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Abstract1

When sufficiently close to the Sun, ices in cometary nuclei sublimate, ejecting in space2

dust and gases whose compositions can be derived by the remote spectral analysis of the3

cometary atmospheres. Those very rich spectra reveal a host of constituents from simple4

radicals like OH and CN in the optical range, to relatively complex organic molecules5

in the infrared and sub-millimeter domain. The majority of these molecules are made6

of C, H, O and N atoms. Iron, nickel and a few other siderophile atoms have only been7

detected in two exceptional sungrazer comets in a century and a half. Here we report8

that free atoms of iron and nickel are ubiquitous in cometary atmospheres as revealed9

by high-resolution spectra obtained in the near-ultraviolet with the ESO Very Large10

Telescope for a large sample of comets of various dynamical origins. The emissions of11

NiI and FeI in cometary comae have been overlooked until now and, surprisingly, are12

even detected at large heliocentric distances. The abundances of both species appear to13

be of the same order of magnitude, contrasting with the typical solar system abundance14

and providing clues about their origins in comet nuclei.15

The presence of iron in a comet atmosphere was discovered as early as the nineteenth century. Visual16

observations of the Great Comet of 1882 (C/1882 R1, 1882 II) had shown emission lines of iron, sodium17

and, possibly, of calcium and titanium [1]. The observations of this exceptional sungrazer comet were18

done during daytime with the 15-inch refractor at Lord Crawford’s private observatory in Dun Echt19

(UK) when the comet was only at 0.098 au from the sun. Almost a century later, taking advantage20

of the passage of another very bright sungrazer comet, C/1965 S1 (Ikeya-Seki), iron, nickel, cobalt,21

copper, manganese, sodium and ionized calcium lines were recorded on photographic plates when the22

comet was at 0.14 au from the Sun [2–7]. Iron lines were predominant whereas nickel was much less23
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abundant, with a Ni/Fe ratio comparable to that of chondrites and the solar photosphere [5]. These24

two comets were the brightest ever observed through a telescope and the metals were detected at very25

short heliocentric distances. It could therefore be assumed that the appearance of these lines was26

related to the intense solar radiation at perihelion at only a few solar radii (r=0.0086 au and 0.0078 au,27

respectively) just hours before the observations. The equilibrium temperature exceeded 3000 K allowing28

to sublimate refractory materials such as metallic nickel and iron which are “moderately refractory” with29

condensation temperatures between 1300 and 1500 K [8].30

The presence of iron vapor has also been claimed in another bright comet, C/2006 P1 (McNaught), based,31

not on spectroscopy but on the dynamical properties of a faint tail observed at perihelion (r = 0.17 to32

0.19 au) by the Heliospheric Imager aboard the STEREO spacecraft [9]. The iron atoms were thought33

to sublimate from sulfide grains, as direct ejection from refractories would be difficult at such perihelion34

distance (the solar radiation being about 500 times weaker than for the other two comets).35

Nickel and iron were detected in refractory dust particles collected in the coma of comet 81P/Wild 2 by36

the NASA Stardust spacecraft and analysed on Earth [10, 11], and in situ by the COSIMA experiment of37

the Rosetta ESA mission to comet 67P/Churyumov-Gerasimenko [12, 13]. Infrared spectra of the ejecta38

plume of comet 9P/Tempel 1 obtained by the NASA’s Spitzer space telescope during the Deep Impact39

encounter revealed amorphous and crystalline inorganic grains, including iron-rich olivines, pyroxene40

and smectite [14]. But up to now, no iron- or nickel-bearing molecules have been observed in the41

gaseous coma of comets, not even by the Rosetta spacecraft and its very sensitive mass spectrometer42

Rosina [15, 16].43

In the last two decades we observed dozens of comets of various dynamical origins with the high-44

resolution Ultraviolet-Visual Echelle Spectrograph (UVES) of the ESO Very Large Telescope (VLT), in45

order to estimate, among other properties, their isotopic ratios and detailed compositions [17–19]. Our46

attention was drawn to a series of lines in the spectra of the peculiar comet C/2016 R2 (PanSTARRS)47

(Extended data Fig. 1). This peculiar comet is characterized by very low CN, C3 and C2 abundances48

[19] that allowed to identify more easily faint lines usually hidden in the forest of molecular features.49

These lines could be matched with the FeI and NiI tables from the National Institute of Standards and50

Technology (NIST) [20] and we decided to find out if they were present in other UVES spectra.51
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1 Results52

The UVES VLT spectra used here (Extended data Table 1) were collected over a large range of helio-53

centric distances (0.68 au to 3.25 au). The use of a narrow 0.4 arcsec slit provides a resolving power54

(λ/∆λ) of about 80000 and its length of 10 arcsec covers ∼7500 km of the coma at a distance of 1.0 au.55

Except for a few cases the slit was centered on the comet nucleus. The use of a dichroic filter feeding56

the blue and red arms of the spectrograph allowed to obtain for most comets a spectrum covering a57

large part of the spectral range from the near UV atmospheric cutoff to the near IR (304-1040 nm).58

The reduction procedure is similar to that of [21].59

Close examination of these spectra revealed the omnipresence of iron and nickel, with up to about 4060

FeI lines and 25 NiI lines in some of them. A complete list of the FeI and NiI lines positions and61

intensities identified for each comet can be found as Supplementary information (FN-lines.csv). These62

lines are located in the blue part of the spectrum (< 450 nm) where there are plenty of bright molecular63

emissions making blends unavoidable. Examples are the bright FeI 3859.91 Å and 3856.37 Å lines which64

are blended with the generally much stronger CN R4 3859.95 Å and R9 3856.40 Å, respectively, as well65

as the NiI 3458.46 Å line which is often overwhelmed by some underlying line, explaining in part why66

they were missed until now. We searched for the lines of the other atoms of the iron peak that were67

observed in comet Ikeya-Seki, in particular neutral chromium, the most abundant after nickel, but we68

could not identify any of them.69

The metallic lines, contrary to the molecular lines, are sharp and peaked on the nucleus with only a70

short spatial extension as it was already noted by [5] for Ikeya-Seki. The few spectra not centered on71

the nucleus do not show these lines, or only faintly. The best lines in the spectra obtained during the72

relatively close encounter of 103P/Hartley 2 with the Earth (Extended data, Fig. 1) show a radiance73

inversely proportional to the distance to the nucleus p. Such a profile corresponds to an ejection from74

the surface of the nucleus or a short-lived parent [3] and a constant expansion velocity, resulting in a75

1/p2 density distribution. The spectra taken parallel and perpendicular to the Sun direction indicate76

that the metal distribution in the inner coma is isotrope. This suggests collisional dragging and an77

initial velocity high enough to hide radiative pressure effects.78

2 Analysis79

Once freed in a collision-less environment, the atoms are bathed into the solar radiation and would80

conceivably tend toward an excitation temperature of the order of the effective temperature of the Sun,81
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about 5800 K. In order to analyze their emission spectra, we first considered a simple 3-level model as82

done previously for the analysis of Ikeya-Seki [2, 22]. Since this model is based on several assumptions83

and simplifications, we also built a multilevel atomic model taking into account the complex high-84

resolution structure of the solar spectrum (Section 4.1 in Methods). This yields column densities which85

allowed us to compute the production rates of NiI and FeI for each comet.86

The column density profile is derived from the average over the slit area by means of a 1/p distribution87

convolved with a 1 arcsec gaussian representing the typical seeing. In the case of an isotropic expansion88

at a constant velocity v, the column densities Ncol and the production rates Q are linked by the relation89

