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A B S T R A C T 

Main-sequence K-dwarfs possess strong emission in the form of the H I Ly α line. There is a close coincidence between the 
energy corresponding to the transitions H I 1s-2p and Fe II ( 5 D)5s 4 D 5/2 –( 5 D)5p 

4 D 5/2 . Singly ionized iron has been confirmed 

being pumped by photo-excitation by accidental resonance (PAR) in planetary nebulae, symbiotic stars, K-giants, and active 
g alactic nebulae. I investig ate in this w ork whether PAR can occur in the atmospheres of main-sequence K-dw arfs, which do 

not possess the large extended atmospheres of the late-type K-giants. Specifically a search for possible Fe II fluorescence lines 
is conducted. For the case when I can confirm PAR, I estimate the total flux leaving the stars in the form of Fe II fluorescence. 
I search for emission lines from the Fe II ( 5 D)5p 

4 D 5/2 level. Since those of these lines with the largest branching fractions 
correspond to lines at wavelengths covered by the Far Ultraviolet Spectroscopic Explorer (FUSE) satellite, a search for archi v al 
FUSE spectra from K-dwarfs within 20 ly from the sun is conducted. I retrieve and analyse FUSE spectra for four of these 
K-dwarfs. In each case I can confirm PAR, I fit the H I Ly α line in Hubble Space Telescope spectra recorded with the Space 
Telescope Imaging Spectrograph, in order to estimate the efficiency of the PAR mechanism. I can now confirm Fe II fluorescence 
in the two closest K-dwarfs, Alpha Centauri B, and Epsilon Eridani. The total power leaving as Fe II fluorescence are 4.9 × 10 

17 

and 1.30 × 10 

18 W respectively. 

Key words: atomic processes – line: formation – line: identification – stars: low-mass. 
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 I N T RO D U C T I O N  

owen originally described the photo-excitation by accidental reso-
ance (PAR) process (Bowen 1934 ), which is therefore sometimes
eferred to as the Bowen Mechanism. 

He explained the presence of a number of O III multiplets in the
ear -ultra violet (UV) region in spectra of planetary nebulae (PNe)
s produced by the PAR mechanism, due to a coincidence between
he He II Ly α and the O III 2p 2 3 P 2 –2p3d 3 P 2 transitions (Bowen
935 ). Symbiotic stars often possess large nebular regions of similar
hysical environments as the PNe. Johansson found that PAR was
ctive in symbiotic stars (Johansson 1983 ), which explained the
resence of a number of conspicuous Fe II lines in the symbiotic
tars RR Tel and V1016 Cyg, as a result of C IV λ1548.187 pumping
f Fe II to the y 4 H 11/2 level. 
Subsequently, Eriksson, Johansson & Wahlgren ( 2006 ) has con-

rmed that the PAR mechanism is active in ten additional symbiotic
tars, and further showed its potential for modelling dynamical
roperties in fluorescent plasma (Eriksson et al. 2008 ). PAR has also
een confirmed in active galactic nebulae (AGN; Baldwin et al. 2004 ;
riksson 2012 ). Although on a completely different scale, there are

arge regions in AGN which has similar physical characteristics as
he regions assumed to be fluorescent in the symbiotic stars and PNe.

luorescence of Fe II has since then been confirmed in two additional 
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ypes of objects, K-giants (Harper et al. 2001 ; Carpenter et al. 2014 )
nd the Classical T Tauri Star RW Hya (Herczeg et al. 2002 , 2004 ). 

These objects (K-giants and TW Hya) do not possess the physical
roperties which explain the fluorescence in the three other types of
bjects. All of the Fe II fluorescence found in the K-giants comes
rom pumping of H I Ly α and is possible because of the extremely
trong H I radiation in the large extended atmosphere of the K-giants
McMurry, Jordan & Carpenter 1999 ). In this work, I will present
vidence for Fe II fluorescence in an additional kind of objects, K-
warfs. The explanation offered in previous examinations of K-giants
oes not apply for K-dwarfs, due to their lack of large extended
tmospheres. This makes the presence of the Fe II fluorescence in the
-dwarfs very interesting. 
K-stars are a subclass of stars, usually defined by having the

