJ > 3), Jupiter family comets (2 < TJ < 3), Halley-type comets (1 < TJ 
< 2), and long-period comets (TJ < 1) are also recognized, but the 
borders are slightly different because the meteoroid streams have 
evolved over time. Solid lines in Fig. 8B show the approximate new 
borders. 

The dynamic type of a meteoroid stream is long-period comet like for 
TJ < 0.65, Mellish-type for 0.65 < TJ ≤ 2.0, Jupiter-family comet type 
2.0 ≤ TJ ≤ 3.5, and asteroid like for TJ > 3.5. The borders reflect the 
observed distribution of median Tisserand parameters of meteor 
showers, not the dynamical class of the parent body. 

“Mellish-type” showers are mostly prograde highly inclined (i =
20–80◦) showers in the toroidal source. The December Monocerotids of 
comet C/1917 F1 (Mellish) is the lowest-numbered example. Dynamical 
models suggest they originated mostly from Halley-type comets, but can 
also originate from Jupiter-family comets, and even from asteroids. 
Halley-type comets 1P/Halley, 109P/Swift-Tuttle, and 55P/Tempel- 
Tuttle have “Long-period comet” type meteor showers (Jenniskens, 
2023). The “toroidal source” consists of short-period meteoroids in 
highly inclined ι ~ 60◦ orbits, and is named this way because these orbits 
form a cylindrical toroid in space (Hawkins, 1963). 

We notice here that many Jupiter-family comet showers come as a 
group that evolves smoothly from the Mellish-type group into the 
asteroidal group. Examples are the showers from the Machholz Complex 
for 96P/Machholz. Other Jupiter-family comet showers scatter to higher 
Tisserand parameters, with higher semi-major axis and having evolved 
less since capture by Jupiter. 

The meteoroid streams of primitive asteroids have similar Tisserand 
parameters to the evolved Jupiter-family comets. Based on identified 
parent bodies, only a few showers appear to have originated from 
primitive asteroids, and most of those have low perihelion distance 
(Jenniskens, 2023). 

Long-period comet streams are detected from parent comets with 
orbital periods in the range from 250 to 4000 y (Jenniskens et al., 2021). 
Those streams come in two different dynamical groups. Fig. 9 shows that 
most retrograde moving streams have a value of the rate at which the 
argument of perihelion (ω) changes along Earth’s path follows a strong 
function of the inclination of the orbit (Jenniskens, 2023). This group 
defines a class of parent bodies that are perturbed by planetary pertur
bations in a systematic way, showing mostly the effect of precession and 
conditions needed for the meteoroids to intersect Earth’s orbit. A similar 
but weaker effect is seen in the drift of the perihelion distance versus 
inclination. 

3.2. Measured dispersions 

Fig. 10A–C show the measured dispersions as a function of their 
values in the orbital elements node (Ω), argument of perihelion (ω), and 
inclination (ι). The dispersions describe the 1-sigma spread in the orbital 
elements, after correcting for daily drift along Earth’s path. The dis
persions in node were corrected for the geometry of the encounter, 
showing Ω * sin (δ), where the attack angle δ is given by: 

δ = 180◦

− arccos(sin(λ − λo) cos(β) ) (11)  

with λ and β the ecliptic longitude and latitude of the radiant and λo the 
solar longitude. The dashed lines in Fig. 10A and B show prograde (ι ≤

Fig. 7. Age estimates for long-period comet showers based on dynamical 
models of meteoroid stream dispersions (o, Table 5). Triangles show ages 
derived from published work (as listed in Jenniskens, 2023). 
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90◦) showers to the left and retrograde showers to the right. 
As expected, the dispersions in argument of perihelion and inclina

tion correlate with those in node. Each measure of dispersion includes an 
amount of measurement error. All video-detected showers combined 

have a median dispersion ±3.8◦ in node, ±3.8◦ in argument of perihe
lion, and 2.0◦ in inclination. The nodes are measured precisely, and 
measurement error in the dispersion of the node can be neglected. Most 
uncertainty in the nodal dispersion is from extracting the shower from 
the sporadic background. The median measurement error as determined 
from propagating Monte Carlo type error estimates in time, radiant and 
speed for individual meteors amounts to about ±0.5◦ in inclination and 
± 0.7◦ in argument in perihelion (Jenniskens et al., 2011). 

Dispersions in inclination (Fig. 10A) are low for Jupiter family comet 
showers in the anthelion and helion sources that have inclination <20◦. 
Dispersions are high for toroidal sources that have inclinations in the 
range 20 < ι < 90◦. Both trends could signify age, with Jupiter-family 
comet showers typically being dispersed rapidly by planetary pertur
bations, so most showers are young, while toroidal showers are 
dynamically evolved by Kozai cycles and tend to be old (e.g., Jenniskens, 
2006). The dispersions do not correlate with the sine of the inclination of 
the orbit, for 20 < ι < 160◦. 

The dispersions in argument of perihelion (Fig. 10B) tend to be lower 
when ω ~ 0◦ and 180◦, which is on account of geometry. Increased 
dispersion tends to move the meteoroids out of Earth’s orbit so that each 
shower measures only a narrow range in ω. 

As expected, the dispersion in node (Fig. 10C) does not correlate with 
the node itself. After correcting for attack angle, the dispersion is about 
half the dispersion in argument of perihelion for long-period comet 
showers, with no dependency on inclination 65◦ < ι < 175◦. Among 
prograde Mellish-type showers (gray symbols in Fig. 9), most with ι <
65◦ have a dispersion in node about two times higher than the dispersion 
in argument of perihelion. The dispersion in node is about equal to the 
dispersion in inclination, except for ι < 20◦, where the dispersion in node 
is typically higher. The dispersion in inclination is about half the 
dispersion in argument of perihelion, except in the inclination range 20 
< ι < 65◦, where the dispersion is about equal. 

Neglecting a possible factor of two weight for inclination, we defined 
a combined dispersion simply as: 

Fig. 8. A The median inclination of all video (•) and radar (o) detected meteor showers are plotted against the semi-major axis of the orbit. A dashed line gives the 
approximate distinction between short-period and long-period comet showers. B – The Tisserand parameter with respect to Jupiter for all meteor showers based on 
their median orbital elements. The meteoroid streams are dynamically evolved and traditional boundaries (< 1 for long period comets, 1-2 for Halley-type comets, 
2–3 for Jupiter-family comets, and > 3 for asteroids) differ slightly from those of their parent bodies. 

