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A B S T R A C T 

The dozens of rocky exoplanets discovered in the circumstellar habitable zone (CHZ) currently represent the most suitable 
places to host life as we know it outside the Solar system. Ho we ver, the presumed presence of liquid water on the CHZ planets 
does not guarantee suitable environments for the emergence of life. According to experimental studies, the building blocks of 
life are most likely produced photochemically in presence of a minimum ultraviolet (UV) flux. On the other hand, high UV 

flux can be life-threatening, leading to atmospheric erosion and damaging biomolecules essential to life. These arguments raise 
questions about the actual habitability of CHZ planets around stars other than Solar-type ones, with different UV to bolometric 
luminosity ratios. By combining the ‘principle of mediocrity’ and recent experimental studies, we define UV boundary conditions 
(UV-habitable zone, UHZ) within which life can possibly emerge and evolve. We investigate whether exoplanets discovered in 

CHZs do indeed experience such conditions. By analysing Swift-UV/Optical Telescope data, we measure the near ultraviolet 
(NUV) luminosities of 17 stars harbouring 23 planets in their CHZ. We derive an empirical relation between NUV luminosity 

and stellar ef fecti ve temperature. We find that 18 of the CHZ exoplanets actually orbit outside the UHZ, i.e. the NUV luminosity 

of their M-dwarf hosts is decisively too low to trigger abiogenesis – through cyanosulfidic chemistry – on them. Only stars with 

ef fecti ve temperature � 3900 K illuminate their CHZ planets with enough NUV radiation to trigger abiogenesis. Alternatively, 
colder stars would require a high-energy flaring activity. 

Key words: Astrobiology – Ultraviolet: stars, planetary systems. 
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 I N T RO D U C T I O N  

n the last 20 yr, exoplanet research has made great strides. More
han 5000 e xoplanets hav e been disco v ered in our Galaxy and

ore than 8000 candidates are awaiting confirmation from further 
bservations. 1 After an hectic disco v ery epoch, the research activities 
re now starting to focus on the characterization of exoplanets 
ith the aim of understanding the planetary population around 
s and identifying exoplanets with physical properties suitable 
or life. 

Exoplanets around M-dwarf stars may represent the most promis- 
ng targets to disco v er habitable worlds. Besides being the most
bundant stellar population in our Galaxy ( ∼75 per cent; Bochanski 
t al. 2010 ), M-dwarfs are extremely long-lived and thus offer long
ime-scales for possible biological evolution within their planetary 
ystems (Shields, Ballard & Johnson 2016 ). Moreo v er, the physical
roperties of M-dwarfs, as their small radii, low masses, and low lu-
inosities fa v our their habitable zone exoplanets (Kasting, Whitmire 
 Reynolds 1993 ; Kopparapu et al. 2013 ) disco v ery through methods

ased on transits and radial velocities (Nutzman & Charbonneau 
008 ; Quirrenbach et al. 2014 ). Eventually, M-dwarf habitable zone 
xoplanets will allow us to perform a characterization of their 
 E-mail: riccardo.spinelli.it@gmail.com 

 https:// exoplanets.nasa.gov/ . 

p
e  

s  

2023 The Author(s) 
ublished by Oxford University Press on behalf of Royal Astronomical Society 
tmospheres (e.g. Snellen et al. 2013 ; Rodler & L ́opez-Morales
014 ; Batalha et al. 2015 ; Barstow & Irwin 2016 ; Lustig-Yaeger,
incowski & Meadows 2019 ) through spectroscopy by the JWST 

Gardner et al. 2006 ) and Extremely Large Telescopes (Gilmozzi &
pyromilio 2007 ; de Zeeuw, Tamai & Liske 2014 ). 
These studies will possibly include the identification of key 

iomarkers, such as O 2 , O 3 , CH 4 , and N 2 O, whose maintenance
n Earth is supported by the presence of life. How to interpret
n eventual detection of these biomarkers in the exoplanetary 
tmospheres is the subject of several works (e.g. Owen 1980 ; Sagan
t al. 1993 ; Des Marais et al. 2002 ; Catling et al. 2018 ; Schwieterman
t al. 2018 ). 

