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How did we get here?
Exquisite high resolution spectroscopy with soft X-rays provides chemical and structural 

information about interstellar dust, the seeds of planet formation.

Understanding the high energy activity of stars and how they influence their planets 
is crucial for assessing the likelihood of life on other worlds.

Are we alone?
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How does interstellar dust contribute to planet formation?

The true formation and processing sites are an open area of research.

cr. olivine 
am. silicate

Westphal+ 2014



Image Credit:

NASA/FUSE/Lynne Cook

silicates 
iron

Bradley+ 2022

The spectra of distant X-ray binaries probe interstellar dust in extinction
A&A proofs: manuscript no. paper_gx51_zeegers

Fig. 6. The fit to the spectrum of GX 5-1 is shown in red. The contribution of the continuum is divided out. The other lines shows the contribution
of the absorbing components to the transmission. The purple line shows the contribution of pyroxene (sample 5), the green line the contribution
of olivine (sample 1) and the blue line the contribution of gas. The lower pannel shows the model residuals of the fit in terms of the standard
deviation, σ.

Table 4. Abundances and depletions

Element Ntot depletion AZ AdustZ AZ/A!
(10−5 perH atom) (10−5 perH atom)

Silicon > 1.4 < 0.87 > 4.4 4.0 ± 0.3 > 1.14
Iron > 0.7 < 0.76 > 2.5 1.7 ± 0.1 > 0.79
Magnesium > 2.1 < 0.97 > 6.2 6.1 ± 0.3 > 1.6
Oxygen > 23 < 0.23 > 64 17 ± 1 > 1.06

Notes. Abundances are indicated by AZ . Solar abundances are taken from Lodders & Palme (2009). Total column densities (gas and dust) N tot are
in units of 1018cm−2.

stood. An explanation could be that the difference in abundance
is caused by presence of large particles (grain sizes > 3 µm) near
the Galactic center, which, however, is difficult to observe in the
infrared (Tielens et al. 1996).

The abundance of silicon in dust found in section 6.2, falls
in between the two results for the local ISM and the Galac-
tic center obtained in the infrared. When we consider the total
abundance (including the contribution from gas), this increases
the total abundance to > 4.4 × 10−5 per H atom, which would
correspond more with values found in the local solar neigh-
borhood than those of the Galactic center. When we compare
the total abundance of silicon to the protosolar abundance from
Lodders & Palme (2009), we find only a small deviation from
the solar abundance, namely: AZ/A! > 1.14. Furthermore, since
we probe the inner regions of the Galaxy, it is not unrealistic to

encounter a total abundance of silicon larger than solar along the
line of sight.

Another comparison can be made using the observations to-
wards the low-mass X-ray binaries 4U 1820-30 (Costantini et al.
2012) and X Per (Valencic & Smith 2013). In contrast to GX 5-1,
these lines of sight probe the diffuse ISM. Towards 4U 1820-30
the abundance is 4.80.8

−0.5 × 10
−5 perH atom and towards X Per is

3.6± 0.5× 10−5 perH atom. The lower limit of the Si abundance
found in our analysis does, therefore, agree with the results of
the diffuse ISM. The actual value of the Si abundance might in-
deed be higher than the average Si abundance in the diffuse ISM,
but we need upper limits to the abundances to confirm this by
obtaining better estimates on the depletion values. This may be
obtained by releasing the range on the silicon depletion, which
is discussed in section 7.1.2.
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position observed by Fink et al. (1985), listed in Table 2,
whereas we needed to shift the metallic Fe data by
≈+ 2.53 eV. We note that 10% is also on the order of
magnitude expected for the abundance of gas-phase Fe in the
diffuse ISM. Our fit procedures were unable to constrain the
abundance of gas-phase Fe, given its small contribution to the
absorption signal. It follows that we are likely unable to
comment on a similar abundance of metallic Fe particles.
Nonetheless, the fact that the Kortright & Kim (2000) metallic
Fe cross section requires shifting in nearly every study of
interstellar Fe (e.g., Juett et al. 2006; Hanke et al. 2009; Gatuzz
et al. 2015; Psaradaki et al. 2023), as well as in our work,
demonstrates that the absolute energy calibration of pure
metallic iron is essential for accurate identification and
abundance determinations of interstellar dust, and needs to be
revisited.

Additional compounds examined by Psaradaki et al. (2023)
include troilite (FeS), pyrite (FeS2), and magnetite (Fe3O4).
They concluded that these compounds resulted in spectral
fits that were less preferred. The oxidation state of Fe in
troilite and pyrite is Fe2+. For magnetite, it is Fe2+(Fe3+)2;
hence, magnetite is likely to present XAFS that are quite
different from the other compounds in our study. Westphal
et al. (2019) analyzed observations from the sight line to
Cygnus X-1 and worked to fit XAFS from FeS, metallic Fe,
and silicate samples of suspected presolar dust grains. They
concluded that less than 38.5% of Fe resides in silicates; the
rest is in metallic Fe with no signatures from FeS. If their
finding that the Fe in the ISM is primarily in metallic form, then
it would also dominate the observed L-shell extinction features
and provide one of the better fits in our analysis. We find that
this is not the case, particularly for the Cygnus X-1 sight line
that both we and Westphal et al. (2019) analyzed, which
implies that metallic Fe is not the dominant species for this
sight line. This is in contradiction to their findings. Still, all
X-ray absorption studies to date agree that Fe–S compounds
do not account for an appreciable fraction of Fe-bearing
dust grains. Our two best-fitting compounds, lepidocrocite
and hematite, are not present in prior works, warranting the
future consideration of Fe3+ oxides for the mineralogy of
interstellar dust.

6.4. Comparison to Other X-Ray Models for Interstellar
Extinction

In this work, we have presented a local XSPEC model,
SolidFeL, with dust extinction cross sections drawn from the
laboratory work of Kortright & Kim (2000) and Lee et al.
(2009). The cross sections included in SolidFeL are not
shifted from the reported laboratory energies. The solid-phase,
broadband, and photoelectric K-shell extinction features from
elements other than Fe are modeled following the absorption
profiles drawn from Hanke et al. (2009), from which optical
constants are then derived by kkcalc (as described by Watts
2014). Below, we describe how SolidFeL differs from other
XSPEC models of interstellar extinction.
The XSPEC model ISMabs (Gatuzz et al. 2015) provides

high-resolution theoretical cross sections for select interstellar
metals. It models gas-phase photoabsorption only, and would be
physically accurate if all interstellar metals were in the gas
phase. The tbabs model also provides absorption-only
properties of the ISM using the simplified cross sections for
neutrals from Verner & Yakovlev (1995), but is modified for
self-shielding by dust grains and follows the abundance tables of
Wilms et al. (2000). Both ISMabs and tbabs have shifted the
metallic Fe cross sections of Kortright & Kim (2000) to match
the observed position of interstellar Fe L-shell features (Wilms
et al. 2000; Gatuzz et al. 2015). Both of these models are
missing the dust scattering component to X-ray interstellar
extinction. The updated version of ISMabs (Gatuzz et al. 2015)
can be found at https://github.com/efraingatuzz/ISMabs.
The XSPEC model xscat (Smith et al. 2016) solely models

the scattering component of extinction from interstellar dust.
This model contains the most comprehensive set of dust grain
size distributions currently available in the X-ray, but does not
account for dust grain absorption and shielding effects. The
ISMdust model provides the full extinction profile—
absorption plus scattering—from a power-law distribution of
interstellar dust grains only, and is most accurate for telescopes
that are able to resolve dust scattering halo images (Corrales
et al. 2016). It uses the empirical broadband dust opacities of
Draine (2003). ISMdust is best used in combination with an
absorption-only model like tbvarabs or ISMabs to capture
the gas-phase component of interstellar absorption, the latter of
which was used in this work.

Figure 5. RGS spectra highlighting the Fe L-shell extinction features of the diffuse ISM in the 0.69–0.74 keV energy range for (left) Cygnus X-1 and (right) GX 339-
4. The solid line shows the best-fit model for energy-shifted hematite.
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test, using three different assumptions about the particle size
distribution. We used the measured GEMS absorption spectra,
and computed the extinction spectrum using the method
described in Section 3.

In the first approach, we tested the hypothesis that interstellar
silicates consist of GEMS-like material, but with the WD01
size distribution, in contrast with GEMS as observed in CP-
IDPs. The approach was thus identical with that of the previous
section, but using a GEMS spectrum instead of amorphous
reticulite. The resulting fit and corresponding composition
are shown in Figure 6. As compared with solar abundances
(Fe/Si=0.88), GEMS are deficient in Fe with respect to
Si, with Fe/Si=0.44–0.56 (Keller & Messenger 2011).
If interstellar silicates are GEMS-like, then the remaining
36%–50% of the Fe must be in some other phases. Assuming
that these are either metal or sulfide, this leads to a compositional
constraint on the oxidation state of Fe. The observed composi-
tion is strongly inconsistent with this hypothesis (Figure 6).