Ncol = Q/(4v∆p). We adopt the commonly assumed value of 0.85 r−1/2 km/s [23] for the expansion90

velocity of both atoms. Table 2 (Extended data) gives for each spectrum the FeI and NiI column91

densities and production rates.92

In order to compare these abundances with the other species observed in our spectra, we calculate the93

production rates of OH, CN and CO+
2 using Haser models [24–27] integrated over the slit (Extended94

data, Table 3). As a proxy to the dust production rate we use the Afρ parameter [28], to which it is95

proportional for a 1/p brightness profile. Afρ is derived from the dust continuum intensity around the96

CN band and is corrected for the phase effect, the seeing and the slit geometry. The comparison with97

the production rates of OH, H2O, CO, CN, CO+
2 and the dust (Extended data, Fig. 9) shows that the98

production rates of FeI and NiI are well correlated with those species, with the neat exception of comet99

C/2016 R2 for which NiI and FeI correlates only with CO and CO+
2 .100

The quantities found are very small. For the Jupiter family comets they correspond to only about101

1 g of metal ejected every second, compared to about 100 kg of water, making these elements minor102

constituents of the coma.103

The Ni/Fe abundance ratio does not depend on the heliocentric distance or the comet origin (Fig. 2). Its104

average value is about unity (log(Ni/Fe)= −0.06±0.31), i.e., an order of magnitude higher than the solar105

value (log(Ni/Fe)= −1.25±0.04, [29]) and the ratio measured in Ikeya-Seki (log(Ni/Fe)= −1.11±0.09).106

In our sample, comet 103P/Hartley 2 has the lowest value, log(Ni/Fe)= −0.64± 0.07, and the carbon-107

chain depleted comet 73P the highest value, log(Ni/Fe) = 0.60±0.23, both at heliocentric distances close108

to 1 au.109
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3 Discussion110

The key result of this study is the detection of ubiquitous FeI and NiI emission lines in a large sample111

of comets up to heliocentric distances as far as 3 au, with an average Ni/Fe abundance ratio of about112

1, much higher than in the sungrazer comet Ikeya-Seki, and than in the Sun. Another important result113

is the high metallic abundance in the distant and chemically peculiar comet C/2016 R2 relative to its114

other elements, except CO and CO+
2 . This water-poor comet had a high activity driven by a large CO115

production rate of about 1029 molecules/s [31, 32]. The spatial profile of the metal lines indicates that116

the atoms must originate directly from the nucleus, or from some parent which dissipates rapidly.117

The comet blackbody equilibrium temperature is expected to be around T ≃ 280 r−1/2 K with r in118

au, that is ∼340 K for the comet observed at the closest distance to the Sun (0.68 au) and ∼150 K119

for the most distant one (3.3 au). These temperatures are much lower than those required to vaporize120

refractory dust grains or iron and nickel in metallic form. We thus explore several possibilities to explain121

how FeI and NiI atoms are released at such low temperatures and why nickel is enhanced by an order122

of magnitude relative to iron compared to the solar system abundances.123

The radiation pressure on the iron atoms is relatively small. The β-parameter characterizing the ratio124

between the radiation pressure and the gravity is about 6 for iron [9], which is too small to alter125

appreciably the velocity field in the vicinity of the nucleus and to significantly decrease the column126

density of iron relatively to nickel. Moreover, comet Ikeya-Seki which should show the largest effects,127

displays a normal (solar) abundance ratio. The observed high Ni/Fe ratio must then be representative128

of the sublimating material or of the sublimation process.129

Iron is known to be distributed between silicates, sulfides and metallic iron, silicates and metallic iron130

requiring much higher temperatures (∼ 1200 K) to sublimate than sulfides (∼ 600 K), while nickel is131

only found in sulfides and the metal phase [33, 34]. We may thus naturally expect a higher Ni/Fe132

abundance ratio if sublimation occurs at temperatures lower than 1000 K. This is even more true as133

the FeNi alloys and sulfides formed in the low temperature range are Ni-rich, such as kamacite and134

pentlandite [35]. Although some comets might actually be Ni-rich, partial sublimation of species with135

Ni/Fe solar abundances could thus explain the high Ni/Fe abundance ratios we measure in comets far136

enough from the Sun. This nevertheless requires temperatures around 500 K at least, still higher than137

expected from the blackbody equilibrium temperature at heliocentric distances larger than 0.4 au. FeNi138

metals and Ni-rich sulfides like pentlandite have been found in cometary material and interplanetary139

dust particles (IDPs), often in the form of nanometer-sized particles [36–39]. The number of Fe and140
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Ni atoms beeing the same, it would offer a clear explanation for the relative abundance close to 1,141

in average, but not the large over- or under-abundance of Ni, observed in, e.g., comets Garradd and142

Hartley 2, or in the carbon-chain depleted comets 21P and 73P.143

Small cometary grains can be heated to much higher temperatures than blackbody equilibrium tempera-144

tures [40], especially if they are small enough to be stochastically heated [41]. Collisions of high-velocity145

nanoparticles with cometary dust grains could break the matrix in which Fe and Ni are embedded and146

produce impact vapor with a temperature that could be of the order of 1000 K [42]. Several mechanisms147

can thus potentially provide the necessary heating, especially if a significant amount of iron and nickel148

is in the form of nanoparticles.149

The correlation of the production rates of iron, nickel and carbon oxydes for all the comets of our sample150

may point to some common origin. Iron and nickel carbonyls, Fe(CO)5 and Ni(CO)4, respectively, have151

been proposed as possible cometary constituents [43, 44]. To test this hypothesis we have estimated the152

sublimation temperatures and sublimation rates of both the iron and nickel carbonyls (Methods 4.2).153

These temperatures are only slightly higher than that of CO2 and indicate that, if present in comets,154

these carbonyls can sublimate at low temperatures and at large distances from the Sun, contrary to155

the silicates and sulfides. This could explain why carbonyls have not been found in IDPs while they156

have been recently identified in the Lewis Cliff 85311 meteorite [45]. Furthermore the higher rate of157

sublimation of Ni(CO)4 compared to Fe(CO)5 (Fig 3), about a factor 10 at temperatures around 300 K158

typical of the diurnal temperature of the nucleus [46], might provide a simple explanation to the Ni/Fe159

overabundance. This scenario nevertheless depends on the efficiency of the photodissociation of the160

carbonyls. Interestingly, similar computations for chromium, the next most abundant metal in the Sun161

after Ni, show that the sublimation rate of Cr(CO)6 is lower by a factor of about 100 with respect to162

Fe(CO)5, which means that, if both CrI and FeI originate from carbonyls, CrI would be a factor of163

about 10000 less abundant than FeI, explaining the non detection of the CrI lines. A detailed photo-164

chemical analysis, beyond the scope of this paper, would be needed to verify if this scenario can actually165

reproduce the measured abundances, but the discovery of iron and nickel free atoms in comets indicates166

that important constituents of the nucleus or processes in the coma are still missing, possibly bringing167

new important constraints on comets composition and the solar system formation.168
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Figure 1: Observations of the Fe and Ni lines.