On the theoretical side, it is worth investigating whether life can
merge and endure on such worlds. Several factors contribute to the
mergence and development of life (at least as we know it) on planets.
iven its importance for life on Earth, liquid water is considered
 necessary factor. Thus, a rocky planet is considered potentially 
abitable if it resides in the so-called circumstellar habitable zone 
CHZ, e.g. Kasting, Whitmire & Reynolds 1993 ; Kopparapu et al.
013 ), namely the annular region around a star in which there
re suitable temperatures for the presence of liquid water on the
lanet’s surface. This region is primarily determined by the star- 
lanet distance and the stellar properties (such as luminosity and 
f fecti ve temperature T eff ), but it can also depend on other factors
uch as atmospheric composition (Zsom et al. 2013 ), planetary mass

mailto:riccardo.spinelli.it@gmail.com
https://exoplanets.nasa.gov/
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Kopparapu et al. 2014 ), volcanic activity (Ramirez & Kaltenegger
017 ), and tidal locking (Driscoll & Barnes 2015 ; Barnes 2017 ). 
In addition to the presence of liquid water, other factors may

ontribute to making a planet habitable (Meadows & Barnes 2018 ).
 or e xample, intrinsic properties of the planet (e.g. ongoing plate

ectonics and volcanism) play a crucial role in temperature regulation
nd may generate magnetic fields that limit atmospheric stripping due
o the stellar wind (e.g. Lenardic et al. 2014 ; Tosi et al. 2017 ; Godolt
t al. 2019 ; McIntyre 2022 ). 

The radiation environment, determined by the host star and/or
ther galactic powerful sources, may influence habitability. For
xample M-dwarfs are known to be strong and variable X-
ay/ultraviolet (UV) emitters as a consequence of magnetic activity
n their outer atmospheres (France et al. 2012 ; Stelzer et al. 2013 ). In
articular, the high-energy UV/X-ray emission of the host star may
ave a crucial role for the habitability of its closest ( ∼0.1 au) planets.
he effect of the high-energy radiation environment on habitability
ould be twofold. UV/X-ray radiation may cause atmospheric erosion
Sanz-Forcada et al. 2010 ), biomolecules destruction (Sagan 1973 ),
nd damage to various species of proteins and lipids (Buccino,
emarchand & Mauas 2007 ). On the larger galactic length-scales

pc to kpc), planetary habitability can also be threatened by powerful
strophysical transient of high-energy radiation, like gamma-ray
ursts (GRBs) and supernovae (SNe), which can trigger mass
 xtinction ev ents (Ruderman 1974 ; Thorsett 1995 ; Gehrels et al.
004 ; Melott & Thomas 2011 ; Piran & Jimenez 2014 ; Spinelli
t al. 2021 ). On the other hand, experimental studies (e.g. Toupance,
ossard & Raulin 1977 ; Powner, Gerland & Sutherland 2009 ; Ritson
 Sutherland 2012 ; Patel et al. 2015 ; Rimmer et al. 2018 ; Xu et al.

018 ) demonstrate that UV light is a crucial ingredient for prebiotic
hotochemistry, namely for the synthesis of ribonucleic acid (RNA),
.e. the building blocks for the emergence of life. 

In this work, we study and combine the positive (prebiotic)
nd ne gativ e (atmospheric erosion and biomolecules destruction)
oles of stellar UV radiation on potentially habitable exoplanets.

e define the ultraviolet habitable zone (UHZ) in Section 2 and
ompare with a sample of exoplanets, selected in Section 3 , for
hich we e v aluate (Section 3 ) the UV luminosity of the host star by
 xploiting the e xisting public observations of the Ultra-Violet Optical
elescope ( UVOT ; Roming et al. 2005 ) onboard the Neil Gehrels
wift Observatory (Gehrels et al. 2004 ). Results are presented in
ection 4, where we compare the UV habitable zone with the UV

rradiation of selected exoplanets and with their habitable zone as
efined by the classical H 2 O criterium (Kopparapu et al. 2013 ).
esults are discussed in Section 5 . 

 U V  HA BITABLE  Z O N E  

ssuming that the conditions for the existence of life in the Universe
re similar to those on Earth is the ‘hard core’ (Lakatos 1974 ) of
ll programs in search of life in the Universe. Therefore, among
ll the exoplanets discovered, rocky planets with liquid water on
heir surface are considered the best candidates for finding life
utside the Solar system. For this reason, the search for life
orms outside the Solar system focuses on this particular class of
xoplanets. 

While the presence of liquid water is considered a necessary
ondition for the maintenance of life, how life actually stems from
rebiotic conditions is one of the greatest open questions for the
nderstanding of our v ery e xistence. Sev eral studies (see, e.g. Patel
t al. 2015 ; Ranjan, Wordsworth & Sasselov 2017 ; Xu et al. 2018 )
NRAS 522, 1411–1418 (2023) 
uggest scenarios in which the intensity of UV radiation reaching a
lanet’s surface may play a key role in the emergence of life. 
This holds only for scenarios that require UV light. Moreo v er, the

pecific thresholds depends on the scenario and chemical reactions
onsidered (see Ranjan & Sasselov 2017 ; Rimmer et al. 2021 ).
he contrasting effects of UV radiation on life, i.e. the action that

a v ours prebiotic activity versus the atmospheric erosion and DNA
estruction, define two boundaries that delimit a region around a star
here exoplanets are subject to fa v ourable conditions in terms of
V irradiation. We therefore define this region as the UV–habitable

