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A B S T R A C T 

The time variability and spectra of directly imaged companions provide insight into their physical properties and atmospheric 
dynamics. We present follow-up R ∼ 40 spectrophotometric monitoring of red companion HD 1160 B at 2.8–4.2 µm using the 
double-grating 360 

◦ vector Apodizing Phase Plate (dgvAPP360) coronagraph and ALES integral field spectrograph on the Large 
Binocular Telescope Interferometer. We use the recently developed technique of gvAPP-enabled differential spectrophotometry 

to produce differential light curves for HD 1160 B. We reproduce the previously reported ∼3.2 h periodic variability in archival 
data, but detect no periodic variability in ne w observ ations taken the following night with a similar 3.5 per cent level precision, 
suggesting rapid evolution in the variability of HD 1160 B. We also extract complementary spectra of HD 1160 B for each night. 
The two are mostly consistent, but the companion appears fainter on the second night between 3.0–3.2 µm. Fitting models to these 
spectra produces different values for physical properties depending on the night considered. We find an ef fecti ve temperature T eff 

= 2794 

+ 115 
−133 K on the first night, consistent with the literature, but a cooler T eff = 2279 

+ 79 
−157 K on the next. We estimate the mass 

of HD 1160 B to be 16–81 M Jup , depending on its age. We also present R = 50 000 high-resolution optical spectroscopy of host 
star HD 1160 A obtained simultaneously with the PEPSI spectrograph. We reclassify its spectral type to A1 IV-V and measure 
its projected rotational velocity � sin i = 96 

+ 6 
−4 km s −1 . We thus highlight that gvAPP-enabled differential spectrophotometry can 

achie ve repeatable fe w per cent le vel precision and does not yet reach a systematic noise floor, suggesting greater precision is 
achie v able with additional data or advanced detrending techniques. 

Key words: instrumentation: high angular resolution – planets and satellites: atmospheres – planets and satellites: detection –
brown dwarfs – stars: individual: HD 1160 – infrared: planetary systems. 
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 INTRODUCTION  

ith the aid of the latest advancements in adaptive optics and
oronagraphic instrumentation, the technique of direct high-contrast
 E-mail: ben.sutlieff@roe.ac.uk 
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maging has unco v ered ∼30 planetary-mass companions in wide
rbits around their host stars (e.g. Marois et al. 2010 ; Bailey et al.
014a ; Bowler et al. 2017 ; Keppler et al. 2018 ; Haffert et al. 2019 ;
ohn et al. 2020a , b , 2021 ; Currie et al. 2022 , 2023 ; Hinkley et al.
023 ). Furthermore, searches for such objects have also identified
 population of higher mass substellar companions up to the brown
warf/stellar boundary (e.g. Biller et al. 2010 ; Mawet et al. 2015 ;
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onopacky et al. 2016 ; Milli et al. 2017 ; Rickman et al. 2020 , 2024 ;
onavita et al. 2022 ; Kuzuhara et al. 2022 ; Franson et al. 2023 ; Li
t al. 2023 ). These brown dwarf companions are generally brighter 
han exoplanets and hence easier to observe, yet often appear to 
ave similar properties to giant exoplanets, sharing similar ef fecti ve 
emperatures, surface gravities, and weather (e.g. Dupuy & Kraus 
013 ; Faherty et al. 2013 , 2016 ; Helling & Casewell 2014 ; Skemer
t al. 2016 ; Morley et al. 2018 ; Vos et al. 2019 ; Ashraf et al. 2022 ;
iu et al. 2024 ). Studies of brown dwarfs as exoplanet analogues
ay therefore also help us to understand the underlying processes in 

xoplanet atmospheres and to break degeneracies surrounding for- 
ation mechanisms, which may differ between the two populations 

espite their similarities. 
While spectroscopic observations allow us to derive values for 

he physical parameters of brown dwarfs through comparisons of 
ompanion spectra to atmospheric models, high-cadence variability 
onitoring provides insight into the dynamics and structure of 

tmospheric features such as clouds and storms (e.g. Kostov & Apai 
013 ; Crossfield et al. 2014 ; Karalidi et al. 2016 ; Manjavacas et al.
019 , 2021 , 2022 , 2023 ; Vos et al. 2022, 2023 ; Hood et al. 2024 ; Lew
t al. 2024 ). Variability has now been detected in the light curves
f numerous planetary-mass and brown dwarf companions using 
bservations obtained with space-based telescopes (e.g. Zhou et al. 
016 , 2020, 2022 ; Miles-P ́aez et al. 2019 ; Bowler et al. 2020b ; Lew
t al. 2020 ; Miles-P ́aez 2021 ). Ho we ver, obtaining similar measure-
ents using ground-based telescopes, which have the large diameters 

eeded to resolve companions at close angular separations, has 
ro v en more challenging. Non-astrophysical variability induced by 
urbulence in Earth’s atmosphere o v erwhelms an y variability signal 
rom the atmosphere of a faint companion. While the companion’s 
ost star would be an ideal photometric reference with which to 
ivide out these systematics and reco v er its intrinsic variability, this
s often obscured by the focal-plane coronagraphs used by most 
oronagraphic imagers (e.g. Ruane et al. 2018 ). Nonetheless, ground- 
ased variability studies with coronagraphic imagers have been 
hown to be possible using satellite spots as photometric references 
or the companion light curve, with which upper limits for variability 
ave been found for the exoplanets orbiting HR 8799 (Wang et al.
014 , 2022 ; Jo vano vic et al. 2015b ; Apai et al. 2016 ; Biller et al.
021 ). 
Another, more recently developed approach for exploring the 

ariability of high-contrast companions from the ground involves 
sing the technique of differential spectrophotometry in combination 
ith a vector Apodizing Phase Plate (vAPP) coronagraph (Sutlieff 

t al. 2023 ). vAPP coronagraphs offer a breakthrough in high- 
ontrast variability searches as they provide a reliable photometric 
eference as a result of their intrinsic design; unlike focal-plane 
oronagraphs, they enable observations of high-contrast companions 
t close separations while maintaining a Point Spread Function (PSF) 
f the target star that can be used as a simultaneous photometric
eference (Snik et al. 2012 ; Otten et al. 2014 ; Doelman et al.
021 ; Sutlieff et al. 2021 ; Liu et al. 2023 ). To obtain differential
pectrophotometry, a vAPP can be combined with an integral field 
pectrograph (IFS) to spectrally disperse the light from the target. 
he spectra can then be recombined into white-light, reducing the 

mpact of systematic errors in any single wavelength channel and 
herefore producing light curves with higher precision (Sutlieff et al. 
023 ). The light curve of the companion is then divided by the light
urve of the photometric reference (in this case the host star) to
emo v e systematic variability trends shared by both objects. This
oncept of differential spectrophotometry was also used for the 
atellite spot study of Wang et al. ( 2022 ), and is commonplace in the
eld of exoplanet transmission spectroscopy (e.g. Diamond-Lowe 
t al. 2018 , 2020a , 2023 ; Todorov et al. 2019 ; Arcangeli et al. 2021 ;
anwar et al. 2022a , b ). To demonstrate this technique, Sutlieff et al.
 2023 ) observed HD 1160 B, a companion with a peculiar spectrum
t the brown dwarf/stellar boundary, for one night with the double-
rating 360 ◦ vector Apodizing Phase Plate (dgvAPP360; Doelman 
t al. 2017 , 2020 , 2021 ) coronagraph combined with the Arizona
enslets for Exoplanet Spectroscopy (ALES) IFS on the Large 
inocular Telescope. They detected significant sinusoidal variability 

n the differential white-light curve of this companion with a semi-
mplitude of 8.8 per cent and a period of ∼3.24 h. Furthermore, they
btained a 3.7 per cent precision in bins of 18 min, after a multiple
inear regression approach was applied to the differential white-light 
urve to remove residual systematics arising from non-astrophysical 
ources such as airmass and detector position. This study found no
vidence of having reached a systematic noise floor in their single
poch of observations, indicating that the data were not systematic- 
imited and that additional data could further impro v e the sensitivity
o variability. 

In this work, we further monitor and characterize HD 1160 B
nd its host star HD 1160 A using additional observations obtained
ith the Large Binocular Telescope (LBT). This includes a further 
ight of variability monitoring of HD 1160 B with ALES + dg-
APP360, which we also use to produce its complementary spectral 
haracterization using the 2.8–4.2 µm spectra from both epochs. We 
eparately characterize the host star HD 1160 A using data obtained
imultaneously with the PEPSI high resolution spectrograph. The dif- 
erential spectrophotometry observations with ALES + dgvAPP360 
lso allow us to test the repeatability of the light curve precision
chie ved by Sutlief f et al. ( 2023 ) in their pilot study. In Section 2 ,
e re vie w the properties of the HD 1160 system. Our observations
f this system are then described in Section 3 , and in Section 4 we
escribe the methods used to reduce the data from each instrument
nd extract photometry of the targets. In Section 5 , we investigate
he variability of HD 1160 B by using the ALES + dgvAPP360
ata to produce differential spectrophotometric light curves. We also 
se these data in Section 6 to produce and study the spectrum
f HD 1160 B. The data obtained with PEPSI are analysed in
ection 7 , in which we explore the spectrum of HD 1160 A. The
esults found in each of these three sections are then discussed in
ection 8 . Finally, we summarize the conclusions of the paper in 
ection 9 . 

 TARGET  PROPERTIES  

he HD 1160 system is located at a distance of 120.7 ± 0.5 pc (Gaia
ata Release 3; Gaia Collaboration 2016 , 2023 ). In Table 1 , we

ummarize literature values for key properties of the stellar primary 
omponent HD 1160 A, for which Houk & Swift ( 1999 ) assigned a
pectral type of A0 V using photographic plates on the 0.61-m Curtis
chmidt telescope at the Cerro Tololo Inter-American Observatory 
CTIO). Using observations from the Transiting Exoplanet Survey 
atellite ( TESS ) mission, Sutlieff et al. ( 2023 ) found that HD 1160
 is non-variable in the optical at the 0.03 per cent level, and
pitzer observations by Su et al. ( 2006 ) found no infrared excess,
uggesting that there is not significant warm circumstellar dust 
resent. Nielsen et al. ( 2012 ) identified two comoving companions
o HD 1160 A at separations of ∼80 au ( ∼0.78 arcsec) and ∼530 au
 ∼5.15 arcsec), known as HD 1160 B and C, respectively, during the
emini Near-Infrared Coronagraphic Imager (NICI) Planet-Finding 
ampaign (Liu et al. 2010 ). HD 1160 B has a contrast of � L ′ =
.35 ± 0.12 mag relative to the L ′ = 7.055 ± 0.014 mag of
MNRAS 531, 2168–2189 (2024) 
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Table 1. Properties of host star HD 1160 A. 