In the second approach, we tested the hypothesis that
interstellar silicates are GEMS-like both in composition and in
particle size distribution, as observed in CP-IDPs. We summed
over the observed sizes reported by Keller & Messenger (2011)
in analyses of 44 GEMS, but assumed that the metals and
sulfides followed the WD01 distribution with a upper cutoff, as
in analyses described above. Because the Keller & Messenger
size distribution is dominated by large particles, overabsorption
is more significant. The unconstrained fit to the data is good
(χ2=313), but the fit in the region of the ternary allowed by
the composition is poor (χ2>342) (Figure 7).

Based on detailed TEM observations of GEMS and the
observation of C-rich rims within GEMS, Ishii et al. (2018b)

have recently suggested that GEMS are aggregates of smaller
components. In the absence of a particle size distribution, this
hypothesis is difficult to evaluate here, but it should lie between
the first and second approaches above.
Finally, in the third approach, we test the hypothesis that

interstellar dust consists of silicates containing nanophase metal
and sulfides that have been oxidized and are now observed as
GEMS in CP-IDPs. The GEMS Fe L-edge absorption spectrum
(Figure 2) shows an enhanced resonance consistent with a
major fraction of Fe in the silicate phase, about 50% of the Fe.
In principle, oxidation of Fe could occur at any time between
residence in the ISM and analysis in the laboratory—in the
solar nebula, during atmospheric entry, or due to exposure to
terrestrial oxygen (Figure 8).
To test the hypothesis that GEMS are just oxidized interstellar

dust, we generated a synthetic spectrum of an unoxidized
GEMS. To do this, we measured the size distribution of metals
and sulfides in a GEMS and used the observed size distribution
to compute the expected extinction spectrum. Unoxidized
GEMS should have a mix of metal and sulfide with a particle
size distribution similar to that seen in present GEMS. Because
the Fe metal grains in the GEMS were typically on the order of
10 nm in diameter, the synthetic extinction spectrum did not
exhibit a significant pre-edge scattering feature—the turn-up in
the data between 680 eV and 705 eV in Figure 4—so the fit to
the Chandra data was poor, with χ2=515, indicating that
GEMS in which Fe is entirely sequestered in metal and sulfides
are an unlikely candidate for interstellar silicates.
It is possible that the oxidation process could change the size

distribution of the metal and sulfide inclusions within a GEMS.
Typically, oxidation would require heating, and the particles could

Figure 3. (Left) Oxidation state of Fe in extraterrestrial materials. ISM measurement, reported here, is shown as Δχ2=4 (2σ, ν=1) and Δχ2=6.13 (2σ, ν=2)
contours over the space of metal, sulfide, and silicate fractions. The contour is projected onto the compositional ternary from the third dimension, acutoff. The (2σ,
ν=1) contour projects to 2σ confidence intervals on each axis. Fe oxidation state in major meteorite families (H, L, LL, EH,K) and cometary materials (Wild 2,
chondritic-porous interplanetary dust particles (CP-IDPs) Westphal et al. 2009; Ogliore et al. 2010, cluster IDPs Westphal et al. 2017) are also shown. The star
indicates the expected oxidation state if S/Fe=0.5 in the ISM and if S is bound to Fe in FeS (troilite). (Right) Best fit to Chandra observations, with the assumption
of complete condensation of Fe from the gas phase (82% metal, 18% silicate, no sulfide).
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Table 5. Dust column densities for each chemical compound in 1016 cm�2 which corresponds to the best fit of each source.

Compound # Dust compound Cygnus X-2 GX 9+9 Ser X-1 SWIFT J1910.2-0546 XTE J1817-330

1 a �MgFeSiO4 – 4.5 ± 0.8 – –
2 c �Mg1.56Fe0.4Si0.91O4 – <1.2 – 5.3 ± 3.4 –
3 a �Mg0.6Fe0.4SiO3 <1.8 – – – <1
4 c �Mg0.6Fe0.4SiO3 – – – <3
5 c �MgSiO3 – – – –
6 a �MgSiO3 – <0.4 – – –
7 c � Fe2SiO4 – – – – –
8 c �Mg2SiO4 – – – – –
9 a �Mg0.75Fe0.25SiO3 8 ± 1 – 17.1 ± 0.2 9 ± 4 8 ± 1
10 c � Fe3O4 – – <0.9 – –
11 c � FeS – – – – –
12 c � FeS2 <1 – <0.5 <0.2 –
13 Fe metal 1.8 ± 0.9 <1.3 8 ± 2 3 ± 1 2.3 ± 0.7

Cstat/d.o.f. 1311/1056 2098/1667 1005/787 2122/1837 1188/1002

D 0.005 0.004 0.003 0.004 0.007

Notes. The symbol a refers to amorphous compounds and c to crystalline. In the last rows, we present the Cstat of the best fit in every source
compared to the degrees of freedom (d.o.f.) and the dust-to-gas mass ratio (D).
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Fig. 4. Best fit in the O K- and Fe L-edges for SWIFT J1910.2–0546 and the relative transmission for the gas and dust components. The transmission
of the gas has been multiplied by factors of 2.5 and 4.5 for iron and oxygen, respectively, for display purposes.

Figure 5 presents the relative fraction of each dust com-
pound using the AIC criteria. In particular, the bar chart shows
the results for the models with �AIC < 4 including all the fits
with similar significance compared to the best fit (about 50 on
average).

5. Discussion

5.1. Silicate mineralogy

Our analysis of the five X-ray binaries shows that Mg-rich amor-
phous pyroxene (Mg0.75Fe0.25SiO3) is the dominant compound
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Table 5. Dust column densities for each chemical compound in 1016 cm�2 which corresponds to the best fit of each source.

Compound # Dust compound Cygnus X-2 GX 9+9 Ser X-1 SWIFT J1910.2-0546 XTE J1817-330

1 a �MgFeSiO4 – 4.5 ± 0.8 – –
2 c �Mg1.56Fe0.4Si0.91O4 – <1.2 – 5.3 ± 3.4 –
3 a �Mg0.6Fe0.4SiO3 <1.8 – – – <1
4 c �Mg0.6Fe0.4SiO3 – – – <3
5 c �MgSiO3 – – – –
6 a �MgSiO3 – <0.4 – – –
7 c � Fe2SiO4 – – – – –
8 c �Mg2SiO4 – – – – –
9 a �Mg0.75Fe0.25SiO3 8 ± 1 – 17.1 ± 0.2 9 ± 4 8 ± 1
10 c � Fe3O4 – – <0.9 – –
11 c � FeS – – – – –
12 c � FeS2 <1 – <0.5 <0.2 –
13 Fe metal 1.8 ± 0.9 <1.3 8 ± 2 3 ± 1 2.3 ± 0.7

Cstat/d.o.f. 1311/1056 2098/1667 1005/787 2122/1837 1188/1002

D 0.005 0.004 0.003 0.004 0.007

Notes. The symbol a refers to amorphous compounds and c to crystalline. In the last rows, we present the Cstat of the best fit in every source
compared to the degrees of freedom (d.o.f.) and the dust-to-gas mass ratio (D).
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Fig. 4. Best fit in the O K- and Fe L-edges for SWIFT J1910.2–0546 and the relative transmission for the gas and dust components. The transmission
of the gas has been multiplied by factors of 2.5 and 4.5 for iron and oxygen, respectively, for display purposes.

Figure 5 presents the relative fraction of each dust com-
pound using the AIC criteria. In particular, the bar chart shows
the results for the models with �AIC < 4 including all the fits
with similar significance compared to the best fit (about 50 on
average).

5. Discussion

5.1. Silicate mineralogy

Our analysis of the five X-ray binaries shows that Mg-rich amor-
phous pyroxene (Mg0.75Fe0.25SiO3) is the dominant compound
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test, using three different assumptions about the particle size
distribution. We used the measured GEMS absorption spectra,
and computed the extinction spectrum using the method
described in Section 3.

In the first approach, we tested the hypothesis that interstellar
silicates consist of GEMS-like material, but with the WD01
size distribution, in contrast with GEMS as observed in CP-
IDPs. The approach was thus identical with that of the previous
section, but using a GEMS spectrum instead of amorphous
reticulite. The resulting fit and corresponding composition
are shown in Figure 6. As compared with solar abundances
(Fe/Si=0.88), GEMS are deficient in Fe with respect to
Si, with Fe/Si=0.44–0.56 (Keller & Messenger 2011).
If interstellar silicates are GEMS-like, then the remaining
36%–50% of the Fe must be in some other phases. Assuming
that these are either metal or sulfide, this leads to a compositional
constraint on the oxidation state of Fe. The observed composi-
tion is strongly inconsistent with this hypothesis (Figure 6).

In the second approach, we tested the hypothesis that
interstellar silicates are GEMS-like both in composition and in
particle size distribution, as observed in CP-IDPs. We summed
over the observed sizes reported by Keller & Messenger (2011)
in analyses of 44 GEMS, but assumed that the metals and
sulfides followed the WD01 distribution with a upper cutoff, as
in analyses described above. Because the Keller & Messenger
size distribution is dominated by large particles, overabsorption
is more significant. The unconstrained fit to the data is good
(χ2=313), but the fit in the region of the ternary allowed by
the composition is poor (χ2>342) (Figure 7).

