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Abstract

        To establish the nature of cometary X-ray emissions above 1 keV, detailed modeling of scattering and fluorescence of solar X-rays by a cometary atmosphere is carried out over the 0.3−3.0 keV photon energy range. Computations of the X-ray emissions are performed for different distributions of the cometary neutral gas, dust, and ice grains, with an emphasis placed on nano-sized particles. The calculated emission spectra of energetic photons above 1 keV are compared to cometary observations performed by the Chandra X-ray Observatory, and emission contributions solely from cometary neutral gas are found to be an insufficient X-ray production mechanism. Further comparison between the developed model and observational data also establishes an upper limit on dust and ice nanoparticle density distributions in cometary atmospheres. In addition, similarities in spectral shape above 1 keV observed between cometary emissions, Jovian disk emissions, and scattered solar X-ray spectra during solar flare events are discussed in detail.
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1. Introduction
As comets pass through the solar system, they absorb solar energy and eject atoms, dust, and ice particles. Fluxes of neutral material created at the nuclear surface propagate outward with velocities of a few km s-1, often forming jet-streams (A’Hearn et al. 2011). This neutral ejecta forms a diffuse cometary atmosphere that undergoes significant transformation because of photo-chemical reactions, dissociation of molecular species, and fragmentation of dust and ice particles. The neutral atmospheric gas can be ionized by solar radiation or solar wind (SW) plasma. Neutral atoms and molecules may also be ionized by energetic SW electrons or lose electrons in charge-exchange collisions with SW ions, known as solar wind charge exchange (SWCX; Krasnopolsky 1997; Kharchenko et al. 2003; Lisse et al. 2004). Collisions between highly charged, heavy SW ions, such as C6+, N6+, O7+, O8+, Mg9+, and Ne9+, and neutral cometary particles have been identified as the major source of cometary X-ray photons with energies below 1 keV, as defined by the electron energy levels of such ions (Kharchenko et al. 2003). Scattering and fluorescence (SF) of solar X-rays also contribute to the observed X-ray intensities, but their contributions at photon energies below 1 keV have been estimated to be a minor fraction of the total flux of cometary X-rays (Krasnopolsky 1997; Krasnopolsky et al. 2004). 
Recently, comet observations using the Chandra X-ray Observatory have shown emission spectra above 1 keV with unresolved spectral features, or peaks, for several comets (Ewing et al. 2013). Current interpretation of observed spectra suggest that these hard X-ray peaks are a result of SWCX with abnormal, highly ionized SW ions like Mg11+ and Si13+ (Bodewits et al. 2007; Ewing et al. 2013). However, in situ observations with mass spectrometers have not detected these highly charged ions (Lepri et al. 2013; von Steiger et al. 2000). Theoretical models describing the charge abundance of heavy SW ions also predict an extremely low probability of finding Mg11+ and Si13+ in the SW plasma because of the inability to reach such high freezing-in temperatures in regular SW and coronal mass ejections (Bochsler 2007). At the same time, solar X-ray emissions with photon energies above 1 keV have been observed to increase by 1−3 orders of magnitude during solar flares (Neupert 2006). It is therefore possible that scattering of energetic X-ray photons and fluorescence by heavy elements from the cometary environment would also increase by 1−3 orders of magnitude during high solar activity. Such an increase may even result in SF providing more significant contributions toward cometary X-ray emissions than SWCX. Accurate SF spectra of cometary X-ray emission should therefore be factored into spectral models. 
In addition to the lack of direct detection of highly charged, heavy SW ions able to induce X-ray emissions above 1 keV, our research is also motivated by detection of X-ray emissions observed from planetary atmospheres, known as planetary disk X-ray emissions (Bhardwaj et al. 2007; Branduardi-Raymont et al. 2007, 2008). The SF of solar X-rays by Earth’s disk have been studied in detail. Comparisons between models and observational X-ray emission spectra from Earth’s disk are described in several articles (Bhardwaj et al. 2007; Fink et al. 1988; Petrinec et al. 2000; Snowden & Freyberg 1993). Scattering and fluorescence spectra of solar X-rays by the Earth’s atmospheric gas have been observed during both quiet solar conditions and solar X-ray flares (Petrinec et al. 2000). Alternatively, explanation of Earth’s disk X-ray emissions above 1 keV by the CX mechanism (Carter et al. 2010, 2012) requires the presence of highly charged ions Mg11+, Mg12+, Si13+, and Si14+ in the SW plasma, which should be a very low probable event. 
Furthermore, analysis of observed disk X-ray emissions from Jupiter suggests a strong correlation between Jovian disk X-ray emissions and solar X-ray flux (Branduardi-Raymont et al. 2007, 2008). Both the solar and Jovian disk spectra possess similar intensity peaks at energies greater than 1 keV, and evidence indicates that the primary X-ray production mechanism at such energies is scattering of solar X-rays by Jupiter’s disk (Branduardi-Raymont et al. 2007). We therefore theorize that if a similarity in X-ray spectral shapes between cometary and Jovian emissions is observed above 1 keV, cometary emissions above 1 keV may also be a result of SF. 