Property Value Ref. 

Right Ascension (J2000, hh:mm:ss.ss) 00:15:57.32 (1) 
Declination (J2000, dd:mm:ss.ss) + 04:15:03.77 (1) 
RA proper motion (mas yr −1 ) 20.150 ± 0.040 (1) 
Dec. proper motion (mas yr −1 ) −14.903 ± 0.034 (1) 
Parallax (mas) 8.2721 ± 0.0355 (1) 
Radial velocity (km s −1 ) 13.5 ± 0.5 (1) 
Distance (pc) 120.7 ± 0.5 (1) 
Extinction A V (mag) 0.16 (1) 
Spectral type A0 V (2) 

A1 IV-V (3) 
Mass (M �) ∼2.2 (4) 
T eff (K) 9011 ± 85 (5) 

9200 + 200 
−100 (3) 

log(g) (dex) ∼4.5 (6) 

3.5 + 0 . 5 −0 . 3 (3) 

� sin i (km s −1 ) 96 + 6 −4 (3) 

log(L/L �) 1.12 ± 0.07 (5) 
[Fe/H] ∼solar (6) 
V (mag) 7.119 ± 0.010 (7) 
Gaia G (mag) 7.1248 ± 0.0004 (1) 
J (mag) 6.983 ± 0.020 (8) 
H (mag) 7.013 ± 0.023 (8) 
K (mag) 7.040 ± 0.029 (8) 
L 

′ (mag) 7.055 ± 0.014 (9) 
M 

′ (mag) 7.04 ± 0.02 (9) 

System age (Myr) 50 + 50 
−40 (4) 

100 + 200 
−70 (10) 

20–125 (5) 
∼120 (11) 
10–20 (6) 

Note. References: (1) Gaia Collaboration ( 2016 , 2023 ), (2) Houk & Swift 
( 1999 ), (3) This work; (4) Nielsen et al. ( 2012 ), (5) Garcia et al. ( 2017 ), (6) 
Mesa et al. ( 2020 ), (7) Tycho-2 (Høg et al. 2000a , b ), (8) 2MASS (Cutri et al. 
2003 ; Skrutskie et al. 2006 ), (9) Leggett et al. ( 2003 ), (10) Maire et al. ( 2016 ), 
(11) Curtis et al. ( 2019 ). 
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D 1160 A, and its orbit is almost edge-on, with an inclination
ngle of 92 + 8 . 7 

−9 . 3 
◦(Leggett et al. 2003 ; Nielsen et al. 2012 ; Bowler,

lunt & Nielsen 2020a ). The wide angular separation of HD 1160
 places it beyond the fields of view of the data sets in this 
aper. 

Nielsen et al. ( 2012 ) found HD 1160 B to be an L0 ± 2 brown
warf based on their near-infrared photometry, and that their near-
nfrared spectrum of HD 1160 C best matches that of an M3.5 ± 0.5
ow-mass star. They found that both companions are redder than
imilar objects, which combined with an apparent underluminosity
f HD 1160 A suggests a young age of 50 + 50 

−40 Myr. Combining this
ge range with the luminosity of HD 1160 B, the y deriv ed a value
or its mass of 33 + 12 

−9 M Jup . 
Ho we ver, using observ ations from the Spectro-Polarimetric High-

ontrast imager for Exoplanets REsearch (SPHERE; Beuzit et al.
019 ) instrument on the Very Large Telescope (VLT), Maire et al.
 2016 ) concluded that the 1.0–1.6 µm spectrum of HD 1160 B best
atched that of a M6.0 + 1 . 0 

−0 . 5 dw arf. Unlik e Nielsen et al. ( 2012 ),
hey did not find unusually red colours for either companion. They
lso found higher estimates for its mass; 79 + 65 

−40 M Jup based on its
uminosity and 107 + 59 

−38 M Jup based on its ef fecti ve temperature. The
ide range of possible masses is driven by the uncertain age used,
NRAS 531, 2168–2189 (2024) 
00 + 200 
−70 Myr, which was chosen due to the lack of reliable age

ndicators with the upper limit given by the 300 Myr predicted
ain-sequence lifetime of an A0 star (Siess, Dufour & Forestini

000 ). 
Garcia et al. ( 2017 ) also observed the HD 1160 system, using

he Subaru Coronagraphic Extreme Adaptive Optics (SCExAO;
o vano vic et al. 2015a ) instrument and the Gemini Planet Imager
GPI; Macintosh et al. 2014 ). They too found that HD 1160 B has
ypical colours for a mid-M dwarf and assign it a spectral type of

5.5 + 1 . 0 
−0 . 5 , in good agreement with Maire et al. ( 2016 ), and rule out

arlier spectral types. Considering a range of different evolutionary
odels, they report two different possible system ages; 20–125 Myr

f HD 1160 A is considered alone, and 80–125 Myr if HD 1160 A, B,
nd C are considered jointly. These lead to mass values for HD 1160
 of 35–90 M Jup and 70–90 M Jup , respecti vely. Ho we ver, they note

hat the derived mass of HD 1160 B is highly dependent on its surface
ravity and age. Garcia et al. ( 2017 ) further found that HD 1160 B
ikely has approximately solar metallicity, which is consistent with
lmost all systems in the solar neighbourhood (e.g. Dias et al. 2002 ).

Based on its Gaia kinematics, Curtis et al. ( 2019 ) found that the
D 1160 system could be part of the Pisces-Eridanus stellar stream,

ndicating an age on the order of ∼120–135 Myr if this were to be
onfirmed (Meingast, Alves & F ̈urnkranz 2019 ; R ̈oser & Schilbach
020 ). 
The most recent spectral characterization of HD 1160 B was

arried out by Mesa et al. ( 2020 ), who again observed the system with
PHERE and found it to have a peculiar spectrum that is not well
atched by any spectra in current spectral libraries, but concluded a

pectral type of M5-M7 based on the best fits to individual spectral
ands. They propose that this peculiarity could be explained by the
resence of dust in its photosphere, or if it has a young age and is
ot yet fully matured. By fitting the spectrum of HD 1160 B with
tmospheric models and considering alkali lines that become weaker
t lower surface gravities, Mesa et al. ( 2020 ) found a low surface
ravity of log(g) = 3.5–4.0 dex. This suggests that HD 1160 B may
ctually have a young age of 10–20 Myr, and a mass of ∼20 M Jup ,
n contrast to previous results. However, they noted that they cannot
ule out older ages. 

While the studies abo v e e xplored the spectrum of HD 1160 B,
t was also the target of a variability monitoring search by Sutlieff
t al. ( 2023 ). As described in Section 1 , they found 8.8 per cent semi-
mplitude variability with a period of ∼3.24 h in the differential L -
and white-light curve of HD 1160 B during a pilot study combining
he technique of differential spectrophotometry with the dgvAPP360
oronagraph. They attribute this variability to heterogeneous features
n the atmosphere of the companion, such as clouds or cool star spots,
ut conclude that additional data is needed to confirm its periodicity
nd establish its physical explanation. 

 OBSERVATIONS  

e observed the HD 1160 system on the nights of 2020 September 25
03:27:31–11:16:14 UT ) and 2020 September 26 (03:20:16–10:46:09
T ) using the 2 x 8.4-m Large Binocular Telescope (LBT) at the
ount Graham International Observatory, Arizona. On the left-hand

ide aperture of the LBT, we used the dgvAPP360 coronagraph (see
ection 1 ) in combination with the Arizona Lenslets for Exoplanet
pectroscop y (ALES) IFS (Sk emer et al. 2015 ; Hinz et al. 2018 ;
tone et al. 2018 ). ALES is located in the focal plane of the LBT mid-

nfrared camera (LMIRcam; Wilson et al. 2008 ; Skrutskie et al. 2010 ;
eisenring et al. 2012 ) and mounted inside the LBT Interferometer
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LBTI; Defr ̀ere et al. 2015 ; Hinz et al. 2016 ; Ertel et al. 2020 ), which
ses the LBTI adaptive optics (AO) system to provide a Strehl ratio
p to 90 per cent at 4 µm (Hinz et al. 2012 ; Bailey et al. 2014b ;
inna et al. 2016 , 2021 ). These observations were obtained using the
LES L -band prism, providing R ∼ 40 spectroscopy o v er a 2.8–4.2
m wavelength range simultaneously, with a 2.2 arcsec x 2.2 arcsec 
eld of view and plate scale of ∼35 mas spaxel −1 (Skemer et al.
018 ). 
The first night of these LBT/ALES + dgvAPP360 observations 

as previously been described by Sutlieff et al. ( 2023 ). On the second
ight, we obtained 2000 ALES frames with 5.4 s of integration 
ime per frame, ensuring that the stellar PSF remained unsaturated 
n each frame. The total time on-target was therefore 10 800 s or
 h (compared to ∼3.32 h on the first night, o v er 2210 frames of
he same integration time; Sutlieff et al. 2023 ). Ho we ver, this on-
arget integration time is spread out o v er ∼7.43 h due to time spent
n nodding, wavelength calibrations, and readout time. When we 
ombine both nights of data, the total on-target integration time is
2 734 s (6.32 h) o v er a timescale of 112 718 s ( ∼31.31 h, ∼1.30 d).
o enable background subtraction, both nights used an on/off nodding 
attern, switching position every 10 min except when interrupted 
y an open AO loop or to take wavelength calibrations. We also
btained six wavelength calibrations at irregular intervals throughout 
he night, and dark frames at the end of the night with the same
xposure time as the science and calibration frames. At a separation 
f ∼0.78 arcsec, HD 1160 B remained in the coronagraphic dark hole
f the dgvAPP360 at all wavelengths throughout the observations, 
hile HD 1160 C was beyond the 2.2 arcsec × 2.2 arcsec field of
iew of ALES at ∼5.1 arcsec. 
On the right-hand side LBT aperture, we used the Potsdam 

chelle Polarimetric and Spectroscopic Instrument (PEPSI), a fibre- 
ed white-pupil echelle spectrograph (Strassmeier et al. 2015 , 2018c ). 

e obtained high resolution ( R = 50 000) optical spectra on both
ights using the 300 µm diameter PEPSI fibre, which operates o v er
 wavelength range of 383–907 nm. This fibre has a diameter of
.25 arcsec which encompasses the angular separation of HD 1160 
 from HD 1160 A ( ∼0.78 arcsec), so the obtained PEPSI spectra are
ombined spectra of both objects. HD 1160 C was located outside of
he fibre at a separation of ∼5.1 arcsec. Data were obtained with the
rst three and the sixth PEPSI cross dispersers (CDs), which co v er
avelength ranges of 383.7–426.5, 426.5–480.0, 480.0–544.1, and 
41.9–906.7 nm, respectively, but not with the fourth and fifth CDs.
e observed using two CDs at any given time; the sixth CD was

l w ays in use, and was paired with one of the other three on a
otating cycle. The total on-target integration times obtained with 
ach CD were 14 713, 14 761, 14 666, and 44 723 s for CDs 1, 2, 3,
nd 6, respectively. 