Fig. 9. The drift in argument of perihelion versus inclination for all showers. 
Long-period comet showers with TJ < 0.64 are shown as open circles and 
Mellish-type showers with 0.64 < TJ < 1.7 as gray solid symbols. The 
remainder are Jupiter-family comet and primitive asteroid showers. A small 
grouping identified as “aMo cluster” contains the long-period alpha-Mono
cerotids shower (IAU#246). Dashed line marks the distinction between pro
grade (left) and retrograde (right) orbits. 
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Fig. 10. A The dispersion of inclination as a function of inclination, with prograde showers on the left side of the dashed line and retrograde showers on the right 
side. B – As Fig. 10A for the dispersion of the argument of perihelion as a function of the argument of perihelion. C – As Fig. 10A, for the dispersion of node as a 
function of node. 
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Fig. 11. A – The dispersion in node, corrected for attack angle δ, for each shower is shown versus semi-major axis in the manner of Fig. 8A. B – Same as Fig. 11A, for 
dispersion in argument of perihelion (ω). C – Same as Fig. 11A, for dispersion in inclination (ι). 
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σtot =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
σι2 − 0.52

)
+
(
σω2 − 0.72

)
+ (σΩsin(δv) )

2
√

(12) 

Fig. 11A–C compare the dispersions for different comet types. The 
dispersion in node (Fig. 11A) tends to increase for shorter period orbits, 
but no longer for a < 2 AU. For long-period comets, the dispersion in 
inclination also tends to increase with decreasing semi-major axis. The 
dispersion in inclination is clustered among short-period showers, 
reflecting the presence of shower complexes (e.g., Taurid Complex). 

Finally, we examined the dependence of dispersions on the perihe
lion distance, assuming all values of perihelion distance sample the same 
range of shower ages. Fig. 12A shows the dispersions for all long-period 
and Mellish-type showers. The lower limit of dispersion follows a 1/q 
dependence as indicated by the slope of the solid line. The showers near 
this lower limit have the lowest dispersions and are the young showers 
in each bin of q. The population of older showers may follow a similar 
trend, but only until reaching a maximum dispersion of about 10◦. There 
is likely an upper limit to the dispersions based on what showers can still 
be separated from the sporadic background. The most dispersed showers 
have σΩ * sin (δ) ~ 20◦. Hence, this upper limit could be an observa
tional limitation to detecting very dispersed showers in the apex source, 
or it could be an effect of age, where the meteoroids are lost from the 
stream when reaching this limit. 

Fig. 12B plots the dispersion of the argument of perihelion for all 
showers (including Jupiter-family comet showers) as a function of 
perihelion distance on a log-log scale. Solid and dashed lines are pro
portional to ~1/q. For q ~ 1 AU, there is a full range of dispersions, but 
for q < 0.2 AU there are only small values. We interpret this to mean that 
showers with q < 0.2 AU do not sample the same range in age and are 
mostly young showers. 

3.3. Magnitude size distribution index 

The magnitude size distributions show much the same patterns with 
semi-major axis as seen in the orbital elements: broader (older) streams 
have on average higher magnitude size distribution indices (Fig. 13). 

Magnitude size distributions are measured independently from the 
stream dispersions. Because radiation forcing plays such a small role, the 
main cause of the dispersions in orbital elements is gravitational per
turbations, which are independent of mass in the size range considered 
here. 

Showers with high magnitude distribution index tend to be more 
dispersed (Fig. 14). The correlation coefficients are not high, however. 
Looking at individual orbital element dispersions, we have for σω a 
correlation coefficient r = 0.41, for σι: r = 0.46, and σΩ: r = 0.32. 
Restricting the sample to only long-period comet showers (shown in 

Fig. 12. A – Dependence of the three angular dispersions on the perihelion distance (q) of the orbit for all long-period and Mellish-type showers. The solid line shows 
the expected slope of a 1/q dependence. B – As Fig. 12A, but for all meteor showers. The slanted lines are proportional to 1/q and are scaled to match older showers 
(solid line) and young showers (dashed line). 

Fig. 13. Same as Fig. 11A, for the value of the magnitude size distribution 
index (χ) of each shower. 
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Fig. 14. A – The observed dispersion in argument of perihelion is shown as a function of the magnitude distribution index for long-period comet showers. Solid 
points are showers with perihelion distance q ≥ 0.3 AU, while crosses are those with q < 0.3 AU. B – As Fig. 14A, for the dispersion in inclination. C – As Fig. 14A, for 
the dispersion node corrected for attack angle. 
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Fig. 14A–C) does not change this picture: for σω: r = 0.55 (Fig. 14A), σι: 
r = 0.48 (Fig. 14B), σΩ: r = 0.51 (Fig. 14C). Either showers start out with 
different magnitude distribution index, they disperse at different rates 
depending on orbital elements, or the larger particles are lost at different 
rates depending on orbital elements or physical properties. Likely, all 
these issues play a role. 

Checking to see if the dispersion is affected by perihelion distance 
(shown schematically as two groups of different symbols in Fig. 14A–C), 
we first excluded the low prograde ι < 20◦ and retrograde ι > 160◦ in
clinations. Then, calculating correlation coefficients in steps of 0.1 AU in 
q shows that highest correlation coefficients for 20 < ι < 160◦ are for 
0.20 < q < 0.90 AU, with σω: r = 0.55, σι: r = 0.55, σΩ: r = 0.42; and 
lower values for q < 0.20 AU and q > 0.90 AU (Table 2). 

3.4. Light curve shape parameter 

Fig. 15 shows the light curve shape parameter F values for the fluffy 
type Ia–II shower component (Fig. 15A) and the dense shower compo
nents IIb–IV (Fig. 15B), with symbols indicating shower type as in Fig. 6. 
Values for the Ia–II component mostly scatter between 0.45 and 0.76 
and appear to be slightly higher on average for Jupiter-family comet 
streams (Fig. 15A). The difference is less clear for the dense shower 

component (Fig. 15B), where both comet types show the same range of 
F. 

Among the fluffy type Ia–II shower components, long-period comets 
have two types of materials, with a group at relative high F ~ 0.65 
(mostly type Ib showers) and a group at F ~ 0.53 (mostly type I 
showers). Going from high median values of semi-major axis a ~ 60 AU 
to low values a ~ 8 AU in this population shows initially a preponder
ance of type I showers, but then a preponderance of type Ib showers. 

Showers with small perihelion distance tend to be type II showers, 
not type I. Among the type I showers, there is no clear dependence of F 
value with perihelion distance, except that there are significantly few 
low values of F for q < 0.3 AU (Fig. 16). 