one , or UHZ. 
Inspired by the so-called ‘principle of mediocrity’ (von Hoerner

961 ), i.e. the idea that the conditions that allowed the origin and
volution of life on Earth are average in comparison with other
nhabited worlds in the Universe, Buccino, Lemarchand & Mauas
 2007 ) defined the UHZ as follows. The boundaries of the UHZ
re calculated by considering the intensity of UV radiation reaching
he Archean Earth (AE) 3.8 Gyr ago, the era of the first traces of
ife on Earth (Dodd et al. 2017 ), which we indicate as S (AE) UV .
otice that this symbol refers to the flux incident abo v e the AE

tmosphere. With respect to the planet–star separation, Buccino,
emarchand & Mauas ( 2007 ) defines the inner UHZ boundary as

he distance corresponding to the maximum tolerable dose of UV
adiation for biological systems, i.e. S UV < 2 S(AE) UV , and the outer
HZ boundary as the distance corresponding to the minimum flux
eeded for the chemical synthesis of complex molecules (such as
mino acids, lipids, and nucleosides), i.e. S UV > 0 . 5 S(AE) UV . These
uxes are then rescaled accounting for possible absorption by the
lanet atmosphere to compute the actual flux incident on the planet’s
urface. 

Given their ability to combines with other molecules in aqueous
olution and create to important biomolecules for the origin of RNA,
ydrogen cyanide (HCN) is considered a fundamental molecules for
he origin of life in the context of the RNA world hypothesis (Rich &
asha 1962 ; Gilbert 1986 ). Among these molecules there are amino

cid glycine (Miller 1957 ), nucleobase adenine (Ferris & Orgel L.
966 ; Sanchez, Ferris & Orgel 1966 ; Sanchez & Orgel 1970 ), lipids,
nd nucleosides (Ritson & Sutherland 2012 ; Patel et al. 2015 ; Xu
t al. 2018 ). 

Recently, Rimmer et al. ( 2018 ) showed that, by illuminating a
ixture of HCN and SO 

2 −
3 with near-UV (NUV; 200–280 nm)

ight, RNA pyrimidine nucleotide precursors are produced. On the
ontrary, the absence of NUV light in the same mixture leads to
he formation of inert adducts with no prebiotic potential. Rimmer
t al. ( 2018 ) defined the minimum NUV flux required for abiogenesis
s the flux which triggers a 50 per cent yield of the photochemical
roduct at temperature of 0 ◦C, in the SO 

2 −
3 reaction. This corresponds

o integrate a specific flux of 6.8 × 10 9 photons cm 

−2 s −1 Å−1 o v er
he 200–280 nm band. 

In this work, we consider the experimentally moti v ated, threshold
ux of Rimmer et al. ( 2018 ), i.e. S UV > 45 erg cm 

2 s −1 , defining
he outer boundary of the UHZ. For the maximum tolerable flux,
etting the inner UHZ boundary, we consider the criterion of
uccino, Lemarchand & Mauas ( 2007 ), i.e. S UV < 2 × S (AE) UV 

 2 × 5.2 × 10 3 erg cm 

−2 s −1 , where for S (AE) UV we adopt the
olar spectra of Thuillier et al. ( 2004 ) and assume that the Sun,
uring the Archean Eon, was radiating, in the entire 200–280 nm
avelength range, at 75 per cent of its present-day power (Cockell
998 , 2000 ). Finally, in order to account for atmospheric absorption,
e consider that the flux that actually reaches a planet’s surface

an be 10 per cent, 50 per cent, or 100 per cent of that at the top
f the atmosphere (respectively a transmission f of 0.1, 0.5, and
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Figure 1. T eff versus planet received flux (in unit of the flux received today 
by the Earth S ⊕ = 1.36 × 10 6 erg cm 

−2 s −1 ) abo v e the atmosphere. Gre y 
symbols: disco v ered planets with 0.5 ≤ R P ≤ 1.6 or with 0.1 ≤ M P sin ( i ) ≤ 3 
and planets with 1.6 ≤ R P ≤ 2.5 or with 3 ≤ M P sin ( i ) ≤ 10 (radii and masses 
in Terrestrial units). Green zone: the optimistic habitable zone as defined by 
Kopparapu et al. ( 2013 ). Square symbols: planets with archi v al Swift / UVOT 
observations in UM2/UW2/UW1 filters. 
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.0). Here, we do not aim at any frequency-dependent description of
tmospheric UV transmission, rather we consider an average value 
 v er the rele v ant frequency range. 

 SAMPLE  SELECTION  A N D  DATA  ANALYSI S  

he aim of the present study is to set the UHZ in the context
f exoplanets considered potentially habitable based solely on the 
lassical H 2 O criterion, i.e. planets orbiting their host stars in the
HZ. Our targets should satisfy three conditions: (i) be rocky planets, 

ii) reside in the CHZ of their host stars for which (iii) NUV
bservations are available. 