On the second night, no time was lost to weather and the observing
onditions were stable with no cloud co v er. The seeing ranged from
.7 to 1.5 arcsec. LBTI is by design al w ays pupil-stabilized, with
o instrument derotator. This means that all data are inherently 
btained in pupil-stabilized mode such that the companion position 
otates in the field of view with the sky. The centre of this rotation
as HD 1160 A as this was used as the A O reference star . The

otal field rotation o v er the course of the night was 108.2 ◦. This is
omparable to the 109.7 ◦ of field rotation on the first night, on which
he observing conditions were similarly clear with a seeing of 0.7–
.4 arcsec (Sutlieff et al. 2023 ). These observations were successfully
cheduled during suitable nights as part of LBTI’s queue scheduling, 
hich was critical for obtaining high-quality data on two consecutive 
ights. 
p

 DATA  REDUCTION  AND  SPECTRAL  

XTRACTION  

.1 LBT/ALES + dgvAPP360 data processing 

ur goal is to use the LBT/ALES + dgvAPP360 observations to
haracterize HD 1160 B by measuring both its spectrum and its
ime variability. We therefore need to construct a flux-calibrated 
pectrum of the companion by summing the observations in the time
imension, and a ‘white-light’ curve of the companion by summing 
he observations in the wavelength dimension. 

Several data processing steps are required to convert the raw 

LES data from 2D grids of micro-spectra on the detector into 3D
mage cubes of x,y-position and wavelength and prepare them for our
nalyses (Briesemeister et al. 2019 ; Doelman et al. 2022 ; Stone et al.
022 ). The data from the first night of LBT/ALES + dgvAPP360
bserv ations was pre viously processed (for a time variability study
nly) by Sutlieff et al. ( 2023 ). We reprocessed this first night of data
ere following the same method as Sutlieff et al. ( 2023 ), and also
sed this approach for the data from the second night to ensure
onsistency between the two epochs. We briefly summarize the 
teps in this process here. We first used the sky frames from the
ff-source nod position to subtract the background in each frame, 
efore extracting the micro-spectra into 3D cubes through weighted 
ptimal extraction, where the extraction weights were defined by the 
a velength-a veraged spatial profiles of the micro-spectra in the sky

rames (Horne 1986 ; Briesemeister et al. 2018 ; Stone et al. 2020 ).
ext, the data were wavelength calibrated using four narrow-band 
lters operating upstream of the ALES optics. Each of these filters
roduced a single-wavelength spot on the LMIRcam detector. We 
erformed the wavelength calibration for the 63 × 67 micro-spectra 
n the ALES grid by fitting the positions of these four spots with a
econd-order polynomial to derive the necessary wavelength solution 
Stone et al. 2018 , 2022 ). This process produced 3D wavelength-
alibrated data cubes of x - and y -position (63 × 67 pixels), and
avelength λ, with 100 wavelength channels spanning the 2.8–4.2 
m wavelength range of ALES. 
Continuing to follow the data reduction method of Sutlieff et al.

 2023 ), we remo v ed eight frames from the first night that were un-
uitable as the AO loop opened during the exposure. No frames were
emo v ed from the data set from the second night. We then performed
 bad pixel correction for each frame before applying a flat-field
orrection. The flat frame used for this was created from images
btained in the off-source nod position. ALES images also contain 
ystematic time-varying row and column discontinuities caused by 
he intersection of the ALES micro-spectra with the channels of the
MIRcam detector (Doelman et al. 2022 ). To correct for the column
iscontinuities, we first masked HD 1160 A and B in each frame
efore fitting third-order polynomials to each column. These values 
ere then subtracted and the process was repeated for each row to

emo v e the row discontinuities. The frames were then shifted using
 spline interpolation to centre the star in each frame and derotated
sing their parallactic angles to align them to north. A final image
rom the second night, obtained by median-combining every frame 
n the 3.59–3.99 µm range in both time and wavelength, is shown in
he top panel of Fig. 1 . Both HD 1160 A and B are clearly visible. 

As the data were obtained in pupil-stabilized mode, we could have
pplied post-processing algorithms reliant on angular diversity (e.g. 
ngular Differential Imaging; Marois et al. 2006 ) to further remo v e
uasistatic speckle noise and increase the S/N of the targets. Ho we ver,
e chose not to do this so that we could make use of the stellar PSF
rovided by the dgvAPP360 as a simultaneous photometric reference 
MNRAS 531, 2168–2189 (2024) 
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Figure 1. Top panel: the final LBT/ALES + dgvAPP360 image of the 
HD 1160 system from the second night, produced by taking the median 
combination of all frames in the 3.59–3.99 µm range o v er both time and 
wav elength. This image co v ers a total inte gration time of 10 800 s (3 h). 
Bottom panel: A single frame of data from the 3.69 µm wavelength channel, 
o v erplotted with the apertures and annuli used to obtain flux and background 
measurements for the host star HD 1160 A (in orange) and companion HD 

1160 B (in purple). The dashed lines indicate the background annuli. Each 
image uses a different arbitrary logarithmic colour scale, and both are north- 
aligned, where north is up and east is to the left. 
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hen characterizing the variability of HD 1160 B in Section 5 . If we
ad applied an ADI-based algorithm the stellar PSF would have been
emo v ed, meaning there would be no photometric reference with
hich to divide out time-varying systematics from the companion
ux. 

.1.1 Photometric extraction 

nce the data had been fully processed to correct for the systematic
iscontinuities, we extracted simultaneous aperture photometry of
NRAS 531, 2168–2189 (2024) 
D 1160 A and B, again following the approach of Sutlieff et al.
 2023 ). Although some of the 100 ALES wavelength channels are
ot suitable for analysis (see Sections 5.1 and 6.1 ), we nonetheless
erformed this step for every frame in each of the 100 channels to
llow a selection to be carried out at a later stage in the process. To
o this, we extracted photometry in circular apertures with radii of 9
ixels (3.1 λ/D) for HD 1160 A and 2.5 pixels (0.9 λ/D) for HD 1160
. The background flux was near zero following the removal of the

ow and column discontinuities in the previous section. However, we
onetheless estimated the residual background at the locations of the
tar and companion such that we could correct our flux measurements
or any remaining offset. The background flux at the location of HD
160 A was estimated by extracting photometry in a circular annulus
ith inner and outer radii of 11 and 16 pix els, respectiv ely. The
rift of the star combined with the rotation of the field o v er the
ourse of the night means that HD 1160 B was close to the edge of
he field of view in some frames, meaning that we could not use a
imilar annulus to estimate the background at its location. Instead,
e did this by masking HD 1160 B and then extracting photometry

n another annulus centred on the star, this time with a 6-pixel width
round the radial separation of HD 1160 B (Biller et al. 2021 ; Sutlieff
t al. 2023 ). We show these apertures and annuli o v erplotted on a
ingle frame of data in the bottom panel of Fig. 1 . We then corrected
ur aperture photometry of the star and companion by subtracting
he mean counts per pixel in the corresponding annulus multiplied
y the area of the respective aperture. 
This extracted spectrophotometry of HD 1160 A and B is used to

nvestigate the time variability of HD 1160 B in Section 5 and its
pectrum in Section 6 . 

.2 PEPSI data processing 

n this paper, we aim to use the LBT/PEPSI observations to char-
cterize the physical properties of host star HD 1160 A. The PEPSI
ata were reduced using the Spectroscopic Data Systems for PEPSI
 SDS4PEPSI ) generic package written in C ++ under Linux and based
n the 4A package for processing data from the SOFIN spectrograph
n the Nordic Optical Telescope (Ilyin 2000 ; Strassmeier, Ilyin &
teffen 2018a ; Strassmeier, Ilyin & Weber 2018b ; Keles et al.
022 ). SDS4PEPSI applied a fully automated set of standardized data
eduction steps to the raw data, including CCD bias removal, photon
oise estimation, flat-field correction, and scattered light subtraction.
t then performed a weighted optimal extraction of the spectral orders
o maximize the S/N of the target, and then performed wavelength
alibration. The spectra were then normalized to the continuum by
tting the extracted spectral orders with a 2D smoothing spline on
 regular grid of CCD pixels and echelle order numbers, and then
hifted to the stellar rest frame. Each of these steps carried out by
DS4PEPSI is described in full detail by Strassmeier et al. ( 2018a ).
inally, we combined the spectra from all of the exposures obtained
ith a given CD by interpolating them to the same wavelengths and

umming them according to their weights, where the weights are
efined as the inverse of the noise. 

