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A B S T R A C T 

We explore the prospects for Twinkle to determine the atmospheric composition of the nearby terrestrial-like planet LTT 1445 

Ab, including the possibility of detecting the potential biosignature ammonia (NH 3 ). At a distance of 6.9 pc, this system is the 
second closest known transiting system and will be observed through transmission spectroscopy with the upcoming Twinkle 
mission. Although LTT 1445 Ab has been suggested to be a candidate for a Hycean world, constraints on the interior composition 

based on its mass and radius suggests that the planet lacks a substantial water layer, and thus the proposed Hycean scenario is 
disfa v oured. We use PETITRADTRANS and a Twinkle simulator to simulate transmission spectra for the more likely scenario 

of a cold Haber world for which NH 3 is considered to be a biosignature. We study the detectability under different scenarios: 
varying hydrogen fraction, concentration of ammonia, and cloud co v erage. We find that ammonia can be detected at an ∼3 σ

level for optimal (non-cloudy) conditions with 25 transits and a volume mixing ration of 4.0 ppm of NH 3 . We provide examples 
of retrie v al analysis to constrain potential NH 3 and H 2 O in the atmosphere. Our study illustrates the potential of Twinkle to 

characterize atmospheres of potentially habitable exoplanets. 

Key words: astrobiology – telescopes – planets and satellites: atmospheres – planets and satellites: terrestrial planets. 
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 INTRODUCTION  

winkle is an upcoming space-based telescope with a 0.45 m primary 
perture and a broad visible to infrared wav elength co v erage (0.5–
.5 µm). The Twinkle space mission (Stotesbury et al. 2022 ) will
onduct two simultaneous surv e ys during its first three years of
peration, which is scheduled to begin in 2025. While one of these
ill focus on studying objects within our Solar system, the other 
ill be dedicated to the study of extrasolar tar gets. A lar ge portion
f the latter surv e y will be used to study exoplanet atmospheres, the
cience case for which Twinkle was originally conceived (Edwards 
t al. 2019 ). There are nearly 900 confirmed transiting exoplanets 
ithin Twinkle’s field of view, as well as o v er 1400 planet candidates

rom the Transiting Exoplanet Survey Satellite ( TESS , Ricker et al.
015 ), offering the potential for a structured population surv e y of
xoplanet atmospheres. 

Twinkle can be highly complementary to JWST . While JWST 

ill deliver unprecedentedly precise data, there will be limited time 
llocated to exoplanet sciences. Therefore, it is likely to only be used
o observe the most exciting targets. To this end, Twinkle can provide
ow-resolution spectroscopy to provide an initial atmospheric char- 
cterization to promote further study or be used to refine planetary 
nd orbital parameters. Moreo v er, certain JWST instruments/modes 
annot observe bright targets due to saturation limits, and Twinkle 
an fill in the gap for bright targets. Furthermore, the planets studied
ith Twinkle can be methodically selected, building up large sets of
 E-mail: phillips.1622@buckeyemail.osu.edu 
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ata with specific goals in mind whereas each JWST proposal often
ocuses only on a small number of worlds. Combining Twinkle data
ith the JWST mission will allow us to achieve a more comprehensive
icture of exoplanet atmospheres. 
Current ground-based atmospheric characterization of super- 

arth/terrestrial planets have proven difficult due to challenges such 
s photon noise limits, wavelength coverage, and telluric contami- 
ation. Photon noise can be impro v ed by e xtremely large telescopes
uch as Giant Magellan Telescope and European Extremely Large 
elescope. Current and future space-based facilities can address the 
av elength co v erage and telluric contamination issues. 
The Kepler Space Mission (Borucki et al. 2010 ) has shown that

uper-Earths/mini-Neptunes are among the most abundant type of 
lanet (Fressin et al. 2013 ; Fulton et al. 2017 ). There is an observed
ap in the distribution of these planet sizes, known as the radius
alley (Fulton et al. 2017 ; Van Eylen et al. 2018 ). Below the radius
alley ( < 1.5 R ⊕), these planets are known as super-Earths/terrestrial-
ike planets. Studies have investigated their ability to hold onto 
 hydrogen-based atmosphere due to their decreased mass and 
ecreased surface gravity from both ground-based (Diamond-Lowe 
t al. 2018 , 2020 , 2022 ) and space-based observatories (de Wit et al.
016 ; Edwards et al. 2021 ; Garcia et al. 2022 ). 
Planets with H 2 /He dominated atmospheres may be more 

menable targets for transmission spectroscopy with upcoming 
pace-based missions such as Twinkle . The presence of H 2 can
aise the scale height and therefore the transmission signal fea- 
ures for observations (Miller-Ricci, Seager & Sasselov 2008 ; Hu 
t al. 2021 ). H 2 -dominated atmospheres may also produce different
iosignatures, such as NH 3 in cold Haber worlds (see Section 2 ;
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Figure 1. Field of view showing known exoplanets (blue circles) with 
planetary size (1.3 ⊕ ≤ R p ≤ 3.4 ⊕). The TESS planet candidates are shown in 
the grey markers. The size of the markers correspond to the host star’s K -band 
magnitude. The target of interest for this paper LTT 1445 Ab is shown with 
a star marker. Labelled planet GJ 1214 b, LP 791-18 c, and LTT 3780 c, are 
shown with a pink, gold, and purple star, respectively. 
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eager, Bains & Hu 2013a ). Habitability and biosignature prospects
ave been explored in ocean/water and Hycean worlds (e.g. L ́eger
t al. 2004 ; Selsis et al. 2007 ; Zeng & Sasselov 2014 ; Thomas &
adhusudhan 2016 ; Noack, Snellen & Rauer 2017 ; Ramirez &

evi 2018 ). Hycean worlds (Madhusudhan, Piette & Constantinou
021 ) are planets with potentially habitable large oceans underneath
 H 2 -rich atmosphere. Dominant biomarkers proposed in Hycean
tmospheres are dimethysulfide, CS 2 , CH 3 Cl, OCS, and N 2 O (Mad-
usudhan et al. 2021 ) 
In this work, we assess the detectability of the potential biosig-

ature ammonia on the terrestrial-like planet, LTT 1445 Ab, with
he upcoming Twinkle space mission. We first provide a summary
f previous literature on ammonia as a potential biosignature in
ection 2 . We then describe the target selection process that leads to

he focus on the study of LTT 1445 Ab in Section 3 . The process to
istinguish LTT 1445 Ab from a cold Haber world or Hycean world
s described in Section 4 . Major findings on the detectability of NH 3 

re presented in Section 5 . Finally, we present our retrie v al analysis
o support the major findings in Section 6 and conclude in Section 7 .

 AMMONIA  AS  A  POTENTIAL  

IOSIGNATURE  

 biosignature is nominally defined as an ‘object, substance, and/or
attern whose origin specifically requires a biological agent’ (Des
arais et al. 2002 , 2008 ). Ideal and useful biosignatures gas have

he following properties: they can accumulate in the atmosphere, are
pectroscopically active, and not overly contaminated by geophysical
alse positives (Meadows & Seager 2010 ). 