.1 Sample selection 

e consider the catalogue of potentially habitable planets provided 
y the Planetary Habitability Laboratory (PHL, University of Puerto 
ico, Arecibo). 2 , 3 The PHL selects planets with 0.5 ≤ R P ≤ 1.6 or
ith 0.1 ≤ M P sin i ≤ 3 and planets with 1.6 ≤ R P ≤ 2.5 or with 3
M P sin i ≤ 10 (planetary radii R P and masses M P are in Terrestrial

nits R ⊕ and M ⊕). 
The first set of conditions selects Earth-like planets (conserv ati ve 

ample, CS) of probable rocky composition, whereas the second one 
idens the sample to ocean worlds and mini-Neptunes (optimistic 

ample, OS). The lower limit of 0.5 R ⊕ (or 0.1 M ⊕) excludes planets
ot massive enough to retain their atmospheres (Zahnle & Catling 
017 ). 
From the host star luminosity and semimajor axis reported in the 

HL, we compute the bolometric insulation received by each planet. 
ig. 1 shows all planets of the PHL sample in the stellar T eff -insulation
lane (CS and OS planets are shown by the grey and blue symbols,
espectively). 

Next, we need to select those planets which are in the CHZ (see
opparapu et al. 2013 , 2014 , for different definitions for the CHZ
oundaries). In this work we adopt the optimistic limits of the CHZ,
mpirically determined by Kasting, Whitmire & Reynolds ( 1993 ) 
nd Kopparapu et al. ( 2013 ). These limits are based on the inferred
resence of liquid water on Mars’ surface before 3.8 Gyr ago (Pollack
t al. 1987 ; Bibring et al. 2006 ), and on the absence of liquid water on
enus’ surface for, at least, the past Gyr (Solomon & Head 1991 ). It

s assumed (optimistically) that Venus and Mars actually had liquid 
ater on their surfaces, respectively 1 and 3.8 Gyr ago and therefore

hat they were habitable at those epochs. 
In particular, Kopparapu et al. ( 2013 ) estimate the inner edge of the

olar CHZ by computing the solar irradiation experienced by Venus 
 Gyr ago when the Sun luminosity was 92 per cent of its present-
ay value. This flux, computed at Venus–Sun distance, corresponds 
o 1.76 times the flux received today by the Earth ( S ⊕ = 1.36 × 10 6 

rg cm 

−2 s −1 ). The outer edge of the solar CHZ is set by considering
he flux received by Mars 3.8 Gyr ago when the solar luminosity was
5 per cent of its present-day value, i.e. � 0.32 S ⊕. These limiting flux
alues are defined for Solar-type stars. For stellar types other than 
olar, Kopparapu et al. ( 2013 ) provide corrective factors as function
f the stellar T . 
eff 

 https:// phl.upr.edu/ the- habitable- exoplanets- catalog . 
 The PHL catalogue is complete up to 59. Therefore, we updated it to June 
022 by applying the PHL selection criteria to the NASA Exoplanet Archive 
ttps://e xoplanetarchiv e.ipac.caltech.edu/. We find 14 more exoplanets with 
o Swift UV O T observations in the considered filters. 

w
o  

w  

c

4

5

Fig. 1 shows the CHZ (green-shaded region) computed according 
o the definition of Kopparapu et al. ( 2013 ). In general, the CHZ is
eakly dependent on the stellar T eff and it is bracketed by flux values,

eceived by the planet’s atmosphere, 0.2–1.4 S ⊕ for low-temperature 
tars ( T eff < 3000 K) and 0.4–2 S ⊕ for large T eff values. 

In order to estimate the host star NUV luminosity, we searched
nto the Swift / UVOT archive and found observations for 23 of the 73
elected CHZ targets (grey and blue squares in Fig. 1 ). This is the
nal selected sample of planets in the CHZ with UV observations. A

ist of the corresponding planetary parameters is provided in Table 1 .

.2 Swift / UVOT data analysis 

wift is a space observatory mainly dedicated to the study of GRB.
wift obtains X-ray and UV data simultaneously through the co- 
ligned X-ray telescope (XRT, 0.2–10 keV – Burrows et al. 2005 )
nd UVOT (1700–6500 Å – Roming et al. 2005 ). For each source
n our sample, we collected from the Swift archive all the archi v al
VOT observations performed with any of the following filters: 
M2 [ λeff = 2231 Å, full width at half-maximum (FWHM) = 498
] and UW2 ( λeff = 2030 Å, FWHM = 657 Å). UVOT images (taken
ith the UVW2 and UVM2 filters) were analysed with the public
EASOFT (v6.30) software package. 4 The most recent version 
f the calibration data base was used. 5 Photometry was performed 
ithin a circular source-extraction region of 5 arcsec in radius centred 
n the source, with the background extracted from a circular region
ithin a radius of about 20 arcsec, close to the target but free from

ontamination. For each source, we stacked all the observations 
MNRAS 522, 1411–1418 (2023) 

 https:// heasarc.gsfc.nasa.gov/ docs/software/ heasoft/ . 
 https:// heasarc.gsfc.nasa.gov/ docs/heasarc/caldb/ . 