Based on detailed TEM observations of GEMS and the
observation of C-rich rims within GEMS, Ishii et al. (2018b)

have recently suggested that GEMS are aggregates of smaller
components. In the absence of a particle size distribution, this
hypothesis is difficult to evaluate here, but it should lie between
the first and second approaches above.
Finally, in the third approach, we test the hypothesis that

interstellar dust consists of silicates containing nanophase metal
and sulfides that have been oxidized and are now observed as
GEMS in CP-IDPs. The GEMS Fe L-edge absorption spectrum
(Figure 2) shows an enhanced resonance consistent with a
major fraction of Fe in the silicate phase, about 50% of the Fe.
In principle, oxidation of Fe could occur at any time between
residence in the ISM and analysis in the laboratory—in the
solar nebula, during atmospheric entry, or due to exposure to
terrestrial oxygen (Figure 8).
To test the hypothesis that GEMS are just oxidized interstellar

dust, we generated a synthetic spectrum of an unoxidized
GEMS. To do this, we measured the size distribution of metals
and sulfides in a GEMS and used the observed size distribution
to compute the expected extinction spectrum. Unoxidized
GEMS should have a mix of metal and sulfide with a particle
size distribution similar to that seen in present GEMS. Because
the Fe metal grains in the GEMS were typically on the order of
10 nm in diameter, the synthetic extinction spectrum did not
exhibit a significant pre-edge scattering feature—the turn-up in
the data between 680 eV and 705 eV in Figure 4—so the fit to
the Chandra data was poor, with χ2=515, indicating that
GEMS in which Fe is entirely sequestered in metal and sulfides
are an unlikely candidate for interstellar silicates.
It is possible that the oxidation process could change the size

distribution of the metal and sulfide inclusions within a GEMS.
Typically, oxidation would require heating, and the particles could

Figure 3. (Left) Oxidation state of Fe in extraterrestrial materials. ISM measurement, reported here, is shown as Δχ2=4 (2σ, ν=1) and Δχ2=6.13 (2σ, ν=2)
contours over the space of metal, sulfide, and silicate fractions. The contour is projected onto the compositional ternary from the third dimension, acutoff. The (2σ,
ν=1) contour projects to 2σ confidence intervals on each axis. Fe oxidation state in major meteorite families (H, L, LL, EH,K) and cometary materials (Wild 2,
chondritic-porous interplanetary dust particles (CP-IDPs) Westphal et al. 2009; Ogliore et al. 2010, cluster IDPs Westphal et al. 2017) are also shown. The star
indicates the expected oxidation state if S/Fe=0.5 in the ISM and if S is bound to Fe in FeS (troilite). (Right) Best fit to Chandra observations, with the assumption
of complete condensation of Fe from the gas phase (82% metal, 18% silicate, no sulfide).
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Table 5. Dust column densities for each chemical compound in 1016 cm�2 which corresponds to the best fit of each source.

Compound # Dust compound Cygnus X-2 GX 9+9 Ser X-1 SWIFT J1910.2-0546 XTE J1817-330

1 a �MgFeSiO4 – 4.5 ± 0.8 – –
2 c �Mg1.56Fe0.4Si0.91O4 – <1.2 – 5.3 ± 3.4 –
3 a �Mg0.6Fe0.4SiO3 <1.8 – – – <1
4 c �Mg0.6Fe0.4SiO3 – – – <3
5 c �MgSiO3 – – – –
6 a �MgSiO3 – <0.4 – – –
7 c � Fe2SiO4 – – – – –
8 c �Mg2SiO4 – – – – –
9 a �Mg0.75Fe0.25SiO3 8 ± 1 – 17.1 ± 0.2 9 ± 4 8 ± 1
10 c � Fe3O4 – – <0.9 – –
11 c � FeS – – – – –
12 c � FeS2 <1 – <0.5 <0.2 –
13 Fe metal 1.8 ± 0.9 <1.3 8 ± 2 3 ± 1 2.3 ± 0.7

Cstat/d.o.f. 1311/1056 2098/1667 1005/787 2122/1837 1188/1002

D 0.005 0.004 0.003 0.004 0.007

Notes. The symbol a refers to amorphous compounds and c to crystalline. In the last rows, we present the Cstat of the best fit in every source
compared to the degrees of freedom (d.o.f.) and the dust-to-gas mass ratio (D).
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Fig. 4. Best fit in the O K- and Fe L-edges for SWIFT J1910.2–0546 and the relative transmission for the gas and dust components. The transmission
of the gas has been multiplied by factors of 2.5 and 4.5 for iron and oxygen, respectively, for display purposes.

Figure 5 presents the relative fraction of each dust com-
pound using the AIC criteria. In particular, the bar chart shows
the results for the models with �AIC < 4 including all the fits
with similar significance compared to the best fit (about 50 on
average).

5. Discussion

5.1. Silicate mineralogy

Our analysis of the five X-ray binaries shows that Mg-rich amor-
phous pyroxene (Mg0.75Fe0.25SiO3) is the dominant compound
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Table 5. Dust column densities for each chemical compound in 1016 cm�2 which corresponds to the best fit of each source.

Compound # Dust compound Cygnus X-2 GX 9+9 Ser X-1 SWIFT J1910.2-0546 XTE J1817-330

1 a �MgFeSiO4 – 4.5 ± 0.8 – –
2 c �Mg1.56Fe0.4Si0.91O4 – <1.2 – 5.3 ± 3.4 –
3 a �Mg0.6Fe0.4SiO3 <1.8 – – – <1
4 c �Mg0.6Fe0.4SiO3 – – – <3
5 c �MgSiO3 – – – –
6 a �MgSiO3 – <0.4 – – –
7 c � Fe2SiO4 – – – – –
8 c �Mg2SiO4 – – – – –
9 a �Mg0.75Fe0.25SiO3 8 ± 1 – 17.1 ± 0.2 9 ± 4 8 ± 1
10 c � Fe3O4 – – <0.9 – –
11 c � FeS – – – – –
12 c � FeS2 <1 – <0.5 <0.2 –
13 Fe metal 1.8 ± 0.9 <1.3 8 ± 2 3 ± 1 2.3 ± 0.7

Cstat/d.o.f. 1311/1056 2098/1667 1005/787 2122/1837 1188/1002

D 0.005 0.004 0.003 0.004 0.007

Notes. The symbol a refers to amorphous compounds and c to crystalline. In the last rows, we present the Cstat of the best fit in every source
compared to the degrees of freedom (d.o.f.) and the dust-to-gas mass ratio (D).
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Fig. 4. Best fit in the O K- and Fe L-edges for SWIFT J1910.2–0546 and the relative transmission for the gas and dust components. The transmission
of the gas has been multiplied by factors of 2.5 and 4.5 for iron and oxygen, respectively, for display purposes.

Figure 5 presents the relative fraction of each dust com-
pound using the AIC criteria. In particular, the bar chart shows
the results for the models with �AIC < 4 including all the fits
with similar significance compared to the best fit (about 50 on
average).

5. Discussion

5.1. Silicate mineralogy

Our analysis of the five X-ray binaries shows that Mg-rich amor-
phous pyroxene (Mg0.75Fe0.25SiO3) is the dominant compound
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Case Study: Iron

Fe/H abundance toward Cygnus X-1 would be a factor of ∼1.4
higher than solar and toward GX 339-4 a factor of ∼2 higher.

Using these results, we can determine the Fe-bearing dust-to-
hydrogen mass ratio for dust-grain compound i from
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where mp is the proton mass. Assuming the average dust-to-gas
mass ratio of the Milky Way ISM is 0.01 (Draine 2011), then
Xd/H for all dust compounds should sum to 0.014, for a He/H
number ratio of 10%. The average mass ratio of Fe-bearing dust
grains from our best-fitting candidates are XFe−dust/H= 0.003 and
0.004 for Cygnus X-1 and GX 339-4, respectively. This suggests
that Fe-bearing grains make up ∼20%–30% of the dust-to-
hydrogen mass expected in the ISM.

The total abundance of cool gas-phase O is determined here
from the ISMabs fits to the three O charge states detected. For
both sight lines, we find a gas-phase O abundance that is larger
by ∼0.1 dex (∼30%) than the solar ( + = Alog 12 8.69O
0.04, Asplund et al. 2021) and ISM ( + =Alog 12 8.69Fe ,
Wilms et al. 2000) values.

We can also infer the abundance of O locked up in dust
grains. During the fit procedure, we replaced the ISMdust
silicate model with SolidFeL, which includes only the
laboratory measurements for Fe-bearing compounds, a few of
which contained O, but no Mg-bearing silicates. Thus, we are
only able to consider O abundances from Fe-bearing dust in
this work, reported as AO(Fe−dust)+12 in Tables 7 and 8. For our
top three dust candidates, the abundance of O in Fe-bearing
grains is about 1 dex lower than in the gas phase.