olour index B –V between 0.8 and 1.4. Thus main-sequence K-
warfs usually have masses between 50 per cent and 80 per cent
f the solar mass and temperatures somewhere between 3900 and
300 K. K-dwarfs do not possess the large nebular regions which
re responsible for the observed fluorescence in PNe, symbiotic
tars and AGN. Nor do the K-dwarfs have the large extended
tmospheres of the K-giants. K-dwarfs are known to emit a very
trong H Ly α line (Linsky 2019 ). There is also a very close
oincidence between the energy of the H Ly α photons (10.199 eV)
nd the excitation energy needed for the excitation of Fe II through
he ( 5 D)5s 4 D 5/2 –( 5 D)5p 4 D 5/2 channel (10.197 eV). This combina-
ion, the strong possible pump and the close atomic coincidence,

oti v ated this investigation into whether PAR could be active in

-dwarfs. 
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Table 1. The FUSE spectra used in this analysis. The noise level is measured in the wavelength region 1130–1140 Å of 
the LiF2 channel, where the strongest Fe II fluorescence lines are anticipated. 

Star Spectrum Aperture Exposures Exposure time Noise 
(s) (10 −15 ergs/cm 

2 / Å/s) 

Alpha Centauri B P1042501 MDRS 14 22 743 8 
Epsilon Eridani P1040701 MDRS 15 33 819 7 
61 Cygni A E1610401 LWRS 4 10 976 9 
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Active in the atmospheres of stars, PAR processes would redis- 
ribute some of the intensity from the involved pumping lines to other
arts of the spectrum. The specific fluorescence process discussed 
n this paper would change the wavelength of some of the light
rom the UV emission line H Ly α line to other wavelengths, of
hich about half would get redistributed into the infrared part of the

pectrum. There has been an extra focus on the UV radiation from
tars in recent years due to its important role for the habitability of
xoplanets around stars (Findeisen, Hillenbrand & Soderblom 2011 ; 
chneider & Shkolnik 2018 ; Richey-Yowell et al. 2019 ). 
Special focus has been on K-dwarfs because their long lifetime 

nd – relative to M-dwarfs – calmer magnetic activity make them 

nteresting in a habitability sense (Heller & Armstrong 2014 ). Since 
he H Ly α line is a large fraction of the UV light thought to
e radiated from K-dwarfs (Linsky 2019 ), understanding of the 
hysics influencing this line is of great importance. In addition to 
he rele v ance of this specific PAR process for the UV emission of
-dwarfs, there is a general interest of understanding the atomic 
rocesses forming the spectra of stars when modelling them. 
In this work, I conduct a search for FUSE spectra of the K-dwarfs

ithin 20 ly from the sun to test whether PAR pumping of Fe II is
cti v ated by the H Ly α in K-dwarfs. Four of the K-dwarfs within 20
y had been observed by FUSE . But, since the spectrum of one of
hem, 40 Eridani A, is dominated by light from the close companion,
hich is a hot white dwarf, spectra from a total of three other K-
warfs are retrieved, namely Alpha Centauri B, Epsilon Eridani, and 
1 Cygni A. Alpha Centauri B is a K1-type star with mass 0.90 M �
Linsky 2019 ), radius 0.86 R � (Kervella et al. 2003 ), and temperature
f 5260 K (Neuforge-Verheecke & Magain 1997 ). Epsilon Eridani is
 K2-type star with mass 0.82 M � (Baines & Armstrong 2011 ), radius
.74 R � (Demory et al. 2009 ), and temperature 5084 K (Kovtyukh
t al. 2003 ). The star 61 Cyg A is of K5-type with mass 0.74 M �
Gorshanov, Shakht & Kisselev 2006 ), radius 0.67 R � (Kervella et al.
008 ), and temperature 4526 K (Van Belle & Von Braun 2009 ). 
In Section 2 of this paper, I discuss the archi v al FUSE data used

or searching for the Fe II fluorescence lines and the Hubble Space
elescope ( HST) data used to analyse the pumping line (H Ly α). The
tomic data needed to confirm the Fe II fluorescence is presented in
ection 3 . In Section 4 , the specific PAR mechanism proposed for

he K-dwarfs is described in more detail. I present the results of the
earch for the fluorescence in Section 5 , and finally discuss some
onclusions in Section 6 . 