Top. C/2016 R2 spectrum. Selected region showing many FeI and NiI lines in the spectrum of comet
C/2016 R2 (PanSTARRS) obtained at the ESO Very Large Telescope.
Bottom. The left panel shows the 2-dimensional spectrum of the FeI 3719 Å line in comet 103P/Hartley
2 on November 2010, at its closest approach to Earth at only 0.17 au. Wavelengths are along the
horizontal axis and cover a range of 3 Å. The spatial dimension (vertical axis) extends over the entire
height of the 10 arcsec slit (1230 km at the distance of the comet). The horizontal trace represents
the reflected solar spectrum by the dust which shows a deep FeI absorption line. The spatial profile
(right panel) plotted as a function of the projected nucleocentric distance p agrees well with a 1/p
distribution of the surface brightness and a 1.35 arcsec blurring corresponding to the seeing and the
tracking imperfections. The NiI lines display the same profile.
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Figure 2: Abundance ratios.

Ni/Fe abundance ratios determined with the multilevel model for the comets of our sample. r is the
heliocentric distance. Different symbols are used according to the dynamical class [30] : HFC (Halley
Family) and JFC (Jupiter Family) correspond to ecliptic comets with short periods (< 200 years), EXT
corresponds to external comets with semi-major axis a < 10000 au and NEW corresponds to external
comets which directly come from the Oort cloud (a > 10000 au). The great comet C/1965 S1 (Ikeya-
Seki) has been added. The horizontal dashed-dotted line indicates the solar value. The dashed and the
dotted lines represent the sample average and the standard deviation.

Figure 3: Sublimation of carbonyls.

Top : the sublimation rate (in molecules cm−2 s−1) of iron and nickel carbonyls as a function of the
temperature, compared to major species in comets.
Bottom : the sublimation rate ratio Ni(CO)4 over Fe(CO)5.
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4 Methods289

4.1 Excitation of FeI and NiI lines by resonance fluorescence and determination of290

Ni/Fe abundance ratios291

Preston [1] found that the intensity of the FeI and NiI emission lines observed in comet Ikeya-Seki292

at 0.14 au from the Sun can be related to the energy of the upper level of the transitions through293

a Boltzmann distribution, and that these lines are likely formed by resonance fluorescence. A sim-294

ple “curve-of-growth” analysis then provided the excitation temperature of the lines and allowed the295

determination of the Ni/Fe abundance ratio. In Sect. 4.1.1, we explicitly reformulate the resonance296

fluorescence model [2, 3] considering a 3-level atom and assuming that the solar radiation can be rep-297

resented by a diluted blackbody. For each comet the excitation temperature is empirically determined298

following Eq. 14 using the observed FeI emission line intensities and atomic data from the Atomic Line299

List v2.05 [4]. Suspected blends are not considered and a few recurrent outliers are discarded from300

the analysis, in particular a few FeI lines with lower energy levels higher than 2 eV, and the two NiI301

lines with the smallest log(gf). For NiI, the smaller range of upper energy levels precludes an accurate302

determination of the excitation temperature but, given the similar atomic level structure of FeI and303

NiI, we assume T (NiI) = T (FeI) as in [1–3]. In two comets, the number of observed FeI lines is too304

small to derive the temperature and we adopt T = 4000±1000 K, which is representative of the sample.305

The Ni/Fe abundance ratio is finally obtained from Eq. 15 with logUNi/UFe = 0.06 ± 0.02 computed306

for the temperature range 3500-5000 K. Errors on the abundance ratios account for the dispersion of307

the C values (fixed to 0.3 dex when the line number is smaller than 3) and the range of acceptable308

temperatures. The metallic lines found in comet Ikeya-Seki were similarly analyzed1, only considering309

the FeI and NiI lines that are also detected in our spectra to avoid any bias. Results for all comets are310

given in Sect. 4.1.1. The Ni/Fe abundance ratio derived for Ikeya-Seki is in excellent agreement with311

previous studies [1–3].312

Although the 3-level model seems to provide a reasonably good interpretation of the FeI and NiI emis-313

sion spectrum, it is based on approximations that need to be tested, in particular the assumption of314

identical excitation temperatures for FeI and NiI lines, and the use of a blackbody for the solar radia-315

tion (strong metallic lines in absorption are known to sprinkle the solar spectrum). We therefore built316

a multilevel atomic model where the true solar spectrum is taken into account. The model is described317

1The line intensities are taken from [1]. This paper provides equivalent widths in units of the sky spectrum intensity
and argues that the sky spectrum is mostly independent of wavelength (“white”) so that the equivalent widths can be used
as intensities with an error that can be as high as 30%.
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in Sect. 4.1.2. Input atomic data are extracted from the Atomic Line List v2.05 [4]. For FeI, we con-318

sider transitions with lower levels in the energy range 0-20000 cm−1, upper levels in the energy range319

0-40000 cm−1, and line strengths with Aki > 103 s−1. This results in 427 transitions with wavelengths320

between 2500 Å and 13000 Å for 85 energy levels including the ground level. For NiI, we use the same321

constraints with upper levels in the energy range 0-50000 cm−1 [5]. For the solar spectrum, we use the322

calibrated high-resolution spectrum of [6]. The spectral range is 2960-13000 Å, with a resolving power323

between 350000 (UV) and 500000 (IR). For the spectral range 2000-2960 Å, we use the calibrated solar324

spectrum of [7] which has a lower spectral resolution of 0.1 Å. Results are presented in Sect. 4.1.2. The325

multilevel resonance fluorescence model reproduces fairly well the observations, although with a line by326

line dispersion that can be significant for some comets. The derived Ni/Fe abundance ratios are given327

in Table 2 (Extended data). Tests and possible improvements are discussed in Sect. 4.1.3, essentially328

showing that the measured abundance ratios are robust. In Sect. 4.1.4, we compare the results from the329

two models. First we show that the excitation temperatures systematically lower than the Sun color330

temperature can be explained by the presence of strong absorptions in the true solar spectrum. We also331

emphasize the importance of the comet heliocentric velocity as the cometary FeI and NiI transitions can332

sample very different portions of the solar spectrum depending of the Doppler shift. The abundance ra-333

tios computed with the 3-level model are in good agreement with those ones derived from the multilevel334

model but show a systematic shift of 0.2 dex that can be corrected taking T (NiI) = T (FeI)+180 K.335