Mg-rich silicates are suspected to account for the majority
of ISM silicates and to be an ample reservoir for solid-phase O.
Assuming that 100% of interstellar Si is depleted into the
Mg-silicate end-members enstatite (MgSiO3) or forsterite
(Mg2SiO4), then +-( )Alog 12O Mg sil would be 7.75 and 7.87,
respectively, using the ISM abundances of Wilms et al. (2000).
These values are comparable to our reported AO(Fe−dust) values.
This implies that, if Fe oxides are indeed the dominant Fe-bearing
dust compound, then the amount of ISM O depleted into Fe
oxides is comparable to that depleted into Mg silicates. Adding

together the inferred abundances for AO(Fe−dust) and AO(Mg−sil), the
Fe-oxide models imply a total O depletion ∼20%. Depletions of
10%–30% are reasonable for the diffuse ISM (Jenkins 2009;
Psaradaki et al. 2020, 2023). If we assume that the majority of
interstellar silicates are in enstatite, a requirement due to the fact
that the abundance of Si is approximately equal to that of Mg,
then we can estimate the total mass of Mg-rich silicate dust based
on the mass and mixture of each element in the compound
stoichiometry and the abundance of Si relative to H. This yields
XMg−sil/H≈ 0.002, which accounts for ∼10% of the interstellar
dust mass. Together with XFe−dust/H= 0.003–0.004, this would
leave the next suspected dust species, carbonaceous grains, to
account for the remaining∼60% of the total interstellar dust mass.
Since the abundances of Mg, Fe, and Si are close to one

another, assuming that fayalite (our third-best-fitting model) is
the dominant Fe-bearing dust compound would necessarily
reduce the amount of Si available to form enstatite or forsterite.
The fayalite fit suggests solid-Fe abundances that are close to
solar (i.e., accounting for all known solid-phase Fe), implying
that the majority of Si must also be in fayalite. This is
inconsistent with the current understanding of interstellar
silicate mineralogy, for which Mg/Fe ratios ≈1–3 are found
(see Sections 2 and 6.3). With little Si remaining in the
budget to form Mg-rich silicates, the fayalite fit yields an O
depletion ∼10%. The fayalite model also yields XMg−sil/H≈
0.003–0.004, for Cygnus X-1 and GX 339–4, respectively,
implying that 20%–30% of interstellar dust is in Fe-rich silicates.
However, with relatively little Si remaining to form Mg-rich
silicates, the remaining 70%–80% are presumably in carbonaceous
grains. This picture is broadly inconsistent with the majority of
mineralogical models of interstellar dust.
Since Ne is a noble gas that does not deplete into the solid

phase, it provides an excellent benchmark for abundance
constraints. Our measured values of + = –Alog 12 7.94 8.00Ne
are slightly underabundant by 0.05–0.1 dex (10%–30%)
compared to studies of the local solar neighborhood
(8.09± 0.05, Nieva & Przybilla 2012), the Orion Nebula
(0.05± 0.03 Simón-Díaz & Stasińska 2011), and the solar
wind (8.06± 0.05 Asplund et al. 2021). Curiously, our
measurements are in better agreement with less modern values

Figure 3. RGS spectra of the Fe feature in Cygnus X-1 fitted in the 0.69–0.74 keV energy range with the (left) unshifted and (right) shifted (+1.88 eV) fayalite model
in SolidFeL (solid lines). These panels highlight the evidence for an energy offset error in the published experimental cross section data. Similar results are found
for the other species listed in Table 1.
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Figure 3. Plot showing the data analysed in this work alongside the cluster data from Jackson et al. (2012). The quantity on the vertical axis is log Lx

(R∗/R")2 .

Upper limits are indicated by downward triangles and lighter colours. Black line indicates the best-fitting age–activity relationship found for data analysed in
this work.

Fig. 3 shows the cluster data from Jackson et al. (2012) for ages
below 1 Gyr, which we normalized by the stellar surface area based
on spectral type, alongside the sample of stars from this research
for ages above 1 Gyr with our best-fitting age–activity relationship
shown in black. As has been reported in many studies (Vilhu 1984;
Jardine & Unruh 1999; Pizzolato et al. 2003), for very young stars
there is a saturation of the X-ray luminosity until approximately
100 Myr when the X-ray luminosity starts to decay. Jackson et al.
(2012) quantitatively investigated the age–activity relationship us-
ing clusters as calibrators, normalizing by the bolometric luminos-
ity and splitting into several mass bins. They found slope values
for the age–activity relationship ranging from −1.09 ± 0.28 to
−1.40 ± 0.11, considering seven spectral bins across the range
from F-type stars to early M-type stars. Comparing these values
to the slope value found in this work of −2.80 ± 0.72, we find a
steeper slope for the age–activity relationship at old ages than what
is reported for any of the spectral bins for the younger stars. This
steepening indicates a more rapid decay of stellar activity with age
for cool stars older than a gigayear than for younger stars.

We will now discuss the implications of this steepening in relation
to stellar spin-down and activity decrease in general. As mentioned
previously, the rotational velocity of a star will decrease over time
as a result of magnetic braking where the rotation is related to
the time (or age) by vrot ∝ t−α where α = 0.5 (Skumanich 1972;
Meibom et al. 2011). The first study of the relationship between
rotation and activity was by Pallavicini et al. (1981), who found
that Lx ∝ (v sin(i))1.9. Observations of solar-like stars confirmed
that the relationship between activity and rotation takes the form
of Lx ∝ v

β
rot, where β ≈ 2 (Pizzolato et al. 2003). From these two

relationships, one can predict how the X-ray luminosity varies with
time as shown in equation (2):

Lx ∝ t−αβ , where αβ ≈ 1. (2)

Some previous studies have investigated the value of αβ. For ex-
ample, Güdel et al. (1997) studied nine solar-like G stars with ages
ranging from 70 Myr to 9 Gyr (however, they were constrained to
rotation-inferred ages for most stars with ages beyond 1 Gyr) and
found the value to be 1.5 for ages greater than 100 Myr. Later stud-
ies included Giardino et al. (2008) that studied the 1.5 Gyr NGC
752 cluster and presented results that were consistent with a value
for αβ of 1.5, but also found evidence for a steepening of the X-
ray luminosity scaling law after the age of the Hyades cluster (625
million years). However, Feigelson et al. (2004) found an excel-
lent fit for their data with a value for αβ of 2, but also could not
rule out the predicted value due to the small sample and systematic
uncertainties.

The results from this research indicate that the value of αβ for
stars older than a gigayear is 2.80 ± 0.72, which is larger than the
expected value of unity, and more in line with the direct investi-
gations of LX versus age in the studies discussed in the previous
paragraph. This leaves the challenge of explaining why the decay
of magnetic activity is faster than predicted. One possibility is that
the rotational spin-down could be more rapid than expected from
constant magnetized stellar winds (Kawaler 1988), i.e. α has a value
greater than 0.5. Feigelson et al. (2004) also postulated that the coro-
nal mass ejections may contribute to stellar angular deceleration,
changing the alpha exponent. But a recent study by van Saders et al.
(2016) reports that there is weakened magnetic breaking for older
late-type stars. Unfortunately, their sample and ours do not have
sufficient overlap to compare age, rotation and activity all together.
A recent theoretical model by Blackman & Owen (2016) predicts
weakened magnetic braking for older late-type stars; their model
suggests that conductive losses are more important for these stars
than wind losses, which would imply a reduced angular momen-
tum loss. Other theoretical works include Garraffo, Drake & Cohen
(2015) and Vidotto et al. (2016), which show that the rotational
spin-down of a star may depend on the magnetic field geometry.
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XUV driven atmospheric escape can remove a planet’s gas envelope
15 of 30

Figure 7. (Left) The predicted radius evolution under photoevaporative escape models for two planets in the
young Praesepe star cluster [99]. Planet K2-100b is near the edge of the Neptune desert, and planet K2-101b
is a sub-Neptune near the large side of the radius-period valley. The circle markers indicate the current age
and radius of these planets. The contours represent the uncertainty that arises from the uncertainty in the
mass measurement of these planets. Three possible trajectories for the radius evolution of these planets is
predicted, depending on whether the current-day X-ray luminosity of the host star matches the median
LX/Lbol value from the Jackson et al. [90] relations or deviates from this value within observed dispersion
of stellar X-ray luminosities. (Right) The observed radius and orbital period of transiting planetary systems
listed in the NASA Exoplanet Archive. The green dots represent planets orbiting stars that are accessible
for X-ray characterization by AXIS. The solid black circles indicate the current position of the two planets
on the left, and their possible positions on this diagram at age 6 Gyr are plotted with open circles.