 T H E  SPECTRA  

n order to investigate the possibility of hydrogen pumped Fe II 
uorescence both the pumping line (H I Ly α) and the possible
esulting Fe II emission lines need to be investigated. Ho we ver, while
he strongest Fe II lines originating from decays from the Fe II ( 5 D)5p
 D 5/2 level, suggested to be pumped here, are at wavelengths covered 
n FUSE spectra the H I Ly α lines are at wavelengths covered in HST
pectra. Hence, spectra from both FUSE and HST have been used. 
There is a wavelength overlap between the FUSE and HST spectra
1150–1180 Å) in which the strong C III λ1176 multiplet is situated.
s a comparison between line fluxes measured with FUSE and 
ST Redfield et al. ( 2002 ) measured the integrated intensity of the
 III λ1176 multiplet in a sample of late-type dwarf stars, including
lpha Centauri B and Epsilon Eridani. They noticed that the line
uxes measured with FUSE are between ∼0–25 per cent less than
hat measured with the HST spectra, which is probably due to loss
f light when the star is close to the edge of the relatively small
edium resolution (MDRS) aperture onboard the FUSE satellite. 
eutral magnesium and iron have similar ionization energies, 7.65 

nd 7.90 eV respectively, why the Mg + and Fe + ions are assumed
o be located in similar re gions. Emission inde x es of Mg II h + k
rom 48 different International Ultraviolet Explorer ( IUE ) spectra 
f Alpha Centauri B, co v ering a period of 17 yr, were measured by
eWarf, Datin & Guinan ( 2010 ). The standard deviation of those

mission line inde x es is ∼10 per cent. 

.1 The FUSE spectra 

here are currently 15 known K-dwarfs known within 20 light-years 
rom earth. Four of those have been observed by the FUSE satellite
ith spectra retrie v able from the FUSE archive. These stars are Alpha
entauri B (K1), Epsilon Eridani (K2), 61 Cyg A (K5), and 40 Eridani
 (K0.5). Ho we ver, 40 Eridani A is in close orbit with a white dwarf

40 Eridani B) and there is a strong continuum flux in the wavelength
egion of any possible Fe II lines making them impossible to detect.
he spectra of the three remaining targets, Alpha Centauri B, Epsilon
ridani, and 61 Cygni A, were analysed. The main prioritization for

he selection of FUSE spectra for this work was the signal-to-noise
atio. Because of this I selected the FUSE spectrum with the lowest
oise level for each of the three targets, which are listed in Table 1 . 
All three targets were observed with the time tagged mode and their 

orresponding number of exposures are listed in Table 1 . The spectra
elected for Alpha Centauri B and Epsilon Eridani were obtained as
art of the science programme ID P104: ‘Deuterium abundances and 
he D/H Ratio (Local ISM)’ and the spectrum selected for 61 Cygni
 was obtained as part of programme ID: E161 ‘Magnetic activity
f dwarf K stars’. The selected spectra for Alpha Centauri B and
psilon Eridani were observed through the MDRS while the selected 
pectrum for 61 Cygni A was observed through the low-resolution 
LWRS) aperture. The spectrum of 61 Cygni A was obtained during
 shorter exposure time but through a larger aperture compared to
he spectra of the other two targets, which is why the noise level is
bout the same for all three spectra in Table 1 . The instrumental full
idth at half-maximum (FWHM) of the FUSE spectra in the 1130–
140 Å region is about 95 m Å (25 km s −1 ) for LWRS (Williger et al.
005 ) and about 76 m Å (20 km s −1 ) for MDRS (Kruk et al. 2002 ) in
he LiF2 channel. The accuracy of the wavelength scale in the LiF2
hannel is within about 5 km s −1 (Dixon et al. 2007 ). 
MNRAS 527, 9522–9528 (2024) 
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Table 2. Laboratory wavelengths and transition probabilities used for the transitions involved in the H Ly α pumping of 
Fe II . The six first Fe II transitions in the table are the ones corresponding to possible lines in the FUSE wavelength range. 
The last Fe II transition correspond to the pumping channel. The last column lists the branching fractions (BF), which is the 
fraction between the Einstein coefficient of the specific transition and the sum of the Einstein coefficients of all transitions 
from the same upper level. 

Spectrum Transition Wavelength lab ( Å) A-value (10 4 s −1 ) BF 

H I 2s–2p 1/2 1215.670 62 649 1 
H I 2s–2p 3/2 1215.670 62 649 1 
Fe II ( 5 D)4s 6 D 7/2 –( 5 D)5p 4 D 5/2 1107.98 73 0.0068 
Fe II ( 5 D)4s 6 D 5/2 –( 5 D)5p 4 D 5/2 1111.47 5 0.0005 
Fe II ( 5 D)4s 6 D 3/2 –( 5 D)5p 4 D 5/2 1113.88 2 0.0002 
Fe II 3d 7 a 4 F 7/2 –( 5 D)5p 4 D 5/2 1133.68 2178 0.2020 
Fe II 3d 7 a 4 F 5/2 –( 5 D)5p 4 D 5/2 1138.94 849 0.0789 
Fe II 3d 7 a 4 F 3/2 –( 5 D)5p 4 D 5/2 1142.58 65 0.0060 
Fe II ( 5 D)4s 4 D 5/2 –( 5 D)5p 4 D 5/2 1215.85 695 0.0646 
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Figure 1. Schematic picture showing the Fe + level structure and the main 
paths acti v ated by the PAR process discussed in this work. The boxes in the 
picture represent the different involved configurations, each of them including 
numerous energy levels. The thick line represent the pumping channel. 
The 81 possible primary decays can end in five different configurations, 
which is represented by the five solid lines. The dashed lines follow the 
secondary decays and the dotted the third decays. The ( 5 D)4s 4 D 5/2 level is 
thermally excited and in the later comparative calculations of the fluorescence 
mechanism, Equation ( 3 ), the population is assumed Boltzmann distributed. 
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.2 The HST spectra 