 ANALYSING  THE  VARIABILITY  OF  HD  1160  

 

n this section, we use the aperture photometry of HD 1160 A and B
btained in Section 4.1.1 to explore the time variability of HD 1160
 via the technique of differential spectrophotometry. This method
pplied using the dgvAPP360 coronagraph was first described by
utlieff et al. ( 2023 ). While we are interested in the intrinsic
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ariability arising from the atmosphere of the companion, the raw 

ux that we obtained through aperture photometry is inherently 
olluted by additional variability caused by Earth’s atmosphere and 
ystematics originating from the instrumentation. This unwanted 
ariability can be mitigated using an independent, simultaneous 
hotometric reference, but this is generally problematic for ground- 
ased variability studies of high-contrast companions, as field stars 
re rarely available and focal-plane coronagraphs block the host star 
n order to allow companions to be detected (e.g. Mawet et al. 2012 ;
uane et al. 2018 ). The dgvAPP360 coronagraph uniquely enables 
ost stars and their companions to be imaged simultaneously, thus 
e can use the simultaneous aperture photometry of HD 1160 A 

s a photometric reference to remo v e variability arising from non-
strophysical sources external to HD 1160 B (Doelman et al. 2020 ,
021 ; Sutlieff et al. 2023 ). As HD 1160 A does not fit into any known
ategory of variable star and Sutlieff et al. ( 2023 ) previously found
o evidence for variability in HD 1160 A abo v e the 0.03 per cent
e vel in TESS observ ations o v er a 51 d baseline, we proceed with the
ssumption that HD 1160 A does not have intrinsic variations of its
wn at longer wavelengths. 

.1 ALES wavelength channel selection 

he first step in the process of making a differential white-light 
urve for HD 1160 was to select which wavelength channels should 
e included. A benefit of the spectrophotometric approach is that 
hannels with low target S/N or issues that could introduce false 
ariability signals can be excluded, allowing the light curve precision 
o be maximized. Our data cubes consist of 100 wavelength channels 
anging from 2.8 to 4.2 µm. Ho we v er, wav elength channels at
he start and end of this range are unsuitable for analysis as the
hotometry is contaminated by flux from the neighbouring spaxel in 
he dispersion direction, and those in the ∼3.25–3.5 µm wavelength 
ange are significantly impacted by absorption caused by the glue 
olecules in the dgvAPP360 (Otten et al. 2017 ; Doelman et al. 2021 ,

022 ). Sutlieff et al. ( 2023 ) selected the 30 wavelength channels in
he 3.59–3.99 µm range that had a high target S/N for inclusion in
heir time variability analysis of the first night of data. We therefore
hose to use these same channels for our variability analysis in this
aper such that we could directly compare the light curves from
ach night of data. We discuss the spectral data obtained on each
ight o v er the full 2.8–4.2 µm wav elength range co v ered by ALES
n Section 6.1 . 

.2 Differ ential spectr ophotometric light cur v es 

e produced our differential white-light curve of HD 1160 B 

ollowing the technique presented by Sutlieff et al. ( 2023 ). First,
e separately prepared white-light time series for HD 1160 A and 
D 1160 B. We did this by taking the median combination of

he photometry for each object o v er the 30 wavelength channels
hosen in the previous section, thereby obtaining a single white-light 
easurement for each object at each time. These are shown in grey

n the top two rows of Fig. 2 , and binned to 18 min of integration
ime per bin in blue and yellow for the host star and companion,
espectively. The time series shown here are plotted on the same 
xes and were normalized o v er the full sequence, including both
pochs, to allow comparison between each night. Aside from the 
hange in the normalization, the data points on the first night are
dentical to those of Sutlieff et al. ( 2023 ). Thus, at this point, our
nalysis of the first night of observ ations de viates slightly from that
resented by Sutlieff et al. ( 2023 ). 
The gaps in integration time in the unbinned data are due to the
n/off nodding pattern used when observing, and the unequal x -
ncertainties on the binned data points occur where the bins o v erlap
ultiple nods. To produce a differential white-light curve, we then 

ivided the unbinned, unnormalized flux of HD 1160 B by that of
D 1160 A. This raw differential light curve is plotted unbinned

n grey, and binned in purple, in the third row of Fig. 2 . We also
lot a closer view of the same binned light curve in the fourth row.
e calculated the errors on the binned fluxes by taking the 1.48 ×
edian absolute deviation (MAD) of the fluxes in each time bin, then

i viding these v alues by 
√ 

N − 1 , where N is the number of frames
er bin. Dividing the two time series in this way has the effect of
emoving most of the variability due to shared systematics arising 
rom the instrumentation or telluric effects. HD 1160 A is known
o be non-varying to at least the 0.03 per cent level (Sutlieff et al.
023 ), so remaining variability trends in this differential light curve
re therefore only those arising from HD 1160 B itself and from any
ontaminating systematics that are not shared by the star and the
ompanion. 

.3 Detrending 

n this section, we attempt to fit and remo v e sev eral residual (i.e. non-
hared) systematic trends from the differential light curve, with the 
im of producing a detrended differential light curve containing only 
he intrinsic variability of HD 1160 B. These residual systematics 
re likely due to differences in brightness, colour, or position of the
ompanion and host star, and can arise from both instrumental and
elluric sources (e.g. Broeg, Fern ́andez & Neuh ̈auser 2005 ; Pont,
ucker & Queloz 2006 ; Gibson et al. 2012 ; de Mooij et al. 2013 ;
iamond-Lowe et al. 2018 ; Panwar et al. 2022a , b ). Here, we applied
 multiple linear regression including six different possible sources 
f systematics as decorrelation parameters. These parameters are 
hown plotted against time in hours after midnight, for each epoch,
n Fig. 3 . Sutlieff et al. ( 2023 ) found that airmass and external
ir temperature were the parameters that were the most correlated 
ith the differential light curve from the first night alone, so we

hose to include both of these again here. We also again included
he x- and y-pixel positions of HD 1160 A and B in the original
mages, before centering and rotational alignment were carried out. 
hese parameters probe any remaining systematics arising from the 

esponse of the detector or other instrumental effects. The sharp 
umps in position seen in Fig. 3 arise from manual positional offsets
erformed during the observing sequence to ensure the star did not
rift too far from the centre of the small field of view. We further
onsidered including wind speed and wind direction, but Sutlieff 
t al. ( 2023 ) found that wind speed and wind direction were not
ignificantly correlated with the trends in the light curve from the
rst night. We found that this was also the case for the second night,
o chose not to include these as parameters in the linear regression
ere. Thus, in addition to the different normalization applied in 
ection 5.2 , this is the other point at which our analysis of the
rst night of observations is slightly different to that of Sutlieff et al.
 2023 ). 

We used a multiple linear regression (as implemented in the SCIKIT- 
EARN Python package; Pedregosa et al. 2011 ) to simultaneously fit
hese six decorrelation parameters to the differential white-light curve 
f HD 1160 B. This process was carried out for the light curve on
ach night separately, in case the systematics induce different trends 
n each night. The resulting model fits are shown in dark green in
he top panels of Fig. 4 , o v erplotted on the raw differential white-
ight curves (in grey). The corresponding coefficients and intercept 
MNRAS 531, 2168–2189 (2024) 
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Figure 2. Top two rows: the raw white-light fluxes of host star HD 1160 A and companion HD 1160 B from both nights are plotted in grey, and binned to 18 
min of integration time per bin in blue and yello w, respecti vely. The time series were normalized o v er the full time series co v ering both epochs, and consist of 
the data in the 3.59–3.99 µm wavelength range. The data from the first night is reproduced from Sutlieff et al. ( 2023 ), but the normalization is different here. 
Bottom two rows: the raw differential white-light curve obtained by dividing the unnormalized, unbinned companion flux by that of the star, shown unbinned 
in grey and binned in purple. The bottom ro w sho ws a zoomed-in view of the binned version. This division remo v es variability shared by both the star and 
the companion from the companion flux, leaving a differential light curve containing only variability arising from the companion’s atmosphere and non-shared 
systematics. 
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f these two models are given in Table 2 . We detrended the two
ifferential white-light curves by dividing by these linear regression
odels, respectively. The final detrended differential white-light

urves are plotted in the bottom panels of Fig. 4 , alongside the
aw differential white-light curves for comparison (in light purple,
eproduced from the bottom panel of Fig. 2 ). Sutlieff et al. ( 2023 )
lso presented detrended differential light curves for the first night in
ach of the 30 individual wavelength channels that were combined
o obtain white-light flux measurements for HD 1160 A and B. To
llow a comparison to their results, we also produced the detrended
ifferential light curves in each wavelength channel for each night.
hese light curves are shown in Fig. 5 , binned to 18 min of integration

ime per bin. The small differences in the wavelengths of each
hannel between nights arise from the different wavelength solution
NRAS 531, 2168–2189 (2024) 
equired for the wavelength calibration of each night of data (see
ection 4.1 ). 

.4 Period analysis and light cur v e precision 

utlieff et al. ( 2023 ) identified sinusoidal-like variability in the first
ight of the detrended differential white-light curve of HD 1160 B
nd produced a Lomb-Scargle periodogram to search for periodicity.
hey then fit a sinusoid to the light curve and measured the period of

his variability as 3.239 h. This trend is still present in the first night
f our new light curve (Fig. 4 ). Ho we ver, while some indi vidual data
oints appear to deviate from a flat line, it is not visually clear whether
r not the detrended differential white-light curve from the second
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Figure 3. The six decorrelation parameters used in the linear regression to detrend the differential white-light curve of HD 1160 B, shown for both nights. To 
allow the trends at each epoch to be o v erplotted and compared, 24 h has been remo v ed from the x -axis for the second night. As with the time series photometry, 
the gaps in the data arise from the use of the on/off nodding pattern. The top two panels show the air temperature in ◦C and the airmass as a function of time. 
The remaining four panels show the x- and y-positions (in pixels) of host star HD 1160 A and companion HD 1160 B in the original 3D image cubes (i.e. before 
spatial and rotational alignment) as a function of time. The large jumps in these positions were caused by manual offsets applied to maintain the central location 
of HD 1160 A within the small field of view, and the slowly varying trends arise from lenslet array flexure as the telescope rotates. For HD 1160 B, the rotation 
of the field of view itself (109.7 ◦ and 108.2 ◦ for the first and second nights, respectively) induces an additional component to its positional trends. 
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ight is also variable. The maximum normalized flux is 1.07, but the
MS of the light curve is 0.035. We therefore carried out a similar
nalysis to Sutlieff et al. ( 2023 ) to search for periodic variability
sing periodograms. 
We produced periodograms for the unbinned detrended differential 

hite-light curve using the Lomb-Scargle algorithm (Lomb 1976 ; 
cargle 1982 ). These are shown in the left-hand panels of Fig. 6 ;
he top panel was produced using both nights combined, while the
entre and bottom panels show the periodograms produced using 
nly the data from the first and second nights, respectively. Each
f these power spectra has been normalized by dividing them by
he variance of the data points in the light curve (Horne & Baliunas
986 ). The blue dashed line is the power threshold that corresponds
o a false-alarm probability of 0.1 (i.e. 10 per cent), and the horizontal
MNRAS 531, 2168–2189 (2024) 
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Figure 4. Top panel: the model, in dark green, produced when a multiple linear regression is applied to the raw white-light differential light curves from each 
night using the decorrelation parameters from Fig. 3 . The corresponding coefficients and intercept of each model are given in Table 2 . The raw differential 
white-light curve is shown in grey, reproduced from the third panel of Fig. 2 . Bottom panel: the detrended differential white-light curve, in red and binned to 
18 min of integration time per bin, obtained by dividing the raw differential light curve by the linear regression models above. The binned version of the raw 

differential white-light curve from the bottom panel of Fig. 2 is also shown for comparison in purple. 