These studies indicate that hydrodynamic escape could play a significant role in shaping the observed
properties of the known hot population of super-Earths and sub-Neptunes. XUV-driven atmospheric
escape is proposed to explain the “radius valley", an observed dearth of planets with radii of 1.5 to 2R�
[58,119,139], and potentially the “Neptune desert”, the observed lack of short-period Neptunes [124,136].
An understanding of photoevaporative losses is needed to decipher the full picture of planet formation
and evolution, starting with our understanding of the intrinsic XUV properties of planet-hosting stars.

The key to reconstructing the XUV exposure histories of exoplanets is X-ray luminosity measurements
of planet host stars, and only the sensitivity and imaging resolution of AXIS can enable accurate X-ray
luminosity measurements across a large range of ages, for all star types down to M3V (the peak of the
stellar initial mass function). From an instantaneous measurement of a star’s X-ray luminosity, its planet’s
present-day XUV exposure can be calculated [e.g., 24,100,150]. Then, with an understanding of the star’s
likely X-ray evolution over time, past and future XUV exposure can be probabilistically determined [e.g.,
98]. Combined with theoretical models of atmospheric escape, this XUV history can be used to predict (or
trace) the future (or past) evolution of individual planets’ atmospheres [e.g., 99],Figure 7.

Unfortunately, this process is complicated by vast uncertainties in our basic understanding of how
the X-ray luminosity of FGKM-type stars evolves with age. Young stars typically exhibit LX/Lbol ⇡ 10�3,
dubbed the “saturated” regime, until they reach about 100 Myr to 1 Gyr in age (depending on spectral
type), after which the average LX/Lbol decays as a power law with time [e.g., 19,90,91]. However, scattered
about these average trends is a large dispersion of an order of magnitude or more in the observed X-ray
luminosities, which represent a single snapshot in time. Modeling the diversity of lifetime-integrated X-ray
exposures of exoplanet atmospheres requires an understanding of the degree to which this dispersion can

What are the progenitors of super-Earths of sub-Neptunes? How quickly do they evolve?
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the X-ray luminosity of FGKM-type stars evolves with age. Young stars typically exhibit LX/Lbol ⇡ 10�3,
dubbed the “saturated” regime, until they reach about 100 Myr to 1 Gyr in age (depending on spectral
type), after which the average LX/Lbol decays as a power law with time [e.g., 19,90,91]. However, scattered
about these average trends is a large dispersion of an order of magnitude or more in the observed X-ray
luminosities, which represent a single snapshot in time. Modeling the diversity of lifetime-integrated X-ray
exposures of exoplanet atmospheres requires an understanding of the degree to which this dispersion can

Uncertainty in activity-age relations leads to different outcomes for individual systems.
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DS Tuc A b — a young gaseous planet orbiting a sun-like star
45 Myr old, in a binary star-system, size between Neptune and Saturn

4
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Figure 1. X-ray images from a) Swift XRT, b) XMM-Newton EPIC-pn, and c) Chandra ACIS-S, highlighting how our new
Chandra data fully separates DSTucA (bottom star) and DSTucB (top star) spatially in X-rays for the first time. The XMM-
Newton image is from obsID 0863400901 (previously analyzed by Benatti et al. 2021). The Chandra image is from obsID 25103.
Note the di↵erent axes on the Chandra image, as it is zoomed in compared to the other two. The colorbar scales are also
di↵erent between the images, as the number of counts per pixel in the center of the PSF varies greatly between the observations.

Table 2. Best fit plasma temperatures and abundances for DSTucA and B from our spectral fits.

Star kT1 kT2 kT3 Abundances†

(keV) (keV) (keV) O Ne Mg Si Fe

DSTucA 0.757+0.024
�0.022 1.56+0.18

�0.19 7.71‡
3.67+0.92

�0.77 3.14+0.58
�0.50 0.75+0.12

�0.11 0.505+0.072
�0.064 0.587+0.084

�0.074
DSTucB 0.770+0.029

�0.031 1.49+0.13
�0.10 3.13+0.44

�0.32

Note—† Abundances are wrt Solar (Asplund et al. 2009). ‡ The highest temperature for DSTucA was unconstrained at the
upper end, running up to the hard limit - the lower 1-� confidence interval was 4.75 keV.

Table 3. Best fit emission measures, fluxes and luminosities for each extracted spectrum.

# Star Obs Stellar EM1 EM2 EM3 Fx,0.5 Lx,0.5
Lx,0.5

Lbol
Fx,0.1 Lx,0.1

Lx,0.1

Lbol

State (a) (a) (a) (b) (c) (⇥10�4) (b) (c) (⇥10�4)

1 A 25103 Q 34.3+4.9
�4.4 36.9+4.5

�6.0 6.3+5.5
�4.0 5.618+0.094

�0.218 13.12+0.22
�0.51 4.73+0.12

�0.20 5.89+0.38
�0.45 13.75+0.90

�1.04 4.95+0.33
�0.39

2 A 25103 E 33.8+5.7
�4.9 49+13

�15 36+15
�10 8.68+0.13

�0.42 20.26+0.31
�0.99 7.30+0.17

�0.38 7.72+0.54
�0.58 18.0+1.3

�1.4 6.50+0.47
�0.50

3 A 25104 Q 32.1+4.9
�4.3 38.0+5.1

�6.6 7.0+6.0
�4.8 5.55+0.11

�0.23 12.96+0.25
�0.54 4.67+0.12

�0.21 5.76+0.39
�0.45 13.45+0.90

�1.06 4.85+0.34
�0.39

4 A 25104 F 34.9+5.5
�4.8 45+17

�21 60+20
�13 10.478+0.099

�0.518 24.47+0.23
�1.21 8.82+0.18

�0.46 8.56+0.57
�0.59 20.0+1.3

�1.4 7.20+0.49
�0.52

5 A 25105 Q 37.9+5.0
�4.5 15.4+3.2

�4.4 5.2+3.4
�2.9 4.615+0.059

�0.180 10.78+0.14
�0.42 3.88+0.09

�0.17 4.98+0.31
�0.39 11.63+0.71

�0.90 4.19+0.27
�0.33

6 A 25106 Q 23.5+3.7
�3.3 15.5+3.5

�3.5 1.6+2.6
�1.6 3.079+0.098

�0.146 7.19+0.23
�0.34 2.59+0.10

�0.13 3.37+0.26
�0.30 7.88+0.61

�0.69 2.84+0.22
�0.25

7 A 25106 F 25.4+5.2
�4.6 30+17

�15 46+14
�10 7.65+0.16

�0.50 17.86+0.37
�1.16 6.44+0.18

�0.43 6.15+0.50
�0.51 14.4+1.2

�1.2 5.18+0.43
�0.44

8 A 25106 E 28.4+4.8
�4.2 20.9+5.6

�7.7 11.9+6.1
�5.0 4.65+0.12

�0.26 10.86+0.27
�0.62 3.91+0.12

�0.23 4.60+0.35
�0.40 10.74+0.82

�0.94 3.87+0.30
�0.34

9 B 25103 Q 11.7+2.0
�1.8 12.9+1.9

�1.7 0† 1.773+0.047
�0.072 4.13+0.11

�0.17 3.30+0.14
�0.17 1.97+0.14

�0.17 4.58+0.33
�0.39 3.66+0.29

�0.33

10 B 25104 Q 16.5+2.5
�2.2 12.8+3.7

�3.8 10.0+3.0
�3.1 2.819+0.053

�0.109 6.57+0.12
�0.26 5.25+0.19

�0.26 2.91+0.19
�0.23 6.78+0.44

�0.54 5.42+0.39
�0.46

11 B 25105 Q 14.5+2.4
�2.1 11.0+3.6

�3.6 7.6+2.7
�2.9 2.386+0.059

�0.102 5.56+0.14
�0.24 4.44+0.18

�0.23 2.49+0.17
�0.21 5.80+0.40

�0.48 4.63+0.35
�0.41

12 B 25105 E 22.4+4.3
�3.7 0† 53.8+4.6

�4.5 5.36+0.16
�0.26 12.50+0.38

�0.60 9.99+0.44
�0.56 4.77+0.37

�0.42 11.11+0.87
�0.98 8.88+0.75

�0.82

13 B 25106 Q 18.3+2.7
�2.4 4.4+3.5

�3.6 10.6+2.7
�2.6 2.526+0.064

�0.107 5.89+0.15
�0.25 4.71+0.19

�0.24 2.62+0.19
�0.22 6.11+0.45

�0.51 4.88+0.39
�0.43

Note— a: 1051 cm�3. b: 10�12 erg s�1 cm�2. c: 1029 erg s�1. †: Parameter best fit value was negligible in the initial fit and
the fit was redone with parameter fixed to 0. The stellar states are quiescent (Q), elevated (E), or flare (F), as per the

temporal definitions displayed in Fig. 2(a). We give the unabsorbed fluxes at Earth, luminosities, and ratios to the bolometric
luminosity in two di↵erent bands: the observed 0.5–10 keV band, and 0.1–2.4 keV, which allows for direct comparison with the

Wright et al. (2011, 2018) sample.

