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Abstract

Hot atmospheres of massive galaxies are enriched with metals. Elemental abundances measured in the X-ray band
have been used to study the chemical enrichment of supernova remnants, elliptical galaxies, groups, and clusters of
galaxies. Here we measure the elemental abundances of the hot atmosphere of luminous infrared galaxy Arp 299
observed with XMM-Newton. To measure the abundances in the hot atmosphere, we use a multi-temperature
thermal plasma model, which provides a better fit to the Reflection Grating Spectrometer data. The observed Fe/O
abundance ratio is subsolar, while those of Ne/O and Mg/O are slightly above solar. Core-collapse supernovae
(SNcc) are the dominant metal factory of elements like O, Ne, and Mg. We find some deviations between the
observed abundance patterns and theoretical ones from a simple chemical enrichment model. One possible
explanatlon is that massive stars with M, = 23-27 M, might not explode as SNcc and enrich the hot atmosphere.
This is in accordance with the missing massive SNcc progenitors problem, where very massive progenitors
M, 2 18 M., of SNcc have not been clearly detected. It is also possible that theoretical SNcc nucleosynthesis yields
of Mg/O yields are underestimated.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Chemical abundances (224); X-ray

astronomy (1810); Starburst galaxies (1570); High resolution spectroscopy (2096); Galaxy groups (597);

Interacting galaxies (802)

1. Introduction

Hot atmospheres of massive galaxies are enriched with
metals (Werner et al. 2019). Metals are mainly produced by
stars before and during their splendid death as supernovae
(SN). Generally speaking, core-collapse supernovae (SNcc) of
massive (M, 2 8 M) stars are the main metal factory of
elements like O, Ne, and Mg (Nomoto et al. 2013). Type-Ila
supernovae (SNIa) dominate the enrichment of the Fe-peak
elements like Fe and Ni (Hitomi Collaboration et al. 2017).
Low- and intermediate-massive stars (M, <7 M) in the
asymptotic giant branch (AGB) phase contribute most to light
elements like N (Kobayashi et al. 2006; Werner et al. 2006;
Mao et al. 2019).

In chemical enrichment models, it is common to assume that
massive stars from ~10 M. to >40-50 M., can explode as
SNcc and enrich the surrounding environment (e.g., Kobayashi
et al. 2006; Sanders & Fabian 2006; de Plaa et al. 2007;
Mernier et al. 2016; Mao et al. 2019). If the SNcc progenitor
does not contain metals in its atmosphere (i.e., Zj,;; = 0), very
massive stars up to M, = 140 M, can also contribute to the
chemical enrichment via SNcc (Nomoto et al. 2013). It is still
debated whether very massive stars with higher initial
metallicity could make successful SN explosions (Heger
et al. 2003).

From the observational perspective, there is a missing
massive SNcc progenitor problem as reviewed by Smartt
(2015). Massive stars, especially those with M, > 18 M, might
explode as a hypernova (HN), explode as a faint supernova
ejecting a small amount of heavy elements, or directly form a
black hole without a visible supernova (Nomoto et al. 2013). If
the bulk of massive stars above a certain mass limit do not
explode as SNcc or HN, we expect to see mismatches between
the observed and theoretical abundance ratios.

Elemental abundances measured in the X-ray band have
been used to decode the chemical enrichment of supernova
remnants (e.g., Zhou & Vink 2018), elliptical galaxies, groups,
and clusters of galaxies (e.g., Hitomi Collaboration et al. 2017;
Mernier et al. 2018; Mao et al. 2019; Simionescu et al. 2019).
Here, we present the elemental abundances of the hot
atmosphere of a starburst galaxy, which form stars intensively.