Table 2. The decorrelation parameters x i included in the linear regression 
used to detrend the differential white-light curve of HD 1160 B at each epoch. 
The resulting linear model fit was given by y = ( 

∑ n 
i= 1 c i x i ) + c 0 , where c 0 

is the intercept and c i are the coefficients of each parameter. The parameters 
are ordered by the magnitude of the corresponding coefficients on the first 
night. 

Parameter ( x i ) Value, 1st night ( c i ) Value, 2nd night ( c i ) 

Airmass 0 .34590456 − 0 .46758893 
Air temperature 0 .11689032 − 0 .12725877 
Star x-position 0 .04596314 − 0 .08979261 
Star y-position − 0 .04426898 0 .02947633 
Companion x-position − 0 .02499303 0 .00674422 
Companion y-position 0 .01966123 − 0 .01849457 

Intercept ( c 0 ) − 1 .23206397 5 .45860550 
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rown dotted line on the periodogram for the first night is the power
hreshold for a false-alarm probability of 0.01 (i.e. 1 per cent). 

We find that the strongest peak in the periodogram of the first
ight is at approximately the same period as Sutlieff et al. ( 2023 ),
ith a period of 3.227 h, peak power of 14.67, and false-alarm
robability of 0.009. This slight difference in period is due to the
ifferent normalization used here and the different linear regression
odel produced by not including wind speed and wind direction

s decorrelation parameters. The second strongest peak in this
NRAS 531, 2168–2189 (2024) 
eriodogram, with a period of 1.370 h, peak power of 13.26, and
alse-alarm probability of 0.035, does not appear to be harmonic with
he strongest peak. Ho we ver, there are no significant peaks present in
he periodograms of the second night or of both nights combined. All
f the features in these periodograms have false-alarm probabilities
reater than 0.5. When the light curves are combined, the periodicity
n the first night appears to be diluted by an absence of constructive
ddition from periodicity in the second night, causing there to be no
ignificant peaks in the combined periodogram. 

As the data are irregularly sampled, with large gaps due to the
odding pattern and the break between the two nights, we also
roduced periodograms for the window functions for each night and
oth nights together to check for potential artefacts arising from this
rregular sampling (e.g. Fuhrmeister et al. 2019 ; Apai, Nardiello &
edin 2021 ). The window functions were calculated by producing an
venly sampled array consisting of ones at times where data exists
nd zeros where it does not. The periodograms of these window
unctions are shown in the right-hand panels of Fig. 6 . We find
hat there are no significant peaks at periods > 1 h in the window
unction periodograms for the first and second nights individually.
his suggests that the strong peak that we detect at 3.227 h in the
eriodogram of the first night light curve is not an artefact caused by
he irregular sampling of the data. In both cases, there are significant
eaks present at shorter periods ( < 1 h), which is likely a reflection
f the nodding pattern used when obtaining the data. These are also
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Figure 5. The detrended differential light curves in each of the 30 individual wavelength channels that were combined to obtain white-light flux measurements 
for HD 1160 A and B. All light curves are binned to 18 min of integration time per bin, and each light curve is offset by 2 on the y -axis from the previous 
wavelength to spatially separate them in the figure. 
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resent for the both nights combined case along with several peaks 
t longer periods, which we interpret as harmonics of the nodding 
hat appear due to the large gap between the two nights, but none
lign with the 3.227 h peak from the first night. 

We also carried out a comparative analysis of the precision 
chieved in each detrended differential white-light curve. When 
stimating the precision achieved for the first night, Sutlieff et al. 
 2023 ) first fitted and remo v ed the observ ed periodic variability signal
rom the light curv e. The y did this using a non-linear least-squares
pproach, assuming that it followed a sinusoidal trend and using the 
eriod of the highest peak in the periodogram as an initial guess
or the fit. They then measured the precision using the residual light
urve. As we do not detect a clear periodicity in the light curve from
he second night, we could not do this here if we wished to compare
he precision achieved on each night. We therefore instead performed 
ur assessment of the precision using the detrended differential 
hite-light curves from each night, and both nights combined, noting 

hat any variations intrinsic to HD 1160 B would make these values
ppear higher and therefore abo v e the true limiting precision. We did
his by following the approach used by Kipping & Bakos ( 2011 ) and
utlieff et al. ( 2023 ) for assessing the impact of correlated noise on

ime-series data. First, we binned our detrended differential white- 
ight curves into a range of different bin sizes. We then renormalized
he resulting binned light curves and subtracted one to centre them
round zero, before measuring the root mean square (RMS) of each
ne. We plot these values as a function of bin size for each light
urve in Fig. 7 . The black line shows the expectation of independent
andom numbers with increasing bin size, σN = σ 1 N 

−0.5 [ M /( M −
)] 0.5 , where N is the bin size and M is the number of bins (Kipping &
akos 2011 ). If we take the RMS values at each night for the bin

ize that we used for our binned white-light curves in Figs 2 and 4
i.e. 200 frames per bin, or 18 min of integration time), we find RMS
alues of 0.075 and 0.035 for the first and second nights, respectively.
he RMS value at this bin size for the light curve covering both
ights combined is 0.060. The higher RMS for the first night (and
oth nights combined) reflects the higher variability that we see here
ompared to the second night. We discuss these results further in
ection 8.1 . 

 SPECTRAL  ANALYSIS  OF  HD  1160  B  

n addition to investigating the brightness fluctuations of HD 1160 
, we also extracted its spectrum on each night to allow us to
MNRAS 531, 2168–2189 (2024) 
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Figure 6. The left-hand panels show the Lomb-Scargle periodograms produced using the unbinned, detrended differential white-light curves from Fig. 4 . The 
top panel shows the periodogram for the full light curve over both nights, whereas the centre and bottom panels are those for the light curves of the first and 
second nights only , respectively . The right-hand panels show the periodograms of the corresponding window functions. The blue dashed lines indicate the power 
threshold corresponding to a false-alarm probability of 0.1 (10 per cent), and the horizontal brown dotted line is that for a false-alarm probability of 0.01 (1 
per cent). The vertical dotted line highlights the 3.227 h period of the strongest peak in the periodogram for the first night. 

Figure 7. The RMS of the binned detrended differential white-light curve of 
HD 1160 B for the first and second nights, respectively, without the removal 
of any periodic variability. The theoretical white noise model as a function 
of bin size is also shown. This was calculated using the bin sizes used for 
the both nights combined light curv e. The v ertical dashed line indicates a bin 
size of 200, as used for our binned white-light curves in Figs 2 and 4 . 
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haracterize its physical properties through the fitting of atmospheric
odels. 

.1 Spectral extraction 

e measured the contrast between host star HD 1160 A and
ompanion HD 1160 B in each wavelength channel using the aperture
hotometry of each object obtained in Section 4.1.1 . To do this, we
ook the median combination of these flux measurements o v er the
ime sequence, producing single flux measurements for the compan-
on and the star at each wavelength. As with the time-dependent
uxes obtained in Section 5.2 , the errors on each measurement were
alculated as the 1.48 × MAD of the fluxes in each wavelength
hannel (bin), divided by the square root of the number of frames
er channel minus one. Next, we divided the companion flux at each
avelength by that of the star to produce a contrast spectrum. We

arried out this process separately for each night of data. 
We then converted our contrast spectra of HD 1160 B on each

ight into physical flux units by multiplying them by a flux calibrated
pectrum of HD 1160 A. To do this, we used the Virtual Observatory
ED Analyzer (VOSA; Bayo et al. 2008 ) to plot the Spectral Energy
istribution (SED) of HD 1160 A, including literature data from the
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Figure 8. Literature photometry of the host star HD 1160 A from the Tycho, 
2MASS, and WISE catalogues. The grey line shows the model fit to this 
photometry. The model has been convolved to a resolution of R = 100 000 
for visual purposes. The uncertainties are shown but are much smaller than 
the symbols. 
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MASS (Skrutskie et al. 2006 ), Tycho-2 (Høg et al. 2000a , b ), and
ISE (Wright et al. 2010 ) catalogues. We assumed a distance of

20.7 pc and an extinction of A V = 0.16 mag (Gaia Collaboration
016 , 2023 ). The SED was dereddened using the extinction law of
itzpatrick ( 1999 ) and Indebetouw et al. ( 2005 ). Using a χ2 test

o fit the SED with a grid of BT-Settl models (Allard, Homeier &
reytag 2011 , 2012 ), we selected a model with ef fecti ve temperature
 eff = 9200 K, surface gravity log(g) = 4.5 dex, metallicity [Fe/H]
 0.0, and alpha element abundance α = 0.0, consistent with that 

ound by Mesa et al. ( 2020 ) using the same approach. The literature
hotometry of HD 1160 A and this model are shown in Fig. 8 .
e then convolved this model to the resolution of ALES ( R ∼

0; Skemer et al. 2018 ) and e v aluated it at the wavelengths of our
bservations, before multiplying it by our contrast measurements to 
roduce a flux calibrated spectrum of HD 1160 B on each night. These 
pectra are shown in Fig. 9 , with the flux measurements from the
rst and second nights in blue and orange, respectively. The shaded 
reas indicate regions in the observed 2.8–4.2 µm wavelength range 
here the data are unreliable and excluded from our analysis, due to

ontamination from the neighbouring spaxels or the dgvAPP360 glue 
bsorption. 