3.5. Meteoroid density 

The median meteoroid densities calculated are plotted in Fig. 17. 
Long-period comet showers tend to have lower densities than Jupiter- 
family comet showers, but there are exceptions. Notably the Draconids 
of comet 21P/Giacobini-Zinner have the lower density of 0.3 g/cm3 

typical of long-period comet showers. The long-period comet shower 
group also has some showers with properties more similar to those of 
Jupiter family comets. 

Low density meteoroids do tend to have a lower F-value (Fig. 18), as 
expected if low density meteoroids fragment more easily. 

Meteoroids in orbits with low q tend to have higher densities 
(Fig. 19). For q < 0.2 AU, the type II showers dominate. The type II 
showers in Fig. 19 that have q ~ 0.3 AU are members of the Taurid 
shower Complex. Overall, there is a 1/q dependence among Type I 
showers (open circles and gray dots). 

3.6. Fraction of dense (low beginning height) meteors over total 

Fig. 20A shows the fraction of dense over total meteoroids (fd) as a 
function of semi-major axis to show the different comet shower pop
ulations separately. Fig. 20B shows this ratio as a function of perihelion 
distance. 

We find that for the long-period comet population, the fraction of 
dense meteoroids in the population increases when the shower evolves 

Table 2 
Correlations coefficients (r) in bins of perihelion distance (q) of shower disper
sions versus magnitude distribution index for long-period comet showers with 
20 < ι < 160◦.  

q (AU) r_ι r_ω r_Node 

0.05 0.079 0.132 0.165 
0.15 0.378 0.096 0.391 
0.25 0.847 0.325 0.503 
0.35 0.415 0.475 0.330 
0.45 0.401 0.700 0.669 
0.55 0.583 0.601 0.187 
0.65 0.558 0.672 0.489 
0.75 0.531 0.397 0.269 
0.85 0.545 0.654 0.503 
0.95 0.433 0.543 0.292 
1.007 0.024 0.216 0.291  

Fig. 15. A – The value of the light curve shape parameter (F) for fluffy shower components of type Ia – II, with each type shown with the symbols of Fig. 6. B – As 
Fig. 15A, for the shower components of type IIb – IV, with symbols as in Fig. 6. 
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(with age) to lower semi-major axis. Low-fractions of dense material are 
found in some of the Jupiter-family comet showers. High fractions, up to 
100%, are found in low-q showers, with q < 0.2–0.3 AU. 

4. Dispersions and physical parameters as a function of age 

Meteoroid streams are expected to disperse over time. In order to 
quantify these changes, and catalog the changes in the size distribution 
index and meteoroid physical properties over time, the ages of observed 
meteoroid streams need to be determined. 

Numerous published dynamical models of meteoroid streams 
attempt to do just that, but show a lot of discrepancies between studies. 
A summary of that literature is provided in Jenniskens (2006, 2023). 
These studies require that the parent body, if known, be integrated back 
in time, then a cloud of meteoroids be integrated forward in time. The 
backward integration of the parent comet is not unique, and a subse
quent forward integration doesn’t necessarily bring the comet back to its 
observed orbit. In addition to the random nature of planetary pertur
bations, there are the unknown non-gravitational perturbations on the 
comet orbit. Finally, the comet activity may not be constant over time. 
Indeed, fragmentation is a dominant mechanism of meteoroid stream 

Fig. 16. The lightcurve shape parameter (F) of all showers as a function of the 
current perihelion distance of the orbit. Symbols as in Fig. 6. 

Fig. 17. Same as Fig. 11A, for the meteoroid density (ρ), with symbols as 
in Fig. 6. 

Fig. 18. The lightcurve shape parameter F-values as a function of meteoroid 
density for two “fluffy” types I and Ib (core of the band I). 

Fig. 19. The density of meteoroids in all showers as a function of perihelion 
distance. Symbols as in Fig. 6. 
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formation among short-period comets (Jenniskens, 2006). 
Here, we will first discuss the cases of Perseids and Taurids, from 

which Earth samples different parts of the stream complex, and then 
expand on the population of long-period comets, which are least affected 
by resonances and close encounters with the main planets. 

4.1. The Perseid shower components of comet 109P/swift-Tuttle 

Perseid shower parent comet 109P/Swift-Tuttle has a large ~26 km 
nucleus and passes relatively close to Earth’s orbit. Due to its large size, 
the comet orbit is unaffected by non-gravitational forces and its past 
orbit can be traced comparatively reliably (Yau et al., 1993). It is not 
known, however, what was the activity of the comet in the past. 

Halley-type showers such as the Perseids of comet 109P/Swift-Tuttle 
move in orbits that resonate with the orbit of Jupiter, or they librate 

about such resonances, so that the stream is relatively little perturbed 
from close encounters with Jupiter itself. That can also limit the rate of 
dispersion. The number of meteoroids in these confined configurations 
can build up over time, making these some of the richest meteoroid 
streams. The comet orbit itself may have evolved away from the part of 
the stream that is now encountered at Earth, but that is not the case for 
the Perseids. 

Recent comet ejecta of 109P/Swift-Tuttle encountered at Earth tend 
to be rich in bright meteors, with dust thought to have ejected during the 
previous 1862 CE return having a low magnitude distribution index ofχ 
~ 1.72 ± 0.07 (e.g., Brown and Jones, 1998; Jenniskens, 2006, 2023). 
Some other dust trail encounters have also been identified (Table 3), but 
those identifications are uncertain because of the similarity in width to 
the Filament component. The measured magnitude distribution index is 
also uncertain due to the strong annual shower background. 

Fig. 20. A – The fraction of dense particles (types IIb–IV) relative to the total for all showers. B – As Fig. 20A, but now plotted as a function of perihelion distance q.  

Table 3 
Perseid meteor shower components, with orbital elements perihelion distance (q), inclination (ι), dispersion in inclination, argument of perihelion (ω) and Node (Ω), 
the magnitude distribution index (χ), the age of the stream and the literature reference for the age information.  