 conducted a search for HST spectra displaying the H Ly α line for the
hree stars for which the FUSE spectra was analysed. Alpha Centauri
 and Epsilon Eridani have been observed using the Space Telescope

maging Spectrograph (STIS) while 61 Cygni A has been observed
sing the Goddard high-resolution spectrograph. For Alpha Centauri
 the spectrum ODZY10030 of the scientific programme ID 15963,

Stellar X-ray cycles: The shape of things to come’, was selected
nd for Epsilon Eridani the spectrum O55P0103 of the scientific
rogramme ID 7479, ‘Epsilon Eridani: Structure and non-thermal
eating’ was selected. Both spectra are recorded through the 0.2 ×
.2 aperture. The exposure times were similar for both spectra, 2500 s
or the Alpha Centauri B spectrum and 2899 s for the Epsilon Eridani
pectrum. For 61 Cygni A the spectrum Z3I6010CT of the scientific
rogramme ID 6617, ‘The ISM toward nearby high-velocity stars:
ccurate H columns, D/H, and H walls’ was selected. 

 A  TO MIC  DA  TA  

he transition probabilities of both fine-structure lines corresponding
o the H Ly α line are retrieved from calculations by Wiese &
uhr ( 2009 ). Accurate wavelengths for the H I and D I H Ly α lines
re obtained from laboratory work by Sansonetti et al. ( 2004 ) and
erzberg ( 1956 ) respectiv ely. Wav elengths and Einstein coefficients

or all transitions from the Fe II ( 5 D)5p 4 D 5/2 are obtained from
alculations by Kurucz ( 1988 ) where a total of 81 transitions from
he Fe II ( 5 D)5p 4 D 5/2 level are presented. These calculations include
he possible Fe II fluorescence lines and the pumping channel ( 5 D)4s
 D 5/2 –( 5 D)5p 4 D 5/2 at λ1215.85 Å. Table 2 lists the atomic transitions
or H I and Fe II which are involved in the PAR process investigated
n this work together with their corresponding atomic parameters.
ifteen of the 81 Fe II ( 5 D)5p 4 D 5/2 calculated by Kurucz were

ater laboratory measured by Schnabel, Schultz-Johanning & Kock
 2004 ). Since these 15 transition does not include the pumping line or
he fluorescence lines in this work the Kurucz data is used. A positive
spect is that the values of the 15 transition probabilities measured
y Schnabel correlate well with the calculations by Kurucz. 
The strongest Fe II multiplet from the ( 5 D)5p 4 D term, at the

avelengths recorded by FUSE , is the 3d 7 a 4 F–( 5 D)5p 4 D multiplet,
hich gives three possible Fe II fluorescence lines from the ( 5 D)5p

 D 5/2 level. This multiplet is in the wavelength region 1130–1145 Å.
here are C I emission corresponding to 2p 2 –2p6d and 2p 2 –2p7s

ransitions being observed for K-dwarfs (Redfield et al. 2002 ) in the
ame wavelength region. Furthermore, the strong N I 2p 3 4 S–2p 4 4 P
NRAS 527, 9522–9528 (2024) 
ultiplet has lines in the same wavelength region. The emission
ines from C I and N I are therefore incorporated in this work and
he corresponding wavelengths and transition probabilities are taken
rom the Atomic spectral line database from CD-ROM 23 of R. L.
urucz. 