Seager et al. ( 2013a ) proposed NH 3 as a biosignature gas in an H 2 

nd N 2 dominated atmosphere – nicknamed a cold Haber world (e.g.
eager, Bains & Hu 2013b ; Huang et al. 2021 ). Cold Haber worlds
re named after the Haber–Bosch process which is the main industrial
rocess for producing NH 3 from N 2 from the air, H 2 from natural
as, and a metal catalyst, combined under high temperatures and
ressures. The reaction is as follows: 

H 2 + N 2 −→ 2NH 3 . 

In a H 2 –N 2 environment life would have a metabolic enticement
or the high production of NH 3 (Seager et al. 2013a ; Ranjan
t al. 2022 ). NH 3 in a terrestrial planet atmosphere is generally a
ood biosignature gas, primarily because terrestrial planets have no
ignificant known abiotic NH 3 source (Huang et al. 2021 ). 

Although NH 3 is a strong candidate biosignature in H 2 and N 2 

tmospheres, there is still need to consider the potential of false
ositives. Some of these false positives include inorganic ammonia
ce brought from comet collisions, outgassed NH 3 , NH 3 produced
n an iron surface of a planet (surface temperature ∼ 820 K), 1 and
atural NH 3 present in mini-Neptunes. An o v erview of false positives
f NH 3 was provided by Seager et al. ( 2013b ) and Catling et al.
 2018 ), alongside thesis work by Evan Sneed. 2 Recently, Huang et al.
 2021 ) laid out a few examples of minor abiotic sources of NH 3 for
arth/terrestrial-like planets including: trace components in volcanic
as eruptions, iron doping TiO 2 containing sands, and lightning. 

Since the proposal of NH 3 as a biosignature, there have been a
ultitude of studies to investigate its detectability with JWST and
NRAS 526, 2251–2264 (2023) 

 At high surface temperatures, ammonia can be produced by the traditional 
aber process from an iron surface. 
 https:// scholarsphere.psu.edu/ resources/ 6c6f6ce8- 3a94- 40f5- a895- 
165556b0f58 
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uture Extremely Large Telescopes (e.g. Chouqar et al. 2020 ; Wun-
erlich et al. 2020 ; Phillips et al. 2021 ; Ranjan et al. 2022 ). Phillips
t al. ( 2021 ) explored the detection of the potential biosignature NH 3 

n gas dwarfs, exoplanets with radii between Earth and Neptune
ith potentially H 2 dominated atmospheres. They found that a
inimum of 0.4 ppm would be needed to detect the ammonia features

n transmission spectroscopy with the Near-Infrared Spectrograph
NIRSpec) and Near Infrared Imager and Slitless Spectrograph
NIRISS) (SOSS) instruments/modes on JWST , given optimal cloud-
ree atmospheric conditions. Huang et al. ( 2021 ) assessed ammonia
s a potential biosignature in terrestrial planets with H 2 -dominated
tmospheres and found that a minimum of 5.0 ppm ammonia in the
tmosphere would be needed to be detectable by JWST using the
IRSpec/G395M mode for the 3.0 µm ammonia feature. In this
ork, we aim to perform similar studies for the detectability of NH 3 

ith Twinkle and quantify necessary conditions for detection. 

 TARGET  SELECTION  

e explore possible targets of interest for characterization that are
ithin the field of view for Twinkle (Fig. 1 ). Targets are e v aluated
sing the following criteria: (1) planet radii between 1.3 and 3.4 R ⊕,
2) equilibrium temperature ( T eq ) below 650 K, (3) distance within
0 pc, (4) an initial S/N estimation ( < S/N > ≥ 3 σ ) for Twinkle using
WINKLERAD (Edwards & Stotesbury 2021 ) for a baseline of 25
ransits, and (5) a modified transmission spectroscopy metric (TSM)
rom Kempton et al. ( 2018 ) (see equation 1 ). 

Compared to the work in Phillips et al. ( 2021 ), we use an
xpanded parameter space of radii and equilibrium temperatures
or our target selection. Nixon & Madhusudhan ( 2021 ) found that
he phase structure of water-rich sub-Neptunes show indication that
lanets with a H/He envelope could host liquid H 2 O in the liquid
hase at up to 647 K at pressures of 218–7 × 10 4 bar. We also
xplore a slightly lower radius space (1.3 R ⊕), as Huang et al. ( 2021 )
 v aluated ammonia as a promising biosignature on terrestrial-like
lanets (e.g. a 1.75 and 10 M ⊕ exoplanet around an M-dwarf). The
istance criterium for objects within 50 pc is set to ensure sufficient
ux for observations for the host star and planet 

https://scholarsphere.psu.edu/resources/6c6f6ce8-3a94-40f5-a895-4165556b0f58
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Figure 2. Left: Planet radius (R ⊕) versus equilibrium temperature (K) for Twinkle objects that meet initial selection criteria (1–3). The orange shaded region and 
star shapes are objects below the radius valley ( < 1.5 R ⊕). Objects within the radius valley (1.5–2.0 R ⊕) are marked with circle shapes. The blue shaded regions 
and square markers are targets abo v e the radius valley ( > 2.0 R ⊕). The target of interest for this study LTT 1445 Ab is marked with a blue–green star. Other 
labelled planets are Hycean candidates that meet our initial selection criteria. Right: The modified transmission spectroscopy metric (TSM) for H band defined 
by Kempton et al. ( 2018 ). There are larger planets abo v e the radius valley with the highest TSM: GJ 1214 b (pink square), LTT 3780 c (purple square), and LP 
791-18 c (gold square). Ho we ver, these targets have low S/N estimates with Twinkle for 25 transits or flat transmission spectra. The horizontal grey line represents 
the recommended TSM threshold for targets ( R = 1.5–10.0 R ⊕) to be considered to be selected for high quality atmospheric characterization (Kempton et al. 
2018 ). The blue dotted–dashed line represents the threshold TSM values (TSM > 10) for terrestrial like planets ( < 1.5 R ⊕). 
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We search the NASA Exoplanet Archive 3 for targets that meet 
ur criteria. We find that LTT 1445 Ab has the highest (modified)
SM for terrestrial targets below the radius valley (Fig. 2 ). We
lso explore targets that lie within the radius valley, but find low
/N estimates for NH 3 detection given the baseline of 25 transits
Table 1 ). Initially objects such as GJ 1214 b, LP 791-18 c, and
TT 3780 c meet the first three criteria for target selection and
roduce high TSM metrics for planets abo v e the radius valley.
o we ver, these targets either have known flat transmission spectra 

Kreidberg et al. 2014 ) and/or currently have low S/N estimates 
or Twinkle . Therefore, we focus on LTT 1445 Ab in subsequent 
nalyses. 