The goal of our research is to develop an accurate theoretical model of SF emissions generated by a cometary atmosphere for different compositions of cometary gas, dust, and ice particles and to calculate its contribution to the observed X-ray intensities over a broad energy range of 0.3−3.0 keV. Our investigation of scattering by dust and ice particles is focused on nano-sized particles as they are efficient X-ray scatterers. Our analysis will determine the contribution of SF to total intensities of cometary X-rays as a function of the photon energies. Comparisons of modeled SF emissions with observational cometary X-ray spectra will indicate if SF is a significant, or possibly even a primary, mechanism for hard X-ray emissions. We will also examine the structural similarities between X-rays emissions from comets and the Jovian disk to explore whether the SF X-ray production mechanism is utilized in comets. 
In this article, we report our results of calculations for the spectra and total intensities of the SF X-ray emissions from a cometary atmosphere. Theoretical SF spectra of cometary X-rays are evaluated for average compositions of cometary atmospheres as well as for different size and spatial distributions for dust and ice particles. We discuss details regarding the model’s derivation and an analysis of cometary composition and atmospheric densities in Sect. 2. Results and a comparison to Chandra observations are presented in Sect. 3. We discuss the implications of SF X-ray emissions by cometary dust and ice particles and gas in Sect. 4 and, lastly, summarize our conclusions in Sect. 5. 
2. Scattering and fluorescence of solar X-rays  by cometary gas, dust, and ice particles
Cometary atmospheres consist of several different atomic and molecular gases and may include a significant fraction of dust and ice nanoparticles. SF properties for a given cometary environment depend on the physical properties of individual scatterers, including their abundances and spatial distributions, as well as the intensity of incident solar photons. This section will define cometary parameters and characteristics of the solar X-ray emission spectra required for detailed formulation of the SF model and outline the model derivation. 
2.1. Integrated scattered intensity
We focus our investigations of X-ray scattering and fluorescence on optically thin cometary atmospheres. The description of thin atmospheres does not require consideration of the radiative transfer processes, and cometary SF X-ray fluxes can therefore be computed as a superposition of X-ray fluxes induced by independent single scatterers. The scattered intensity of independent gas or dust and ice particles is derived for photons with energies from 0.3−3.0 keV. Model distributions of gas, dust, and ice particles are then applied to calculate the X-ray flux from the entire cometary atmosphere. 
2.1.1. Cross sections of cometary scatterers
Scattering properties for a cometary atmosphere particle are defined by its differential cross section [image: equation], which is dependent on scattering angle θsc, incident photon energy ϵ, and, for dust and ice particles, grain radius a. We assume that all dust and ice particles have spherical shapes as this approximation significantly simplifies the theoretical description of X-ray scattering. The scattering cross sections also depend on polarization of incoming electromagnetic radiation. We consider the solar X-ray emission to be unpolarized and use, in our modeling, cross sections averaged over all polarization of solar X-rays. Differential cross sections of the atomic and molecular K-shell absorption, which determine fluorescence production rates, are isotropic and hence have no angular dependence. 
Cross sections of elastic photon scattering and fluorescence for all atoms and some molecules have been measured in laboratory experiments and/or been calculated using accurate methods of quantum mechanics and many-body theory. For atomic constituents of the cometary atmosphere, we utilize the database reported in Chantler (1995) and Berger et al. (2010). These databases are known to lack accuracy with energies close to resonance transitions, but averaging of accurate near-resonance structures, such as the results in McLaughlin et al. (2013), over energy step sizes comparable to our selected databases provide good agreement. 
Data on scattering of X-rays by cometary dust and ice particles is significantly less developed and is mostly based on empirical models (Rubin et al. 2011; Fink & Rubin 2012). The classical Mie model is used as an approximation in determining differential and total cross sections for nano-sized dust and ice particles (Draine 2003), although differences between the results of Mie and quantum calculations are expected for ultra-small grains. While real cometary nanodust and ice may have extremely complex compositions and geometries, ranging from relatively simple core-mantle structures to large aggregates (Mann 2010), we choose to model the particles as Mie spheres. Such a Mie model assumes a spherical, homogeneous scatterer with uniform index of refraction and is the exact solution to Maxwell’s equations (van de Hulst 1981). Realistic nanoparticles are not spherical and may form much more complex structures, thus requiring more rigorous calculation of classical scattering methods (Draine 2003; Mishchenko et al. 2002), but use of homogenous dust/ice spheres and the Mie model allow for a good approximation of scattering cross sections. The Mie spheres range in radii from 1−10 nm and are composed of carbon, silicon, and H2O ice. The index of refraction used for the nanodust spheres is obtained assuming bulk densities and is dependent on incident photon energy (Henke et al. 1993). Detailed information on scattering cross sections of nanoparticles and relevant atmospheric gases is provided in Fig. 1. 