 T H E  FLUORESCENCE  MECHANI SM  

 schematic picture of the involved transitions in Fe II is given in
ig. 1 . In order to estimate the strength of the resulting fluorescence
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ines one needs to start by estimating the population rate of the Fe II
 

5 D)5p 4 D 5/2 level ( ̇n Fe ). This estimation rate can be expressed as 

 ̇n Fe = n l B C ( λ) · ρ( λ) · d λ, (1) 

where n l is the number density of Fe + ions in the ( 5 D)5p 4 D 5/2 level,
 C ( λ) is the Einstein coefficient for the Fe II fluorescence channel
nd ρ( λ) the energy density of the radiation field. It is important to
onsider how the pumped level can have enough population since 
t is situated 1.04 eV abo v e the ground level of Fe II . This level
s stable since transitions to lower levels are parity forbidden. For
he calculations here, the population can be assumed Boltzmann 
istributed which for the temperatures and temperature in K-dwarfs 
ould give a significant population at one electron volt excitation 

nergy. It is further assumed that both B C ( λ) and ρ( λ) follow Gaussian
istribution. With this assumptions, the population rate of the pumped 
evel can be written, 

 ̇n Fe = 

B C λH ρ
peak 
H g Fe 

l n Fe + e 
− E 

k B T 

hcg Fe 
0 

·

exp 

( 

− ( λC · (1 − v 
c 
) − λ) 2 

w 

2 
C 

) 

· exp 

(
− ( λH − λ) 2 

w 

2 
H 

)
· d λ. 

(2) 

The λH , w H , λC , and w C constants are the wavelengths and widths
f the pumping line and the fluorescence channel, the g Fe 

l and g Fe 
0 

onstants are the statistical weights of the Fe II ( 5 D)4s 4 D 5/2 and
round levels, n Fe + the number density of Fe + ions and v the velocity
f the Fe + ions relative to the hydrogen atoms. The solution of such
uorescence o v erlap inte gral can be seen in (Eriksson et al. 2005 ). 

˙ Fe = 

w C w H 
√ 

πB C λH ρ
peak 
H g Fe 

l n Fe + e 
− E 

k B T √ 

w 

2 
C + w 

2 
H hcg Fe 

0 

·

exp 

( 

− ( λH − λC − vλC 
c 

) 2 

w 

2 
H + w 

2 
C 

) 

. (3) 

The Einstein coefficients in Equation ( 3 ) are calculated through 

 C = 

λ3 
C 

2 hcg Fe 
l 

· g Fe 
h A C 

B p = 

λ3 
H 

2 hc 
· (g(2 p 3 / 2 ) A (2 s − 2 p 3 / 2 ) + g(2 p 1 / 2 ) A (2 s − 2 p 1 / 2 ) 

)
. 

(4) 

From the fluorescent excitation to the Fe II ( 5 D)4s 4 D 5/2 level there
re 81 possible primary decays. Fig. 1 shows the number percentages 
f those decays that goes to each of the even configurations which
ossess levels of lower excitation energy than the ( 5 D)5p 4 D 5/2 level.
he strongest of the possible Fe II fluorescence lines in the FUSE
av elength re gion is the λ1133.68 line, which corresponds to the
d 7 a 4 F 5/2 –( 5 D)5p 4 D 5/2 transition. Denoting the intensity of the Fe II
1133.68 line I fl, we have the following relation. 

 fl = 

hc BF flλH 

4 πd 2 λ2 
fl

·
∫ 

�

ṅ Fe d V , (5) 

where BF fl is the branching fraction of the λ1133.68 line and �
he Fe + fluorescent region. The constant d is the distance to the star
nd λfl the wavelength of the measured fluorescence line. 

 RESULTS  

 Ly α pumping of Fe II is confirmed in the tw o closest K-dw arfs. The
ntensities of the resulting fluorescence lines in the FUSE spectrum 
re possible to estimate with line modelling of the H Ly α line in
he HST spectra. In Section 5.1 , the observed Fe II fluorescence lines
re presented. In Section 5.2 the fitting of the H Lyman α line is
resented and 5.3 presents an estimation of the total emitted power
eaving the stars as Fe + fluorescence. 

.1 The Fe II fluorescence lines 

 careful search was done for the six possible fluorescence lines
Table 2 ) in the spectra of our three targets (Alpha Centauri B, Epsilon
ridani, and 61 Cygni A). I could confirm the two strongest of those

ines ( λ1133.68 and λ1138.94) in spectra of both Alpha Centauri
, Epsilon Eridani, while no secure identification could be made in

he spectrum of 61 Cygni A. To get accurate intensities and widths
f the two fluorescence lines, I further made an emission line fit
etween 1130 and 1140 Å. In addition to the two Fe II lines, three
 I lines that have been observed to contaminate FUSE spectra as

irglow (Feldman et al. 2001 ) and the 30 C I lines corresponding
o the transitions from the 2p7s and 2p6d levels to the ground term
f carbon were included in the fitting of the 1130–1140 Å region.
mission of those carbon lines have been noted in spectra of K-dwarfs

Redfield et al. 2002 ). The emission line fitting of the wavelength
egion 1130–1140 Å, with and without the fluorescence lines, can be
een in Fig. 2 . 