.1 LTT 1445 Ab 

ince LTT 1445 Ab is a potential target, we provide a brief
ntroduction of the system. LTT 1445 Ab lies at a distance of 0.038
U from its host star and has an orbital period of 5.4 d (Winters
t al. 2019 ). The host system is comprised of three mid-to-late M
warfs. The host star, LTT 1445 A, is bright ( K s = 6.50 mag). LTT
445 A is also the closest M-dwarf to host a transiting planet (Winters
t al. 2021 ), making this system a prime target for atmospheric
haracterization. A summary of key stellar and planetary parameters 
s shown in Table 2 . During the first three years of operations, Twinkle
ill conduct an extrasolar survey (Stotesbury et al. 2022 ). We use

he tool from Edwards & Stotesbury ( 2021 ) to determine that, during
he time frame of this surv e y, there will be 29 transits available for
bservation with Twinkle . 
Despite the relative small size of LTT 1445 Ab, it is a target of

nterest for atmospheric studies. Winters et al. ( 2021 ) calculate a
 https://e xoplanetarchiv e.ipac.caltech.edu/

f  

d  

u

SM of 30 for LTT 1445 Ab which is higher than those for LHS
140 b (Dittmann et al. 2017 ) and TRAPPIST 1-f (Gillon et al. 
017 ). We implement a modified version of the Kempton TSM
equation 1 ), 

SM = ( Scale factor ) × R 
3 
p T eq 

M p R 
2 
� 

× 10 −m x / 5 . (1) 

n equation ( 1 ), T eq is the planet equilibrium temperature in Kelvin,
 p is the planet radius is Earth radii, M p is the planet mass in Earth
ass, R � is the host star radius in solar radii, and m x is the apparent
agnitude of the host star. 
The scale factor in equation ( 1 ) is designed to be a normalization

onstant to give near-realistic S/N values for 10 h observing with the
WST /NIRISS instrument (Kempton et al. 2018 ). The scale factor
s different for planets with R < 1.5 R ⊕ (scale factor = 0.190) and
lanets with 1.5 R ⊕ < R < 2.75 R ⊕ (scale factor = 1.26). For more
etails about the method used and scale factor determination, see 
empton et al. ( 2018 ). 
We e v aluate the TSM using the H -band and L -band magnitude

f LTT 1445 Ab. The H band has approximately the same central
avelength as the Channel 0 spectroscopic channel of Twinkle, 
hich co v ers 0.5–2.4 microns, whereas the L band has approximately

ame wavelength as Channel 1, which co v ers 2.4–4.5 microns. We
nd an H -band TSM of 36.0 (Fig. 2 ) and L -band TSM of 44.0. 

 A  HABER  WORLD  VERSUS  A  HYCEAN  

ORLD  

n this section, we explore the scenario of LTT 1445 Ab as a
ycean world (Madhusudhan et al. 2021 ) and the implications 

or characterizing its atmosphere with Twinkle . A Hycean world is
efined as a planet that has a water-rich interior with massive oceans
nderneath a H 2 -dominated atmosphere (Madhusudhan et al. 2021 ). 
MNRAS 526, 2251–2264 (2023) 
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Table 1. Twinkle targets of interest that meet our selection criteria 1–3. Additional criteria for the Total 
< S/N > and TSM H band are provided for targets of interest. 

Name R p (R ⊕) T eq (K) Distance (pc) Total < S/N > 
a TSM ( H band) b 

GJ 1214 b 2.79 593.1 14.64 3.77 1265.67 
LTT 1445 Ab c 1.30 424.0 14.90 3.10 36.0 
TOI-776 b c 1.81 530.05 27.17 1.39 24.67 
TOI-776 c c 1.97 428.43 27.17 1.16 90.41 
G9-40 b 1.90 440.6 27.80 0.92 136.16 
HD 3167 c 2.79 596.1 47.28 0.90 81.73 
K2-3 b c 1.94 501.3 44.00 0.86 41.22 
LTT 3780 c 2.24 363.41 21.98 0.82 103.64 
TOI-237 b 1.44 388.0 38.11 0.79 35.35 
LP 791-18 c 2.26 351.77 26.49 0.78 1316.86 
LHS 1140 b 1.68 238.91 14.98 0.72 71.70 
K2-3 c c 1.50 371.8 44.0 0.66 44.74 
K2-25 b 3.35 492.77 44.95 0.33 93.75 
K2-18 b c 2.30 290.8 38.00 0.30 22.2 

a Total < S/N > is the the quadrature sum of the four NH 3 features at 1.5, 2.0, 2.3, and 3.0 µm. b TSM ( H band) 
is modified TSM metric for Twinkle in equation ( 1 ). c Hycean candidates (Madhusudhan et al. 2021 ) that meet 
our initial selection criteria and are within Twinkle’s field of view. 

Table 2. Planetary and stellar parameters for LTT 1445 Ab from Winters 
et al. ( 2021 ). 

M p (M ⊕) 2.87 + 0 . 26 
−0 . 25 

R p (R ⊕) 1.304 + 0 . 067 
−0 . 060 

T eq (K) 424 ± 21 

Distance (pc) 14.98 ± 0.01 

H-band s (mag) 6.774 ± 0.038 

T s (K) 3337 ± 150 

logg (dex) 3.217 + 0 . 050 
−0 . 053 

t 14 (h) 1.367 + 0 . 017 
−0 . 016 

Fe/H (dex) −0.34 ± 0.08 

Eccentricity 0.19 + 0 . 35 
−0 . 14 
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Figure 3. Mass −radius diagram for future targets of interest along with 
LTT 1445 Ab (blue star). The star markers correspond to objects below the 
radius valley ( R < 1.5 R ⊕). The circle markers correspond to objects within 
the radius valley (1.5 < R ⊕ < 2.0). The square markers are those targets 
abo v e the radius valley ( R ⊕ > 2.0). LTT 1445 Ab falls near the composition 
curve corresponding to an Earth-like planet. The curves are interior structure 
models of 100 per cent water (dark blue), 100 per cent magnesium silicate 
rock (orange), 33 per cent iron plus 67 per cent rock (purple) (i.e. Earth-like), 
and 100 per cent iron (light blue). The values are from Zeng et al. ( 2019) . 
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e also aim to explore whether or not a Hycean and Haber world
an be distinguished using the bulk properties of LTT 1445 Ab and
winkle. We use the bulk properties ( M p and R p ) of LTT 1445 Ab to
onstrain the interior composition and to assist with distinguishing a
old Haber world from a Hycean world. 

As shown in Section 4.1 , our interior composition analysis indi-
ates that LTT 1445 Ab is likely not a Hycean world. As a result, we
odel LTT 1445 Ab as a cold Haber world. 

.1 Composition of LTT 1445 Ab 

ith a planet mass and radius uncertainty of 9 per cent and
 per cent (Winters et al. 2021 ), LTT 1445 Ab is among the best
haracterized small planets. Such precision in its mass and radius
llows us to place constraints on its composition. In Fig. 3 , we show
heoretical mass–radius composition curves (Zeng et al. 2019 ) and
lace LTT 1445 Ab in the context of other small exoplanets from
he literature that are within Twinkle’s field of view. LTT 1445 Ab
alls near the Earth-like composition curve of 67 per cent magnesium
ilicate and 33 per cent iron, suggesting that it is likely a rocky planet
ithout a substantial water layer. 
We further explore the interior composition of LTT 1445 Ab

nd calculate its core mass fraction (CMF) using the EXOPLEX

oftware (Unterborn et al. 2018 ; Schulze et al. 2020 ), which solves
he equations of planetary structure and calculates a CMF for a
NRAS 526, 2251–2264 (2023) 
iven planet mass and radius. EXOPLEX assumes a two-layer planet
onsisting of an iron core and a pure, magnesium silicate (MgSiO 3 )
antle. Assuming the planet mass and radius from Winters et al.