Arp 299, also known as NGC 3690, is a palr of interacting
galaxies with a star formation rate of 119 M, ! (Smith et al.
2018) at the distance of 48.5 + 3.4 Mpc (James et al. 2014). It
is one of the most powerful nearby starburst galaxies (Alonso-
Herrero et al. 2009). With L =6.3 x 10" L. (Pereira-
Santaella et al. 2011), it is qualified as a luminous infrared
galaxy (Sanders & Mirabel 1996). From 1992 to 2010, seven

3 1C 694 is a small elliptical or lenticular galaxy about an arcmin northwest,
which is not part of Arp 299.
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Table 1
XMM-Newton Observation Log

Date ObsID Effective Exposures
2001 May 6 0112810101 9.6 ks (RGS), 13.0 ks (pn)
2011 Dec 15 0679381101 9.8 ks (RGS), 6.4 ks (pn)
2020 May 8 0861250101 429 ks (RGS), 39.3 ks (pn)
2020 May 22 0861250201 34.9 ks (RGS), 26.3 ks (pn)
2020 Nov 22 0861250301 35.7 ks (RGS), 11.6 ks (pn)

SNe have been recorded in Arp 299 (Anderson et al. 2011). Six
of them are identified as SNcc and one is unclassified
(Anderson et al. 2011). According to the Open Supernova
Catalog (Guillochon et al. 2017),14 three more SNe have been
found since 2010: SN2018Ird, SN2019lqo, and SN2020fkb.
All three are SNcc. Nevertheless, due to the obscuration by
large amounts of dust in Arp 299, Mattila et al. (2012) argue
that ~80% of the SNe are estimated to be missed by
observations in the optical band.

Arp 299 hosts a hot atmosphere that dominates the soft X-ray
spectrum below 2keV (e.g., Anastasopoulou et al. 2016).
About 20 ultraluminous X-ray sources (Zezas et al. 2003;
Anastasopoulou et al. 2016) and at least one Compton-thick
nucleus (Ptak et al. 2015) dominate the hard X-ray spectrum at
2-10keV and >10keV, respectively. Previous X-ray studies
do not focus on accurate abundance measurement of O, Ne, and
Mg, which are mainly enriched by SNcc. Here, we measure the
elemental abundances of the hot atmosphere of Arp 299 with
the high-quality X-ray spectra obtained with XMM-Newton.
We compare the observed abundance ratios with various
chemical enrichment models. These models include different
SN yields, the initial mass functions (IMFs), the initial
metallicities, and the mass ranges of the SNcc progenitors,
and mixing fractions of HN or SNIa.

A supplementary package is available in the Zenodo
repository at 10.5281/zenodo.5148020. This package includes
data and scripts used to create the figures presented in this

paper.

2. XMM-Newton Observations

We use all the X-ray spectra observed with XMM-Newton
(Table 1), including three new observations obtained in Cycle
19 (PI: J. Mao). The data are reduced following the standard
procedure using XMM-Newton Science Analysis Software
(SAS) v19.0. We construct a time-averaged X-ray spectrum
with the high-resolution soft X-ray spectra (7.5-27 A) obtained
with Reflection Grating Spectrometer (RGS; den Herder et al.
2001) and_the relatively low-resolution hard X-ray spectra
(1.6-10.5 A) obtained with the positive—negative (pn) junction
CCD (charge-coupled device) camera of the European Photon
Imaging Camera (EPIC).

Lightcurves from the CCD9 of RGS and the 10-12keV
energy band of EPIC/pn are created with a time bin of 100s.
Time intervals contaminated by background soft-proton flares
are identified as those above the 30 level and excluded from the
following data reduction. As shown in the left panel of
Figure 1, we extract RGS spectra in rectangular regions
centered on the source with the width along the cross-
dispersion direction equal to ~48” (i.e., 90% of the point-
spread function). We extract EPIC/pn spectra in a circular

14 https:/ /sne.space/
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region with a radius of 24”. The RGS modeled background and
pn local background spectra are subtracted. All the RGS
spectra are combined, as well as the EPIC/pn spectra. By
matching the flux in the common 7.5-10.5 A wavelength
range, the EPIC/pn spectra are scaled by 0.70 with respect to
RGS to account for the different instrument normalization and
the different aperture (the left panel of Figure 1). The right
panel of Figure 1 shows a true color image of Arp 299. The soft
X-ray (0.3-2 keV) image (in purple) is created with the XMM-
Newton image'” script. The optical image (in green) is taken
with the Advanced Camera for Surveys Wide Field Channel
(F814W filter, 814 nm) aboard the Hubble Space Telescope.
The infrared image (in red) is taken with the Infrared Array
Camera (Channel 1, 3.6 um) aboard the Spitzer Space
Telescope.