We note that while the spectra from each night are in good
greement in the wavelength region redwards of the dgvAPP360 
lue absorption, there appears to be a slight offset between the two
ights at 3–3.2 µm, which we discuss further in Section 8.2 . 

.2 Spectral fitting 

nce we had obtained a flux calibrated spectrum of HD 1160 B for
ach night, we fit this data with atmospheric models to characterize 
ts physical properties. We used a set of BT-Settl grid models 
Allard et al. 2011 , 2012 , 2013 ) which were downloaded from the
panish Virtual Observatory (SVO) Theory Server. 1 We restricted 

he models to those with ef fecti ve temperatures between 400 K and
600 K, surface gravities between 3.5 and 5.0 dex, metallicities 
etween −0.5 and 0.5, and an α-enhancement of 0. The grid step
izes for temperature and surface gravity were 100 K and 0.5 dex,
espectively, and metallicity could have values −0.5, 0, 0.3, or 0.5. 

e chose to restrict the range of possible surface gravities to these
 http:// svo2.cab.inta-csic.es/ theory/ newov2/ 

r  

r
a

alues based on the predicted physical limitations of objects with 
ges and masses within the ranges found for HD 1160 B in the
ecent literature, which are 10–125 Myr and ∼20 M Jup to 123 M Jup ,
espectively (Garcia et al. 2017 ; Curtis et al. 2019 ; Mesa et al. 2020 ).
ccording to the isochrones and evolutionary tracks of the BT-Settl 
odels, the surface gravities of objects with ages and masses within

hese constraints should al w ays be ≥3.5 and ≤5.0 (Baraffe et al.
015 ; Stone et al. 2016 ). Maire et al. ( 2016 ) did previously use a
igher age upper limit of 300 Myr for the HD 1160 system, which
ould allow a HD 1160 B surface gravity of up to log(g) = ∼5.2,
ut Garcia et al. ( 2017 ) later found that such high ages were not
onsistent with the properties of the host star. 

Each model was convolved to the R ∼ 40 spectral resolution of
LES and sampled at the wavelengths of our spectral data points.
y fitting each model to the data, we then determined the scaling

actor that minimizes the Euclidean norm of the residual vector 
etween the two i.e. the value multiplied by each model to best
atch it to the companion spectrum, and calculated the χ2 value 

or each fit accounting for the errors on each data point (e.g. Bohn
t al. 2020a ; Sutlieff et al. 2021 ). When calculating the χ2 values of
odel fits to high-contrast IFS data, it is important to consider the

ffects of spectral covariance arising from o v ersampling during the
pectral extraction process and the wavelength-dependent behaviour 
f speckle noise (Greco & Brandt 2016 ). We accounted for spectral
ovariances in the ALES IFS data by following the method described
y Greco & Brandt ( 2016 ) to produce spectral covariance matrices
or each night of data and apply them in our χ2 calculation. The
odel that produced the smallest χ2 value was then taken as the best-
tting model to the data. When performing this fitting procedure, we
xcluded the data points in the shaded regions of Fig. 9 , which were
ot suitable for analysis as described in Section 6.1 . We performed
he fitting process three times; once each for the spectra from the
rst and second nights separately, and a third time considering both
ights of data together. The best-fitting model in each case is shown
 v erplotted on the companion spectrum in Fig. 10 . The best-fitting
odel to the first night of data alone has T eff = 2700 K, log(g)
 4.5 dex, and metallicity [Fe/H] = −0.5 (purple line, Fig. 10 ).
hen the second night of data is considered alone, the best-fitting
odel instead has solar metallicity and is slightly cooler, with T eff =

300 K, log(g) = 5.0 dex (red line). This is likely due to the lower
ux recorded in the 3–3.2 µm region of the spectrum on this night.
he ef fecti ve temperature of the best-fitting model to both nights of
ata then lies between the tw o, as w ould be expected, with T eff =
600 K, log(g) = 5.0 dex, and solar metallicity (green line). Using
he χ2 values of each model fit as weights, we also calculated the
eighted means and sided variance estimates (i.e. statistical errors) 
f these atmospheric parameters using the approach of Burgasser 
t al. ( 2010a , b ) and Stone et al. ( 2016 ). These results are presented
n Table 3 . The weighted means and their uncertainties are biased
n some cases, where the preferred model fits lie at the edge of the
llowed parameter range. We therefore instead report upper/lower 
imits in these instances. 

We further inferred estimates of the radius and luminosity of the
ompanion using the scaling factor for each model, which is equal
o the squared ratio of the companion’s radius and distance. As the
istance to the HD 1160 system is well-known (120.7 ± 0.5 pc;
aia Collaboration 2016 , 2023 ), we are able to solve for radius.
he luminosity can then be inferred by integrating each model 
 v er its full wavelength range and multiplying by 4 π times the
adius squared. These values are also shown in Table 3 , where the
eported uncertainties are again the statistical errors. These results 
re discussed further in Section 8.2 . 
MNRAS 531, 2168–2189 (2024) 
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M

Figure 9. The flux calibrated spectrum of HD 1160 B obtained with LBT/ALES. Data points from the first and second nights are shown in blue and orange, 
respectively. The shaded regions indicate data points which are not suitable for analysis due to contamination arising from o v erlapping spectral traces or 
absorption caused by the carbon-carbon bonds in the glue layer of the dgvAPP360. The wavelength channels used for the variability analysis are those in the 
3.59–3.99 µm wavelength range. 
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 CHARACTERIZING  HD  1160  A  WITH  PEPSI  

n addition to characterizing HD 1160 B using the data obtained
ith ALES + dgvAPP360, the simultaneous high resolution PEPSI

pectrum of the HD 1160 system in the optical (383–542 nm) further
llows us to assess the properties of the host star HD 1160 A, which
as originally classified as an A0 V star by Houk & Swift ( 1999 ).
lthough HD 1160 C lies at an angular separation far beyond the
.25 arcsec diameter of the PEPSI fibre, HD 1160 B lies within this
bre diameter at a separation or ∼0.78 arcsec, so the obtained PEPSI
pectrum contains the spectra of both HD 1160 A and B. Ho we ver,
he contrast between the two is very large: 7.72 ± 0.01 mag in
he 1.25 µm J -band, and even larger at the shorter wavelengths
o v ered by PEPSI (Garcia et al. 2017 ). We therefore assumed that
he contribution of HD 1160 B to the PEPSI spectrum was negligible
nd treated the PEPSI spectrum as solely that of HD 1160 A (see
ig. 11 ). 
To estimate the properties of HD 1160 A, we compared the

pectrum to BT-NextGen atmospheric models, which are computed
ith the use of the PHOENIX code (Hauschildt, Allard & Baron
999 ; Allard et al. 2012 ). The input parameters for the model
pectra were ef fecti ve temperature ( T eff ), surface gravity (log(g)),
nd metallicity, the latter of which was taken as solar for HD 1160 A.
he models were convolved to the resolution of the PEPSI instrument
nd broadened by the rotation of the star ( � sin i). We identified the
est-fitting values for these parameters by determining the χ2 values
or a grid of models, varying T eff (8800–9800 K in steps of 200 K),
NRAS 531, 2168–2189 (2024) 
og(g) (1.5–4.5 in steps of 0.5), and � sin i (80–120 km s −1 in steps
f 1 km s −1 ). The ranges of these parameters were chosen based on
n initial visual inspection of the PEPSI spectrum using the digital
pectral classification atlas of Gray ( 2000 ). The model grid spectra
ere normalized with splines fitted at similar (continuum) points for a
iven T eff . The same continuum points are used for a re-normalization
f the PEPSI spectrum with a spline to match the normalization of
he grid spectra. Ho we ver, the shape of the Balmer lines appears
o be inconsistent between lines, which is hard to explain with any
ntrinsic properties for this type of star (Gray 2000 ). We interpret this
s a systematic error arising from residual fringing, and therefore
xcluded the region around the H β and H γ lines from the fitting
rocedure. The region of the spectrum that we used for the fitting
rocess was therefore 392–429 nm. 
The errors on the PEPSI data points given by the automated

ipeline are on average 0.0003 per cent of the flux, which corresponds
o an extremely high S/N of ∼ 330 000 that we interpret as implau-
ible since the PEPSI exposure time calculator requires ∼ 1.4 yr
f exposure time to achieve this, while our exposure times were
14 800 s. Furthermore, the spectrum seems to contain a low level

inusoidal-like structure, which most likely arises from systematics
ntroduced by the original normalization performed by the automated
ipeline. We therefore recalculated the error on each data point using
he S/N instead measured from the normalized spectrum by taking
he inverse of the standard deviation of the flux in the continuum,
hich gives S/N = ∼500 (or ∼0.2 per cent of the normalized flux).
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Figure 10. The best-fitting models to the flux-calibrated ALES spectrum of HD 1160 B. The large difference in the temperatures of the best-fitting models 
appears to arise from the difference in flux between the two nights in the 3.0–3.2 µm region. Data points in the shaded regions in Fig. 9 were not included in 
these fits and are therefore not shown. 

Table 3. The physical properties of HD 1160 B as derived by fitting BT-Settl 
models to its spectrum from the first night, the second night, and both nights 
combined. These values are the weighted means calculated based on the χ2 

values of each model fit. The uncertainties reported here are only the statistical 
errors based on sided variance estimates. Where the fitting procedure tends 
to prefer models at the edge of the allowed parameter range, we instead 
report upper/lower limits. The bottom part of the table shows the estimated 
mass ranges for HD 1160 B and the corresponding mass ratios q relative 
to HD 1160 A, as found in Section 8.2.1 by e v aluating BT-Settl isochrones 
at our luminosity values. These ranges are wide due to the wide age range 
considered, 10–125 Myr. 