 2021 ) of R p = 1 . 304 + 0 . 067 
−0 . 060 R ⊕ and M p = 2.87 ± 0.25 M ⊕, we obtain

 CMF of CMF = 0 . 42 + 0 . 18 
−0 . 17 . This value is consistent with the value

f CMF = 0 . 42 ± 0 . 28 reported by Winters et al. ( 2021 ), calculated
sing the semi-empirical relations of Zeng & Jacobsen ( 2017 ). As an
lternative check on the CMF, we calculated the core radius fraction
sing HARDCORE (Suissa, Chen & Kipping 2018 ), and obtain a value
f CRF = 0 . 67 ± 0 . 14, which can be easily converted to a CMF using
he empirical relations from Zeng, Sasselov & Jacobsen ( 2016 ). From
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Figure 4. Ternary diagram showing the possible compositions of LTT 1445 
Ab using the models from Zeng & Sasselov ( 2013 ). The red dot denotes 
relative mass fractions of the three layers (Fe, MgSiO 3 , H 2 O). The solid black 
line represents all the possible mass combinations of these layers allowed 
by the planet’s mass and radius, and the black dashed lines represent the 
uncertainties. The best-fitting solution indicates that LTT 1445 Ab has a 
negligible fraction of water, likely ruling it out as a Hycean world. 
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Table 3. Species used for petitRADTRANS to generate synthetic spectra 
with 90 per cent H 2 and 10 per cent N 2 atmosphere for a cold Haber world. 

Species VMR 
a MMR 

H 2 O 9.17 × 10 − 7 3.62 × 10 − 6 

CO 2 2.90 × 10 − 9 2.81 × 10 − 8 

CH 4 2.90 × 10 − 8 1.02 × 10 − 7 

H 2 8.25 × 10 − 1 3.62 × 10 − 1 

CO 9.17 × 10 − 10 5.64 × 10 − 9 

OH 9.17 × 10 − 16 3.42 × 10 − 15 

HCN 9.17 × 10 − 10 5.44 × 10 − 9 

NH 3 3.66 × 10 − 6 1.37 × 10 − 5 

N 2 
b 9.17 × 10 − 2 5.64 × 10 − 1 

He 8.25 × 10 − 2 7.25 × 10 − 2 

a We adopt the mixing ratios for gases other than N 2 or H 2 (Seager et al. 
2013b ), assuming no major change in the chemistry. b N 2 has no rotational–
vibrational transitions, so there are no signatures observable at infrared 
wavelengths, so this feature is not available in petitRADTRANS but is 
used to determine the mean molecular weight of the atmosphere. 
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hat, we obtain CMF = 0 . 45 ± 0 . 08, which is consistent with the
alue from EXOPLEX . 

We also investigated the interior composition of LTT 1445 Ab 
sing the theoretical models of Zeng & Sasselov ( 2013 ). In these
odels, the planet consists of three layers: an iron core, a magnesium

ilicate mantle (MgSiO 3 ), and a water layer o v erlaying the mantle
nd iron core. Fig. 4 shows a ternary diagram with the range of
ompositions allowed within the uncertainties of the mass and radius 
f LTT 1445 Ab. We obtain an iron mass fraction of 0.252, a silicate
ass fraction of 0.746, and a water mass fraction of 0.002. Some of

he other possible solutions along the black line are disfa v oured
or theoretical reasons. F or e xample, a planet consisting purely 
f water and iron is physically unlikely ( ∼25 per cent H 2 O and
75 per cent Fe core), e.g. Marcus et al. ( 2010 ). The best-fitting

olution indicates that LTT 1445 Ab is likely a dry planet, i.e. not a
ycean world as proposed by Madhusudhan et al. ( 2021 ). According

o Madhusudhan et al. ( 2021 ), a typical Hycean planet would have
n H 2 -rich atmosphere and a H 2 O layer with a water mass fraction
etween 10 per cent and 90 per cent, and iron core + mantle with at
east a 10 per cent mass fraction. 

The discrepancy between the classification of Madhusudhan et al. 
 2021 ) and ours is probably due to the lower mass they used of
2.2 M ⊕. The revised larger mass with lower uncertainty reported 

y Winters et al. ( 2021 ) leads to a higher density and a more Earth-
ike, rocky composition, thus ruling out the presence of a thick ocean
ayer. 

.2 Simulating a cold Haber world spectrum 

e use the PYTHON package, PETITRADTRANS 
4 (Molli ̀ere et al. 

019 ), to simulate the planetary atmosphere for transmission spec- 
roscopy. The reference pressure is set to P 0 = 1.0 bar (Hu, Seager &
ains 2012 ; Seager et al. 2013a , 2013b ) for a cold Haber world
 https:// gitlab.com/ mauricemolli/ petitRADTRANS 

5

r
a

cenario, which is modelled after an Earth-size and Earth mass 
abitable rocky exoplanet. 
We consider an isothermal atmosphere with an upper and lower 

ressure limit of 10 −9 and 10 2 bar. The model atmosphere is divided
nto 100 layers with an equal logarithmic pressure spacing. The 
arge pressure range is chosen to encompass the range of pressures
hat contribute to the flux for a large range of NH 3 concentration.
 or e xample, at 4.0 ppm of NH 3 concentration, the most flux is
ontributed from pressure range from 10 bar to 1 mbar. At another
xtreme NH 3 concentration that we consider at 40 000 ppm, the flux is
ostly contributed by pressures from 1 bar to 10 nbar. In most cases,
e do not need to be concerned about the lack of cross sections at

xtremely low pressures and the non-LTE effect at high pressures. 
We modelled the performance of Twinkle using TWINKLERAD an 

dapted version of the radiometric tool described in Mugnai et al.
 2020 ). We note that, due to the ongoing detailed design work,
here are currently significant performance margins built-in to this 
imulator. 

We employ the same methods used in Phillips et al. ( 2021 ) to
alculate the atmospheric composition for a cold Haber world. We 
se the values in Table 3 to build the synthetic spectrum with a base
tmosphere of 90 per cent H 2 and 10 per cent N 2 along with other
race species as in Table 3 . 