3. Spectral Analysis

For the spectral analysis, we use the SPEX code (Kaastra
et al. 2020, v3.06.00), which includes the most recent atomic
data for the Fe-L complex (Gu et al. 2020). We use C-statistics
(Kaastra 2017), and statistical uncertainties are quoted at the
68% confidence level. With Hy =70 km s Mpcfl, =03,
and Q4 = 0.7, the redshift of the target is 0.0112 and a distance
scale of 12.7 kpc arcmin ™.

The hot atmosphere is modeled with multi-temperature
thermal plasma models. A power-law component (denoted as
PL) is included to account for the point sources. Three Fe K
lines with rest-frame energies of 6.4keV, 6.7keV, and
6.97keV are also included. These Fe K lines are associated
with the nucleus of NGC 3690, X-ray binaries, and supernova
remnants (Ptak et al. 2015; Anastasopoulou et al. 2016). Since
the power-law component dominates the flux above >2keV,
the absolute abundance of the thermal plasma with respect to
hydrogen cannot be well determined. We set the reference
element to oxygen. The proto-solar abundance table of Lodders
et al. (2009) is used.'® Both the thermal and power-law
components are corrected for absorptions of both the host
galaxy and Milky Way. For the Galactic absorption, we use
NYY =935 x 10" em ™2 (Willingale et al. 2013). Similar to
Smith et al. (2018), we use different hydrogen column densities
for the thermal and power-law components for the host galaxy
absorption.

We ran a total of eight spectral fittings considering (1)
various differential emission measure distributions, (2) mimick-
ing the nonequilibrium scenario, (3) varying power-law photon
indices, and (4) coupling the Fe and Ni abundances. Detailed
results are presented in the Appendix. In Figure 2, we show the
best-fit model to the observed X-ray spectrum of Arp 299. Most
of the previous studies (Huo et al. 2004; Anastasopoulou et al.
2016; Smith et al. 2018) described the hot atmosphere as a
single-temperature thermal (i.e., isothermal) component. Our
best-fit results favor a multi-temperature description of the hot
atmosphere. This should better reflect the multi-temperature
nature of the hot atmospheres of starburst galaxies (Strickland
& Stevens 2000).

'3 hitps: / /www.cosmos.esa.int/web,/xmm-newton /images

'6 The abundances denoted as X and X /O designate (X/H)gos/(X/H)., and
(X/0)gas/(X/0)s, respectively. They correspond to the ratios of X/H and X/O
in the hot atmosphere to those in the proto-solar abundance table of Lodders
et al. (2009).
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1 arcmin

12.7 kpc

Figure 1. X-ray to IR image of Arp 299. Left: XMM-Newton soft X-ray (0.3-2 keV) image with the RGS (rectangles) and EPIC/pn (circle) source regions. The three
new observations in 2020 (Table 1) have similar RGS roll angles so that one rectangular box appears thick. Right: the true color image of Arp 299 with soft X-ray in

purple, optical (Hubble, 814 nm) in green, and infrared (Spitzer, 3.6 xm) in red.

4. Metal Abundances

Accurate abundance measurement of individual elements is
essential to understand the chemical enrichment process of the
hot atmosphere of Arp299. In the present work, we measure
the abundance ratios of N/O=0.70/%"®  Ne/
0=1.164+0.21, Mg/O=1.27+0.26, Si/O=0.97 +0.23,
S/0=178+057, Fe/O=040%%%, and Ni/O

= 0.66703. Our measurement takes advantage of the
resolving power of the RGS spectra for emission lines of N,
O, and Fe-L. Previous studies either do not measure individual
elements separately or only cover a few elements. Huo et al.
(2004) measured merely the Fe abundance (0.12%33}) of the
thermal plasma model MEKAL (Mewe et al. 1995), which
does not contain the state-of-the-art atomic data. Anastasopou-
lou et al. (2016) used VAPEC and measure the abundances of
Ne (1.2419033), Mg (1.141933), and Fe (0.2600%). Smith et al.
(2018) used VMEKAL and measured merely the «/Fe
(=3.25 4+ 2.48) abundance ratio.