Property First night Second night Both nights 

T eff (K) 2794 + 115 
−133 2279 + 79 

−157 2554 + 49 
−93 

log(g) (dex) ≥4.08 ≥4.41 ≥4.49 

Metallicity ≤0.27 0.00 + 0 . 41 
−0 . 00 ≤0.05 

Radius (R Jup ) 1.46 + 0 . 08 
−0 . 06 1.77 + 0 . 12 

−0 . 05 1.59 + 0 . 06 
−0 . 03 

log(L/L �) −2.91 + 0 . 03 
−0 . 03 −3.09 + 0 . 03 

−0 . 06 −2.99 + 0 . 02 
−0 . 03 

Mass ( M Jup ) 18.0–81.4 15.5–65.4 17.1–72.1 
Mass ratio q 0.008–0.038 0.007–0.030 0.008–0.034 
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his value is then weighted by 
√ 

F i , where F i is the flux for a
iv en wav elength point i, to calculate the observed errors for each
avelength point. 
We found that the resulting best-fitting model, taken as that with the

o west χ2 v alue ( = 14.46), has T eff = 9200 + 200 
− 100 K, � sin i = 96 + 6 

− 4 km
 
−1 , and log(g) = 3.5 + 0 . 5 

− 0 . 3 dex, where the errors on these values are
ased on the model grid spacing and distribution of χ2 values. This
orresponds to an A1 IV-V classification for HD 1160 A (Cox 2000 ).
his best-fitting model is shown o v erplotted on the PEPSI spectrum
f HD 1160 A in the left panel of Fig. 11 . The right panel then shows
he χ2 distribution for models with a log(g) of 3.5 o v er temperature
nd � sin i. The relatively high χ2 values, even for the best-fitting 
odel, are due to normalization differences between the model and 

he spectrum, the very small errors on the flux, and the large grid
eparation for T eff and log(g) for BT-Nextgen models. We discuss 
hese results further in Section 8.3 . 

 DISCUSSION  

.1 HD 1160 B light cur v es 

.1.1 The variability of HD 1160 B 

n Section 5.4 , we reco v ered the high-amplitude ∼3.2 h periodic
ariability signal identified by Sutlieff et al. ( 2023 ) in the first
ight of the detrended differential white-light curve of HD 1160 
. We also found that some data points in the light curve from our
dditional night deviate from equilibrium flux, albeit with a smaller 
mplitude. Ho we ver, we do not identify any periodic signals in the
ight curve from this second night, nor in the full light curve covering
oth epochs. In both of these cases, all peaks in their respective
eriodograms lie well below the 1 per cent level. 
Let us first consider the case that HD 1160 B is variable. There

re several physical mechanisms that could potentially explain 
he decrease or absence of variability that we see on the second
ight. Variability in substellar objects arises from clouds or other 
tmospheric features, such as magnetic spots if the object is of higher
MNRAS 531, 2168–2189 (2024) 
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M

Figure 11. The left panel shows the PEPSI spectrum of the host star HD 1160 A in blue, o v erplotted with the best-fitting model from BT-Nextgen in orange. 
The fitting process was carried out for the region of the spectrum co v ering 392–429 nm. The contour plot in the right panel shows the χ2 distribution for several 
temperatures and � sin i at fixed log(g) of 3.5. 
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ass, rotating in and out of view o v er their rotation periods (e.g.
ckerman & Marley 2001 ; Morales et al. 2010 ; Goulding et al. 2012 ;
adigan et al. 2014 ; Metchev et al. 2015 ; Tan & Showman 2019 ; Vos
t al. 2022 ). Where multiple such features with different sizes are
resent in the atmosphere of a companion at different locations, the
esulting variability signal can appear irregular in amplitude, phase,
nd/or periodicity (e.g. Tackett, Herbst & Williams 2003 ; Leggett
t al. 2016 ). It is possible that we are seeing this effect in the full
ight curve of HD 1160 B; if its true rotation period is in fact longer
han ∼3.2 h (and perhaps even longer than the baseline of a single
poch), then we could be viewing it at a different phase in its rotation
n the second night. In this case, additional observations would be
equired to co v er the full rotation period of HD 1160 B and verify
hether or not these trends repeat. Regardless, a ∼3.2 h period is

onsistent with the fastest rotation periods of young isolated objects
ith a similar spectral type to HD 1160 B (i.e. late M- and early L-
warfs), which have periods ranging from ∼2–72 h (e.g. Bailer-Jones
004 ; Popinchalk et al. 2021 ; Vos et al. 2022 ). Another possibility is
hat the difference in the level of variability is due to evolution in the
urface features and atmospheric dynamics that cause the variability
e.g. Tan & Showman 2021 ). Many studies have identified changing
ariability in the light curves of brown dwarfs and planetary-mass
bjects, including both long-term trends o v er hundreds of rotation
eriods and rapid light curve evolution from one night to the next or
 ven between consecuti ve rotations (e.g. Gelino et al. 2002 ; Artigau
t al. 2009 ; Radigan et al. 2012 ; Gillon et al. 2013 ; Karalidi et al.
016 ; Apai et al. 2017 , 2021 ; Zhou et al. 2022 ; Fuda et al. 2024 ). If
he rotation period of HD 1160 B is ∼3.2 h, it would have completed

5 rotations between the end of the observing sequence on the
rst night and the start of observations on the second night, which
ay be long enough for rapid evolution to have occurred. Ho we ver,
e also note that the first night co v ers 7.81 h which corresponds

o only ∼2.5 rotations of HD 1160 B. It may be the case that
his is insufficient to accurately derive the rotation period of HD
160 B. Regardless, significant night-to-night changes are especially
ossible if the atmosphere has a banded structure with sinusoidal
urface brightness induced by planetary-scale waves, as multiple
ands with slightly different periods can give rise to a beating effect.
 or e xample, Apai et al. ( 2017 ) found that an analytical model
ombining three sinusoids with different periods (corresponding
o three atmospheric bands) produces a function that can rapidly
uctuate from low to high amplitudes. They found that this model
NRAS 531, 2168–2189 (2024) 
atches the light curve evolution in their Hubble Space Telescope
bservations of an L/T transition brown dwarf, which shows low-
mplitude variability on one day and high-amplitude variability on
he next in a similar manner to HD 1160 B. 

Several studies exploring the variability of substellar objects in
ifferent wavebands have further found that light curves can have
imilar shapes at different wa velengths, b ut with an offset in phase
s different wavelengths probe different atmospheric pressures (e.g.
uenzli et al. 2012 ; Biller et al. 2013 , 2018 ; Yang et al. 2016 ; Ge
t al. 2019 ; McCarthy et al. 2024 ; Plummer et al. 2024 ). Since our
ifferential light curve of HD 1160 B is a white-light curve integrated
 v er a wide wavelength range, such wavelength-dependent phase
ffsets could lead to a ‘cancelling out’ effect if they were of certain
mplitudes. This effect could impact the light curve of HD 1160 B
f its variability has different periods at different wavelengths, such
hat their phases mismatch at certain times. 

Sutlieff et al. ( 2023 ) highlighted that if HD 1160 B is a low-
ass M-dwarf, a short-lived flaring period could be the cause of its
8.8 per cent semi-amplitude variability on the first night. If this is

ndeed the case for HD 1160 B, this would be consistent with both
he high-amplitude variability seen on the first night and its decrease
r absence on the second night. Ho we ver, while flaring events of this
agnitude have been observed in the infrared, they are expected to

e rare (e.g. Davenport et al. 2012 ; Goulding et al. 2012 ; Tofflemire
t al. 2012 ). 

We must now also consider the possibility that one or more
nknown systematics could be responsible for the high-amplitude
eriodic variability that we see on the first night. Ho we ver, it is
ot clear what systematic effect could induce such high-amplitude
eriodic variations on one night and not do so on the following
ight, given that the same methodology was applied to each epoch.
he observing conditions were very similar and highly stable on
oth nights. If we consider the decorrelation parameters used in the
etrending procedure (Fig. 3 ), we see that the airmass, companion
osition, and stellar position all follow approximately the same trends
n each night. This would appear to rule out residual systematics
rising from these parameters as the source of the light curve
ifferences between each night. The air temperature does differ
lightly in the second half of each night but is otherwise broadly
imilar, and any correlation arising from this difference is unlikely
o be significant enough to explain what we see, particularly after
he detrending process has been applied. One possibility could be
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Figure 12. The RMS values, as a function of wavelength, for the 30 detrended 
differential light curves in the individual wavelength channels (shown in Fig. 
5 ) that were combined to obtain the white-light curve. The binning is the 
same at 18 min of integration time per bin. The running medians of these 
values for each night are also shown, based on a window size of 7. The RMS 
increases with wavelength on both nights. 
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hat there is an additional systematic connected to the flexure of
he ALES lenslet array as the telescope rotates. Ho we v er, an y such
ffects should already be accounted for by the inclusion of the 
ixel positions of HD 1160 A and B in the detrending process.
n alternative parameter probing this flexure would be the pointing 

ltitude of the telescope, which again follows the same trend on each
ight (and follows an inverse relationship to airmass), suggesting 
hat this is unlikely to be the source of the differences between the
wo nights. Furthermore, Sutlieff et al. ( 2023 ) found that the shape
f the raw light curves is robust against issues arising from lenslet
exure by comparing data processed using wavelength calibration 
rames obtained at different pointing altitudes. We also note the sharp
ncrease in flux in the raw differential light curve on the second night
t ∼27 h. This feature appears to be connected to the large offset in
he stellar (and companion) x-position at this time, and is accounted 
or in the linear regression and hence removed in the detrended light
urve. 