The opacity sources are H 2 O (Polyansky et al. 2018 ), 5 

H 4 (Y urchenko et al. 2017 ), CO 2 (Y urchenko et al. 2020 ),
O (Burch et al. 1969 ), HCN (Barber et al. 2014 ), NH 3 (Coles,
urchenko & Tennyson 2019 ), and OH (Brooke et al. 2016 ),
 2 (Hartmann et al. 2002 ), and collision-induced absorption due 

o H 2 –H 2 and H 2 –He (Richard et al. 2012 ). 
As in Phillips et al. ( 2021 ), the VMRs from Seager et al. ( 2013b )

re summed and normalized by dividing by the summation so the
otal volume mixing ratio (VMR) adds to 1.0. A fixed number of 25
ransits is set to determine NH 3 is detectable. TAUREX 3 (Al-Refaie
t al. 2021 ) is used to bin the spectra to the resolution of Twinkle .
he resolution of Twinkle Channel 0 (0.5–2.4 µm) and Channel 1

2.4–4.5 µm) are R = 70 and R = 50, respectively. Synthetic noise
s added using a random Gaussian distribution. The S/N detection 
etric and threshold (equations 2 and 3 ; < S/N > ≥ 3 σ ) is the same as
MNRAS 526, 2251–2264 (2023) 

 In our retrie v al analysis (Section 6 ) using PETITRADTRANS , H 2 O is 
eported as H 2 O Exomol . This line list for H 

16 
2 O is the most complete high- 

ccuracy line list for water (Polyansky et al. 2018 ). 

https://gitlab.com/mauricemolli/petitRADTRANS
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Figure 5. Top: Simulated cold Haber world transmission spectra of LTT 1445 
Ab with 25 transits. Low mean molecular weight case ( μ ∼ 4.5). Bottom: 
The corresponding S/N for 25 transits of LTT 1445 Ab. 
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Table 4. Species used for PETITRADTRANS to generate synthetic Hycean- 
world spectra atmosphere, adopted from Madhusudhan et al. ( 2021 ). 

Species VMR MMR 

H 2 O 7.26 × 10 − 2 2.39 × 10 − 1 

CH 4 5.00 × 10 − 4 1.06 × 10 − 3 

H 2 6.54 × 10 − 1 2.39 × 10 − 1 

NH 3 1.30 × 10 − 4 2.94 × 10 − 4 

He 8.25 × 10 − 2 7.25 × 10 − 2 
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n Phillips et al. ( 2021 ). The simulation for 25 transits with Twinkle
ith the corresponding S/N is shown in Fig. 5 . 

/N = 

( R p /R � ) 2 − ( R p /R � ) 2 

σ( R p /R � ) 2 
, (2) 

here ( R p / R � ) 2 is the transmission signal from PETITRADTRANS ,
 R p /R � ) 2 is median of the transmission signal from PETITRAD-
RANS , and σ( R p /R � ) 2 is the uncertainty. 
For the final S/N determination, we follow Phillips et al. ( 2021 )

nd use the following equation: 

< S/N > = 

√ ∑ 

i 

( S/N ) 2 i , (3) 

here i indicates NH 3 wavelength features at 1.5, 2.0, 2.3, and
.0 µm. F or each NH 3 wav elength feature we find the data points
round the central wavelength for signal and adjacent data points as
 baseline to compute the S/N (for more details about the approach
sed, see Phillips et al. 2021 ). 

.3 Can Twinkle distinguish a cold Haber world from a Hycean 
orld? 

hile LTT 1445 Ab is not in the traditional habitable zone of its
tar (Winters et al. 2019 ), it is considered as a candidate Hycean
orld where a liquid ocean may exist underneath a H 2 -dominated

tmosphere. In a Hycean world scenario, LTT 1445 Ab lies in the
ycean habitable zone. The Hycean habitable zone is defined as

egions corresponding to the maximum irradiation that allows for
abitable conditions at the surface of the ocean (Madhusudhan et al.
021 ). For a Hycean world, Madhusudhan et al. ( 2021 ) consider
 2 O, CH 4 , and NH 3 as potentially abundant molecules in a H 2 -
ased atmosphere. The question remains if we can use Twinkle to
istinguish between a Hycean world and a cold Haber world. This
s an important question because detecting NH 3 needs to be put into
arger context of which world it belongs to. For a cold Haber world,
H 3 is regarded as a biosignature (Seager et al. 2013a ), ho we ver, NH 3 

etection may be unrelated to life in a Hycean world but none the
ess is a critical chemical species in the atmosphere (Madhusudhan
t al. 2021 ). 

In order to distinguish between two worlds, we first simulate
winkle observations of a Hycean world for LTT 1445 Ab. Then,
e compare the simulated data with that of a cold Haber world and
NRAS 526, 2251–2264 (2023) 
 v aluate the quality of the fit using the reduced χ2 statistic. Below
e detail the two steps. 
We simulate the Hycean-case scenario for LTT 1445 Ab by

dopting the volume mixing ratios provided in Madhusudhan et al.
 2021 ). In their work, they assume a volume mixing ratio of 0.1,
.0 × 10 −4 , and 1.3 × 10 −4 for H 2 O, CH 4 , and NH 3 , respectively.
hese values are based on the archetypal model for K2-18 b, a
andidate Hycean world. 

Similar to Madhusudhan et al. ( 2021 ), we assume a solar abun-
ance for He and collision-induced absorption from H 2 –H 2 and H 2 –
e. We then convert these values to mass mixing ratios (Table 4 ).
e use these mass mixing ratios as input to PETITRADTRANS and

imulate the atmosphere. The pressure bar is set to P 0 = 1.0 bar,
ow resolution mode is used, and an 424 K isothermal atmosphere is
ssumed. 

To quantify if a cold Haber world and Hycean world can be
istinguished with Twinkle spectroscopically, we implement a χ2 

tatistical test (equation 4 ), and sample the PETITRADTRANS
pectrum to a common wavelength grid. 

We match the scaling between the Hycean world spectrum and
he cold Haber world spectrum by applying a multiplicative factor to
he Hycean world spectrum and minimizing the difference across the
avelength grid. We do this to account for the vertical shift between

he two spectra due to the uncertainty in the solid surface radius of the
lanet that can affect the transmission signal. We then calculate the
educed χ2 statistic, χ2 

ν ≡ χ2 /ν, where ν represents the number of
egrees of freedom, which corresponds to the numbers of wavelength
ins for Twinkle (i.e. 83) minus the number of free parameters 
i.e. 1) 

2 = 

n −1 ∑ 

i= 0 

( Hycean i − Haber i ) 2 

σ 2 
i 

. (4) 

n equation ( 4 ), subscript i is the wavelength index to match the
winkle wavelength grid, Hycean indicates the spectrum for a
ycean world, Haber indicates the spectrum for a cold Haber world,

nd σ is the expected noise for 25 transits observed by Twinkle . Based
n this metric we find a χ2 

ν = 1 . 00, indicating that spectroscopically
winkle would not be able to distinguish a cold Haber world from a
ycean world (Fig. 6 ). 
For a more robust statistical analysis to distinguish a cold Haber

orld from a Hycean world for LTT 1445 Ab, we follow Kass &
aftery ( 1995 ) and use the Bayesian evidence to compute the

ogEvidence or logEv. We use the following selection criterion from
ass & Raftery ( 1995 ) to distinguish between two models, with

vidence again the lower � logEv as: 

(i) 0 < � logEv < 0.5: no preference worth mentioning 
(ii) 0.5 < � logEv < 1.0: positive 
(iii) 1 < � logEv < 2.0: strong 
(iv) � logEv > 2.0: very strong 
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Figure 6. Simulated transmission spectra of LTT 1445 Ab as a cold Haber world with 90 per cent H 2 (black points with error bars) compared to a theoretical 
spectrum of a Hycean world (blue). 