            
            	[image: thumbnail]	Fig. 1
                Total cross sections for X-ray scattering of both nano ice and dust as well as neutral hydrogen, helium, carbon, nitrogen, and oxygen gases.

              



          2.1.2. Morphology of cometary X-ray scattering  and fluorescence
In our model, the comet center is located at a distance rc from the Sun and the detector-Sun distance is R0. See Fig. 2 for a diagram of the scattering geometry. The scattered spectral intensity is defined as the number of photons collected per second per unit surface area and per unit interval of the photon energy ϵ. If the solar spectral intensity is known at some specific distance from the Sun, for example at R0 = 1 AU, we can define the observed scattered intensity radiation as seen at the detector Isc(ϵ) in terms of the known solar spectral intensity I0(ϵ). The value of Isc(ϵ) is given by the sum of all photons scattered by cometary atoms, dust, and ice particles. 
The spectral intensity Isc(ϵ) of X-rays scattered by the cometary atmosphere is found by integrating over the entire atmospheric volume with the density distribution nj(r) for j types of scatterers: [image: equation](1)Equation (1) is valid for optically thin cometary atmospheres, where scattering and absorption of X-rays do not affect the value of the local X-ray photon flux. 
Simplification Eq. (1) occurs if the cometary atmosphere’s size is small with respect to distances rc and | rc − R0 |: rj ≪ rc, | rc − R0 |. On average, the radius of the cometary atmosphere r is ~105 − 6 km at 1 AU from the Sun. In comparison to the distances rc and | rc − R0 | that we used in our analysis, the cometary atmosphere is 2−3 orders of magnitude smaller in size. As our analysis is not focused on the morphology of cometary X-ray emissions as a research goal, we may approximate the atmosphere as a point source located at rc and comprised of Nj number of scatterers. Applying this approximation to Eq. (1), we obtain a simple expression for the spectral intensity of scattered X-ray photons: [image: equation](2)The resulting equation is an approximation of the scattered X-ray intensity and is a valid approximation in all the cases we investigated. 

            	[image: thumbnail]	Fig. 2
                Geometry of a single scatterer within the cometary atmosphere: R0 is the Sun-detector distance, rc is the Sun-comet center distance, r is the comet center-scatterer distance, and [image: equation] is the scattering angle.

              