https://phl.upr.edu/the-habitable-exoplanets-catalog
https://exoplanetarchive.ipac.caltech.edu/
art/stad928_f1.eps
https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/
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M

Table 1. CHZ planets considered in this work, with the spectral type and T eff of the host star, the 
semimajor axis of the CHZ planet, the flux received by the planet (in the unit of the flux received 
today by the Earth), the distance from the Earth and the Earth Similarity Index from the PHL. 

Star Spectral T eff a S d ESI 
Type [K] [au] S ⊕ [pc] 

Trappist −1 d M8.0 2550 0.022 1.12 12 .43 0.91 
Trappist −1 e M8.0 2550 0.029 0.65 12 .43 0.85 
Trappist −1 f M8.0 2550 0.038 0.37 12 .43 0.68 
Trappist −1 g M8.0 2550 0.047 0.25 12 .43 0.58 
Teegarden b M7.0 2790 0.025 1.15 3 .83 0.95 
Teegarden c M7.0 2790 0.044 0.37 3 .83 0.68 
GJ 1061 c M5.5 2905 0.035 1.45 3 .67 0.86 
GJ 1061 d M5.5 2905 0.054 0.69 3 .67 0.86 
Proxima Cen b M5.5 3050 0.049 0.65 1 .30 0.87 
LHS 1140 b M4.5 3166 0.096 0.50 14 .99 0.62 
GJ 273 b M3.5 3382 0.091 1.06 3 .79 0.85 
GJ 163 c M3.5 3399 0.125 1.25 15 .13 0.69 
K2 −18 b M2.5 3464 0.143 1.00 38 .03 0.70 
GJ 357 d M2.5 3490 0.204 0.38 9 .44 0.58 
TOI −700 d M2.5 3494 0.163 0.85 31 .13 0.93 
GJ 832 c M2.0 3601 0.163 0.99 4 .96 0.74 
GJ 433 d M2.0 3605 0.178 1.03 9 .06 0.74 
GJ 229A c M0.0 3912 0.384 0.53 5 .76 0.69 
Kepler −62 f K2.0 4842 0.427 1.35 300 .87 0.68 
Kepler −62 e K2.0 4842 0.718 0.48 300 .87 0.83 
HD 40307 g K2.0 4867 0.600 0.67 12 .94 0.66 
Kepler −1606 b G7.0 5400 0.642 1.29 831 .29 0.70 
Kepler −1701 b K1.0 5146 0.561 1.31 584 .14 0.71 
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Table 2. Stars considered in this work with the filter, the total exposure 
time and the average count rate of the analysed observations. For the uw2 
filter the count rates are already corrected for the red tail contamination as 
described in Section 3.2 . 

Source Filter Exp. time [ks] Counts s −1 

Trappist-1 uw2 274 (5.32 ± 1.33) × 10 −6 

Teegarden’s star uw2 34 (2.75 ± 0.15) × 10 −4 

GJ 1061 um2 36 0.016 ± 0.002 
Proxima Cen um2 77 1.127 ± 0.038 
LHS 1140 uw2 83 0.0314 ± 0.0008 
GJ 273 um2 30 0.223 ± 0.002 
GJ 163 um2 6 0.065 ± 0.006 
K2-18 uw2 12 0.0175 ± 0.0005 
GJ 357 uw2 16 0.1416 ± 0.0003 
TOI-700 um2 17 0.0096 ± 0.0026 
TOI-700 uw2 22 0.015 ± 0.0002 
GJ 832 um2 39 0.735 ± 0.016 
GJ 433 um2 6 0.297 ± 0.011 
GJ 229 A um2 0.5 2.304 ± 0.090 
GJ 229 A um2 0.6 3.569 ± 0.076 
Kepler-62 uw2 5 0.0266 ± 0.0018 
HD 40307 um2 1.5 16.645 ± 0.368 
Kepler-1606 um2 0.7 0.046 ± 0.012 
Kepler-1701 um2 1.7 0.036 ± 0.009 
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sing the uvotimsum tool. We adopted a 3 σ detection threshold.
ource count rates were then converted into flux densities using the
onversion factors given in table 1 of Brown et al. ( 2016 ), valid for
tellar spectra as given by Pickles ( 1998 ). 