4.1.1 Three-level atom336

In addition to the ground level, FeI and NiI show a few metastable lower levels and upper levels of337

opposite parity. Observed transitions occur between the two sets of levels [2, 3, 5]. We then consider338

a 3-level atom, excited by resonance fluorescence. Statistical equilibrium for the ground and the lower339

levels writes340

nl(Alg +BlgJlg) + nu(Aug +BugJug) = ng(BglJgl +BguJgu) , (1)

ng(BglJgl) + nu(Aul +BulJul) = nl(Alg +BlgJlg +BluJlu) , (2)

where ng, nl, and nu are the volume density of atoms in the ground, lower, and upper levels, respectively.341

A, B are the Einstein coefficients and J the mean intensity of the radiation. Jij =
∫

J(ν)φ(ν) dν over342

the natural line profile that is Jij ≃ J(νij) with
∫

φ(ν) dν = 1. Since the lower level is metastable,343

15



transitions g ↔ l can be neglected and these relations simplify to344

nu

ng
=

BguJgu
(Aug +BugJug)

, (3)

nu

nl
=

BluJlu
(Aul +BulJul)

. (4)

With Aui/Bui = 2hν3ui/c
2 and giBiu = guBui for i = g, l, and assuming Jν = WBν where Bν(T ) =345

(2hν3/c2)/(ehν/kT − 1) represents the solar blackbody radiation and W the dilution factor346

W =
1

2
(1−

√

1−
R2

⊙

r2
) ≃

1

4

R2
⊙

r2
, (5)

we derive347

nu

ni
=

gu
gi

1

1 + (ehνiu/kT − 1)/W
. (6)

Since W ≪ 1 and assuming hν ≫ kT (Wien approximation) we can finally write348

nu/ng = W (gu/gg) 10
−θ χu , (7)

nu/nl = W (gu/gl) 10
−θ (χu−χ

l) , and then (8)

nl/ng = (gl/gg) 10
−θ χl (9)

where θ = 5040 K / T and χu (χl) is the energy of the upper (lower) level in eV. If n is the volume349

density of the atom in all states, nl/n = gl10
−θ χl/U(T ) where U(T ) =

∑

ni is the partition function,350

so that we have351

nu

n
= W

gu10
−θ χu

U(T )
. (10)

Due to the dilution of exciting radiation, the upper levels are weakly populated with respect to the352

lower ones and U(T ) =
∑

ni ≃ gg +
∑

l gl10
−θ χl .353

The intensity of the radiation emitted in the transition u → l, integrated over the line of sight, is given354

by355

Iν =

∫

jν ds where jν =
1

4π
nuAul hνul φ(ν) . (11)

Using the oscillator strength356

flu =
mc3

8π2e2ν2ul

gu
gl

Aul (12)
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we write357

Iν = N W
8π2e2h

4πm

gl flu
λ3
ul

10−θχu

U(T )
φ(ν) (13)

where N =
∫

nds is the column density. This relation can be written in the form358

log
Iλ3

gf
= −θ χu + C (14)

that allows the empirical determination of θ by plotting log(Iλ3/gf) against χu for observed spectral359

lines. I =
∫

Iν dν =
∫

Iλ dλ is the intensity (surface brightness) integrated over the observed line profile.360

Relative abundances of two atoms 1 and 2 can then be obtained using361

log
N1

N2
= (C1 − C2) + log

U1

U2
, (15)

where the constant Ci are computed from Eq. 14 for each observed line of a given atom using the derived362

value of θ, and then averaged.363

Fig. 4 illustrates for two comets the empirical method used to estimate the excitation temperature.364

In Table 2 we give the Ni/Fe abundance ratio computed with the 3-level model. T is the excitation365

temperature used for both FeI and NiI, and nlines the number of FeI and NiI lines considered in the366

analysis.367

4.1.2 Multilevel atom368

We consider m energy levels. Statistical equilibrium for level i reads369

m
∑

j=1
j 6=i

nj Qji = ni

m
∑

j=1
j 6=i

Qij (16)

where Qij = BijJij for i < j, Qij = Aij + BijJij and Aij = Bij (2hν
3
ij/c

2) for i > j, and giBij = gjBji.370

By defining Qii = −
∑m

j=1
j 6=i

Qij and n′
j = nj/n1, we finally have for level i371

m
∑

j=2

n′
j Qji = −Q1i , (17)
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that is a system of m linear equations with m−1 unknowns. By dropping the i = 1 redundant equation,372

and denoting αij = Qj+1,i+1, βi = Q1,i+1 and xj = n′
j+1 for i, j = 1,m−1, we write the matrix equation373



















α11 α12 · · · αm−1,1

α21 α22 · · · αm−1,2

...
...

. . .
...

αm−1,1 αm−1,2 · · · αm−1,m−1





































x1

x2
...

xm−1



















=



















β1

β2
...

βm−1



















(18)

that we solve with the Gauss-Jordan elimination method [8] to derive the atomic level population ratios374

n′
j . With nj/n = n′

j/(1 +
∑m

k=2 n
′
k)), line intensities are finally obtained for each transition j → i:375

Iji =
h

4π
N

n′
j

1 +
∑m

k=2 n
′
k

Aji νji . (19)

The high-resolution solar spectral irradiance Fλ given in [6] and [7] at 1 au is converted into mean376

intensity in the coma using Jij = J(νij) =
Fλλ

2
ij

4πc r−2 where r is in au. Relative abundances of atoms 1377

and 2 can then be obtained using378

log
N1

N2
= log

Iobs,1
Imod,1

− log
Iobs,2
Imod,2

, (20)

where Iobs and Imod (= Iji for N = 1 cm−2) are the observed and computed line intensities integrated379

over the observed line profile, respectively. The ratios log(Iobs,i/Imod,i) are computed for each observed380

line of a given atom, and then averaged to derive the abundance ratio.381

In Fig. 6, the FeI lines intensities computed with the model, Imod, are compared to the measured inten-382

sities, Iobs, for four comets. There is an overall agreement between the observed and computed spectra383

with some dispersion due to measurement errors and uncertainties on atomic data. The Iobs/Imod384

ratios are shown in Fig. 4 on a log scale for both the FeI and NiI lines. Although the dispersion of385

log(Iobs/Imod) for individual lines can be high due to other unknown blends or to model inaccura-386

cies (Section 4.1.3), differences between comets are immediately seen. In Table 2 we give the Ni/Fe387

abundance ratio computed with the multilevel model for all comets of our sample.388

For comets 103P and especially C/2016 R2, the dispersion of the intensity ratios is higher than for389

Ikeya-Seki, and some bright lines not well reproduced. In Sect. 4.1.3, we explore some possibilities to390

better reproduce the observed intensities but with no real improvement (and in any case no effect on391

the abundance ratios). Differences between Ikeya-Seki and other comets with respect to the model392
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could be, at least in part, attributed to the strong difference in heliocentric velocities, +110 km s−1
393

for Ikeya-Seki versus +3.5, -5.6 and +25.6 km s−1 for 103P, C/2016 R2 and C/2002 T7, respectively.394