Figure 7. Modelled transmission spectra of LTT 1445 Ab showing various 
atmospheric compositions. The lines represent different hydrogen dominated 
scenarios: a H-rich atmosphere (90 per cent H 2 and 10 per cent N 2 ), a H- 
poor atmosphere (1 per cent H 2 and 99 per cent N 2 ), and a H-intermediate 
atmosphere (75 per cent H 2 and 25 per cent N 2 ). Contributing NH 3 features 
are shown in grey. 
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Figure 8. Theoretical transmission spectra of LTT 1445 Ab with varying 
level of ammonia concentration, 0, 0.4, 4.0, 40, 400, 4000, and 40 000 ppm. 
Contributing NH 3 features are shown in light grey. 
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To determine the ability to distinguish between two models with 
winkle , we run a retrie v al analysis with PETITRADTRANS for the
ollowing four cases: (1) a forward model building upon a cold 
aber world scenario with an input spectrum of a cold Haber world

Haber–Haber), (2) a Hycean world forward model building upon 
 Hycean world scenario with an input spectrum of a cold Haber
orld (Haber–Hycean), (3) a Hycean world forward model with an 

nput spectrum of Hycean model (Hycean–Hycean), and lastly (4) a 
ycean forward model with an input spectrum of a cold Haber world

cenario (Hycean–Haber). 
Table 5 lists all tested models as well as their � logEv. For the

rst set of retrie v al with the cold Haber world as the input spectrum,
e find that the difference in the � logEv has no preference worth
entioning. This indicates that given the scenario that LTT 1445 
b is cold Haber world, retrie v al analysis would not be able to
istinguish between a cold Haber world and a Hycean world. For the
econd set of retrie v als, with the input as a Hycean world, we find
hat the � logEV has a preference. This indicates that if LTT 1445
b was indeed a Hycean world, a retrie v al analysis might be able to

lightly distinguish between a Hycean world and cold Haber world, 
ut the evidence is not very strong. 
We find, through a χ2 
ν and a � logEV statistical analysis 

nd comparison, that Twinkle would not be able to distinguish 
etween a cold Haber world and Hycean world. Ho we ver, gi ven our
omposition analysis of LTT 1445 Ab Section 4.1 , we model LTT
445 Ab as a cold Haber world given that LTT 1445 Ab is likely not
 Hycean world. 

 MAIN  RESULTS  ON  NH  3 DETECTION  

.1 What fraction of hydrogen is Twinkle sensiti v e to? 

mall planets ( R � 1.6 R ⊕) have less gravity and can be prone to
osing their atmospheres. Atmospheric loss can be due to either 
ore powered atmospheric mass-loss (Gupta & Schlichting 2021 
nd references therein) and/or photoe v aporation atmospheric mass- 
oss (e.g. Lopez & F ortne y 2013 ; Owen & Wu 2017 ; Ginzburg,
chlichting & Sari 2018 ; Diamond-Lowe et al. 2022 ). The lowest
ass of an exoplanet known to host a voluminous H 2 /He atmosphere

s ∼2 M ⊕, despite this it is possible that they may exist at even lower
asses (Owen et al. 2020 ). 
We explore the scenario of likely H 2 mass-loss of LTT 1445 Ab

nd see which lower limit fraction of hydrogen Twinkle is sensitive
o. We follow Miller-Ricci et al. ( 2008 ), Chouqar et al. ( 2020 ),
nd Phillips et al. ( 2021 ) and consider the following scenarios: a
ydrogen-rich atmosphere (90 per cent H 2 and 10 per cent N 2 ), a
MNRAS 526, 2251–2264 (2023) 
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Table 5. � logEv and logEvidence. 

Model Bayesian/logEvidence � logEv 

Haber–Haber − 45 .44 0 .16 
Haber–Hycean − 45 .28 0 .00 

Hycean–Hycean − 108 .14 0 .00 
Hycean–Haber − 109 .17 1 .02 

Table 6. Average S/N of major NH 3 transmission features for LTT 1445 Ab 
transmission spectroscopy for different atmospheric compositions. 

LTT 1445 Ab Ammonia feature S/N Total < S/N > 

( µm) ( σ ) ( σ ) 

H-rich 1.5 1.13 3.10 
2.0 1.56 
2.3 1.75 
3.0 1.67 

H-intermediate 1.5 0.69 1.79 
2.0 0.89 
2.3 0.99 
3.0 0.97 

H-poor 1.5 0.61 1.08 
2.0 0.47 
2.3 0.49 
3.0 0.57 
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Table 7. NH 3 transmission features for LTT 1445 Ab transmission spec- 
troscopy for varying concentrations of ammonia. 

Concentration of NH 3 Ammonia feature S/N Total < S/N > 

( µm) ( σ ) ( σ ) 

0.4 ppm 1.5 0.10 2.55 
2.0 1.52 
2.3 1.73 
3.0 1.08 

4.0 ppm 1.5 1.13 3.10 
2.0 1.56 
2.3 1.75 
3.0 1.67 

40 ppm 1.5 2.43 4.34 
2.0 1.92 
2.3 1.98 
3.0 2.30 

400 ppm 1.5 3.34 5.32 
2.0 2.33 
2.3 2.22 
3.0 2.59 

4000 ppm 1.5 4.15 6.62 
2.0 2.86 
2.3 2.66 
3.0 3.37 

40 000 pm 1.5 4.30 6.75 
2.0 2.94 
2.3 2.67 
3.0 3.37 
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ydrogen-poor atmosphere (1 per cent H 2 and 99 per cent N 2 ), and
 hydrogen-intermediate atmosphere (75 per cent H 2 and 25 per cent
 2 )(Fig. 7 ). 
We determine the effects of a reduction in hydrogen in the

tmosphere on the detection of ammonia. For LTT 1445 Ab, we
nd that the atmosphere would need to be H-rich (90 per cent H 2 ) for
H 3 to be detectable by Twinkle at a 3 σ level (Table 6 ). 