We also note that the abundance ratios measured in the
X-ray band are more robust than the absolute abundance with
respect to hydrogen, especially for relatively cool thermal
plasmas with its weak bremsstrahlung (free—free) emission
dominated by the power-law component of the host galaxy.
The absolute oxygen abundance (O/H) of the H II regions that
are closest to the seven SNe exploded in 1992-2010 ranges
from ~0.53 to ~0.70 solar (Anderson et al. 2011). The
absolute oxygen abundance (O/H) of the interstellar medium
of NGC 3690 is ~0.66 solar (Heckman et al. 2015).

In other well studied X-ray bright starburst galaxies, super-
solar Ne/O and Mg/O have been reported. For NGC 253, the
Mg/O and Ne/O abundance ratios are ~2-3 times solar for the
central and surrounding regions (Bauer et al. 2007). For M82,
while the stellar abundances are almost solar, the hot
atmosphere Mg/O and Ne/O abundance ratios are ~2-5 times
solar (Origlia et al. 2004). After taking into account the charge

exchange effect (Zhang et al. 2014), these two abundance ratios
are still about twice solar with Ne/O =2.2+0.3 and Mg/
0O =2.1+0.3, respectively.

5. Metal Enrichment via Supernovae

To interpret the observed abundance ratios, we build a
simplified chemical enrichment model based on SNcc and SNIa
nucleosynthesis yields. SNIa is included here to take into
account the potential contribution of a “prompt” population of
SNIa (Maoz et al. 2014) that explode within a few hundreds of
million years after the peak star formation activity. The
theoretical abundance ratios are calculated via

~SNcc SNIa ,,SNla
zi Y TRy A

= , (D
Zj ijNcc + rSNIa ijNIa Ai n;
where z;; are the abundance of the ith or jth element, yl.SNCC the

IME-weighted SNcc yields, 7S the number ratio of SNIa with
respect to SNcc, yl.SNIa the SNIa yields, A;; the atomic weight of
the ith or jth element and n;; are the elemental abundance by
number in the (proto-)solar abundance table.

We do not have accurate abundances of Fe-peak abundances
(e.g., Cr, Mn, and Ni) other than Fe. Therefore, we cannot
break degeneracy of dozens of SNIa yields available in the
literature. For simplicity, we adopt the widely used W7 yields
of Iwamoto et al. (1999) when investigating the contribution
from a “prompt” population of SNIa.

The IMF weighted SNcc yields'” are calculated via:

L7 ¢ (m) y,(m) dm

=SNcc Mo (2)

Y = iy
f " o(m) dm

Mo

17 Only single-star SN nucleosynthesis yields are considered here.
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Figure 2. The best-fit model (Model M4 in Table 2) to the X-ray spectrum of Arp 299 observed with XMM-Newton. The high-resolution RGS spectrum is shown in
red, while the EPIC/pn spectrum is shown in purple. The 1o uncertainties are shown in gray. The RGS spectrum is rebinned here for clarity. Vertical dashed lines in

blue mark key diagnostics emission lines in the spectrum.

where ¢(m) o m' is the IMF, and m,, and myp are the lower and
upper mass limits of the progenitors, which depend on the
initial metallicity. The Salpeter IMF (Salpeter 1955,
I'=-2.35) is adopted here as the default. SNcc yields are
sourced from Nomoto et al. (2013) and Sukhbold et al. (2016).
Nomoto et al. (2013, N13) provide SNcc yields of massive
stars with different initial metallicities (Z=0, 0.001, 0.004,
0.008, 0.02, and 0.05). The mass ranges of the progenitor are
11-140 M., for Z=0 and 13-40M. for Z>0. Taking
advantage of a one-dimensional neutrino transport model for
the explosion, Sukhbold et al. (2016, S16) provide SNcc yields
of massive (12.25-120 M) stars with solar metallicity
(Z=0.02). Both the W18 and N20 models of Sukhbold et al.
(2016) are considered here. The former was calibrated so that a
Nomoto & Hashimoto (1988) progenitor explodes like
SN 1987A, while the latter was calibrated so that a Utrobin
et al. (2015) progenitor explodes like SN 1987A.