The peak intensity of the Fe II λ1133.68 lines was 44 × 10 −12 

rg/cm 

2 /s/ Å in the spetrum of Alpha Centauri B and 20 × 10 −12 

rg/cm 

2 /s/ Å in the spectrum of Epsilon Eridani. The distances to the
hree stars in this study are 4.344 ly for Alpha Centauri B, 10.475
or Epsilon Eridani, and 11.404 ly for 61 Cygni A. Based on the
bserved intensities of the Fe II λ1133.68 line, the distances to the
hree stars and the noise level of the 61 Cygni A spectrum (Table 1 ),
he maximum emitted power of H Ly α pumped Fe II fluorescence
n 61 Cygni A is 1.41 times that of Alpha Centauri B. Hence, if the
uorescence process in this work is equally ef fecti ve in 61 Cygni A as

n Alpha Centauri B, we can still not observe it with the current data.
The widths (FWHM) of the Fe II lines were 98 m Å (26 km s −1 )

n both Alpha Centauri B and Epsilon Eridani spectra. This is just
lightly abo v e the instrumental profile of FUSE . 

There is one ground level transition from the Fe II level ( 3 P)4sp
 D 7/2 at 1133.67 Å. To rule out a not negligible effect of collisionally
xcitation from this level on the λ1133.68 fluorescence line, I have
earched for the other strong lines from the ( 3 P)4sp 6 D levels. There
s no sign of any other lines from those levels in the FUSE spectrum.
urther, collisionally excitation would be more ef fecti ve for the Fe II
 

5 D )4p configuration, which gives rise to 6 terms including 26 energy
evels, of which the proposed pumped level is one. A careful analysis
as done to see if any Fe II emission from any of the other 25 levels

ould be observed. Since, no such emission could be observed, one
an conclude that the two lines in this work are not due to collisions.
ince N I and C I lines to the ground state have been observed in
USE spectra, the possible effect of those lines on the proposed Fe II
uorescence lines also needs to be examined. In the fitting presented

n Fig. 2 , all N I and C I lines to the ground state, which falls in the
130–1140 Å region, where included. It is clear that also C I and N I

an be ruled out as the cause of the proposed Fe II lines in this work.

.2 The H Ly α line 

s explained in the introduction, the emission lines in UV spectra
f K-dwarfs can be fitted with double Guassian profiles (Linsky &
ood 1994 ), which is why a two Gaussian component line fit is made

ere for the emission of H Ly α. For the more narrow component an
MNRAS 527, 9522–9528 (2024) 
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M

Figure 2. The fit of the two Fe II fluorescence lines in Alpha Centauri B and Epsilon Eridani. The dashed line is the model spectrum and the solid line is the 
observed spectrum. To the left is the model spectrum without including the fluorescence and to the right is the model spectrum including the fluorescence. In all 
four spectra, the wavelength of the two fluorescence lines is marked with tic marks. For comparison, the scale is the same in the figures of Alpha Centauri B and 
Epsilon Eridani. The three lines to the right of the Fe II λ1133.68 line are N I lines most likely due to airglow. The structure on which the Fe II λ1138.94 stands 
is a ‘forest’ of C I lines, perhaps also from airglow. 

o  

a  

e  

w  

L  

w
 

i  

7  

A
1  

E
i  

a  

C  

×  

s  

f  

4  

t  

t
e  

t  

C  

C

5
E

M  

t  

T  

w  

h  

t  

i

I

 

fl  

t  

e  

g
 

t  

d  

E  

p  

F  

C  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/3/9522/7491981 by guest on 29 January 2024
ptical depth is also fitted. Three additional absorption components
re added to the fit, An astroshperic component as it is known to
 xist (Gayle y et al. 1997 ), interstellar absorption of instrumental
idth and interstellar deuterium absorption that are seen in the H I

y α line (Redfield et al. 2002 ). Fig. 3 shows the best possible fit
ith these parameters. 
The peak intensity of the broader component relative to the peak

ntensity of the narrower component is 7.4 per cent in Epsilon Eridani,
.1 per cent in Alpha Centauri B, and 7.5 per cent in 61 Cygni
. The fitting peak intensity of the narrow component is 280 ×
0 −12 erg/cm 