          The derivation of fluorescence emissions is identical to that of scattering, except we are now interested in the intensity ℐmk of a specific spectral line rather than the spectral intensity. The total intensity per fluorescence line k of scatterer m is defined as [image: equation](3)where the intensity spectrum is integrated from the threshold energy ϵk of absorption for the considered fluorescent photon ϵ0k to infinity. As the solar intensity spectrum and photo-absorption cross sections drop off significantly at large ϵ, we truncate the upper bound at 10 keV. The fluorescence intensity is also dependent on the fluorescence yield gm,k(ϵ), the efficiency of many-electron Auger transitions (Krause 1979). Fluorescence yield determines the probability of photon emission by excited many-electron ions. Equations (2) and (3) allow calculation of a complete SF emission spectrum from a cometary atmosphere. 
2.2. Composition of cometary atmosphere
Every cometary atmosphere has a unique mixture ratio of atoms, dust, and ice particles, which is a function of the comet-Sun distance and cometary composition. The five recently reported comets whose spectra contain hard X-ray photons above 1 keV have been shown to be primarily composed of H2O, with an average atmospheric contribution of 85% (Biver et al. 2006; Lisse et al. 2005; Christian et al. 2010). Carbon amounts vary between the comets (Biver et al. 2006), averaging to be 10% of the total atmosphere. Nitrogen and silicon are also present in trace amounts, composing less than 5% of the atmosphere. 
We normalize the H2O production rate QH2O to observed rates for each comet (Biver et al. 2006; Lisse et al. 2005; Christian et al. 2010). All other element production rates are set equal to the average element-to-H2O composition ratio multiplied by QH2O. We note that because of this normalization method and the overwhelming percentage of H2O in the cometary atmosphere, variations in the mixture ratio of minor elements produce only slight changes to our results. We also choose to exclusively model O-based fluorescence because of the significant proportion of O present within cometary atmospheres in relation to all other elements present. 
Cometary dust particles of micron size are efficient scatterers of infrared and optical radiations. Their density is usually considered in analyses of dust-to-gas ratios in atmospheres of different comets. Nano-sized dust and ice particle densities and composition ratios are not as well-established because of a lack of precise observational data for such small masses (Utterback & Kissel 1990). Nanoparticles also efficiently scatter X-rays because their grain geometric sizes are on the same scale as the photon wavelengths (Krasnopolsky et al. 2004; Draine 2003) and are therefore the focus of our scattering calculations. For our model, we infer that dust particles would maintain a similar ratio to those observed for atoms, with 85% H2O, 10% C, and 5% heavier elements like N and Si. Unlike dust particles that can be composed of a variety of elements, ice particles are mostly composed of H2O or CO2. Modeling of ice particles has shown dissociation rates to be dependent on their impurity ratios, where particles with a minimum impurity ratio, known as pure ice particles, possess the longest lifetime (Beer et al. 2006). In our consideration of X-ray scattering by dust and ice nanoparticles, we initially treat all ice particles as pure to establish an upper limit on the particle densities. Should the total scattered contribution of these particles prove significant, we will revise our model to include more accurate impurity distributions. 
As observational dust and ice mass production rates within cometary atmospheres are not well-studied, the mass production rate of dust particles qdust is unknown for each of the five comets we analyzed. Instead, the empirically established proportionality for mass loss rates qdust ≃ 1.5qgas is used to estimate the total number of nanoparticles present within the atmosphere (McDonnell et al. 1987; Krasnopolsky 1997; Krasnopolsky et al. 2004). This relationship has previously been shown to be valid for micron-sized dust particles down to 0.1 μm (Fink & Rubin 2012) and is extrapolated down to nanoparticles for our analysis. The extrapolated total nanoparticle mass loss rate agrees with measurements from Utterback & Kissel (1990), but it is possible that nanoparticle distributions may behave independently from micron-sized grains. We therefore use this empirical proportionality for our initial results and then will vary nanoparticle densities as a free parameter when comparing to Chandra data. 
2.3. Density distributions
Spatial distribution of the cometary gas, molecules, and dust/ice particles depend on several factors, the most important one being the interaction of the cometary environment with solar radiation and SW. Accurate modeling of a cometary atmosphere requires 

          
            	
              (a) 
               a detailed description of the formation of the gas and dust fluxeson the surface of the cometary nucleus; 

            

            	
              (b) 
               analysis of important chemical and photo-chemical reactions, as well as dust and ice-particle fragmentation processes; 

            

            	
              (c) 
               modeling of the SW plasma interaction with a dusty cometary atmosphere, using advanced MHD models (Häberli et al. 1997) or direct Monte Carlo simulations (Fougere et al. 2013). 

            

          