# Component q (AU) i (◦) σι (◦) σω (◦) σΩ (◦) χ Age (y) Ref 

7 1862-dust trail 
λo ~ 140◦

0.960 113.39 0.23 0.58 0.040 1.72 ± 0.07 ~130 [1,2] 

7 1610-dust trail 
λo ~ 140◦

0.960 113.39 0.23 0.58 0.040 1.96 ± 0.07 ~381 [1,2] 

7 1079-dust trail 
λo ~ 140◦

0.960 113.39 0.23 0.58 0.040 2.12 ± 0.07 ~939 [1,2] 

7 Filament 
λo ~ 140◦

0.959 113.42 0.24 0.61 0.048 1.99 ± 0.13 390–1500 [1,2] 

7 Annual Peak 
138 < λo < 142◦

0.949 113.0 2.85 6.15 0.90 2.36 ± 0.03 3000–20,000 [4,5,6] 

7 July-Tail 
125 < λo < 130◦

0.956 111.6 4.00 5.84 1.39 2.83 ± 0.06 27,000–40,000 [3,4,6] 

7 July-Tail λo ~ 117.5◦ 1.002 109.7 4.11 5.82 2.17 3.09 ± 0.06 100,000–160,000 [1,6] 

Notes: References to age estimates: [1] Jenniskens (2006); [2] Jenniskens et al. (1998); [3] Hamid, 1954; [4] Jones & Brown (1998); [5] Harris et al., (1995); [6] 
Jenniskens (2023). 
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Other Perseid meteor shower outbursts appear to be accumulated 
dust from multiple returns forming what was called a “Filament” (Jen
niskens et al., 1998). These also tend to have low magnitude distribution 
index. Measured values varied from χ ~ 1.86 ± 0.14 in 1991, 2.12 ±
0.15 in 1992, 2.02 ± 0.04 in 1993, and 1.9 ± 0.2 in 1994 (Jenniskens, 
2006) (Table 3). The Filament has about twice the dispersion in node as 
the 1-revolution 1862 dust trail. The age is uncertain, presumably rep
resenting a number of comet orbits. 

The peak of the annual meteor shower contains relatively more faint 
meteors (χ ~ 2.36 ± 0.03) and is significantly wider. The main peak is 
due to dust particles produced in the last 5000 years according to Harris 
et al. (1995), while Brown and Jones (1998) suggest the meteoroids 
accumulated over a 15,000–20,000 year period. 

The Perseid main activity peak has a broad background component 
with an early onset in July. The Perseid maximum has σΩ < σω, while 

this background has σΩ ~ σω. The dust has a magnitude distribution 
index of χ = 2.83 ± 0.06. Harris et al. (1995) showed that this compo
nent is now understood to be debris located just outside Earth’s orbit 
ejected in the past, when precession of the node had not yet advanced 
into August. Dust in the longest period orbits took more time to return 
and the node precessed less quickly over the years (Jenniskens, 2006). 
From the calculated rate of precession of the comet orbit, at the moment 
+0.0002029◦/year (Yau et al., 1993), the age of dust at 130◦ solar 
longitude is ≤47,000 y, at 125◦ ≤ 71,000 y. An early estimate put the 
age of the extended stream at about 40,000 y (Hamid, 1954). 

The comet was last near Jupiter’s orbit ~160,000 y ago, when it may 
have been captured (Harris et al., 1995). The magnitude distribution 
index is χ = 3.09 ± 0.06 for λo = 117.5◦, when the meteoroids were 
ejected at least 108,000 y ago. 

All data combined (Table 3) suggests that the magnitude distribution 
index (χ = N(m + 1)/N(m)) changes logarithmically with age (Fig. 21, 
dashed line): 

Age (y) = 0.028 exp(4.95χ) (13) 

On the other hand, if we accept the Brown and Jones (1998) age of 
the main peak as opposed to that of Harris et al. (1995), then a linear fit 
to the age would also satisfy the data. The solid line in Fig. 21 is the 
relationship (with q the perihelion distance, see below): 

Age (y) = 40, 000√q (χ − 1.85) (14) 

These Perseids range from +4 to − 5 magnitude, corresponding to 
masses of about 0.0008 to 3 g, centered on 0.03 g (+0 magnitude). 
Because the magnitude distribution index is increasing in time, that 
means that the 0.03-g grains disappear faster than small 0.0008 g grains. 
If the relationship is logarithmic, remaining dust grains would need to 
live exponentially longer over time. 

4.2. The Taurid complex of comet 2P/Encke 

There are not many other meteor showers that have components of a 
variety of ages for which the ages were estimated. The most interesting 
short-period case is that of the Taurid Complex showers of comet 2P/ 
Encke. The Complex consists of night-time northern and southern 
branches for the stream on the way towards the Sun (in anthelion 
source), and day-time northern and southern branches on the way out 
(in helion source). The night-time branches have been studied best with 
video cameras and there appear to be a number of distinct components 
that cause the radiant of the stream to jump from component to 

Fig. 21. The magnitude distribution index of Perseids for different age com
ponents. The solid line assumes that the magnitude distribution index increases 
proportional to age, while the dashed line shows a dependence proportional to 
the logarithm of age. 

Table 4 
As Table 3, for the Taurid Complex meteor shower components.  

# Component q (AU) i (◦) σι (◦) σω (◦) σΩ (◦) χ Source Age(y) Src 

628 s-Taurids * 0.372 5.3 1.02 3.42 8.16 2.11 ± 0.12 2015 TX24 2,6-5200 [1] 
17 Northern Taurids 0.360 2.9 1.32 5.31 18.0 2.72 ± 0.06 2P 10,500 [2] 
173 Daytime β-Taurids 0.230 3.3 1.45 8.37 10.4 2.96 ± 0.73 2P 7–14,000 [2] 
2 Southern Taurids 0.333 5.5 1.59 6.18 21.1 2.95 ± 0.13 2P 14,500 [2] 
172 Daytime ζ-Perseids 0.330 5.5 1.41 8.31 9.64 3.13 ± 0.14 2P 16,000 [2] 
624 xi-Arietids 0.337 5.6 1.16 2.60 1.87 2.93 ± 0.37 2011 UD 4–8000 [3] 
625 lambda-Taurids 0.464 5.0 1.02 4.03 2.74 2.36 ± 0.10 2005 UR 5200 [3] 
626 lambda-Cetids 0.359 5.4 1.13 4.47 2.57 2.67 ± 0.10 2007 RU17 16,000 [3] 
627 nu-Piscids 0.316 5.3 1.53 3.11 7.62 2.86 ± 0.18 2010 RV3 4000 [3] 
629 A2 Taurids 0.396 2.7 1.03 2.52 1.65 2.11 ± 0.05 2014 NK52  [3] 
630 tau-Arietids 0.336 3.0 1.05 1.79 1.29 2.11 ± 0.05 2005 TF50 2–5200 [3] 
631 delta-Arietids 0.296 3.1 1.21 1.64 2.01 2.44 ± 0.16 2P 1–2000 [3] 
632 November eta-Taurids 0.357 2.8 1.07 1.55 1.22 2.09 ± 0.14 2004 TG10 4–8000 [3] 
633 p-Taurids 0.419 2.6 1.07 2.71 2.26 2.38 ± 0.02 2012 UR158  [3] 
634 tau-Taurids 0.426 2.6 1.11 1.35 1.82 2.37 ± 0.08 2003 UL3 16,000 [3] 
635 A1-Taurids 0.374 2.7 1.01 1.52 1.47 2.28 ± 0.09 2019 UN12 8000 [3] 
637 f-Taurids 0.401 5.3 1.08 3.83 2.32 2.69 ± 0.14 2010 TU149 8–16,000 [3] 
25 North. Oct. δ-Arietids 0.316 3.6 1.29 5.37 4.94 2.46 ± 0.05   [3] 
28 South. Oct. δ-Arietids 0.285 5.8 1.42 3.15 4.12 2.94 ± 0.11  8000 [3] 
286 omega-Taurids 0.515 5.2 0.92 5.07 1.48 2.16 ± 0.02   [3] 