As shown in Figure 3, the calculated IMF weighted
abundance ratios are not within the =10 uncertainties of the
observed ones. The closest match is the one with N13 yields for
massive (13—40 M) stars with solar metallicity (Z=0.02). In
the following, we tried to vary several underlying parameters
based on the N13 Z = 0.02 model.

First, we tried to vary the IMF power-law index. For
Arp 299, the relatively high frequency of “stripped-envelope”
SNe (type Ib and type IIb) with respect to normal type II SNe
suggests that the IMF of the host galaxy is biased toward the
production of high-mass stars (Anderson et al. 2011).'"® In
Figure 3, the purple filled circles illustrate the effect of varying
the IMF power-law index. A top-heavy IMF with I' = —2.0 can
decrease the abundance ratios (X/O) by <0.06, while a

18 Note that “stripped-envelope” SNe can also be produced by binary stars
with a less massive progenitor (Smartt 2009).

bottom-heavy IMF with I' = —2.7 can increase the abundance
ratios (X/0O) by <0.06. Both cases do not improve the
mismatch.

Varying the upper mass limit of the massive progenitors can
bring the calculated abundance ratios closer to the observed
ones. The blue curve and filled circles in Figure 3 illustrate the
effect of varying m,, in Equation (2). The observed abundance
ratios N/O, Ne/O, Mg/O, S/O, and Ni/O can be better
explained if massive progenitors up to ~23-27 M, explode as
SNcc and enrich the hot atmosphere with metals. The Si/O-
Mg/O and Fe/O-Mg/O patterns favor my, 2 30 M., with the
observed Mg/O ratio larger than the theoretical ones. If the
theoretical SNcc nucleosynthesis yields of Mg/O yields are
underestimated (Griffith et al. 2021), say by 20%, a more
consistent match might be found for all six abundance patterns.
In this case, the upper limit of the SNcc progenitors can be
larger than ~23-27 M..,.

We further consider a more complicated scenario where
massive progenitors with M, ~ 13-20 M, explode as SNcc
while a fraction of massive progenitors with M, ~20-40 M,
explode as HN.' The pink curve and filled circles in Figure 3
illustrate this mixing effect. The abundance pattern of Ne/O—
Mg/O can break the degeneracy between the HN fraction and
my, cutoff. Taking into account that SNcc are the dominant
metal factory of O, Ne, and Mg (i.e., contributions from AGBs
and SNIa are negligible), the Ne/O-Mg/O pattern is the best
one to explore the difference of theoretical chemical enrich-
ment models of SNcc.

We also consider an alternative complicated scenario where
massive progenitors with a mixture of SNcc (from massive
stars with M, ~ 13-40 M) and SNIa. Here we consider the
number of SNIa to that of SNcc (rsnia in Equation (2)) ranges

19 Nomoto et al. (2013) HN yields are available for M, = 20, 25, 30, and
40 M, with solar metallicity.
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Figure 3. Elemental abundance patterns of the hot atmosphere of Arp 299. The observed abundance ratios (with 1o uncertainties) are shown as black crosses.
Chemical enrichment models with core-collapse supernovae (SNcc) yields from Sukhbold et al. (2016, S16) and Nomoto et al. (2013, N13) are shown as squares and
hexagons, respectively. For the N13 models, we further consider different IMF power-law indices —2.0 (left) and —2.7 (right); different cutoff masses for the SNcc
progenitors with the upper mass limits M,,: 36-39 M, (leftmost), 30-35 M, 28-29 M, 25-27 M, 23-24 M, and 20-22 M, (rightmost); different hypernova
fractions from 0.5 (leftmost) to 0.0 (rightmost) for massive stars with M, ~ 20-40 M, (and SNcc for stars with M, ~ 13-20 M.); and different SNIa fractions from

0.0 (bottom) to 0.4 (top).

from 0.0 to 0.4. The green curve and filled squares in Figure 3
illustrate this mixing effect. The abundance patterns of N/O-
Mg/O and Ne/O-Mg/O are barely affected by the SNIla
fraction. As shown in Mernier et al. (2016), Simionescu et al.
(2019), and Mao et al. (2019), even for rather old systems like
elliptical galaxies, groups, and clusters of galaxies, where a
significant fraction of SNIa has contributed to the chemical
enrichment process, SNcc is still the dominant metal factory of
O, Ne, and Mg. For heavier elements including Si, the
increasing SNla fraction will increase the abundance ratios
to O.