        Our investigation of cometary X-ray photons is focused on determining spectral intensities, so the X-ray morphology and spatial distributions of the cometary gas and dust can be considered approximately. As a result, we use a simplified model of the distributions of cometary gas and dust, assuming the size of the cometary atmospheres to be much smaller than rc and | rc − R0 |. The density distribution is modeled differently for gas and nanoparticles. The total atomic and molecular gas density n(r), composed of j unique scatterers, is defined with a simple radial distribution (Cravens 1997), [image: equation](4)where Qj is the particle production rate for scatterer i, vj is the radial flow velocity of the scatterer, r is the radius from the comet center, and λmj is the mean ionization length for the scatterer. 
Distributions n(r) for dust density and dust radius, a, are taken from Fink & Rubin (2012), [image: equation](5)where α was set to 2.5 and β was set to 2.0. This distribution agrees with interpolated results extracted from Rubin et al. (2011), although normalization was required. The normalized density distribution nj(r,a) for j dust and ice scatterers is determined to be 
[image: equation](6)where al is the lower bound for the particle grain radius and ru is the upper bound for the atmosphere radius. Integrating over all grain radii and assuming a simplified model of strictly spherical dust particles, an atmospheric volume for scatterer j equals the total number of dust particle j in the cometary atmosphere Ndj. The total volume density-size distribution of dust and ice particles can be calculated by a summation of Eq. (6) over all types of nanoparticles present within the system: n(r,a) =  ∑ jnj(r,a). 
2.4. Solar intensity
Spectral composition and intensity of solar X-rays are important for calculating the total SF spectrum of cometary X-ray emission. The CHIANTI atomic database, a theoretical emission line database specifically designed for astrophysical plasmas, is used to model the relative spectral intensities (spectral shape) of the X-ray spectrum from 0.3−3.0 keV (Dere et al. 1997; Landi et al. 2013). The modeled spectrum is compared to observational data from McKenzie et al. (1985) taken from SOLEX-A, and both are in good agreement. Slight discrepancies present are likely a result of fluctuations of solar X-ray line intensities which naturally occur over time (Neupert 2006). 
The results from McKenzie et al. (1985) and CHIANTI provide a reliable database from which we can extrapolate a spectral shape, but the solar X-ray spectrum during comet observations is highly dependent on the solar conditions at the time of detection. It is therefore important to determine the real-time solar X-ray intensities during observations and to scale the modeled SF cometary spectra to these values. The GOES X-ray Satellite records total X-ray intensities over the 1.5−15.0 keV range as seen at Earth in three-minute intervals and has data on solar conditions during each cometary observation we are analyzing. By normalizing our model’s spectral intensity to match the average intensity of GOES recorded during the time of observation, we approximate the solar spectral intensity emitted during each cometary observation. The intensity of the solar X-ray flux ℐGOES recorded during each observation is shown in Table 1 together with the observational parameters required for our model. 

          Table 1

               Model parameters based on Chandra cometary observations and solar spectra data.

            

        3. Results

        
        	[image: thumbnail]	Fig. 3
            An average X-ray spectrum emitted from a cometary atmosphere as a result of scattering and fluorescence. Our average cometary model was defined with the following parameters: rc =  | rc − R0 | = 1 AU, QH2O = 1028 mol s-1, and IGOES = 4 × 105 ph cm-2 s-1.

          



      Results from our calculations of the SF cometary spectra for the 0.3−3.0 keV range are shown in Fig. 3 for a comet of average atmospheric composition observed during average solar activity. The spectrum illustrates general features of the SF emissions, including a peak at 0.54 keV from the O k-shell fluorescence and peaks from elastic scattering of solar X-ray photons at 1.50 keV (Fe XXII), 1.85 keV (Si XIII), 2.05 keV (Si XIV), 2.45 keV (S XV), 2.60 keV (S XVI), and 2.88 keV (S XV). Intensities of the cometary SF emission at energies below 0.5 keV agree well with intensity estimations reported by Krasnopolsky (1997) and Krasnopolsky et al. (2004). Results on integrated intensity at photon energies above 0.5 keV disagree with those estimations because of an over-estimation of energetic photon intensities in an average solar spectra in Krasnopolsky (1997). 
After analysis of the theoretical cometary SF emissions, we return to our initial motivation of determining the mechanism responsible for the peaks observed in the cometary emission spectra above 1 keV. Strong solar flare events could temporarily make the SF mechanism a major source of cometary X-rays and significantly influence high energy comet spectra. Our work is also motivated by our comparison of cometary X-ray emissions to Jovian disk emissions in Fig. 4. As both show similar structure at energies greater than 1 keV, and it is known that Jovian disk X-ray emissions are a result of coherent scattering of solar X-ray flare emissions (Branduardi-Raymont et al. 2007), we explore coherent scattering as a primary production mechanism for comets at energies greater than 1 keV during high solar activity. 
Figures 5 and 7 display our theoretical emissions model compared to observational data. Our results show ion lines at 1.50 keV and at 1.85 keV, which are similar to the spectral features seen in a few of the observations, most notably for comet Ikeya-Zhang in the photon energy range between 1−2 keV. However, the spectral intensity magnitudes predicted by the model are significantly less than those observed, leading us to explore the constraints on dust scatterers within the system. 
4. Discussion
4.1. Comparison of Ikeya-Zhang to Jovian disk as evidence of scattering above 1 keV in cometary atmospheres

          
          	[image: thumbnail]	Fig. 4
              Comparison of X-ray spectra from comet Ikeya-Zhang (Ewing et al. 2013) and Jupiter (Branduardi-Raymont et al. 2007), observed during solar X-ray flares. The data sets have been scaled to overlay each other in order to better visualize the strong similarity in spectral structure between the two astronomical objects at energies above 1 keV.