The solar spectrum shows deep FeI and NiI absorption lines so that the radiation reaching the comet is395

strongly dimmed at low heliocentric velocities (Fig. 7). For high enough Doppler velocities, the radiation396

reaching the comet is expected to be more homogeneous for the different metallic lines, and closer to a397

blackbody.398

4.1.3 Tests, robustness and possible improvements399

We modified the constraints on the selected energy levels and minimum transition strength, considering400

up to 668 energy levels and 3435 transitions for FeI. No significant changes of the level populations and401

line intensities can be observed in the spectral range of interest, i.e., 3300-4500 Å. We also considered402

alternative atomic data sets, in particular from [9], and found no significant differences in the model403

results.404

The effect of collisions was also investigated, to try to better fit the observed line intensities. A colli-405

sional term Cij was added to the Qij defined in Sect. 4.1.2, with Cij/Cji = (gj/gi) × 10 θ(χi−χ
j). An406

approximate formula for estimating collisions with electrons is given by [10]. Given the low density and407

low temperature prevailing in cometary comae, collisions with electrons are negligible. Collisions with408

atoms or molecules might be considered but, as far as we know, no estimates are available for cometary409

atmospheres. We thus parametrized collisional de-excitation as Cji = ǫ [θ(χj − χi)]
δ where ǫ and δ are410

free parameters. Tests done by varying these parameters indicate that introducing collisions does not411

improve the modeling, and most often gives worse fits.412

We also considered extinction by dust in the inner coma using the standard CCM extinction curve [11].413

Both the incoming solar radiation and the outward emitted lines are assumed to be reddened. For414

C/2016 R2, assuming AV ≃ 1.5 (which is a reasonable value for the extinction in the inner coma [12])415

makes dispersion in Fig. 5 slightly smaller (while the abundance ratio is unchanged).416

Finally one should keep in mind that the fit of individual lines might be affected by the lower spectral417

resolution of the solar spectrum at wavelengths smaller than 2960 Å. Several transitions from the ground418

level do occur in that wavelength range for which the incoming solar flux might not be accurately419

estimated, at least at low heliocentric velocities.420
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4.1.4 Multilevel versus three-level model421

The comparison of the two models (Extended data Fig. 7) shows that the 3-level atomic populations422

reproduce fairly well the populations computed with the multilevel model and the Kurucz solar spectrum,423

provided that the blackbody temperature used in the 3-level model is significantly lower than the424

Sun effective temperature. We also estimated the excitation temperature using the FeI line intensities425

generated by the multilevel model, following Eq. 14. For cometary heliocentric velocities of 5 km s−1
426

and 100 km s−1, we derive T ≃ 4000 K and T ≃ 4500 K, respectively. The fact that the excitation427

temperature is smaller than the effective temperature of the Sun (5800 K) is thus mostly due to the428

fact that the flux from the solar spectrum is fainter than a blackbody due to the numerous absorption429

lines, in particular when the Doppler velocity is close to zero (Extended data Fig. 7).430

The overall agreement between the Ni/Fe abundances estimated with the two models is good but431

(Extended data Fig. 7) but there is a clear systematic offset: the abundance ratios derived with the432

3-level model are 0.2 dex higher than the abundance ratios derived with the multilevel model. A better433

agreement is obtained by assuming T (NiI) = T (FeI)+180 K in the 3-level model.434
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4.2 Iron and nickel carbonyls435

Following [13, 14], we estimate the condensation / sublimation temperature Ts of these substances by436

solving the equation437

fx nk Ts = Pv,x(Ts) (21)

where fx the relative abundance of species x, n is the number density of the gas, k the Boltzmann438

constant, and Pv,x the vapor pressure given by the relation439

log10 Pv,x(T ) = −A/T + B . (22)

The constant A and B for Fe(CO)5 and Ni(CO)4 are obtained from [15, 16], that is A = 2097 K and440

B = 11.62 for Fe(CO)5, A = 1534 K and B = 10.87 for Ni(CO)4, with Pv,x in dyn cm−2. We consider441

relative abundances fx between 10−3 and 10−5 × fx(H2O), for both Fe(CO)5 and Ni(CO)4, and we442

adopt n = 1013 cm−3 as [14]. The resulting sublimation temperatures of the iron and nickel carbonyls443

(respectively 97-108 K and 74-82K) are intermediate between the sublimation temperatures of H2O and444

CO2 (152 and 72 K). CO sublimates at 25 K.445

The sublimation rate (in molecules cm−2 s−1) from the surface of pure ice into vaccum can be expressed446

as [17]:447

Zx(T ) =
Pv,x(T )√
2πmxkT

(23)

where T is the ice temperature and mx the mass of the species x. Sublimation rates of Fe(CO)5 and448

Ni(CO)4 are shown in Fig. 3. They are intermediate between those of H2O and CO2. Interestingly, the449

sublimation rate of Ni(CO)4 is significantly higher than the sublimation rate of Fe(CO)5, as illustrated450

on the right panel of Fig. 3.451
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5 Extended data520

Table 1: Circumstances of UVES spectra.
Comets observed with the UVES spectrograph at the ESO VLT with their dynamical classes and
observing circumstances. In several cases, N spectra have been averaged. r and ∆ are the heliocentric
and geocentric distances in au and ṙ and ∆̇ their respective velocities in km/s. The offset d from the
nucleus, the slit width w and the slit height h are given in arc seconds. Type refers to their dynamical
class [18] : HFC (Halley Family) and JFC (Jupiter Family) correspond to ecliptic comets with short
periods (< 200 years), EXT corresponds to external comets with semi-major axis a < 10000 au and
NEW corresponds to external comets which directly come from the Oort cloud (a > 10000 au).