XMM
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Figure 1. X-ray images from a) Swift XRT, b) XMM-Newton EPIC-pn, and c) Chandra ACIS-S, highlighting how our new
Chandra data fully separates DSTucA (bottom star) and DSTucB (top star) spatially in X-rays for the first time. The XMM-
Newton image is from obsID 0863400901 (previously analyzed by Benatti et al. 2021). The Chandra image is from obsID 25103.
Note the di↵erent axes on the Chandra image, as it is zoomed in compared to the other two. The colorbar scales are also
di↵erent between the images, as the number of counts per pixel in the center of the PSF varies greatly between the observations.

Table 2. Best fit plasma temperatures and abundances for DSTucA and B from our spectral fits.

Star kT1 kT2 kT3 Abundances†

(keV) (keV) (keV) O Ne Mg Si Fe

DSTucA 0.757+0.024
�0.022 1.56+0.18

�0.19 7.71‡
3.67+0.92

�0.77 3.14+0.58
�0.50 0.75+0.12

�0.11 0.505+0.072
�0.064 0.587+0.084

�0.074
DSTucB 0.770+0.029

�0.031 1.49+0.13
�0.10 3.13+0.44

�0.32

Note—† Abundances are wrt Solar (Asplund et al. 2009). ‡ The highest temperature for DSTucA was unconstrained at the
upper end, running up to the hard limit - the lower 1-� confidence interval was 4.75 keV.

Table 3. Best fit emission measures, fluxes and luminosities for each extracted spectrum.

# Star Obs Stellar EM1 EM2 EM3 Fx,0.5 Lx,0.5
Lx,0.5

Lbol
Fx,0.1 Lx,0.1

Lx,0.1

Lbol

State (a) (a) (a) (b) (c) (⇥10�4) (b) (c) (⇥10�4)

1 A 25103 Q 34.3+4.9
�4.4 36.9+4.5

�6.0 6.3+5.5
�4.0 5.618+0.094

�0.218 13.12+0.22
�0.51 4.73+0.12

�0.20 5.89+0.38
�0.45 13.75+0.90

�1.04 4.95+0.33
�0.39

2 A 25103 E 33.8+5.7
�4.9 49+13

�15 36+15
�10 8.68+0.13

�0.42 20.26+0.31
�0.99 7.30+0.17

�0.38 7.72+0.54
�0.58 18.0+1.3

�1.4 6.50+0.47
�0.50

3 A 25104 Q 32.1+4.9
�4.3 38.0+5.1

�6.6 7.0+6.0
�4.8 5.55+0.11

�0.23 12.96+0.25
�0.54 4.67+0.12

�0.21 5.76+0.39
�0.45 13.45+0.90

�1.06 4.85+0.34
�0.39

4 A 25104 F 34.9+5.5
�4.8 45+17

�21 60+20
�13 10.478+0.099

�0.518 24.47+0.23
�1.21 8.82+0.18

�0.46 8.56+0.57
�0.59 20.0+1.3

�1.4 7.20+0.49
�0.52

5 A 25105 Q 37.9+5.0
�4.5 15.4+3.2

�4.4 5.2+3.4
�2.9 4.615+0.059

�0.180 10.78+0.14
�0.42 3.88+0.09

�0.17 4.98+0.31
�0.39 11.63+0.71

�0.90 4.19+0.27
�0.33

6 A 25106 Q 23.5+3.7
�3.3 15.5+3.5

�3.5 1.6+2.6
�1.6 3.079+0.098

�0.146 7.19+0.23
�0.34 2.59+0.10

�0.13 3.37+0.26
�0.30 7.88+0.61

�0.69 2.84+0.22
�0.25

7 A 25106 F 25.4+5.2
�4.6 30+17

�15 46+14
�10 7.65+0.16

�0.50 17.86+0.37
�1.16 6.44+0.18

�0.43 6.15+0.50
�0.51 14.4+1.2

�1.2 5.18+0.43
�0.44

8 A 25106 E 28.4+4.8
�4.2 20.9+5.6

�7.7 11.9+6.1
�5.0 4.65+0.12

�0.26 10.86+0.27
�0.62 3.91+0.12

�0.23 4.60+0.35
�0.40 10.74+0.82

�0.94 3.87+0.30
�0.34

9 B 25103 Q 11.7+2.0
�1.8 12.9+1.9

�1.7 0† 1.773+0.047
�0.072 4.13+0.11

�0.17 3.30+0.14
�0.17 1.97+0.14

�0.17 4.58+0.33
�0.39 3.66+0.29

�0.33

10 B 25104 Q 16.5+2.5
�2.2 12.8+3.7

�3.8 10.0+3.0
�3.1 2.819+0.053

�0.109 6.57+0.12
�0.26 5.25+0.19

�0.26 2.91+0.19
�0.23 6.78+0.44

�0.54 5.42+0.39
�0.46

11 B 25105 Q 14.5+2.4
�2.1 11.0+3.6

�3.6 7.6+2.7
�2.9 2.386+0.059

�0.102 5.56+0.14
�0.24 4.44+0.18

�0.23 2.49+0.17
�0.21 5.80+0.40

�0.48 4.63+0.35
�0.41

12 B 25105 E 22.4+4.3
�3.7 0† 53.8+4.6

�4.5 5.36+0.16
�0.26 12.50+0.38

�0.60 9.99+0.44
�0.56 4.77+0.37

�0.42 11.11+0.87
�0.98 8.88+0.75

�0.82

13 B 25106 Q 18.3+2.7
�2.4 4.4+3.5

�3.6 10.6+2.7
�2.6 2.526+0.064

�0.107 5.89+0.15
�0.25 4.71+0.19

�0.24 2.62+0.19
�0.22 6.11+0.45

�0.51 4.88+0.39
�0.43

Note— a: 1051 cm�3. b: 10�12 erg s�1 cm�2. c: 1029 erg s�1. †: Parameter best fit value was negligible in the initial fit and
the fit was redone with parameter fixed to 0. The stellar states are quiescent (Q), elevated (E), or flare (F), as per the

temporal definitions displayed in Fig. 2(a). We give the unabsorbed fluxes at Earth, luminosities, and ratios to the bolometric
luminosity in two di↵erent bands: the observed 0.5–10 keV band, and 0.1–2.4 keV, which allows for direct comparison with the

Wright et al. (2011, 2018) sample.

Chandra

Figure 1: Left: Optical brightness vs. age for all stars known to be younger than 1Gyr that host a transiting
planet. DSTucA is highlighted with the orange star. AUMic is the blue square. Middle: Fig. 1 of Wright & Drake
(2016), plotting LX/Lbol vs Rossby number; reproduced to highlight the scatter in LX/Lbol in the saturated regime
(flat region at the top). Right: Top panel of Fig 1 of Owen & Lai (2018), with radius vs. period for transiting
planets with (blue squares) and without (green circles) mass measurements, highlighting the dearth of Neptunian
sized planets on short orbits. DSTucAb is highlighted with the orange star.

have a thick gaseous envelope, and the size of the planet means it is highly likely that that envelope
would be vulnerable to radical evolution by evaporation. At 45Myr old, the star is likely right in
the middle of its X-ray saturation phase, providing the greatest rate of irradiation to the planetary
atmosphere at any point in its lifetime. As such, evaporation is likely to be underway right now,
driven by this intense XUV emission from its young star. In the saturated regime, DS Tuc A has
an expected X-ray flux of 2� 9⇥ 10�12 erg s�1 cm�2 (§3.1).

Given its crucial role in driving mass loss, characterizing the XUV environment in which close-
in planets reside is imperative to investigations of the atmospheric evolutionary history and our
understanding of the wider exoplanet population. Pointed X-ray observations of key systems are
important to measure the true X-ray spectrum and associated flux, rather than relying on empirical
relations which can subject to scatter of up to an order of magnitude or two (§2).

Important too is reconstructing the unobservable EUV flux. Several methods of estimating
EUV flux have been developed in the literature, using observable quantities such as Ly↵ (Linsky
et al., 2014) and X-rays (Chadney et al., 2015; King et al., 2018). A more detailed approach
of performing a full Di↵erential Emission Measure (DEM) reconstruction, using information from
numerous FUV lines and the X-ray spectrum, has also been applied (Louden et al., 2017; Bourrier
et al., 2020). For DSTuc there already exists HST observations (program GO-16085) taken in the
far-ultraviolet (FUV) that will be combined with the X-ray observations proposed here to perform
a DEM reconstruction. The X-ray observations will also be important for interpreting the Ly-↵
transit observations of that and future, similar programs.

2 Variation within the saturation phase

The X-ray emission from late-type stars during the saturation epoch is often treated as constant.
Yet, questions remain about the emission at this time, particularly relating to variability. This is
important in the context of XUV irradiation of exoplanets, as this could result in variations in the
mass loss rate (Lecavelier des Etangs et al., 2012).