            



        Spectral shapes are unique for different X-ray generating processes such as bremsstrahlung, scattering, or SWCX mechanisms. Analysis of the relative spectral shape of detected X-ray signals is broadly used to determine the physical mechanisms responsible for X-ray emission. We therefore compare observed spectral intensity of comet Ikeya-Zhang (IZ) to detections of X-ray scattering from the Jovian disk as evidence of scattering above 1 keV in cometary atmospheres. 
Of the comets analyzed, the Chandra observations of IZ are of significant interest because of the high cometary X-ray intensity and pronounced spectral shape. Data on X-ray intensity emissions from GOES taken at the same time as the Chandra observations of IZ show that 2−4 M-class solar flares occurred during this time. The cometary X-ray scattering flux of M-type X-ray solar flares can be 1−3 orders of magnitude higher than the flux observed during quiet solar conditions. In addition, IZ had the highest observed particle production rates of any other comet analyzed (Ewing et al. 2013), providing additional atmospheric scatterers. 
Measurements of Jovian X-ray emissions with XMM-Newton have previously been performed during a series of M-class solar flares (Branduardi-Raymont et al. 2007, 2008). Accurate time and spectral correlation between the solar X-ray flares and disk X-ray emission has been analyzed in detail (Branduardi-Raymont et al. 2007), concluding that peaks observed above 1 keV were generated from scattering of solar X-ray photons from Jupiter’s outer atmosphere (Branduardi-Raymont et al. 2007). We can therefore infer a similarity between the production mechanisms within each system, namely scattering of solar X-rays, if we demonstrate a similarity in the general shape and peak structures observed from both the Jovian disk and comet IZ. Above 1 keV there are no significant resonant scattering or absorption cross section features for the primary scatterers present within the cometary and Jovian atmospheres, as shown in Fig. 1. We therefore assert that any similarities of spectral structure, which is defined as a similarity of relative intensities of important spectral features, are independent of atmospheric composition and would exclusively be attributed to relative intensities of the spectral features in the solar X-ray spectra. 
Figure 4 shows the relative spectral intensities for Jupiter from XMM overlaid with the comet IZ data taken from Chandra, with both data sets corrected for the differences in effective areas of the two telescopes. The results show a strong similarity in overall spectral shape between the two objects at photon energies above 1 keV. Although each observation was taken during separate solar flares, the peak structures above 1 keV agree with regular features seen in observed solar flare spectra (McKenzie et al. 1985) and are common for average M-class solar flare activity (Dere et al. 1997; Landi et al. 2013). 

          
          	[image: thumbnail]	Fig. 5
              Comparison between the spectral intensities of background-corrected observational data taken from Chandra (×s) and our theorized scattering-fluorescence spectrum model induced exclusively from atmospheric gas (solid line) for Ikeya-Zhang. The dotted-line plot is the model scaled to match the observational intensities. We note the similarity in peak structure at energies greater than 1.5 keV.

            



        Differences between the IZ and Jupiter spectra near 1.35 keV may be a result of a difference in intensity of the Mg XI (2p−1s) emission line present in the solar flare spectra during the Jupiter and IZ observations. The peak seen in both spectra at 1.85 keV may be a combination of scattered Si XIII (1.85 keV) X-ray emission line from the solar flare and Si K (1.74 keV) fluorescent emission by dust. Spectral differences below 1 keV are explained by the SWCX mechanism of cometary X-rays, which produces additional X-ray photons in the cometary spectrum that the Jovian disk spectrum would lack because it is produced entirely via SF. 
As Jupiter disk emissions are shown to be a result of scattering, this strong agreement in spectral shapes above 1 keV leads us to consider that both spectra are produced via the same mechanism, the scattering of solar X-rays. Because both spectra were observed during solar X-ray flares, the similarity of the scattering mechanisms is even more evident. 
4.2. Analysis of gas scattering emissions for Ikeya-Zhang
Motivated by our IZ-Jupiter comparison, we analyze the total contribution of gas scattering in the observed IZ spectrum. Figure 5 shows the theoretical spectral intensity of the SF cometary X-rays induced by the atmospheric gas together with the X-ray spectrum observed from comet IZ. We found reasonable agreement in the overall peak structures to our SF model at energies above 1 keV. The largest discrepancy occurs at ~1.35 keV where IZ shows a well-pronounced peak whereas our model does not. This discrepancy may be the result of utilizing an average solar X-ray emission spectrum to model our spectral intensities rather than utilizing direct observations. 
Although the spectral shape of the theoretical gas scattering model agrees well with observations of IZ, the total intensity of the predicted SF spectrum above 1 keV is lower than the observed by a factor of ~350. This discrepancy is too great to be accounted for through uncertainties in our calculations or background corrections, and so we conclude that gas scattering of high-energy photons is not a significant source of cometary X-ray emissions given our model parameters. 