In short, we find a hint of deviation between the observed
abundance patterns and theoretical ones from a simple
chemical enrichment model. The deviation can be explained
if massive stars with M, 2 23-27 M, do not explode as SNcc.
This is in accordance with the missing massive SNcc
progenitors problem, where SNcc observed so far are not
produced by massive stars with M, = 18 M, (Smartt 2015). It
is also possible that theoretical SNcc nucleosynthesis yields of
Mg/O yields are underestimated (Griffith et al. 2021).
Statistical uncertainties of the current data are still large, which
can be significantly improved with the next generation of X-ray
spectrometer  like XRISM/Resolve (XRISM  Science

Team 2020) and Athena/X-IFU (Barret et al. 2018). Last but
not least, we caution that the observed abundance ratios might
not be directly compared to our simple chemical enrichment
models. The metals produced by SNcc are distributed not only
in the X-ray emitting hot atmosphere but also in the cooler
phase of the interstellar medium (gas and dust). Inflows and
outflows can further complicate the distribution and dilution of
the metals.
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Table 2
Best-fit Parameters and Statistics
Model S T Ml M2 M3 M4 M5 M6
Hot Atmosphere
NI™ (10* em ™) 0.9 12 1.3 1.5 1.7 163903 1.6 1.5
Niot (10% cm™>) 1.7 15 2.1 22 24 24758 2.4 2.3
Thot 0.59 0.62 0.61 0.67 0.66 0.67 4 0.04 0.68 0.68
Ohot (log T) 0.50 0.33 0.35 0.31 4 0.05 0.36 0.32
VRMS. hot 830 930 810 840 840 840 + 60 830 840
Neoot (10% cm ™) 0.3 0.8 33 0.6%34 0.9 0.9
Teool 0.18 0.11 0.086 0.12 & 0.04 0.11 0.11
T,/ T.(cool) 1.0 (f) 1.0 () 1.6 1.0 (f) 1.0 () 1.0 (f)
VRMS.cool 930 (c) . 840 (c) 840 (c) 3807739 830 (c) 840 (c)
N/O 0.85 0.58 0.87 0.69 0.53 0.707938 0.70 0.68
Ne/O 1.21 1.47 1.44 1.22 1.20 1.16 £ 0.21 1.20 121
Mg/O 1.00 121 1.81 1.36 1.35 1.27 +0.26 1.34 1.29
Si/0 1.07 1.17 1.42 1.04 1.02 0.97 +0.23 1.05 0.96
S/0 3.8 3.9 22 1.89 1.77 1.78 £ 0.57 1.84 1.73
Fe/O 0.24 0.31 0.53 0.42 0.42 0.407908 0.43 0.41
Ni/O 0.97 1.06 1.28 0.73 0.80 0.66:031 0.64 0.41 (c)
Point Sources
NiE (10*' em ™) 40 4.0 5.1 6.3 6.8 6.7132 5.7 6.6
Np(10¥ phs™' keV™h) 7.87 7.85 7.17 8.09 7.43 7.48 £ 0.02 6.56 7.43
Cpr, 1.67 () 1.67 () 1.67 () 1.67 () 1.67 () 1.67 (f) 1.59 1.67 ()
Neo.axev(10* phs™h) 11.8 11.8 12.6 12.4 12.5 12.43 +0.14 12.1 12.5
No7kev(10¥7 phs™) 7.1 7.1 7.2 73 7.3 73413 7.1 7.4
N7okev(107 phis™h 2.1 22 2.9 26 2.7 26+ 1.1 2.4 2.7
Statistics