It is a well established fact that young stars flare more often (e.g. Ilin et al., 2021), but their
variability on longer timescales - months to years - is less certain. For example, a sub-sample of
saturated stars analyzed by Wright et al. (2011, 2018) cluster around LX/Lbol ⇡ 10�3, but there
exists scatter in the points by up to an order of magnitude (Fig. 1) that cannot be explained by the
uncertainties on the individual points. This could caused by one of two things: 1) there is intrinsic
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A year-long Cycle 22 campaign captured flares and periods of elevated X-ray brightness
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Figure 6. The Wright et al. (2018) sample with our mea-
surements of DSTucA and B overplotted. The bottom panel
is a zoom in of the top panel on to the region around where
our measurements cluster.

with the range covered by the Chandra points within640

the relatively large uncertainties of the XMM-Newton641

points. While the results for star B do not motivate642

further observations on their own, obtaining more ob-643

servations of star A will also provide extra data for star644

B that could elucidate any periodicity in the variation645

of star B that we observe.646

6. COMPARISON WITH EMPIRICAL X-RAY647

RELATIONS648

We compared the 0.1 – 2.4 keV fluxes calculated in649

Section 2.2 to empirical relationships between X-ray650

emission and both stellar rotation period and age. Note651

that the XMM-Newton points were not included in the652

analysis in this section due to their much larger uncer-653

tainties, and to ensure the points used for our statistical654

calculations were obtained in a self-consistent manner.655

The advantage of including them in Section 5, i.e. elon-656

gating the baseline for assessing the temporal variation,657

is also not relevant here.658

6.1. Comparison to the X-ray-Rossby number659

relationship660

Table 5. Statistical tests for the DSTuc stars and compar-
ison samples.

Sample St. Dev Range KS-Test

⇥10�4 ⇥10�4 p-value

Star A 1.31 4.37
0.52

Comparison A 3.09 15.82

Star B 1.79 5.22
0.44

Comparison B 4.13 26.88

Note—These are the standard deviation and range of our
Lx,0.1/Lbol measurements for each star. We compare these

to samples of the closest 100 in Ro to each star in the
Wright et al. (2018) sample. In the final column we give the

p-value from a KS-test of the two samples.

Our first comparison was to the relationship between661

Lx,0.1/Lbol and the Rossby number, Ro, defined as the662

ratio of the stellar rotation period, Prot, and the con-663

vective turnover time, ⌧ . For star A, we adopt Prot =664

2.85+0.04
�0.05 d, as determined by Newton et al. (2019). Star665

B however does not have a measured rotation period,666

and thus we calculate an upper limit on its value us-667

ing the v sin i measurement of 14.4 ± 0.3 km s�1, also668

reported by Newton et al. (2019), yielding Prot < 3.04 d.669

To estimate ⌧ , we used the theoretical models of670

Landin et al. (2023), which provide values of the con-671

vective turnover time based on a discrete set of stellar672

masses. The closest age to DS Tuc for which values were673

provided on the 1M� track was 32.8 Myr, and led us674

adopt ⌧ = 16d for star A. The 0.8M� track provides675

values at di↵erent ages, with 44.4Myr being closest to676

DS Tuc. Our resulting adopted value of ⌧ for star B677

was 31 d. Landin et al. (2023) stated that the di↵erence678

in ⌧ between di↵erent versions of their model was 5%,679

but we adopt more conservative uncertainties on ⌧ of680

10% to account for e.g. the di↵erence in age between681

the actual system and the closest point on the model682

track for which ⌧ is given. Therefore, we estimate the683

Rossby number of the star A to be 0.175+0.020
�0.016, and an684

upper limit for star B of < 0.096. These values lie just685

either side of the empirical Ro = 0.13 determined by686

Wright et al. (2011, 2018) as the boundary between the687

saturated and unsaturated regimes.688

The series of papers by Wright et al. (2011); Wright689

& Drake (2016); Wright et al. (2018) built a sample of690

over 800 stars ranging in type from F through M with691

Lx,0.1/Lbol and Ro values. In Fig. 6, we plot our val-692

ues for DS TucA and B, together with the sample from693

Wright et al. (2018). The sample shows scatter of over694

an order of magnitude in Lx,0.1/Lbol at a given value695

of Ro. In comparison, our points seem to trace out a696
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Figure 5. X-ray light curves of DSTucA (top panels) and B (bottom panels) across the observations. The left-hand panels are
the unabsorbed fluxes at Earth in the observed 0.5–10 keV band for the Chandra observations, plotting quiescent, elevated, and
flaring epochs separately. The right-hand panels are the equivalent fluxes extrapolated to the 0.1–2.4 keV band (as described in
2.2). On the right-hand panels, we also plot for comparison the XMM-Newton points from Benatti et al. (2021) and Pillitteri
et al. (2022) for the 2020 and 2021 observations, respectively. Colors and symbols for the Chandra points are the same as in
previous figures.

quiescent variation of the star is perhaps not much larger588

than this 1.8 factor among the Chandra observations.589

The origin of the observed decline in the Chandra data590

is not certain, but one possibility is they hint at a Solar-591

like activity cycle. Savanov & Dmitrienko (2020) an-592

alyzed visual magnitude data for DS Tuc from the All593

Sky Automated Survey whose power spectrum revealed594

possible cyclical behavior with periods of 4.4 yr and 360-595

400 d, though they attribute the latter to the seasonal596

nature of the ground-based observations. We note how-597

ever that Basri & Shah (2020) showed that short period598

“cycles” identified in optical data can be the result of599

random processes.600

The existing data are insu�cient to examine any pe-601

riodicity of the X-ray signal. However the decline in602

the Chandra points across almost eight months suggests603

any associated periodicity would likely be at least twice604

as long, in line with the possible optical signal. Among605

stars with measured coronal cycles there appears to be a606

relationship between cycle amplitude and Rossby num-607

ber (see fig. 9 of Wargelin et al. 2017 and Co↵aro et al.608

2022). In Section 6.1, we estimate the Rossby number of609

DS Tuc A to be 0.175+0.020
�0.016, a value for which an activity610

cycle amplitude would be expected to be much smaller611

than the measured 1.8 factor decline, based on this ob-612

served relationship. However, DS Tuc A is an order of613

magnitude younger than the youngest star for which a614

coronal activity cycle has been confirmed Co↵aro et al.615

(2022), and so the validity of this relationship at young616

ages, and therefore small Rossby numbers, is unknown.617

We note that another young planet host, V1298 Tau,618

also shows variability on a similar level to DS Tuc A,619

but again the cyclicity of this signal is unknown (Mag-620

gio et al. 2023).621

The observed decline demonstrates DS Tuc A is an ex-622

citing target for understanding the X-ray variation of623

young Solar-like stars on timescales of months to years.624

More Chandra observations of DS Tuc taken over the625

next few years would enable a greater understanding of626

the origin of this decline, and be able to determine if it627

is part of a periodic signal, along with its characteristics628

if so.629

The quiescent points for star B exhibit some varia-630

tion between epochs, but with no clear overall trend as631

in the star A data. Most notable is the anomalously632

low flux in the first observation, which is a factor 1.6633

lower than the highest quiescent flux. Even if we ex-634

clude this low point, the other three show variability,635

albeit with a smaller amplitude, remaining within 10%636

of their mean. However, even this variation is still sig-637

nificant given the tight uncertainties on the points. The638

XMM-Newton points for star B are broadly consistent639

Potential hints at a stellar cycle — in context with age-activity relations

King et al. (in review)



What kind of planet will it be in 5 Gyr?

DS Tuc A b — a young gaseous planet orbiting a sun-like star
16
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Figure 10. Summary of the outcome of the simulations. The left panel shows the radii of DSTucAb at 5Gyr as a function
of implied current mass for the simulations which reproduced the radius within 1-� at 45Myr. We use di↵erent symbols to
di↵erentiate those that are stripped entirely of their primordial envelope and those which retain at least some portion of it.
Those that strip after 5Gyr are shown as not stripped here, but highlighted with a box around their symbol. For the tracks
reproducing the current observed radius, the right panel shows the cumulative distribution function for the fraction of these
successful tracks for which the envelope has been stripped as a function of time. We also mark on the plot the location of the
radius valley for a planet with a 8.138 d orbit like DSTucAb (solid black line), together with the 1-� uncertainty region (grey
shaded area). These values were calculated using the work of Ho & Van Eylen (2023).

Table 6. Calculated current mass loss rates for DSTucAb.