Notes: *) Breakup of 2015 TX24 from 2P;[1] Egal et al. (2021); [2] Egal A., et al. (2022a,b); [3] Tomko and Neslusan (2019). 
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component (Jenniskens et al., 2016a; Jenniskens, 2023). These com
ponents have individual parent objects associated with them, all with 
orbits that could make these fragments of comet 2P/Encke. Table 4 gives 
an overview. 

2P/Encke moves in an orbit decoupled from Jupiter. Showers in the 
Taurid Complex evolve gradually by rotating the nodal line over a 
timescale of about 5000 y (Hamid, 1954). The streams are only observed 
when one of the nodes evolves into Earth’s path. In addition, the 
longitude of perihelion precesses, which changes the node over time. If 
showers are relatively short-lived, the Complex as a whole will be 
distributed as much as the parent bodies are. 

The case of the Taurids was discussed in Jenniskens et al. (2016a). 
The key observation was that the Taurids do not strictly have twin 
showers. While the Northern and Southern Taurids are considered twin 
streams, they do not have the same nodal distribution as would have 

been expected from rotation of the nodal line. Individual components of 
the Southern Taurids do not have a counter part in the Northern Taurids. 

That is most obvious for shower 628, the s-Taurids, which cause 
meteor outbursts every 3 years from the Southern Taurid component, 
with no similar component in the Northern Taurids, likely due to dust 
trapped in the 7:2 mean motion resonance (Asher and Izumi, 1998; 
Spurny et al., 2017). The likely parent body is asteroid 2015 TX24, which 
broke from comet 2P/Encke about 5200 years ago (Devillepoix et al., 
2019). The stream may have that same age if most of the dust is from 
that breakup, or half that value, if ongoing activity from 2015 TX24 is 
responsible. Note that for this low-inclined Jupiter-family shower, there 
is a significant dispersion in both the node (Ω) and the argument of 
perihelion (ω), despite the young age of the stream, but the longitude of 
perihelion (ω+Ω) is nearly constant. 

Fig. 22. The magnitude distribution index of Taurid Complex showers for 
different age components. The solid line is an exponential fit to the data, the 
dashed line a linear fit. The dashed line labeled “Per” is the dashed line 
in Fig. 21. 

Table 5 
As Table 3, for the modeled long-period comet meteor showers.  

# Component q (AU) i (◦) σι (◦) σω (◦) σΩ (◦) χ Source Age (y) 

6 April Lyrids 0.920 79.4 2.17 3.92 1.17 2.13 ± 0.03 C/1861 G1 29,000 
130 delta-Mensids 0.963 59.6 2.51 2.96 5.88 2.70 ± 0.06 C/1804 E1 51,000 
145 eta-Lyrids 1.000 74.4 1.66 1.60 1.53 2.70 ± 0.04 C/1983 H1 49,000 
206 Aurigids 0.677 148.0 1.45 5.74 7.43 2.79 ± 0.02 C/1911 N1 78,000 
331 alpha-Hydrids 0.314 61.5 4.67 8.52 10.54 2.94 ± 0.07  65,000 
410 delta-Piscids 0.920 178.3 0.86 3.49 2.15 3.12 ± 0.14  50,000 
427 February eta-Draconids 0.971 55.4 1.53 2.02 0.62 2.45 ± 0.20  17,000 
458 June epsilon-Cygnids 0.920 95.7 1.33 2.46 0.62 2.13 ± 0.05  32,000 
510 June rho-Cygnids 1.007 88.5 1.50 1.87 0.86 1.99 ± 0.05  40,000 
517 April lambda-Ophiuchids 0.303 110.8 1.62 4.06 4.09 2.52 ± 0.28  41,000 
519 beta-Aquariids 0.919 156.0 1.24 3.25 5.63 3.42 ± 0.15  40,000 
569 omicron-Hydrids 0.680 114.3 3.85 8.24 7.41 4.20 ± 0.36  140,000 
571 26-Bootids 0.497 83.1 0.98 2.63 1.55 1.84 ± 0.11  27,000 
647 beta-Comae Berenicids 0.640 22.1 1.98 3.79 9.83 2.35 ± 0.09  10,000 
681 omicron-Aquariids 0.363 161.9 3.22 6.71 6.78 3.88 ± 0.17  35,000 
798 August Caelids 0.994 83.6 7.01 10.79 11.47 3.33 ± 0.14  200,000 
822 Nu Taurids 0.562 135.9 1.93 5.21 10.77 3.48 ± 0.27  60,000 
828 31 Pegasids 0.247 49.2 2.41 2.18 4.76 2.70 ± 0.45  27,000 
839 phi-Serpentids 0.429 69.0 1.11 1.62 0.73 1.66 ± 0.55  15,000 
1047 gamma-Crucids 0.929 102.8 1.48 3.44 1.54 2.93 ± 0.19  56,000  

Fig. 23. The shower age derived from dispersions as a function of the magni
tude distribution index for all long-period comets. Ages derived from modeling 
are shown as open circles, while the ages derived from a generalized equation 
proportional to dispersion are shown for long-period comets (•) and Mellish- 
type comets (+). The solid line has the magnitude distribution index increase 
proportional to age, while the dashed line labeled “Per” is the exponential-fit 
dashed line of Fig. 21. 
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The evolution of other Taurid shower component streams was 
recently modeled by Tomko and Neslusan (2019). Different filaments 
were found to cross Earth’s orbit that roughly correspond to the 
observed components. Table 4 gives the corresponding ages for each 
component. 