2 /s/ Å in Alpha Centauri B, 54 × 10 −12 erg/cm 

2 /s/ Å in
psilon Eridani, and 40 Alpha Centauri B, 54 × 10 −12 erg/cm 

2 /s/ Å
n 61 Cygni A. The FWHM is 551, 652, and 510 m Å (136, 161,
nd 126 km s −1 ) for Alpha Centauri B, Epsilon Eridani, and 61
ygni A respectively, which gives the integrated intensities in 152
10 −12 , 35.0 × 10 −12 , and 20.1 × 10 −12 erg/cm 

2 /s for the three
tars. The total emitted integrated intensity of both components are
or Alpha Centauri B 178 × 10 −12 erg/cm 

2 /s for Epsilon Eridani
2.210 −12 erg/cm 

2 /s, and for 61 Cygni A 23.710 −12 erg/cm 

2 /s, while
he corresponding integrated intensity of the emission structures in
he HST spectrum are 55.8 × 10 −12 , 14.3 × 10 −12 , and 7.22 × 10 −12 

rg/cm 

2 /s, respectively. Taking into account the distance to the stars,
he emitted power, before interstellar absorption, of H Ly α in Alpha
entauri B is 3.8 × 10 21 , in Epsilon Eridani 5.2 × 10 21 , and in 61
ygni A 3.5 × 10 21 W. 
NRAS 527, 9522–9528 (2024) 

2  

D  

i  

−  
.3 The Fe II fluorescence flux from Alpha Centauri B and 

psilon Eridani 

ost of the energy absorbed by the Fe + ions when pumped by
he H Ly α line will be able to escape the atmosphere of the stars.
he exception is the decays that go back to the ( 5 D)5s 4 D 5/2 level,
hich forms λ1215.85 photons that most likely will be absorbed by
ydrogen before leaving the atmosphere. The BF for the decay back
o ( 5 D)5s 4 D 5/2 (BF C ) is 0.065. A total estimation of the integrated
ntensity of the Fe II fluorescence is, 

 Fe = I fl · λH (1 − BF C ) 

λflBF fl
, (6) 

where I Fe is the total estimated integrated intensity of the 80
uorescence lines escaping the atmosphere of the stars. In Table 3 ,

he total fluorescence intensity I Fe and the corresponding total power
scaping the stars atmospheres by this fluorescence mechanism are
iven. 
In this paper, the presence of Fe II fluorescence is confirmed, but

here are today too many uncertain parameters to allow precise
etermination of the Fe II fluorescent region geometry. Ho we ver,
quations 4 and 5 still allow us to make an extra check on the
ossibility of PAR being responsible for the Fe II fluorescence lines.
or this check, I use the metallicities, [Fe/H], 0.23 for Alpha
entauri B and −0.13 for Epsilon Eridani (Santos, Israelian & Mayor
004 ) and the n e T = 10 −15 correlation for stellar atmospheres by
oschek et al. ( 1978 ). Then, letting the Fe II fluorescence occur

n a spherical shell with R out − R in = 10 −p R star for −6 < p <
3 yields that the density of the Fe II fluorescence regions are in
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Figure 3. To the left is the fit of the H I Ly α line in Alpha Centauri B, Epsilon Eridani, and 61 Cygni A. Included in this fit are two Gaussian component 
emission lines, an optical depth for the narrower of those components, interstellar absorption of H I and D I and broad astrospheric absorption. The dashed line is 
the fit and the solid line is the HST STIS spectrum. The wavelength of the Fe II pumping channel is marked in the figures. Because it is in such close coincidence 
with H Ly α, no corresponding absorption line can be observed due to interstellar absorption. To the right is the deviation of the fit from the observed spectrum. 

Table 3. The fluorescence in Alpha Centauri B and Epsilon Eridani. The sec- 
ond column gives the integrated flux of the λ1133.68 line and the third gives 
the estimated integrated intensity leaving the stars as of Fe II fluorescence. 
Column four gives the corresponding flux of the Fe II fluorescence emitted 
by the stars. 

Star I fla I Fe 
a P fl (W) 

Alpha Centauri B 4.69 23.2 4.69 × 10 17 

Epsilon Eridani 2.13 10.5 1.30 × 10 18 

a In units of 10 −15 erg/cm 

2 /s. 

t  

d
o  

i  

b  

r

Table 4. Links to the data underlying this article. 