.2 Other factors that impact NH 3 detection: ammonia 
oncentration and clouds 

he lifetime and concentration of NH 3 in a H 2 dominated atmosphere
as been previously studied (e.g. Tsai et al. 2021 ; Ranjan et al.
022 ). We explore how the concentration of ammonia affects the
/N detection in the atmosphere of LTT 1445 Ab. 
Tsai et al. ( 2021 ) explored the evolution of the column mixing ratio

or NH 3 for an atmosphere with 1-bar surface with a planet around
 quiet M-dwarf host and a planet around an active M-dwarf host.
hey found that for a quiet M-dwarf, the mixing ratio of NH 3 can
ary from ∼10 −2 to 10 −4 given a span of 10 3 to 10 8 yr. In contrast,
he atmospheric NH 3 mixing ratio can vary from ∼10 −2 to 10 −10 

round an active M-dwarf over the same span of time. 
A recent study by Ranjan et al. ( 2022 ) found that an Earth-

ized planet with an H 2 -dominated atmosphere can enter photo-
hemical runaway of NH 3 if the net surface production of NH 3 

2 × 10 10 cm 
−2 s −1 . Photochemical runaway occurs of NH 3 

ccurs when the production rate of NH 3 exceeds the photochemical
estruction rate. Once in photochemical runaway, the mixing ratio
f NH 3 can increase beyond 10 −6 with concentrations up to 70 ppmv
f NH 3 . 
We consider different levels of NH 3 atmospheric concentration

hat are within the theoretical range as predicted by Tsai et al. ( 2021 ).
e find that a baseline of 4.0 ppm of NH 3 is needed to be detected by

winkle at a 3 σ lev el. Notably, be yond a concentration of 400 ppm
NRAS 526, 2251–2264 (2023) 
H 3 , the S/N is nearly constant (Table 7 & Fig. 8 .). We find that for
he concentration levels of NH 3 at 4000 and 40 000 ppm the S/N is
early indistinguishable and do not continue a linear increase and
lateaus. While beyond the scope of this work, we note that the
pparent ammonia plateau would be worthwhile to investigate for
uture work. 

Additionally, we study the impact of clouds on NH 3 detection.
louds can mute spectral features in hydrogen-rich atmospheres and

mpact transmission spectroscopy observations (e.g. Kitzmann et al.
010 ; Benneke et al. 2019 ). There is evidence for the presence of
louds in super-Earths and mini-Neptunes (e.g. Knutson et al. 2014 ;
reidberg et al. 2014 ; Lothringer et al. 2018 ; Helling 2019 ) and in our
olar system (Max et al. 2003 ; Coulter, Barnes & F ortne y 2022 ; Yin
t al. 2022 ). We use petitRADTRANS to model the effects of clouds
y setting a grey cloud deck at 1.0, 0.1, and 0.01 bar (Table 8 ). We
hoose these grey cloud deck levels because condensation curves for
emperate exoplanets indicate that H 2 O should condense at pressures
elow 1.0 bar and form clouds (e.g. Lodders 2003 ; Marley &
obinson 2015 ; Tinetti et al. 2018 ). We find that the presence of
louds even at 1.0 bar lowers the S/N of previously observable NH 3 

eatures to below 3 σ . 
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Table 8. Average S/N of major NH 3 transmission features for LTT 1445 Ab 
transmission spectroscopy for varying cloud decks with a H-rich atmosphere. 

LTT 1445 Ab Ammonia feature S/N Total < S/N > 

( µm) ( σ ) ( σ ) 

Cloud deck at 0.01 bar 1.5 0.03 0.15 
2.0 0.05 
2.3 0.06 
3.0 0.12 

Cloud deck at 0.1 bar 1.5 0.24 0.91 
2.0 0.36 
2.3 0.52 
3.0 0.59 

Cloud deck at 1.0 bar 1.5 0.96 2.80 
2.0 1.42 
2.3 1.61 
3.0 1.51 
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n this section, we investigate how the abundance of NH 3 can 
e constrained using retrie v al analysis. We use PETITRADTRANS
Molli ̀ere et al. 2020 ) and PYMULTINEST (Buchner et al. 2014 )
o sample the posteriors. PYMULTINEST is the PYTHON version of 
ULTINEST for nested sampling (Feroz, Hobson & Bridges 2009 ). 

n PYMULTINEST , we use 2000 live points. Modelling parameters, 
riors, and retrie v al results can be found in Table 10 . 

.1 Atmospheric retrieval setup 

e use the simulated cold Haber world Twinkle data for LTT 1445 Ab
s the input (Fig. 5 & Table 3 ). To model the simulated data, we use
able 9. Bayesian model comparison for species of interest for Cold Haber World

etrie v al model Retrieved model parameters Evidence 
log 10 –Z 

ull parameter space all a -45.285 
 2 O remo v ed all – H 2 O −45.516 
H 3 remo v ed all – NH 3 −47.778 
H 4 remo v ed all – CH 4 −44.786 

 The full parameters as described in Section 6.3 and Table 10 . 
 The general upper limit on the ‘sigma’ significance from table 2 in Benneke & Se

able 10. Parameters used in retrie v al, their priors, input, and retrieved values. 

arameter Unit Type Lower or mean Upper or s

urface gravity ( logg ) cgs Uniform 2.0 5.0 

urface gravity ( logg ) cgs Gaussian 3.217 0.050 

lanet radius ( R P ) R Jupiter Uniform 0.1 0.5 

lanet radius ( R P ) R Jupiter Gaussian 0.1164 0.005 

emperature ( T iso ) K Log-uniform 10 810 

 2 O mixing ratio (log (mr H 2 O )) ... Log-uniform –12 0 

O mixing ratio (log (mr CO )) ... Log-uniform −12 0 

O 2 mixing ratio (log (mr CO 2 )) ... Log-uniform −12 0 

H 4 mixing ratio (log (mr CH 4 )) ... Log-uniform −12 0 

H mixing ratio (log (mr OH )) ... Log-uniform −12 0 

H 3 mixing ratio (log (mr NH 3 )) ... Log-uniform −12 0 

CN mixing ratio (log (mr HCN )) ... Log-uniform −12 0 

 R p / R � ) 2 shift ( � y ) ppm Uniform −100 100 
ith the following free parameters: surface gravity, planet radius, 
emperature for the isothermal atmosphere, cloud deck pressure, and 

ass mixing ratios for different species that are being considered. 
We conduct retrie v als for two model setups: (1) a clear atmosphere

nd (2) an atmosphere with clouds that are parametrized by a grey
loud deck pressure to assess the impact on clouds on the retrie v al. 

.2 Cloud-free and fixed minor species 

n this case, we use the simulated data for the cloud-free low-mean
olecular weight case for LTT 1445 Ab (Fig. 5 ). We also assume an

bscence of a clouds in our retrie v al. Gi ven the low abundance/low
ignal of species other than NH 3 , H 2 O, and CH 4 , we fix these species
s these species would not be readily detectable. Additionally as with
he work in Phillips et al. ( 2021 ), we want to check if NH 3 and H 2 O
an be measured given their overlapping features. 

.2.1 Flat priors on log (g pl ) and planetary radius (R pl ) 

e apply a flat prior for the surface gravity of the planet and
lanet radius. As shown in Fig. 9 , NH 3 and H 2 O can be detected
n our retrie v al, and their abundances are within 1 σ from the input
alues. We note that the planetary radius and log ( g ) are poorly
onstrained in the case of flat priors. Given that the radius and
ass and thus the surface gravity are more precisely constrained 

y observations (Winters et al. 2021 ) we introduce Gaussian priors
or these values to test the result of our retrieval analysis. 

.2.2 Gaussian priors on log (g pl ) and planetary radius (R pl ) 

e now consider a retrieval case with Gaussian priors on the log ( g )
nd planetary radius. We apply a Gaussian prior of 3.217 ± 0.05 dex
MNRAS 526, 2251–2264 (2023) 

 Scenario for LTT 1445 Ab. 