Comet Type Dates λ range N r ṙ ∆ ∆̇ d w h
1 103P/Hartley 2 JFC 2010-11-05:2010-11-10 3105-3910 4 1.07 3.5 0.17 7.5 0 0.44 9.5
2 JFC 2010-11-11 3105-3910 1 1.08 4.4 0.19 8.2 10 0.44 9.5
3 JFC 2010-11-11 3105-3910 1 1.08 4.4 0.19 8.2 20 0.44 9.5
4 JFC 2010-11-11 3105-3910 1 1.08 4.4 0.19 8.2 30 0.44 9.5
5 21P/Giacobini-Zinner JFC 2018-09-18 3104-3879 1 1.02 2.9 0.40 4.2 0 0.44 9.5
6 73P/Schwassmann-Wachmann 3 JFC 2006-05-27 3104-3911 1 0.95 -4.2 0.15 12.3 0 0.60 9.5
7 88P/Howell JFC 2004-04-18:2004-05-24 3286-4513 11 1.40 3.0 1.65 -3.4 0 0.44 7.5
8 8P/Tuttle HFC 2008-01-16:2008-02-04 3105-3911 3 1.03 0.0 0.50 23.0 0 0.44 9.5
9 9P/Tempel 1 JFC 2005-06-02:2005-07-11 3104-3879 13 1.50 0.0 0.85 7.0 0 0.44 9.5
10 C/2000 WM1 (LINEAR) NEW 2002-03-07:2002-03-08 3286-4513 4 1.10 28.3 1.24 0.2 10 0.45 7.5
11 NEW 2002-03-22:2002-03-23 3286-4513 4 1.33 27.9 1.24 -0.2 2 0.45 7.5
12 C/2001 Q4 (NEAT) NEW 2004-05-05 3286-4513 1 0.98 -5.4 0.32 -4.1 3 0.44 9.5
13 NEW 2004-05-06 3286-4513 1 0.98 -5.4 0.32 -3.3 13 0.44 7.5
14 NEW 2004-05-06 3286-4513 1 0.97 -4.9 0.32 1.9 200 0.44 7.5
15 NEW 2004-05-07 3286-4513 1 0.97 -4.8 0.32 2.2 0 0.44 9.5
16 C/2002 T7 (LINEAR) NEW 2004-05-06 3736-4994 1 0.68 15.8 0.61 -65.6 5 0.44 9.5
17 NEW 2004-05-06 3105-3878 1 0.68 15.8 0.61 -65.6 5 0.44 9.5
18 NEW 2004-05-25 3736-4994 1 0.93 25.4 0.38 51.9 0 0.44 9.5
19 NEW 2004-05-26 3104-3878 1 0.94 25.6 0.41 55.0 0 0.40 9.5
20 NEW 2004-05-27 3104-3878 1 0.94 25.6 0.42 55.2 0 0.40 9.5
21 C/2002 V1 (NEAT) NEW 2003-01-08:2003-01-10 3286-4513 4 1.20 -37.0 0.84 8.0 0 0.45 7.5
22 NEW 2003-03-21 3286-4513 1 1.01 39.8 1.63 42.0 0 0.45 7.5
23 C/2002 X5 (Kudo-Fujikawa) EXT 2003-02-19 3286-4513 1 0.70 43.0 0.86 -5.0 0 0.45 7.5
24 EXT 2003-03-07 3286-4513 3 1.06 37.0 0.99 29.4 3 0.45 7.5
25 C/2002 Y1 (Juels-Holvorcem) EXT 2003-05-29:2003-05-30 3286-4513 4 1.15 24.1 1.55 -7.2 2 0.40 7.5
26 C/2003 K4 (LINEAR) NEW 2004-05-04 3104-3879 1 1.20 14.8 1.51 -28.2 0 0.44 9.5
27 C/2009 P1 (Garradd) NEW 2011-05-11 3105-3911 1 3.25 -16.9 3.50 -44.7 0 0.44 9.5
28 NEW 2011-06-15 3105-3911 1 2.90 -16.9 2.57 -46.4 0 0.44 9.5
29 NEW 2011-07-25 3105-3885 1 2.52 -16.5 1.64 -29.3 0 0.44 9.5
30 NEW 2011-09-10:2011-09-12 3044-3916 3 2.08 -14.8 1.48 15.1 0 0.44 9.5
31 C/2012 F6 (Lemmon) EXT 2013-02-02 3104-3911 3 1.20 -24.0 0.99 -4.5 0 0.44 9.5
32 C/2015 ER61 EXT 2017-04-13:2017-04-15 3104-3879 2 2.04 6.8 1.94 -2.0 0 0.44 9.5
33 C/2016 R2 (PANSTARRS) EXT 2018-02-14 3286-4557 3 2.75 -5.9 2.43 20.1 0 0.44 7.5
34 EXT 2018-02-16 3737-4994 2 2.75 -5.8 2.46 20.2 0 0.44 7.5
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Figure 4: Empirical determination of the excitation temperature. FeI emission lines observed
in two representative comets are used. Outliers not considered in the fit are shown in green. For C/2016
R2 (and only for that comet) additional outliers were discarded through an iterative fit. Error bars
account for the errors on the measured intensities and an uncertainty of log(gf) assumed to be 0.2 dex.
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Figure 5: Abundance ratio determination. The ratio log(Iobs/Imod) for the FeI (red) and NiI
(blue) lines measured in four comets. The ratios have been shifted on the y-axis so that the mean
of log(Iobs/Imod) is zero for FeI. The few outliers have been discarded. The difference of the means
computed for FeI and NiI gives the log(Ni/Fe) abundance ratio (cf. Eq. 20).
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Table 2: The Ni/Fe abundance ratios derived from the 3-level model(∗) and from the multilevel
model(∗∗). The column densities N (atoms/cm2) and the production rates Q (atoms/s) come from
the multilevel model.

3-level model multi-level model
ID Comet nlines (FeI / NiI) T(K) log(Ni/Fe)∗ log(Ncol[FeI]) log(Ncol[NiI]) log(Q[FeI]) log(Q[NiI]) log(NiI/FeI)∗∗