When available, we analysed and preferably considered data from
M2 filter as it best co v ers the NUV range. In case no UM2 data were

vailable, we considered UW2 data. In this case, special care was
eeded as the transmission curve of UW2 is characterized by a red-
ail extending in the optical (Breeveld et al. 2011 ). As a consequence,
he integrated flux could be contaminated by the (much brighter)
lackbody optical emission from the star’s photosphere. In order to
orrect for such contamination, we adopted the red-tail magnitude
orrections as given in table 12 of Brown et al. ( 2010 ), which allowed
s to disentangle the genuine UV emission from the contaminant
tellar blackbody emission. In Table 2 , we report the total exposure
ime, filter, and the average count rate used in this work for each star.
or uw2 filter the count rates are already corrected for the red tail
ontamination. 

 RESU LTS  

he NUV luminosity L NUV for all the stars in our sample were
stimated through the stellar distances of GAIA DR2 (Gaia Collab-
ration 2018 ). To this aim we assumed a flat-spectrum (in erg cm 

−2 

 

−1 Å−1 ) in the NUV band, as supported by visual inspection of
rchi v al NUV data obtained by Hubble Space Telescope /Space Tele-
cope Imaging Spectrograph and spectra delivered by the treasury

USCLES surv e y (France et al. 2016 ). 
Fig. 2 shows the NUV luminosity L NUV versus the star–planet

eparation a . In this plane the UHZ is represented as a stripe, bounded
y the inner and outer values defined in Section 2 . We considered
hree different NUV atmospheric transmission values: 10 per cent
violet), 50 per cent (red), and 100 per cent (grey). Our targets are
NRAS 522, 1411–1418 (2023) 
hown (circles) in the L NUV − a according to the NUV luminosity we
erived from Swift –UVOT data analysis. The horizontal line on each
lanetary system shows the extension of the relative CHZ. The latter
s derived as in Kopparapu et al. ( 2013 ) from the star’s bolometric
uminosity and T eff . Fig. 2 allows us to compare the CHZ of specific
tellar systems to the UHZ. 

It is interesting to relate L NUV (erg s −1 ) to the stellar T eff (K), and
stimate the CHZ from there. To this aim, we fit a log–log relation



The ultraviolet habitable zone of exoplanets 1415 

Figure 2. NUV (near ultraviolet) luminosity versus star–planet separation. The UHZ (ultraviolet habitable zone, see Section 2 ) is defined by the inner (outer) 
boundary corresponding to the maximum (minimum) UV flux tolerable required) for life resilience (abiogenesis, considering a specific prebiotic pathways). 
Three UHZ are shown corresponding to 100 per cent, 50 per cent, and 10 per cent (as labelled) atmospheric transmission ( f ), to the planet’s surface, of the 
UV flux at the top of the atmosphere. The planets of our sample (Section 3) selected for being in the CHZ (Circumstellar Habitable Zone) and having UV 

observations (thus providing L NUV ) are shown by the circle symbols. The colour coding corresponds to the T eff of their host stars (vertical colour bar). The 
horizontal bar of each exoplanet shows the CHZ as derived by Kopparapu et al. ( 2013 ). The green-shaded regions show the CHZ as derived through the L NUV 

− T eff correlation (Section 5). 
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etween our measured L NUV and T eff , where the latter was obtained
rom the TESS Input Catalogue (TIC, Stassun et al. 2019 ) for most of
ur targets. For Proxima Centauri, GJ 273, GJ 832, Trappist-1, and GJ
29A no T eff was reported in the TIC and the values are respectively
rom Anglada-Escud ́e et al. ( 2016 ), Astudillo-Defru et al. ( 2017 ),
urnbull ( 2015 ), Gillon et al. ( 2017 ), and Gaia Collaboration ( 2018 ).
he T eff − L NUV data are shown in Fig. 3 . A simple least-squares fit
roduces the following log–log relation: 

log 10 L NUV = (21 . 12) log 10 T eff − (48 . 22) . (1) 

The relation between T eff and NUV luminosity (equation 1 abo v e)
s a steep power-law ( L NUV ∝ T 

21 
eff ). This can be justified considering

hat for a blackbody spectrum, the ratio F NUV / F bol is approximately
 T 12 

eff (i.e. the colder is the star the more the NUV band samples the
lackbody Wien tail). Moreo v er, in the range 2800 � T eff � 6000 K,
he stellar radius R � is approximately ∝ T 2 . 5 eff . As a result, from the
tefan–Boltzmann law ( F bol ∝ T 4 ) we obtain L NUV ∝ F NUV R 