In this case, the past orbit of the parent body is critical. Recently, an 
alternative explanation was found for why the broad Northern and 
Southern Taurids as a whole do not have matching distributions in node. 
Egal et al. (2021, 2022a, 2022b) found that the nodal distribution could 
be reproduced if comet 2P/Encke itself spent some time in the 7:2 mean- 
motion resonance with Jupiter in the recent past. This model suggested 

that some of the observed Taurid stream components are due to plane
tary perturbations on ejecta by 2P/Encke itself. From this model, the 
nominal ejection age of the dust contributing to the meteor shower seen 
today was given (Table 4). 

Taken together, the Taurid Complex shows an increase of magnitude 
distribution index with age as shown in Fig. 22. Again, the data suggest a 
relationship proportional to the log of age, in this case best fit by a 
relation: 

Age (y) = 450 exp(1.14 χ) (15) 

This relation is much less steep than found for the Perseids (dashed 

Fig. 24. A – Magnitude distribution index as a function of perihelion distance only for young showers of 0–20,000 y age. The dashed line is proportional to 1/√q. B – 
As Fig. 24A, for showers of 20–40,000 y age. The lower dashed line is that of Fig. 24A. Two other lines show the steeper dependence expected of 1/q and 1/q2. C – As 
Fig. 24A, for old showers of 40–60,000 y age. The dashed line is that of Fig. 24A. D – As Fig. 24A, for the oldest showers of 60–100,000 y age. The dashed line is that 
of Fig. 24A. 
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line). However, a similarly good relation linear fit would be the dashed 
line in Fig. 22, which is only a factor of two different than found for the 
Perseids (Eq. 14): 

Age (y) = 20, 000√q (χ − 1.85) (16)  

4.3. Long-period comet showers 

The dispersion of the 247 long-period comet meteoroid streams in 
our sample is expected to gradually increase over time. We fitted the 
observed dispersion of inclination, argument of perihelion and node to 
the calculated ages of the long-period dynamical models (Table 5), 
taking into account the apparent increase of dispersion with 1/q shown 
in Fig. 12, and found a relationship: 

Age (y) ∼ 12, 000 q σtot (17) 

Fig. 23 plots the age estimates based on the observed dispersion as a 
function of the measured magnitude distribution index. All long-period 
comet showers (•) and Mellish-type comets (+) with age estimates ac
cording to Eq. 17 are shown, those that were modeled and of which the 
dispersion was matched to the observed dispersions are shown as open 
circles. 

Again, we identified an empirical age based on the magnitude dis
tribution index χ. The Perseid-derived relationship (dashed line) is not a 
good fit to the distribution. We assume a common starting point, which 
may or may not be true for all streams, and set it at the lowest measured 
values of χ = 1.85, the value where there is an equal combined cross 
sectional area per magnitude bin: 

Age (y) = 40, 000 (± 8000)√q (χ − 1.85) (18) 

This is the same relationship as Eq. 14 for the Perseids. We then 
noticed that a similar Age-σ relationship holds true for Mellish-type 
showers (0.65 < TJ < 2,  < 90◦). These relations differ in having a 
sqrt(q) dependence (see below), rather than q dependence as in Jen
niskens (2023), and there being no longer a significant difference be
tween Mellish type showers and long-period comet showers. 

After using Eq. 17 with dispersion to define narrow ranges of age, the 

magnitude distribution index of those showers is plotted as a function of 
perihelion distance (Fig. 24) and inclination (Fig. 25) for all long-period 
comet and Mellish type showers. With each bin of age, the magnitude 
distribution index increases (Fig. 24). 

In each age bin, the measured magnitude distribution index depends 
on perihelion distance, according to 1/√q (Fig. 24), but only if we 
ignore a number of high-χ showers near q ~ 1 AU that appear to have 
dispersions that do not represent the full dispersion of the shower. Taken 
together, the power-law fit implies a lower exponent of ~0.16–0.22. 

There is no clear dependence on inclination (e.g., Fig. 25). A group of 
toroidal streams in prograde orbits appear not to belong in the 
20–40,000 y age bracket, given that they have a high magnitude size 
distribution index. Perhaps the dispersion in Earth’s path here un
derestimates the full dispersion of the stream due to the encounter ge
ometry when ω ~ 0◦ or 180◦. 

5. Discussion 

5.1. Physical mechanisms of long-period comet stream dispersions 

Numerical integrations of long period comet meteoroid streams that 
remain in Earth’s path indicate that the dispersions of orbital elements ι, 
ω and Ω of particles ejected from a single perihelion increase linearly in 
time, over a time interval between 10,000 and 120,000 years after 
ejection, following an initial brief exponential or power law inflation 
until the along-orbit spreading is complete. 

The linear increase is due to random changes of the orbital elements 
in combination with the change in orbital periods of the particles over 
time starting from the initial comet orbital periods between 250 and 
4000 years. Particles in short orbits are perturbed more than those in 
longer orbits. The particles that evolve to short ~120–250 y orbits are 
the most frequent to return to Earth. 

Numerical simulations indicate that the dispersions of superpositions 
of ejecta from multiple perihelia also increase linearly with time, at 
similar rates. We surmise that there is a balance between loss and in
jection, with particles that are pumped to large periods being effectively 
lost to observation, and particles that drop to periods of under about 
120 years being lost from the stream due to interaction with the inner 
solar system. 

The orbital element dispersion growth of all elements increases fairly 
linearly with the orbital frequency (inverse of the period). The growth 
rate of the dispersion is generally larger for comets with lower perihe
lion, q. There is an additional change to the orbital elements due to 
precession/regression of the node that is also dependent on the orbital 
frequency. This contribution is less for higher inclined (20◦ < ι < 160◦) 
orbits. 

The physical effects associated with this are discussed in Pilorz et al. 
(2023). First, the non-radial radiation forces are small for cm-sized 
ejecta over short time periods, so the dispersion growth is entirely due 
to gravitational effects for all practical purposes. There is a randomi
zation due to perturbations as the various particles encounter the inner 
solar system at different epochs from each other, resulting in a rate of 
spread that is simply proportional to the number of orbits the particles 
have undergone. 