1 103P 36 / 16 3748 ± 170 -0.47 ± 0.09 8.84 ± 0.04 8.22 ± 0.06 21.55 ± 0.04 20.93 ± 0.06 -0.62 ± 0.07
2 16 / 7 3290 ± 180 -0.47 ± 0.08 8.33 ± 0.05 7.65 ± 0.06 21.98 ± 0.05 21.30 ± 0.06 -0.68 ± 0.08
3 10 / 2 4791 ± 1278 -0.27 ± 0.27 8.05 ± 0.12 7.53 ± 0.21 22.01 ± 0.12 21.48 ± 0.21 -0.52 ± 0.24
4 6 / 2 3267 ± 934 -0.08 ± 0.28 7.85 ± 0.18 7.51 ± 0.21 21.98 ± 0.18 21.64 ± 0.21 -0.34 ± 0.28
5 21P 8 / 23 3017 ± 590 0.63 ± 0.16 8.74 ± 0.14 9.20 ± 0.07 21.85 ± 0.14 22.30 ± 0.07 0.46 ± 0.16
6 73P 6 / 15 2785 ± 1185 0.98 ± 0.28 8.54 ± 0.21 9.14 ± 0.09 21.23 ± 0.21 21.83 ± 0.09 0.60 ± 0.23
7 88P 21 / 13 4212 ± 782 0.01 ± 0.18 8.61 ± 0.09 8.43 ± 0.11 21.78 ± 0.09 21.60 ± 0.11 -0.18 ± 0.14
8 8P 9 / 10 3815 ± 1164 -0.07 ± 0.22 8.68 ± 0.14 8.62 ± 0.14 21.87 ± 0.14 21.81 ± 0.14 -0.06 ± 0.20
9 9P 5 / 1 3748 ± 554 0.30 ± 0.33 7.37 ± 0.12 7.73 ± 0.30 20.72 ± 0.12 21.07 ± 0.30 0.36 ± 0.32
10 C/2000 WM1 14 / 7 4636 ± 463 -0.06 ± 0.14 8.17 ± 0.06 7.82 ± 0.06 22.63 ± 0.06 22.28 ± 0.06 -0.35 ± 0.08
11 13 / 8 4272 ± 537 0.11 ± 0.14 8.27 ± 0.07 8.07 ± 0.07 22.12 ± 0.07 21.92 ± 0.07 -0.20 ± 0.10
12 C/2001 Q4 13 / 10 4213 ± 530 0.27 ± 0.14 9.70 ± 0.07 9.72 ± 0.11 23.18 ± 0.07 23.20 ± 0.11 0.03 ± 0.13
13 8 / 8 3519 ± 589 0.15 ± 0.19 9.07 ± 0.12 9.07 ± 0.12 23.09 ± 0.12 23.08 ± 0.12 -0.01 ± 0.17
14 7 / 4 5069 ± 866 0.33 ± 0.23 7.76 ± 0.07 7.85 ± 0.18 22.96 ± 0.07 23.05 ± 0.18 0.08 ± 0.19
15 17 / 13 3481 ± 320 0.13 ± 0.12 9.27 ± 0.07 9.25 ± 0.07 22.29 ± 0.07 22.26 ± 0.07 -0.03 ± 0.10
16 C/2002 T7 2 / 2 4000 ± 1000 0.20 ± 0.35 9.68 ± 0.21 9.49 ± 0.21 23.68 ± 0.21 23.49 ± 0.21 -0.19 ± 0.30
17 C/2002 T7 17 / 20 3570 ± 452 0.12 ± 0.13 9.25 ± 0.07 9.07 ± 0.07 23.25 ± 0.07 23.08 ± 0.07 -0.17 ± 0.10
18 18 / 2 3400 ± 326 0.56 ± 0.24 9.22 ± 0.08 9.43 ± 0.21 22.32 ± 0.08 22.53 ± 0.21 0.21 ± 0.23
19 26 / 21 4239 ± 385 0.16 ± 0.09 9.22 ± 0.04 9.16 ± 0.05 22.34 ± 0.04 22.29 ± 0.05 -0.06 ± 0.07
20 21 / 22 4059 ± 432 0.26 ± 0.10 9.16 ± 0.05 9.16 ± 0.06 22.29 ± 0.05 22.29 ± 0.06 0.00 ± 0.07
21 C/2002 V1 23 / 15 4154 ± 419 0.08 ± 0.12 8.46 ± 0.05 8.33 ± 0.09 21.78 ± 0.05 21.64 ± 0.09 -0.14 ± 0.10
22 11 / 9 4250 ± 1776 -0.01 ± 0.23 8.92 ± 0.13 8.92 ± 0.15 22.56 ± 0.13 22.56 ± 0.15 0.00 ± 0.20
23 C/2002 X5 19 / 16 4115 ± 459 0.08 ± 0.13 8.49 ± 0.07 8.48 ± 0.09 21.94 ± 0.07 21.93 ± 0.09 -0.01 ± 0.12
24 10 / 12 4734 ± 713 -0.20 ± 0.15 8.27 ± 0.08 7.90 ± 0.08 22.20 ± 0.08 21.83 ± 0.08 -0.37 ± 0.11
25 C/2002 Y1 15 / 11 3339 ± 335 0.04 ± 0.16 8.60 ± 0.05 8.49 ± 0.12 22.58 ± 0.05 22.47 ± 0.12 -0.11 ± 0.13
26 C/2003 K4 3 / 10 4000 ± 1000 0.24 ± 0.16 8.46 ± 0.09 8.23 ± 0.09 22.10 ± 0.09 21.87 ± 0.09 -0.23 ± 0.13
27 C/2009 P1 2 / 13 4000 ± 1000 0.85 ± 0.28 8.19 ± 0.21 8.61 ± 0.09 21.97 ± 0.21 22.39 ± 0.09 0.42 ± 0.23
28 1 / 7 4000 ± 1000 0.47 ± 0.36 8.65 ± 0.30 8.68 ± 0.09 22.33 ± 0.30 22.37 ± 0.09 0.04 ± 0.31
29 2 / 14 4000 ± 1000 0.69 ± 0.27 8.62 ± 0.21 9.05 ± 0.08 22.13 ± 0.21 22.57 ± 0.08 0.44 ± 0.23
30 11 / 21 4131 ± 512 0.65 ± 0.10 8.77 ± 0.06 9.11 ± 0.05 22.28 ± 0.06 22.62 ± 0.05 0.34 ± 0.08
31 C/2012 F6 27 / 23 4288 ± 340 0.13 ± 0.08 9.21 ± 0.03 9.07 ± 0.04 22.66 ± 0.03 22.52 ± 0.04 -0.14 ± 0.05
32 C/2015 ER61 19 / 15 3660 ± 452 0.07 ± 0.12 9.42 ± 0.07 9.24 ± 0.06 23.05 ± 0.07 22.87 ± 0.06 -0.19 ± 0.09
33 C/2016 R2 43 / 18 3477 ± 138 -0.27 ± 0.09 9.87 ± 0.04 9.42 ± 0.08 23.46 ± 0.04 23.01 ± 0.08 -0.45 ± 0.09
34 25 / 1 3565 ± 219 0.04 ± 0.33 9.79 ± 0.06 9.73 ± 0.30 23.39 ± 0.06 23.33 ± 0.30 -0.06 ± 0.31
35 C/1965 S1 47 / 12 5136 ± 274 -1.11 ± 0.09 -1.14 ± 0.03
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Figure 6: Comparison of the observed and modeled spectra. A portion of the FeI spectrum is
shown for four representative comets. Observed lines are in black; computed lines are in red, shifted by
0.7 Å for visibility.
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Figure 7: Effect of the solar spectrum.

Top: Sample of the Kurucz solar spectrum. The red crosses indicate the value of the solar flux involved
in three cometary FeI transitions. The solid blue line represents a blackbody spectrum with T = 5800K,
and the dashed blue line a blackbody spectrum with T = 4000 K. Cometary heliocentric velocities are
equal to 0 km s−1 (left) and +20 km s−1 (right). The solar flux is given in arbitrary units.
Bottom: Comparison of upper level populations computed for FeI with the 3-level and multilevel atomic
models. Left: Black squares represent 3-level populations computed with a blackbody temperature of
5800 K (the color temperature of the Sun) while red squares represent 3-level populations computed
with a temperature of 4400 K in better agreement with the mutilevel populations computed with the
Kurucz solar spectrum . Right: Same as in the previous figure, but with the solar spectrum shifted by
20 km s−1. The red squares represent 3-level populations computed with a temperature of 5000 K.
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Figure 8: Abundances from the two models. Comparison of log(Ni/Fe) abundances derived with
the multilevel (ML) model and the 3-level (3L) model for the comets of our sample. Left: Assuming
T (NiI) = T (FeI). Right: With T (NiI) = T (FeI)+180 K.
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Table 3: Production rates of molecules and dust. Logarithm of the production rates of the gaseous
species CO+

2 , OH, CN (molecules/s) and logarithm of Afρ (in cm).