          
          	[image: thumbnail]	Fig. 6
              Comparison of total spectral intensity contributions from nanoparticle scattering to observational data of Ikeya-Zhang (×s). The Fink & Rubin (2012) dust distribution represent an average dust density (dashed line), while the upper limit approximation (solid line) represents a hypothetical cometary atmosphere where nanoparticle dust and ice production rates are equal to gas production rates.

            



        
          
          	[image: thumbnail]	Fig. 7
              Comparison between the spectral intensities of background-corrected observational data taken from Chandra (×s) and our theorized scattering-fluorescence spectrum model induced entirely from atmospheric gas (solid line) for the following comets: a) 8P, b) Encke, c) LS4, d) MH.

            



        4.3. Analysis of nanoparticle emissions for Ikeya-Zhang
The presence of additional scatterers in the cometary atmosphere could explain a similarity of spectral shapes of the high-energy cometary emission and solar X-rays. Nevertheless, these particles should be inefficient in scattering of optical and infrared radiation. They should also be inefficient in fluorescence radiation as analysis of observed cometary X-ray emissions have shown that fluorescence from O and several lighter elements are a minor X-ray source in comet emissions less than 1 keV (Krasnopolsky 1997). Nano-sized dust and ice particles would satisfy such conditions (Krasnopolsky 1997). Nanoparticles as additional scatterers could significantly influence the intensity of the high-energy tail for cometary X-ray spectra and should therefore be analyzed in detail. 
To investigate the role of nano-sized dust and ice particles, we incorporate the cometary dust density distributions from Fink & Rubin (2012), as discussed in in Sect. 2.3. The comparison of the cometary X-ray emission contribution from nanodust to gas is shown in Fig. 3. Nanoparticle contributions to cometary X-ray emissions are 3−4 orders of magnitude lower than those from gas, indicating that nanoparticles have little impact at these densities on the overall emission spectrum. 
As our results shown in Fig. 3 are based on data for dust and ice densities that are extrapolated from micron-sized particles down to nanoparticles, it is possible that nanoparticles, especially small ice particles, are more abundant than predicted by such a scaling technique. For example, the size-distribution density of small particles given by Eq. (5) may sharply increase with an α between 3−5 as particle radii become less than 100 nanometers (Combi et al. 2013; de Val-Borro et al. 2014). At the present time, there are no observations or consistent theories providing robust information on distributions of nano-sized dust and ice particles. We therefore investigate the upper limit of nanoparticle scattering by scaling nanoparticle emissions equal to the observed IZ emissions to extract maximum production rates and densities. 
Figure 6 shows the observational data from IZ compared with the Fink & Rubin (2012) model and a maximum nanoparticle density model. Although, the Fink & Rubin (2012) model cannot accurately represent the size distributions of nanoparticles, it may provide a general description of efficiency of X-ray scattering by small ice and dust particles. We note the disparity between the nanoparticle model and the observed spectrum at higher energies. This discrepancy can be attributed to the bias towards smaller scattering angles at higher energies from Mie approximations rather than spectral differences between observational and theoretical data (van de Hulst 1981). The classical Mie model is known to be invalid for the scattering of high-energy photons because the wavelengths of X-ray photons are comparable to the size of dust and ice nanoparticles and therefore the actual geometric shape of the nanoparticles plays an important role. 
If the actual complicated geometry of dust and ice nanoparticles were taken into account and a more accurate scattering theory were incorporated, such as quantum mechanical calculations with simplified electronic wave functions of nano-sized grains/particles or classical discrete dipole approximation modeling for aggregate dust particles (Shen et al. 2008), we might obtain the theoretical spectral shape of scattered X-rays that provide a stronger agreement to those observed. However, such calculations are beyond the scope of our investigations. 
In addition to the discrepancies with the spectral shape, we note that the required nanoparticle densities to produce such X-ray emissions are significantly higher than the observed density of micron-sized dust and ice particles. For the resulting increase in scattering intensity shown in Fig. 6 to be exclusively from nanoparticles, their mass production rate over a 1−10 nm radii range must be equal to the gas mass-production rate. 
Dust production rates can be significantly higher than gas production rates. In the recent observation of the dusty Comet C/2011 L4 (Pan-STARRS) with dust-to-gas mass ratio >4, no gas emission was detected and all observed cometary spectra have been explained by fine-grain water ice and dust particles (Yang et al. 2014). Although it is possible that nanoparticles may be more abundant in the cometary atmosphere than previously theorized, we assert that a more realistic model should treat production of nano-sized particles between 1−10 nm consistently with distributions of larger grains using results of previous observations, such as data from McDonnell et al. (1987). 
5. Conclusions
In summary, a strong correlation in spectral shape between X-ray cometary observations and X-ray observations of Jupiter’s disk at energies above 1 keV is found. This correlation indicates that the X-rays of Jupiter and Ikeya-Zhang may have the same emission production mechanism above 1 keV: scattering of solar X-ray flares. This may indicate the presence of additional, previously unaccounted scatterers within cometary atmospheres, such as dust and ice particles. In addition, intensity of the high-energy tail of cometary X-rays above 1 keV may significantly increase during powerful solar X-ray flares. 
Scattering and fluorescence of solar X-rays by cometary gas, dust, and ice particles are evaluated over an energy range of 0.3−3.0 keV. The calculations of the gas contribution of cometary emissions are performed with accurate cross sections of X-ray scattering and fluorescence. Theoretical spectra obtained for average solar activity show that the scattering and fluorescence contribution exclusively from cometary gas are 2−3 orders of magnitude lower than observed cometary spectral intensities. These results are in general agreement with previous estimations reported in Krasnopolsky (1997). 
Finally, scattering by dust and ice nanoparticles within a cometary atmosphere is evaluated over an energy range of 0.3−2.0 keV. Theoretical spectra obtained with densities derived from observed submicron dust particles show insufficient X-ray scattering contributions to produce observed cometary spectral intensities. Nevertheless, the undetected population of ice and dust nanoparticles with sizes distributed in the range 1−100 nm could produce an intensity of scattered solar energetic photons above 1 keV comparable with observational values if the density of dust and ice nanoparticles is large enough. Comparison of X-ray spectra of Jupiter and cometary emissions indicate that the scattering nature of cometary spectra above 1 keV could be established if a combination of the following is true:

        
          	
            (a) 
             Nano-sized particle production rates in cometaryatmospheres are larger than production rates of micron grains.Presence of nano-sized ice particles could be established byalternative methods. 

          

          	
            (b) 
             Implementation of sophisticated dust and ice nanoparticle cross-sections instead of the classical Mie model provides an increase in the total nanoparticle contribution towards cometary scattering above 1 keV. 

          

          	
            (b) 
             Total dust and ice scattering contributions from all grain sizes is a significant X-ray emission mechanism. 

          

        

      Of the three possibilities, an investigation of total dust and ice scattering emissions at energies above 1 keV, including nano- and micron-sized particles, is most promising as it, coupled with the results of this article, will provide a comprehensive view on cometary X-ray scattering emissions. This, in addition to observations by current and future X-ray spectrometers such as ASTRO-H, will provide conclusive constraints on major and minor mechanisms of cometary X-ray emissions, determining the significance of scattering and fluorescence within cometary atmospheres at energies above 1 keV. Investigations of X-ray emission spectra of the dusty comets above 1 keV, such as Comet C/2011 L4, may open new opportunities in understanding cometary processes without high-resolution X-ray spectrometers. 
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    Table 1 

               Model parameters based on Chandra cometary observations and solar spectra data.

            
              
                	 Parameter
                	8P
                	Encke
                	IZ
                	LS4
                	MH 
              

              
                	
                  

                
              

              
                	 Obs. datea
                	2008 Jan. 01−04
                	2003 Nov. 24
                	2002 April 15−16
                	2000 July 14
                	2001 Jan. 8−15 
              

              
                	Texp (ks)a
                	47
                	44
                	24
                	9.4
                	16.9 
              

              
                	rc (AU)a
                	1.10
                	0.89
                	0.81
                	0.80
                	1.26 
              

              
                	| rc − R0 | (AU)a
                	0.25
                	0.28
                	0.45
                	0.53
                	1.37 
              

              
                	QH2O (1028 mol s-1)
                	2.2b
                	0.7c
                	20d
                	3e
                	12d
              

              
                	ℐGOES (105 photons cm-2 s-1)
                	0.62
                	4.4
                	30
                	31
                	6.2 
              

            


              Notes. Column 1 lists the following parameters: Chandra observation date, observation exposure time Texp in ks, comet-Sun distance rc in AU, comet-Earth distance | rc − R0 | in AU, H2O production rate QH2O in molecules s-1, and average observed intensity from GOES over the 1.5−15.0 keV range during observation ℐGOES in photons cm-2 s-1.

              
                Reference. 
              

              (a) Ewing et al. (2013);


              (b) Christian et al. (2010);


              (c) Lisse et al. (2005);


              (d) Biver et al. (2006);


              (e) Lisse et al. (2001).
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