Low inclined orbits have an increase in dispersion over time due to 
rotation of the nodal line, causing an azimuthal motion of the node, with 
particles in short orbits receiving many kicks and those in longer orbits 
being perturbed less. The rate of precession is effected by gravity acting 
over an orbit, hence also is inversely proportional to period. 

The orbits with low q pass close to the Sun and experience pertur
bations due to the Sun’s motion relative to the barycenter. These are in 
the form of a non-radial force with respect to the solar system bary
center, in which the torque should be expected to go generally as 1/q. 

Altogether, we then expect the stream to reach a steady state in 
which particles are lost from the stream (either in reality, for the short 
period particles, or effectively, for the long period ones) at the rate they 

Fig. 25. Measured magnitude size distribution as a function of inclination, for 
all showers with calculated ages from dispersions in the range 20,000 to 
40,000 years. 
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are injected or larger. As long as this is true, the rate of dispersion growth 
of particles ejected together at a single perihelion governs the rate of 
dispersion growth of the stream as a whole. These effects accumulate 
over time in inverse proportion to the orbital period, and in strength as 
the inverse of the distance of perihelion. 

5.2. Lifetime at different masses: How meteoroid streams evolve in 
magnitude distribution index 

What is the mm- and cm-sized meteoroid lifetime under different 
orbital conditions? The relationship of magnitude versus age of Eq. 18 
implies a difference in meteoroid lifetime for meteoroids of different 
mass and size in a given stream. Meteoroids of a given size can break by 
erosive effects, increasing bins of smaller size at the expense of the larger 
sizes, or by catastrophic disruptions where the meteoroids of given size 
are disrupted into small fragments with sizes outside of the observed 
range. In either mechanism, Eq. 18 translates to lifetimes of about 
10,300 years for magnitude − 5 meteors (mass ~ 3 g), 14,000 years for 
+0 magnitude meteors (~0.03 g), and 21,700 years for magnitude +5 
meteors (mass ~ 0.0003 g). This is shown in Fig. 26. 

5.3. Implications for the mechanisms that limit the lifetime of cm-sized 
meteoroids 

The lifetimes for long-period comet streams for q = 1 AU (Fig. 26) 
match well to the lifetime of cm-sized dust particles in a 55P/Tempel- 
Tuttle orbit as calculated from the IMEM2 meteoroid environment 
models (Soja et al., 2016, 2019). Any discrepancy between observation 
and model is well within the factor of two or so uncertainty in our age 
scale for long-period comets, suggesting that these ages are at most 
~40% too low. Within this uncertainty, the results offer independent 
confirmation that the assumed meteoroid lifetimes for cm-sized particles 
in models like IMEM2 are correct, but it does not give insight into what is 
the main contributor to limiting the lifetime. 

Orbital period does not seem to influence the meteoroid lifetime 
significantly. The lifetime of short-period Taurid shower meteoroids are 
only a factor of two lower than those of long-period comet showers 
based on Eq. 17. The orbital period of observed long-period comet me
teoroids are mostly in the range 20–200 years (Fig. 8A), while Taurids 
have an about 3.3-y period. This too is consistent with the lifetimes 
calculated by Soja et al. (2016, 2019), who found very similar lifetimes 
for Leonids from comet 55P/Tempel-Tuttle with a 33.2-y orbit, Qua
drantids from 2003 EH1 with a 5.5-y orbit, and Draconids from comet 
21P/Giacobini-Zinner with a 6.5-y orbit, all having orbits with a range 
of inclinations but similar mean q ~ 1 AU perihelion distance over the 
lifetime considered (Fig. 26). 

The IMEM2 model results presented in Soja et al. predict a lifetime 
decrease for orbits with lower perihelion distances as shown in Fig. 27. 
The Grün et al. (1985) model predicts a q− 1 dependence for the mini
mum mass that collisionally destroys a target mass due to increase of 
impact speeds closer to the Sun. The q-dependency in results from the 
model appears to be less steep than the 1/q (adopted in Jenniskens 
(2023), shown as a dashed line), but not quite as shallow as the 1/√q 
found here in Fig. 24. The about q-0.77 dependency that results from the 
IMEM2 model may reflect the heliocentric dependence on dust density 
used in the model, which is consistent with results from radar-based 
orbital element surveys (e.g., Galligan and Baggaley, 2002). 

If that heliocentric distribution of dust density in the IMEM2 model is 
correct, an 1/√q dependence would imply that the lifetime of cm-sized 
grains in the q < 1.02 AU range is not limited by collisions, but rather by 
properties proportional to temperature. The peak temperature (T) of 
meteoroids along their orbit is proportional to T ~ 1/√q, based on the 
Stefan-Boltzmann equation flux ~ T4 and the fact that distance loss 
implies heat flux being proportional to 1/q2 (Poynting, 1904). 

A dependence on temperature could mean that the meteoroid life
time is limited by thermal stresses in the range 0.3 < q < 1.02 AU, given 
that it is generally assumed that the temperature gradient in a meteoroid 
ΔT ~ T (Delbo et al., 2014). The effect of these processes appears to be 
removing both the fluffy and dense particles from the population over 

Fig. 26. Measured e-folding lifetime of meteoroids in long-period comet (LPC) 
and Taurid meteoroid streams (on a 10log scale) compared to the MEMS2 
collisional model for meteoroids in the orbit of comet 55P/Tempel-Tuttle (Soja, 
2016). The MEMS2 lifetimes for Taurids are a factor of 3 lower. Also shown is 
the lifetime of 150 μm meteoroids at the peak of the mass influx curve ac
cording to Nesvorny et al. (2010). 

Fig. 27. Measured e-folding lifetime (on a 10log scale) as a function of peri
helion distance. The gray line is the 1/√q dependency observed, while solid 
points are the collisional lifetime from the IMEM2 model of 0-magnitude me
teors that move in the orbits calculated by Soja et al. (2016). The dashed line 
shows a 1/q dependence for reference. 
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time, but results in a faster removal of the fluffy material. The prefer
ential loss of fluffy particles over dense particles of the same mass in 
Fig. 20 implies a different lifetime. Fluffy particles have lower thermal 
conductivity and can more easily set up thermal stresses. Moreover, they 
have higher grain cross-sections due to a lower density. Densities of 
long-period comet and Mellish-type showers have a median value of ρ 
~0.69 g/cm3 for fluffy particles and ρ ~2.06 g/cm3 for dense particles 
(Jenniskens, 2023). This corresponds to fluffy particles having a diam
eter 44% larger and a surface area difference of a factor of 2. 