Star Spectrum Link 

Alpha Centauri B FUSE P1042501 Alpha Centauri B, FUSE 

– HST ODZY10030 Alpha Centauri B, HST 

Epsilon Eridani FUSE P1040701 Epsilon Eridani, FUSE 

– HST O55P0103 Epsilon Eridani, HST 

61 Cygni A FUSE E1610401 61 Cygni A, FUSE 

– HST Z316010CT 61 Cygni A, HST 
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he order of 10 −12 to 10 −15 kg/m 

3 for this region in R star . Such
ensities are indeed present in higher regions of the atmospheres 
f K-dwarfs. Ho we ver, this calculation cannot be vie wed as gi ving
nsights to any geometry of the Fe II fluorescence region, but has
een done to show that Fe II fluorescence by PAR in K-dwarfs is
ealistic. 
 C O N C L U S I O N S  

he two lines from the Fe II ( 5 D)5p 4 D 5/2 level with highest BF of
he lines in the FUSE wavelength range, the λ1133.68 and λ1138.94
ines, are clearly visible in the two closest K-dwarfs, Alpha Centauri
 and Epsilon Eridani. This is explained by an active PAR mechanism
here H I Ly α pumps Fe II through the channel ( 5 D)4s 4 D 5/2 –( 5 D)5p

 D 5/2 . The same PAR mechanism could not be confirmed in 61 cyg
MNRAS 527, 9522–9528 (2024) 

https://archive.stsci.edu/fuse/search.php?target=alpha+centauri+b\&action=Search\&resolver=SIMBAD\&radius=3.0\&outputformat=HTML_Table\&max_records=100\&ordercolumn1=ang_sep
https://mast.stsci.edu/search/ui/#/hst/results?resolve=true\&target=alpha%20centauri%20B\&data_type=spectrum\&observations=S\&active_instruments=stis,acs,wfc3,cos\&legacy_instruments=fos,foc,nicmos,ghrs\&radius=3\&radius_units=arcminutes\&useStore=false\&search_key=653f98cd3b354
https://archive.stsci.edu/fuse/search.php?target=Epsilon+Eridani\&action=Search\&resolver=SIMBAD\&radius=3.0\&outputformat=HTML_Table\&max_records=100\&ordercolumn1=ang_sep
https://mast.stsci.edu/search/ui/#/hst/results?resolve=true\&target=Epsilon%20eridani\&data_type=spectrum\&observations=S\&active_instruments=stis,acs,wfc3,cos\&legacy_instruments=fos,foc,nicmos,ghrs\&radius=3\&radius_units=arcminutes\&useStore=false\&search_key=85b6d731c5963
https://archive.stsci.edu/fuse/search.php?target=61+Cygni+A\&action=Search\&resolver=SIMBAD\&radius=3.0\&outputformat=HTML_Table\&max_records=100\&ordercolumn1=ang_sep
https://mast.stsci.edu/search/ui/#/hst/results?resolve=true\&target=61 %20Cygni%20A\&data_type=spectrum\&observations=S\&active_instruments=stis,acs,wfc3,cos\&legacy_instruments=fos,foc,nicmos,ghrs\&radius=3\&radius_units=arcminutes\&useStore=false\&search_key=34ad67faf2cea
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. Ho we ver, if the same process is acti v e in 61 c yg A and produce
he same Fe II fluorescence lines in 61 cygni A as in Alpha Centauri
 the resulting fluorescence lines would not reach abo v e the noise

evel of the available spectrum, due to the larger distance to 61 cygni
. It is likely that the fluorescence process investigated in this paper
ill turn out to be common in K-dwarfs in the future when spectra
f even lower noise levels are obtained. Since the K-stars lack the
hysical properties, like extended low-density plasma, which are
sed as explanation for the PAR pumping of Fe II in the other types
f objects, the presence of the Fe II fluorescence in K-dwarfs is very
nteresting. This also raise the question if there are more objects for
hich the possibility of PAR has been missed. 
The process of PAR allows some energy to escape out of the, for

he H I Ly α line, optically thick region. The power leaving the stars
s Fe II fluorescence is 4.98 × 10 17 W for Alpha Centauri B and
.30 × 10 18 W for Epsilon Eridani, which is 2.6 respective 10 ppb
f the total luminosity of the two stars. From modelling of the H I

y α line, this means that the energy of about one of every 2000
hotons created by H I 1s–2p transitions escape the K-dwarfs Alpha
entauri B and Epsilon Eridani as Fe II fluorescence. Considering

he possibility of the ∼0–25 per cent less line flux as measured with
he FUSE satellite compared to HST mentioned in the data section,
he power leaving the stars as fluorescence could be up to 25 per cent
igher than proposed here. 

ATA  AVAILABILITY  

inks to the data underlying this article are given in Table 4 . 
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