Comet CO+
2 OH CN Afρ

1 103P 26.23±0.16 27.65±0.02 24.72±0.02 1.16±0.09
2 26.25±0.33 27.74±0.05 24.77±0.03 1.65±0.11
3 26.07±0.31 27.72±0.07 24.76±0.04 1.70±0.21
4 27.76±0.07 24.83±0.04 1.72±0.15
5 21P 26.49±0.32 27.91±0.02 25.18±0.05 2.05±0.05
6 73P 27.85±0.01 25.30±0.04 1.26±0.06
7 88P 26.87±0.12 25.10±0.04 2.91±0.31
8 8P 27.90±0.01 25.28±0.03 2.19±0.13
9 9P 27.14±0.06 24.50±0.03 2.33±0.01
10 C/2000 WM1 27.39±0.14 25.81±0.03 3.81±0.06
11 26.74±0.32 25.47±0.03 3.31±0.07
12 C/2001 Q4 26.01±0.02 3.36±0.06
13 27.23±0.24 26.14±0.03 3.36±0.04
14 26.43±0.02 3.22±0.07
15 27.35±0.20 25.91±0.02 2.32±0.05
16 C/2002 T7 26.55±0.02 3.55±0.04
17 27.93±0.29 29.05±0.00 26.64±0.02 3.68±0.06
18 25.88±0.04 2.52±0.05
19 27.60±0.18 28.69±0.00 26.06±0.02 2.74±0.04
20 27.51±0.24 28.65±0.01 26.02±0.02 2.71±0.04
21 C/2002 V1 26.62±0.42 25.34±0.02 2.52±0.21
22 25.84±0.02 3.80±0.06
23 C/2002 X5 27.36±0.14 25.73±0.04 2.75±0.06
24 27.11±0.12 25.38±0.04 2.88±0.03
25 C/2002 Y1 27.38±0.18 25.84±0.02 3.71±0.03
26 C/2003 K4 28.55±0.01 25.83±0.02 3.68±0.07
27 C/2009 P1 25.37±0.02 4.26±0.07
28 27.55±0.23 25.47±0.04 4.42±0.09
29 28.10±0.15 25.64±0.06 3.68±0.08
30 28.37±0.04 25.85±0.04 4.05±0.03
31 C/2012 F6 27.37±0.39 28.90±0.01 26.16±0.09 3.62±0.11
32 C/2015 ER61 27.05±0.42 29.31±0.01 26.31±0.06 4.39±0.02
33 C/2016 R2 27.65±0.11 27.73±0.36 24.44±0.24 3.23±0.12
34 27.73±0.36 24.32±0.07 3.25±0.12
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Figure 9: Production rates correlations. Comparison between the logarithm of various production
rates. Afρ is a proxy for the dust production rate (see text). The various cometary types are color
coded according to their dynamical classification (see 1) : Halley Family, Jupiter Family, external and
new comets. The OH and H2O values relative to comet C/2016 R2 are upper limits. The production
rates of H2O and CO are those measured by various authors in comets 8P, 9P, 21P, 73P, 103P, C/2000
WM1, C/2001 Q4, C/2002 T7, C/2009 P1, C/2012 F6 and C/2016 R2 at about the same epochs as our
spectra [19–30]. The two outliers in four panels are comet C/2016 R2.
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Figures

Figure 1

Observations of the Fe and Ni lines. Top. C/2016 R2 spectrum. Selected region showing many FeI and NiI
lines in the spectrum of comet C/2016 R2 (PanSTARRS) obtained at the ESO Very Large Telescope.
Bottom. The left panel shows the 2-dimensional spectrum of the FeI 3719 ˚A line in comet 103P/Hartley 2
on November 2010, at its closest approach to Earth at only 0.17 au. Wavelengths are along the horizontal
axis and cover a range of 3 ˚A. The spatial dimension (vertical axis) extends over the entire height of the
10 arcsec slit (1230 km at the distance of the comet). The horizontal trace represents the reflected solar
spectrum by the dust which shows a deep FeI absorption line. The spatial profile (right panel) plotted as a
function of the projected nucleocentric distance p agrees well with a 1/p distribution of the surface



brightness and a 1.35 arcsec blurring corresponding to the seeing and the tracking imperfections. The NiI
lines display the same profile.

Figure 2

Abundance ratios. Ni/Fe abundance ratios determined with the multilevel model for the comets of our
sample. r is the heliocentric distance. Different symbols are used according to the dynamical class [30] :
HFC (Halley Family) and JFC (Jupiter Family) correspond to ecliptic comets with short periods (< 200
years), EXT corresponds to external comets with semi-major axis a < 10000 au and NEW corresponds to
external comets which directly come from the Oort cloud (a > 10000 au). The great comet C/1965 S1
(Ikeya-Seki) has been added. The horizontal dashed-dotted line indicates the solar value. The dashed and
the dotted lines represent the sample average and the standard deviation.



Figure 3

Sublimation of carbonyls. Top : the sublimation rate (in molecules cm−2 s−1) of iron and nickel
carbonyls as a function of the temperature, compared to major species in comets. Bottom : the
sublimation rate ratio Ni(CO)4 over Fe(CO)5.



Figure 4

Empirical determination of the excitation temperature. FeI emission lines observed in two representative
comets are used. Outliers not considered in the fit are shown in green. For C/2016 R2 (and only for that
comet) additional outliers were discarded through an iterative fit. Error bars account for the errors on the
measured intensities and an uncertainty of log(gf) assumed to be 0.2 dex.



Figure 5

Abundance ratio determination. The ratio log(Iobs/Imod) for the FeI (red) and NiI (blue) lines measured in
four comets. The ratios have been shifted on the y-axis so that the mean of log(Iobs/Imod) is zero for FeI.
The few outliers have been discarded. The difference of the means computed for FeI and NiI gives the
log(Ni/Fe) abundance ratio (cf. Eq. 20).



Figure 6

Comparison of the observed and modeled spectra. A portion of the FeI spectrum is shown for four
representative comets. Observed lines are in black; computed lines are in red, shifted by 0.7 ˚A for
visibility.



Figure 7

Effect of the solar spectrum. Top: Sample of the Kurucz solar spectrum. The red crosses indicate the
value of the solar flux involved in three cometary FeI transitions. The solid blue line represents a
blackbody spectrum with T = 5800 K, and the dashed blue line a blackbody spectrum with T = 4000 K.
Cometary heliocentric velocities are equal to 0 km s−1 (left) and +20 km s−1 (right). The solar flux is
given in arbitrary units. Bottom: Comparison of upper level populations computed for FeI with the 3-level
and multilevel atomic models. Left: Black squares represent 3-level populations computed with a
blackbody temperature of 5800 K (the color temperature of the Sun) while red squares represent 3-level
populations computed with a temperature of 4400 K in better agreement with the mutilevel populations
computed with the Kurucz solar spectrum . Right: Same as in the previous figure, but with the solar
spectrum shifted by 20 km s−1. The red squares represent 3-level populations computed with a
temperature of 5000 K.



Figure 8

Abundances from the two models. Comparison of log(Ni/Fe) abundances derived with the multilevel
(ML) model and the 3-level (3L) model for the comets of our sample. Left: Assuming T (NiI) = T (FeI).
Right: With T (NiI) = T (FeI)+180 K.



Figure 9

Production rates correlations. Comparison between the logarithm of various production rates. Afρ is a
proxy for the dust production rate (see text). The various cometary types are color coded according to
their dynamical classification (see 1) : Halley Family, Jupiter Family, external and new comets. The OH
and H2O values relative to comet C/2016 R2 are upper limits. The production rates of H2O and CO are
those measured by various authors in comets 8P, 9P, 21P, 73P, 103P, C/2000 WM1, C/2001 Q4, C/2002 T7,



C/2009 P1, C/2012 F6 and C/2016 R2 at about the same epochs as our spectra [19–30]. The two outliers
in four panels are comet C/2016 R2.
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