Near the Sun (q < 0.3 AU), the observed streams tend to be domi
nated by dense grains, poor or free in sodium (Borovicka et al., 2005; 
Jenniskens, 2023). Given that half of a cometary meteoroid is thought to 
consist of organic matter, it is likely that temperature plays a more direct 
role here. Around 0.3 AU, the grain temperature reaches 500 K, high 
enough to start sublimating some of the organic components that hold 
the mineral grains together. At q = 0.2 AU, that temperature has risen to 
about 610 K, at which much of organic matter is lost. The 50% 
condensation temperature for Na is about 960 K (Li et al., 2020), sug
gesting that if grain orbits evolve q to below 0.08 AU, all sodium will 
soon be lost. 

No showers are observed for streams with q < 0.03–0.04 AU. At 
those distances, silicate materials sublimate by the heat of the Sun. At 
0.04 AU, the grain temperature reached is ~1400 K, at which time 
mineral components will start to sublimate and the grains are lost. The 
50% condensation temperature for the core elements Mg and Fe is about 
1336 and 1335 K, respectively (Li et al., 2020). 

5.4. Implications for understanding other parts of the mass influx curve 

If the lifetime of cm-sized meteoroids with q < 1.02 AU is dominated 
by processes other than collisions, how can we understand the shape of 
the mass influx curve at Earth (Fig. 1)? Dynamical models of the zodiacal 
cloud need a lifetime of about 300,000 years for 100 μm meteoroids at 
the peak of the mass influx curve to explain the zodiacal infrared 
emission distribution (Nesvorny et al., 2010). That value compares well 
to the lifetime adopted in the MEMS2 model (Fig. 26). In the Grün et al. 
collision model, the longer lifetimes for smaller sizes reflect a relative 
lower abundance of small impactor particles. On the other hand, smaller 
grains are less susceptible to thermal stresses because it is harder to set 
up a temperature gradient across the grain. 

Temperature will affect the lifetime of small grains on orbits with q 
< 0.3 AU in a different way than for large cm-sized grains. Their lifetime 
is relatively longer because small grains are more efficient in radiating 
heat and more efficient at scattering light. Moreover, as they warm, their 
structure and chemical composition will change, which will also change 
their optical properties, increasing albedo with the loss of organics, 
resulting in less absorption of sunlight. 

The longer lifetimes for particles larger than 1-cm may have a non- 
collision rate related reason also. The upward curvature in the colli
sional lifetime model for meteors brighter than − 5 magnitude may not 
be due to fewer suitably-sized impactors at larger sizes, but rather the 
changing composition of the meteoroids, from being dominated by 
cometary matter for meteors fainter than − 5 magnitude to being 
dominated by asteroidal matter for meteors brighter than − 15 magni
tude. While asteroidal objects of 0.1 to 1-m in size are known to exist and 
survive for up to 100 million years, based on meteorites that fall on the 
ground, there are few large cometary boulders in the sporadic popula
tion and most are associated with the Leonid shower (Ozerov et al., 
2014). Larger objects in the Taurid complex often belong to the s- 
Taurids, a relatively young shower component (Devillepoix et al., 2019). 
The bright Leonid fireballs, too, may be part of such a “Filament” 
component, a young stream. 

6. Conclusions 

The dispersion of meteoroid streams from long-period comets with 

perihelion distances 0.3 < q < 1.02 AU increases in time and at a faster 
rate for streams with shorter perihelion distances, proportional to 1/q. 
When long period comet showers age, their magnitude size distribution 
increases, the fraction of dense materials increases, and their mean 
densities increase. Low-density materials are lost before high density 
materials. 

Showers with shorter perihelion distances q < 0.2 AU, and a fraction 
of q < 0.3 AU, appear to be mostly young. The meteoroids in these young 
streams are already highly modified, with a high fraction of dense ma
terials, poor or free in sodium, and predominantly high lightcurve shape 
parameter F-values. This includes meteoroid streams on both short 
period and long period orbits. 

Based on literature data on the age of stream components, the 
Taurids of comet 2P/Encke (3.3-y orbit, approaching the Sun to ~0.34 
AU) show a linear increase of χ with age, while the Perseids of comet 
109P/Swift-Tuttle (133-y orbit, approaching the Sun to ~0.96 AU) hint 
at the same, depending on the correctness of the various proposed age 
estimates. 

Based on new dynamical modeling, we derived age estimates for 
long-period comet showers based on their observed dispersions. 
Modeled dispersions increase more or less linearly with age for ages of 
about 10,000 to 120,000 years, after an initial rapid increase when 
grains first spread along the orbit. Perihelion distance does not change 
much over time, but low-inclination showers show strong precession in 
the form of a rotation of the nodal line, so they remain in Earth’s path 
only for a short period of time. We confirm that low perihelion distance 
streams spread faster, proportional to 1/q. Taking this into account, we 
again find a linear increase of χ with age, at a rate similar to that found 
for the Perseids, and only a factor of two slower than that found for the 
Taurids. 

While the lifetime of grains is calculated correctly in current zodiacal 
cloud models, to within a factor of two, the reason for those lifetimes is 
not due to grain-grain collisions. When restricting the sample of 
observed showers in narrow groups of age (based on dispersion), we find 
that in each age group the value of χ increases towards smaller values of 
q. The magnitude distribution index is proportional to 1/√q. This 
shallow dependence on perihelion distance is less steep than in current 
meteoroid environment models that assume that the meteoroid lifetime 
is limited by collisions. 

Instead, our 1/√q dependence on perihelion distance suggests that 
the meteoroid lifetime of grains that move in orbits with 0.3 < q < 1.02 
AU is limited by the peak grain temperature along the orbit. This is 
possible if that lifetime is limited by thermal stresses. For perihelion 
distances q < 0.3 AU, temperature may be a more direct factor in that 
sublimation of organic compounds can limit the lifetime of the grains. 
For q < 0.08 AU, minerals containing sodium are lost from the grains 
and for q < 0.04 AU the core minerals sublimate. No meteoroid streams 
are observed with q < 0.03 AU. 

We conclude that processes other than grain-grain collisions are 
responsible for the loss of cm-sized grains from meteoroid streams and 
the zodiacal cloud for particles on orbits with q < 1.02 AU. 
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Jenniskens, P., Nénon, Q., Gural, P.S., Albers, J., Haberman, B., Johnson, B., Morales, R., 
Grigsby, B.J., Samuels, D., Johannink, C., 2016a. CAMS newly detected meteor 
showers and the sporadic background. Icarus 266, 384–409. 
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