Cia (total) 1420.0 1353.2 1311.5 1295.8 1294.6 1292.8 1294.6 1297.1
d.o.f. (total) 1080 1078 1079 1077 1076 1076 1076 1078
Csat (RGS) 1268.4 1203.7 1171.7 1157.7 1156.7 1155.1 1158.0 1157.6
Ctat (p1) 151.6 149.4 139.8 138.1 137.9 137.7 136.6 139.5

Note. The hot atmosphere is modeled with either a single-temperature (Model S), two-temperature (Model T), or multi-temperature (Models M1—-M6) differential
emission measure plasma model. The power-law (PL) component and Fe K lines are required for the point sources. The expected C-statistics (Kaastra 2017) are
1135 £ 49 (total), 1010 (RGS), and 125 (pn). Statistical uncertainties at the 68% confidence level are provided for the best-fit (Model M4). Frozen and coupled

parameters are shown as (f) and (c), respectively.

is supported financially by NWO, the Netherlands Organization
for Scientific Research.

Facilities: XMM, HST, Spitzer.

Software: SPEX v3.06.00 (Kaastra et al. 2020).

Appendix
Spectral Models

A total of eight spectral fittings were performed in the
present work. The first three sets (S, T, and M0O) in Table 2
adopt different differential emission measure distributions for
the hot atmosphere: single-temperature (Model S), two-
temperature (Model T), and a multi-temperature (Model M1)
model with a Gaussian (log-normal) differential emission
measure (DEM) distribution (GDEM; de Plaa et al. 2006),

Yo exp(_w} (A1)

o27m 202

Y(x) =

where Y and Y, are the emission measures, x = log,7,
xo = log,,(Tp), and T, is peak temperature of the DEM
distribution in units of keV. The single-temperature (i.e.,
isothermal) model is nested in Equation (A1) with ¢ = 0. Both

the multi-temperature and two-temperature DEM distributions
yield significantly better statistics.

Adding another single-temperature cool component to
Model M1 can further improve C-statistics by ~—16 at the
cost of 2 less degrees of freedom (Model M2). The main
improvement comes from O VII. Setting o (logT) of this cool
component free does not improve the fit at all with o(logT)
remains at zero. With still some residuals for the O VII lines, we
set the temperature ratio T},/7, for the cool component (Model
M3). For collisionally ionized equilibrium plasmas, the
ionization balance temperature 7}, equals the electron temper-
ature T,. A nonunity value can mimic nonequilibrium plasmas.
For Model M3, we obtain 7,,/T, ~ 1.6 , where the forbidden to
resonant line ratio of He-like O VII triplet was boosted to better
match the observed data. But C-statistics is merely improved
by ~—0.8 with one less degree of freedom. This indicates a
minor contribution from nonequilibrium plasmas. The charge
exchange process can also increase the the forbidden to
resonant line ratio of He-like O VII triplet, as in M82 (Zhang
et al. 2014). Considering the availability of H I and molecular
gas in Arp 299 (e.g., Heckman et al. 1999; Sliwa et al. 2012), it
is possible that charge exchange between the hot and cold gas
plays a role here. Unfortunately, the quality of the current data
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set is not sufficient to constrain the free parameters of the
possible charge exchange process, such as the interacting
atomic or molecular species, collision velocities, and different
capture mechanisms to the /-subshells. In addition, based on
Model M2, we decouple the turbulence velocity (vgums) of the
two thermal components in Model M4. This yields the best C-
statistics among all eight models.

For all previous models (S to M4), the photon index of the
power-law component was fixed to 1.67 as measured by
Anastasopoulou et al. (2016) with joint Chandra and NuSTAR
observations. In Model M5, we set the photon index free,
which yields I" ~ 1.59 but C-statistics is merely improved by
~—0.8 with one less degree of freedom (compared to
Model M2).

Last but not least, based on Model M2, we couple the Ni and
Fe abundances in Model M6. This is driven by the imperfect
Ni-L complex atomic data in SPEX v3.06.00. The best-fit
results of Models M2 to M6 also provide an estimate of the
systematic uncertainties, which are smaller than the statistical
uncertainties of the current data. That is to say, the key
abundance ratios (Ne/O, Mg/O, and Fe/O) do not vary
significantly in these models.
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