2 ∝
eff � 
 

21 
eff . In Fig. 2 stars are colour-coded according to their T eff (red to
ellow colours going from M-type to G-type stars). 
Adopting the relations from the Baraffe stellar evolutionary 
odels (Baraffe et al. 1998 ), we obtained a stellar radius- T eff relation

hrough which we estimated the bolometric luminosity L bol from the 
tefan–Boltzmann law. With T eff an L bol at hand, we could rely on

he very definition of CHZ given by Kopparapu et al. ( 2014 ), who
ndeed defined the CHZ in terms of the bolometric flux received as
 function of the stellar T eff . With equation ( 1 ), we estimated the
rbital boundaries of the CHZ as a function of T eff : this is shown by
he curved shaded region in Fig. 2 . The dark (light) green regions in
ig. 3 were obtained by shifting the relation given by equation ( 1 )
y 1 σ (3 σ ). 
Fig. 2 shows that the agreement between the CHZ measured 

rom the NUV luminosity (horizontal bars on each symbol) and 
hat based on bolometric luminosity and T eff (curved green stripes) 
s generally good, though some notably exceptions stand out. For 
nstance, Proxima has a reported T eff such that it lies abo v e the fitted
MNRAS 522, 1411–1418 (2023) 

art/stad928_f2.eps


1416 R. Spinelli et al. 

M

Figure 3. Correlation between L NUV and T eff . Open symbols represent our 
target sample for which we estimated L NUV from the available Swift / UVOT 
observ ations. The yello w dashed line is a least-squares fit of the data points. 
The shaded regions show the 1 σ and 3 σ dispersion of the data point around 
the best-fitting line. The dispersion is measured as the σ parameter of the 
Gaussian distribution of the distances (computed perpendicular) of the data 
points from the best-fitting line. Proxima Centauri is the fourth source from 

the left. 
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 NUV –T eff relation of Fig. 3 , hence the two different estimates of
roxima’s CHZ appear somewhat off in Fig. 2 . 

 DISCUSSION  

n Fig. 2, the UV luminosity L NUV of the host star is plotted against
he planet-to-star distance a . Rocky planets located in the CHZ of
heir host stars with av ailable UV observ ations are sho wn as open
ircles. For each planet, the CHZ is represented by the horizontal bar
hich delimits the specific range of a where H 2 O can be present in

iquid phase on planet’s surfaces. The shaded (blue, red, and violet)
iagonal stripe in Fig. 2 represents the combination of L NUV and
 where abiogenesis can actually occur and the UV irradiation is
ustainable by planets’ biota. 

The main conclusion that can be drawn from Fig. 2 is that
he averaged NUV luminosity of M-dwarfs is too low to trigger
biogenesis, through the considered pathways, on planets located
ithin their respective CHZ (see also Ranjan & Sasselov 2017 ;
immer et al. 2018 ). Even in the extreme case of atmospheres
ompletely transparent to NUV radiation ( f = 1.0, grey diagonal
tripe), CHZ bars do not intersect the UHZ stripe, except in the case
f Proxima Centauri. Indeed, the very inner edge of the habitable zone
f Proxima Centauri, which has a particularly high NUV emission
iven its T eff , overlaps with the UHZ zone ( f = 1.0, grey diagonal
tripe), though the actual position of the Proxima Centauri b lies out
f this region. We must note that planets around M-dwarfs may still
e subject to abiogenesis, provided their host stars are characterized
y intense and frequent NUV flare activity (G ̈unther et al. 2019 ;
urray et al. 2022 ) or during the early stages of stellar evolution

Chavali et al. 2022 ). 
NRAS 522, 1411–1418 (2023) 
Our analysis of UVOT observ ations allo wed us to derive an
mpirical relation between the L NUV and T eff (equation 1 and Fig. 3 ).
urthermore, through stellar models (Baraffe et al. 1998 ) providing
adii and bolometric luminosities, we can infer the CHZ as defined
n Kopparapu et al. ( 2014 ) (shaded green curved region in Fig. 2 ).
he intersection between the UHZ and the CHZ is limited by a

hreshold temperature which excludes most M-dwarfs. According
o the transparency of the atmosphere (here parametrized with f
hich represents the fraction of transmitted flux), we find that for the

ompletely transparent case ( f = 1.0) stars with T eff � 3900 K may
av e e xperienced the correct NUV flux (sufficient for abiogenesis and
ot too high to be dangerous for biota). Such threshold temperature
ncreases to T eff � 4200 K if f = 0.5 (red-shaded region) and T eff �
700 K if f = 0.1 (violet-shaded region). 
It is worth noting here that we neglected any transformation of the

tmosphere induced by the absorbed UV radiation. As an example,
et’s consider an atmosphere fully opaque to UV radiation, i.e. the
lanetary surface is shielded from energetic photons. This can be
ositive for present-life, but negative for the possibility of UV-
riggered abiogenesis. At the same time the atmosphere could be
ransformed o v er time by the absorbed UV radiation, possibly driving
n evolution of the transmission properties o v er time, and then an
volution of the UHZ for a specific planet. A detailed discussion of
hese issues is beyond the scope of this work. 