Mass Energy- ATES ATES

Limited Hydro. Approx

(M�) (g s�1) (g s�1) (g s�1)

6 8.2⇥ 1011 n/a† 1.2⇥ 1011

10 4.7⇥ 1011 1.7⇥ 1011 8.5⇥ 1011

15 3.1⇥ 1011 1.0⇥ 1011 6.3⇥ 1011

20 2.3⇥ 1011 7.6⇥ 1011 5.2⇥ 1011

Note—† The ATES code returned NaN for the 6M� case.

assume this is due to the small mass for a planet of this973

size causing the code to struggle to reach a steady-state.974

All of the values suggest substantial mass loss is ongo-975

ing at the current time, as expected from the high XUV976

emission and young age of the system, and could trans-977

late into direct detection of evporation for this planet978

being possible. However, other considerations such as979

ionization level of the escaping material and how the980

UV irradiation balance a↵ects the population of the981

metastable helium state must be factored in for deter-982

mining detectability at Ly-↵ and the 10830 Å triplet,983

respectively. Simulations to perform such assessments984

are beyond the scope of this work. High levels of stellar985

variation on short timescales, as we observe for DS Tuc A986

in X-rays in Fig. 2(a), could also act to make detecting987

escaping material more di�cult.988

The ATES approximation mass loss rates are slightly989

below those for the hydrodynamic code itself, but always990

within a factor of two. This suggests that somewhat991

more stripping than shown in our simulations in Section992

7.1 might be possible, at least at early ages. The small993

factor of the di↵erences however mean that the over-994

all conclusions are unlikely to change much if it were995

possible to run the hydrodynamic code at each step of996

the simulations. The energy-limited results suggest that997

our choice of ⌘�
2 = 0.15 for those simulations may be998

too low for this planet at the current state. Neverthe-999

less, the canonical values we use for these parameters1000

provide a means for easy comparison with past stud-1001

ies which made the same or similar assumptions (e.g.1002

Ehrenreich & Désert 2011; Salz et al. 2015; Erkaev et al.1003

2016; Owen & Wu 2017; King et al. 2018; Kubyshkina1004

et al. 2018).1005

8. CONCLUSIONS1006

Four observations of the DS Tuc system by Chandra1007

in 2022 have revealed X-ray variation of the two stars1008

on multiple timescales.1009

Star A flared strongly twice, and both stars show fur-1010

ther evidence of emission enhancement at various other1011

points in the observations. From this, we estimated an1012

X-ray flare rate of 2.7 per day, though the low numbers1013

involved mean that it is uncertain how representative of1014

the true flare rate this number is. We note though that it1015

energy-limited escape

ATES 
(Caldiroli+2022)H/He atm

osphere retained

mass uncertainty

H/He atmosphere removed

eventually 
strips within 

10 Gyr

super-Earth

sub-Neptune

Neptune

King et al. (in review)



Are X-ray transits a feasible method for studying atmospheric escape?

Poppenhaeger 2014 (CoRoT symposium review)

Combined Chandra & XMM



Cilley*, King & Corrales (2024); King et al. (2024) *Current UMich junior!

The shape and 
apparent


depth of an X-ray 
transit depends


on the host star’s 
coronal structure
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Table 5. NewAthena detection likelihood with various radius multipliers

Planet (Rp/R⇤)opt 1.5⇥Rp Sig (�) 2⇥Rp Sig (�) 2.5⇥Rp Sig (�)

HD 189733 b 0.16 < 10�5 �4.4 < 10�5 �4.4 < 10�5 �4.4

HIP 65 A b 0.29 < 10�5 �4.4 < 10�5 �4.4 < 10�5 �4.4

WASP-93 br 0.11 < 10�5 �4.4 < 10�5 �4.4 < 10�5 �4.4

AU Mic b 0.05 < 10�5 �4.4 < 10�5 �4.4 < 10�5 �4.4

WASP-140 b 0.14t 6.3⇥10�4 3.4 < 10�5 �4.4 < 10�5 �4.4

WASP-135 ba 0.14 2.7⇥10�3 3.0 < 10�5 �4.4 < 10�5 �4.4

TOI-620 br 0.06 0.03 2.1 1.6⇥10�4 3.8 < 10�5 �4.4

HIP 67522 b 0.07 1.9⇥10�3 3.1 < 10�5 �4.4 < 10�5 �4.4

WASP-80 b 0.17 0.01 2.5 2.7⇥10�5 4.2 < 10�5 �4.4

DS Tuc A b 0.05 0.02 2.3 1.2⇥10�4 3.9 < 10�5 �4.4

WASP-180 A b 0.11 0.02 2.4 8.7⇥10�5 3.9 < 10�5 �4.4

WASP-77 A b 0.13 0.07 1.8 0.02 2.2 1.2⇥10�4 3.8

WASP-43 b 0.16 0.08 1.8 2.8⇥10�3 3.0 < 10�5 �4.4

WASP-52 ba 0.17 0.04 2.0 4.5⇥10�5 4.1 < 10�5 �4.4

WASP-145 A ba 0.11t 0.23 < 1.5 0.04 2.0 3.5⇥10�3 2.9
rFluxes estimated from stellar rotation period
aFluxes estimated from stellar age
tReported optical radius of the planet from the NASA Exoplanet Archive

Note—Each median p-value is derived from 100 randomized data sets, which each consist of 10 stacked light curves.

Figure 3. Stellar and planetary properties of our sample. The left plot shows log X-ray flux at Earth (0.2-2.4 keV) vs log
Rp

R⇤

2
(%). Each planetary system in the sample is plotted, with the host star’s spectral type determining the color and shape.

Points with dark outlines have measured X-ray fluxes, and points surrounded with purple circles are in the list of the top 15
candidate targets for AXIS and NewAthena. The method for determining each X-ray flux is given in section 2.1. For fluxes
given in literature in a band other than 0.2-2.4 keV, we used the XSPEC models described in section 2.2 to convert the flux to
0.2-2.4 keV. The right plot shows the orbital period (days) and radii (Earth radii) of the planets in the NEA, with planets in
our sample highlighted in blue squares. The top 15 candidate targets are shown with darker blue diamonds. The method for
determining the top target candidates is described in Section 2.2.

our simulations for the top 4 targets using a set range of scale height values. In table 6 we show the maximum depth
of the X-ray transit model and NewAthena p-values of the top 4 transit targets using coronal scale heights varying
from 0.05 R⇤ to 0.45 R⇤. In general, increasing the coronal scale height produces a shallower transit, leading to higher
p-values and lower detectability. Grazing transits, such as HIP 65 A b, which has an impact parameter of about 1.17
(Nielsen et al. 2020), follow di↵erent trends depending on their specific inclinations and other system parameters.
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our simulations for the top 4 targets using a set range of scale height values. In table 6 we show the maximum depth
of the X-ray transit model and NewAthena p-values of the top 4 transit targets using coronal scale heights varying
from 0.05 R⇤ to 0.45 R⇤. In general, increasing the coronal scale height produces a shallower transit, leading to higher
p-values and lower detectability. Grazing transits, such as HIP 65 A b, which has an impact parameter of about 1.17
(Nielsen et al. 2020), follow di↵erent trends depending on their specific inclinations and other system parameters.

Simulated NewAthena observing campaign

Are X-ray transits a feasible method for studying atmospheric escape?
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Chandra’s incredible 
imaging resolution 

remains unsurpassed, 
enabling study of young 
stars in crowded systems



The Chandra Orion Ultradeep Project
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Aarnio+2012, K. StassunColombo+2007, see also Caramazza+2007 

Different stellar types and 
ages show different flare 

distributions



AXIS in a Nutshell

Parameter Baseline Value

PSF 1.50” on-axis, 1.75” FoV-ave (HPD)

Effective Area (incl. detector) 4200 cm2 at 1 keV; 830 cm2 at 6 keV

FoV 24 arcmin diameter

Bandpass 0.3-10 keV

Readout rate >5 fps

Slew rate 120 deg. / 9.5 min.

Orbit Low-inclination (5 deg) LEO

• Single instrument design
• 5 year prime mission; design for 10 year goal
• Combination of PSF, effective area, low-background, gives exquisite 

point source sensitivity (F0.5-2.0keV=3x10-18erg/s/cm2 FOV-ave in 7Ms)
• Capable facility for transient science; 2 hour response time to alerts + 

onboard rapid transient detection.
• >70% time for Guest Observers

COSI Science Team 
COSI Science Team 
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Chandra’s pioneering work provides new windows on stellar activity

New working group 
members welcome 
for Phase A study

Recommendations of the Astro2020 Decadal Survey

“For the coming decade, a far-IR 
mission, or an X-ray mission designed 
to complement ESA’s Athena mission, 
would provide powerful capabilities 
not possible at the Explorer scale. 
With science objectives that are more 
focused compared to a large strategic 
mission, and a cost cap of $1.5billion, 
a cadence of one probe mission per 
decade is realistic. ”

COSI Science Team 



Conclusions
• Chandra’s HETG and LETG instruments enable detailed studies of interstellar dust 

composition and structure, which we can compare to suspected interstellar grains in our 
solar system to illuminate planetary growth processes 

• The laboratory data and models are still catching up — Chandra’s data and archives will 
continue to deliver for decades 

• Chandra’s unsurpassed resolution enables detailed studies of stellar activity across ages 
(COUP survey, Wright et al., etc) 

• The ability to resolve stellar binary systems like DS Tuc allows us to study the role of 
atmospheric evaporation in planetary evolution 

• Chandra’s contributions to the discovery of an X-ray transit opens a world of possibility 

• Future missions are built upon Chandra’s legacy of scientific breakthroughs