Bayes factor ln (Bayes factor) ‘Sigma’ significance b 
B i = –Z 0 / –Z i ln(B i ) σ

Reference ···
B H 2 O = 1.702 0.531 < 2.0 

B NH 3 = 311.172 5.740 > 5.0 
B CH 4 = 0.316 −1.148 < 2.0 

ager ( 2013 ), which is adapted from Trotta ( 2008 ). 

td Input Retrieved 
Fixed [Gaussian priors] Fixed [flat priors] Free [Gaussian priors] 

3.217 ... 3.69 + 0 . 24 
−0 . 42 ... 

3.217 3.23 + 0 . 05 
−0 . 05 ... 3.22 + 0 . 04 

−0 . 04 

0.1164 ... 0.30 + 0 . 08 
−0 . 20 ... 

0.1164 0.12 + 0 . 00 
−0 . 00 ... 0.12 + 0 . 00 

−0 . 00 

424 370 + 70 
−62 481 + 160 

−181 360 + 69 
−60 

−5.44 −5 . 53 + 0 . 88 
−3 . 39 −5 . 81 + 1 . 09 

−3 . 65 −5 . 56 + 0 . 94 
−3 . 39 

−8.25 fixed fixed −7 . 70 + 2 . 99 
−2 . 74 

−7.55 fixed fixed −9 . 01 + 2 . 00 
−1 . 94 

−6.99 −7 . 58 + 1 . 71 
−2 . 84 −7 . 96 + 1 . 89 

−2 . 60 −7 . 73 + 1 . 82 
−2 . 71 

−14.47 fixed fixed −7 . 76 + 2 . 77 
−2 . 71 

−4.86 −4 . 93 + 0 . 34 
−0 . 37 −5 . 02 + 0 . 37 

−0 . 48 −4 . 96 + 0 . 36 
−0 . 39 

−8.27 fixed fixed −7 . 97 + 2 . 40 
−2 . 55 

0 0.0009 ± 0.00012 −0.0107 ± 0.0074 0.0009 ± 0.00012 
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M

Figure 9. Top: Simulated Twinkle data versus the retrieved model with flat priors for the surface gravity (log g ) and planet radius, and the residuals plotted 
below. Bottom: Posterior distribution as shown in a corner plot along with the true input values (black lines). Contours are at 1- σ , 2- σ , and 3- σ from inside out. 
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Figure 10. Same as Fig. 9 but with Gaussian priors for the surface gravity (log g ) and planet radius. 
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or log ( g ) (surface gravity) and 0.1164 ± 0.005 R Jup for the planetary
adius (Winters et al. 2021 ). In this case, log g and radius are more
ightly constrained because of more constraining priors. Additionally, 
H 3 and H 2 O are within 1 σ of their input values. The corner plot
nd accompanying spectra are shown in Fig. 10 . Retrieval results can
e found in Table 10 . 
To quantify the detection significance, we use similar methods as 

n Phillips et al. ( 2021 ). Given the 11 611 posterior samples, there
MNRAS 526, 2251–2264 (2023) 
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M

Figure 11. Corner plot for the full parameter set along with true values (black lines) that are used in generating the Twinkle data. 
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re ∼0.75 per cent that have a lo wer v alue than 10 −8 mixing ratio

or NH 3 . The 10 −8 mixing ratio threshold is chosen because below
his value it is difficult for our retrie v al code to constrain abundances
e.g. CH 4 ). The 0.75 per cent fraction translates to 2.6- σ assuming
 normal distribution. This is consistent with the 3.1- σ detection
ignificance from the SNR analysis in Section 5 . 

.3 Cloud deck as a free parameter 

ollowing Phillips et al. ( 2021 ), we also run a cloud-free re-
rie v al analysis on the full parameter set that includes all mi-
or species other than NH 3 , H 2 O, and CH 4 . We are unable
NRAS 526, 2251–2264 (2023) 
o constrain minor species with mixing ratio lower than 10 −8 ,
ut we can constrain NH 3 within 1 σ of the input value. The
esults are in Table 10 and the corner plot is shown in 
ig. 11 . 

.3.1 Detection confidence for NH 3 , H 2 O , and CH 4 

o assess the detection strength of species of interest (NH 3 , H 2 O,
nd CH 4 ) for LTT 1445 Ab as a cold Haber world scenario, we
etermine the respective Bayes factor for each species (Table 9 ).
 Bayes factor higher than 1 ( B m > 1) fa v ours the presence of an

tmospheric component (Benneke & Seager 2013 ). Based on the
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ayes factors, we find that our retrie v al is in fa v our of the presence
f NH 3 ( B NH 3 = 311.172) and H 2 O ( B H 2 O = 1.702), respectively
nd dis-fa v ourable for a detection of CH 4 with a Bayes factor of
 CH 4 = 0.316. 

 SUMMARY  AND  CONCLUSIONS  

e model the terrestrial-like planet LTT 1445 Ab for the detection 
f the potential biosignature ammonia with the upcoming Twinkle 
ission. LTT 1445 Ab is modelled using PETITRADTRANS and 

WINKLERAD . A baseline of 25 transits, 4.0 ppm concentration of
H 3 , and a H-rich atmosphere is considered to determine whether 
H 3 is detectable. 
We explore the fraction of hydrogen needed in the atmosphere 

f LTT 1445 Ab for ammonia to be detectable (Section 5 ). We find
hat in order to detect NH 3 , LTT 1445 Ab would need a significant
ortion of H 2 in the atmosphere (H 2 = 90 per cent). We also explore
he effects on cloud decks and the concentration of NH 3 on the
etectability of NH 3 in the atmosphere. We find that even the presence 
f a cloud deck at 1.0 bar would reduce the o v erall S/N to be lower
han 3- σ for NH 3 detection. In addition, we find that a 4.0 ppm
oncentration of NH 3 is needed to be detectable by Twinkle . 

Interior composition analysis indicates that LTT 1445 Ab is 
ikely not a Hycean world. This planet is more consistent with a
ocky planet without a substantial water mass fraction (Section 4.1 ). 

e demonstrate that, given the current performance modelling for 
winkle using TwinkleRad, Twinkle will not have the capabilities 
o distinguish between a cold Haber world and a Hycean world 
cenario (Section 4 ). Given the modelled spectra and the associated 
ncertainties, we find a χ2 

ν = 1.00, indicating that Twinkle cannot 
pectroscopically differentiate the two worlds. Comparative retrieval 
nalysis also indicates that Twinkle cannot distinguish between a cold 
aber world and Hycean world. 
Lastly, we conduct atmospheric retrie v al analysis (Section 6 )

hich provides helpful insight into constraining NH 3 and H 2 O given 
ptimal conditions (i.e. a cloud-free atmosphere with low MMW). 
e use a Bayesian model comparison and find that NH 3 and H 2 O are

he only major atmospheric constituents that would be confidently 
etected at their concentration levels in a cold Haber world scenario. 

This work demonstrates that Twinkle can provide useful char- 
cterization of promising potential smaller terrestrial-like planets 
o provide insights into potential biosignatures and atmospheric 
haracterization. 
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