We must also note that we used the L NUV –T eff relation reported in
quation ( 1 ) only for the purpose of representing the H 2 O habitable
one in Fig. 2 . Indeed, the steepness of the correlation prevents its
se to estimate the NUV luminosity given T eff , a small difference in
emperature can lead to orders of magnitudes differences in L NUV .
his owns a particular relevance in view of the different estimates
f T eff often present in the literature (up to hundreds degrees) for
he very same star (see, e.g. the NASA Exoplanet Archive 6 ). It is
herefore clear that direct NUV data are necessary. 

In our deri v ation of the UHZ sho wn in Fig. 2 , we considered the
ux threshold needed to trigger abiogenesis proposed by Rimmer
t al. ( 2018 ). This is the flux leading to a 50 per cent yield of the
hotochemical products at 0 ◦C in the SO 

2 −
3 reaction (Section 2 ). As

iscussed by Rimmer et al. ( 2018 ) this choice is very liberal, since
ny prebiotic synthesis will take several steps, and even a 50 per cent
ield per step will probably result in too small a final concentration
f life’s building blocks to do anything (see the discussion of the
arithmetic demon’ in Rimmer et al. 2018 ). Relaxing the per cent
ield will only work if prebiotic chemists find a way to stepwise
oncentrate preferentially low yield products. 

In this case, if we allow for lower yields, i.e. for a lower flux value,
he abiogenesis limit will consequently shift to the right in Fig. 2 .
s an example, at 0 ◦C, the flux required to obtain a 25 per cent and
 10 per cent yield is a factor of 4 and 20 less than that required to
btain a 50 per cent yield (see fig. 3 in Rimmer et al. 2018 ). On the
ontrary, if we assume a larger temperature, the abiogenesis limit
ould shift to the left, since a higher flux is required for the same
ield at higher temperatures (see fig. 3 in Rimmer et al. 2018 ). As
n example, at 20 ◦C and at 40 ◦C the NUV flux required is ∼25 and
250 times higher than that required at 0 ◦C to have a 50 per cent

ield. The right boundary of the UHZ would scale linearly with these
actors. 

In order to estimate the inner boundary of UHZ (Section 2 ),
nspired by the Principle of Mediocrity we assumed the maximum
olerable NUV flux as twice the flux experienced by the AE abo v e
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he atmosphere. If life can resist a larger NUV flux, then a planet can
rbit closer to its star. This corresponds to shifting the limits of the
HZ zone in Fig. 2 to the left. 
In our work, we did not consider possible effects caused by the Far-

V radiation (FUV; < 200 nm). While FUV radiation is important 
n the context of atmospheric photochemistry, it is most probably 
nable to reach the surface of habitable planets because of severe 
bsorption by atmospheric constituents, such as water vapor and 
arbon dioxide (Cnossen et al. 2007 ; Ranjan & Sasselov 2017 ). 

In is important to realize that the prebiotic pathways we considered 
re not the only possible for explaining the origin of life (e.g. Cleaves
t al. 2008 ; Rui-Mirazo, Briones & de la Escosura 2013 ). What is
articularly intriguing is that the UV-criterion for abiogenesis was 
erived through laboratory experiments, that showed how much UV 

adiation is required to form RNA pyrimidines (Powner et al. 2009 ;
itson & Sutherland 2012 ; Patel et al. 2015 ; Rimmer et al. 2018 ;
u et al. 2018 ). This finding is supported also by the fact that RNA

xhibits selection pressure under UV radiation, suggesting that it is 
ormed in a UV-rich environment (Rios A. & Tor 2013 ; Beckstead
t al. 2016 ; Pollum et al. 2016 ). Moreo v er, as shown by Deamer &
eber ( 2010 ), UV radiation was by far the most abundant source of

hemical free energy present on the surface of the early Earth. 
As suggested by Lillo-Box et al. ( 2022 ), K-type stars may currently

e the best candidates for searching planets with suitable conditions 
or life as we know it. Due to their closer CHZ, the CHZ planet
etection via transit and/or radial velocity is easier compared to 
-stars. Moreo v er, K-type stars are longer-lived with respect to G-

tar and thus they offer longer time-scales for biological evolution 
n their orbiting planets. In contrast with M-dwarfs, the lower 
cti vity/v ariability of K-stars fa v ours detectability and habitability. 
urthermore, compared to M-dwarfs, the habitable planets around 
-stars are not tidal-locked (Heller, Leconte & Barnes 2011 ; Barnes
017 ). In our study, we further demonstrated that K-stars can irradiate
lanets in the CHZ with a NUV flux sufficient to trigger abiogenesis.
In the next decades exoplanetary research will be able to carry out

tatistical studies on the presence of biosignatures in the atmosphere 
f exoplanets. This brings about a change of perspective, turning 
xoplanets into laboratories for testing theories about the origin of 
ife. Should we find life on a planet around M-dwarfs, we will have
o imagine another mechanisms able to provide the necessary UV 

ux in these stars (e.g. flares or early stages of stellar evolution), or
e will have to reject the prebiotic pathways to life we considered
ere. 
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