Sutlieff et al. ( 2023 ) also used the RMS values of the detrended
ifferential light curves in each of the 30 individual wavelength 
hannels from the first night as a metric to search for wavelength-
ependent trends. To allow a comparison to their results, we repeated 
his for the individual channel light curves on both nights (Fig. 5 ).
hese RMS measurements are shown as a function of wavelength 

n Fig. 12 , along with the running median on each night using a
indow size of 7. Sutlieff et al. ( 2023 ) identified a tentative increase

n the RMS towards longer wavelengths on the first night. We see
his trend again on both the first and second nights, as indicated
y the upward curves of the running median. Although this trend 
ould potentially indicate an increase in variability with wavelength, 
his increase in RMS is more likely explained by noise due to the
igher thermal background at longer wavelengths. There are outliers 
rom this trend, which could in principle be explained by changes 
n the atmosphere of the companion between nights. Ho we ver, the
avelengths at which these outliers occur are not consistent between 
ights and as the S/N in each individual wavelength channel is not
igh, we do not speculate further on their origin here. 
Although the nature of the variability of HD 1160 B remains 

nclear, the additional night of variability monitoring presented here 
hows that this variability does not follow a simple periodic trend and
ighlights the complexities of interpreting the light curves of high- 
ontrast substellar companions. Future ground-based observations 
ill help to shed light on the trends in the light curves of HD
160 B through additional epochs that provide a longer baseline 
hen combined with our data, and the greater photometric precision 
rovided by space-based facilities such as JWST could further help 
o constrain its variability amplitudes. 

.1.2 Precision of vAPP differential spectrophotometric monitoring 

ur additional night of variability monitoring through differential 
pectrophotometric monitoring combined with the dgvAPP360 al- 
ows us to test whether this recently developed technique can achieve 
he same precision at multiple epochs. Sutlieff et al. ( 2023 ) found
hat this technique did not reach a systematic noise floor on the first
ight, suggesting that the precision would continue to impro v e with a
onger baseline and increasing bin size. In Section 5.4 , we measured
he RMS as a function of bin size for the detrended differential
hite-light curves on each night and both nights combined (Fig. 7 ).
s noted previously, the RMS trends for the first night and both
ights combined cases do sit at a slightly higher level than on the
econd night, but this is expected as no astrophysical variability 
ignal has been remo v ed from either night and the variability is of
igher amplitude on the first night. Aside from this offset, we see
hat the RMS follows the same trend on both nights; both decrease
ccording to the trend of the white noise and do not plateau. This
s also the case for the light curve covering both nights combined.
his suggests that the data possesses similar noise properties at both
pochs and therefore that the precision reached with this technique 
an be reliably repeated. The RMS of the detrended differential 
hite-light curve from the second night is 0.035 in bins of 18 min,

orresponding to a precision of 3.5 per cent. This is comparable
o the 3.7 per cent precision measured by Sutlieff et al. ( 2023 ) for
he first night light curve with the same bin size, indicating that
his precision level is repeatable over multiple epochs. Since we do
ot appear to reach the photon noise limit with these observations,
uture observations may be able to achieve a greater precision 
y improving the process used to detrend the differential light 
urve of the companion. This could be done by adapting more
omplex approaches used for exoplanet transmission spectroscopy 
tudies, including techniques using Gaussian processes which do 
ot assume that the systematics have any particular dependence on 
he telluric/instrumental parameters (e.g. Gibson et al. 2012 ; Evans 
t al. 2013 ; Nikolov et al. 2018 ; Carter et al. 2020 ; Diamond-Lowe
t al. 2020a , b ; Panwar et al. 2022a ; Aigrain & Foreman-Mackey
023 ). Ho we ver, we note that robustly assessing the true deviation of
hese trends from the white noise model is difficult due to the possible
strophysical variability. Furthermore, although such techniques will 
elp to minimize the risk of o v erfitting, transmission spectroscopy
argets are typically pixel-stabilized. Thus, implementing them for 
on-stabilized differential spectrophotometry targets will require 
areful consideration. 

.2 Spectral characterization of HD 1160 B 

n Section 6.1 , we presented the extracted spectra of HD 1160 B for
ach night and noted an offset in the spectra of HD 1160 B from
ach night in the 3–3.2 µm wavelength region, where the data points
rom the second night appear to lie slightly lower than those from
he first night. The cause of this offset is unclear. The time-averaged
ux measurements of the host star HD 1160 A on each night are
MNRAS 531, 2168–2189 (2024) 
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onsistent across all wavelengths, indicating that this is not caused
y throughput differences arising from differences in the weather
onditions between the two nights. A possibility is that this feature
s astrophysical and arises from the intrinsic variability of HD 1160
, with it appearing fainter in this wavelength region on the second
ight. In addition to this feature, the scatter of the data points at longer
avelengths (e.g. 3.6–4.0 µm) is also larger than would be expected

rom the fitted models. If our uncertainties are correctly estimated,
hen this may also be due to the effects of variability; a greater scatter
n the spectrum of HD 1160 B would be expected if its variability
as different properties at different wav elengths. Howev er, we cannot
ule out that this scatter is a systematic effect. 

Regardless of the origin of the offset at 3–3.2 µm, it has a
ignificant impact on the results of the atmospheric model fitting
escribed in Section 6.2 . This process produced significantly dif-
erent values for the physical properties of HD 1160 B depending
n whether the models were fit to the spectra from the first night
lone, the second night alone, or both nights combined (Table 3 ).
he values for effective temperature T eff cover a particularly large

ange, from 2279 + 79 
−157 K for the fit to the second night to 2794 + 115 

−133 

 on the first night (a > 1 σ dif ference). The ef fecti ve temperatures
erived from the second night and both nights combined spectra are
uch cooler than those in the literature, but the higher temperature

rom the first night is consistent with previous measurements to
ithin 1 σ . Maire et al. ( 2016 ) determined a T eff for HD 1160 B of
000 ± 100 K through atmospheric modelling, consistent with the
000–3100 K value found by Garcia et al. ( 2017 ), although the latter
tudy noted that they could not rule out slightly cooler temperatures.
ur value derived from the spectrum from the first night also
 v erlaps with the 2800–2900 K range estimated by Mesa et al.
 2020 ). 

All three of our constraints for surface gravity log(g) are consistent
ith the 4.0–4.5 dex range estimated by Garcia et al. ( 2017 ) (who also

ould not rule out slightly higher values), and consistent within 2 σ
ith Mesa et al. ( 2020 ), who estimated a lower log(g) of 3.5–4.0 dex.
aire et al. ( 2016 ) were not able to constrain the surface gravity in

heir study. Ho we ver, we note that surface gravity is not strongly
onstrained by our atmospheric model fitting. Our inferred radii
rom the fits to the first night and both nights spectra are consistent
ith the 1.55 ± 0.1 R Jup radius inferred by Garcia et al. ( 2017 ), but
ur radius for the second night spectrum is slightly larger. Finally,
ll three of our inferred luminosities log(L/L �) are lower than the
2.76 ± 0.05 dex value measured by Garcia et al. ( 2017 ). Ho we ver,

ur luminosity from the first night is consistent within 1 σ with that
ound by Maire et al. ( 2016 ), log(L/L �) = −2.81 ± 0.10 dex. 

If we consider these results in full, the spectrum of HD 1160 B
n our second night of observations does not appear to be consistent
ith the literature. If the differences between the spectra from each
ight at bluer wavelengths are due to astrophysical variability in the
tmosphere of HD 1160 B, this highlights the impact that this can
ave on the results of fitting models to the atmospheres of substellar
ompanions. Difficulties in fitting the spectrum of HD 1160 B have
lso been noted previously. When analysing the SPHERE spectra in
he Y , J , and H bands, Mesa et al. ( 2020 ) found that HD 1160 B has a
pectrum that is not well matched by any spectra in current spectral
ibraries, and were only able to obtain good fits by considering
he Y + J and H bands separately. Several studies of other substellar
ompanions have also reported such issues when trying to fit their
pectra, sometimes finding wide-ranging results depending on the
avebands considered (e.g. Stone et al. 2020 ; Sutlieff et al. 2021 ;
ard-Duong et al. 2021 ; Whiteford et al. 2023 ; Phillips, Liu & Zhang

024 ). 
NRAS 531, 2168–2189 (2024) 
Simultaneous observations o v er a broad wav elength range with
acilities such as JWST may help to explain these discrepancies
etween wavebands and further identify whether the differences in
he spectrum of HD 1160 B between epochs are due to time variability
Hinkley et al. 2022 ; Kammerer et al. 2022 ; Carter et al. 2023 ; Miles
t al. 2023 ; Rigby et al. 2023 ; Manjavacas et al. 2024 ; Petrus et al.
024 ). Ground-based high-resolution spectroscopy may further help
s to determine its nature by resolving specific molecular lines that
onstrain ef fecti ve temperature, surface gravity, and other physical
roperties (e.g. Birkby et al. 2013 ; Birkby 2018 ; Hoeijmakers et al.
018 ; Brogi & Line 2019 ; van Sluijs et al. 2023 ). High-resolution
pectroscopy could also measure the � sin i of HD 1160 B, which
ould provide an independent and complementary upper limit of its

otation period (e.g. Snellen et al. 2014 ; Schwarz et al. 2016 ; Bryan
t al. 2018 , 2020 ; Wang et al. 2021b ; Xuan et al. 2022 ; Palma-Bifani
t al. 2023 ; Landman et al. 2024 ; Parker et al. 2024 ). 

.2.1 The mass of HD 1160 B 

t is further possible to infer estimates for the mass of HD 1160 B
sing our luminosity estimates from Section 6.2 and values for the
ge of the HD 1160 system. We used the BT-Settl (Allard 2014 ;
araffe et al. 2015 ) isochrones for this purpose, which are valid for
rown dwarfs and low mass stars. To obtain mass estimates, we first
nterpolated o v er the model grid of each isochrone and then e v aluated
hem at our luminosity values. As the resulting mass estimates are
ighly age-dependent and the age of the HD 1160 system is not
ell constrained, we carefully considered the range of age estimates

n the literature and chose to use a 10–125 Myr range. This is a
ombination of the 20–125 Myr age range found by Garcia et al.
 2017 ) considering the properties of HD 1160 A and a range of
volutionary models, and the lower 10–20 Myr ages fa v oured by
he results of Mesa et al. ( 2020 ) (the former study also produced a
ange based on HD 1160 ABC together, but this was narrower 80–
25 Myr). Our chosen range also co v ers the ∼120 Myr age that the
D 1160 system would be expected to have if it is a member of the
sc-Eri stellar stream, as suggested by Curtis et al. ( 2019 ). Maire
t al. ( 2016 ) did allow ages up to 300 Myr in their study, but ages
his old appear to be ruled out by Garcia et al. ( 2017 ). 

The resulting estimated mass ranges are shown in Table 3 . We
lso include the corresponding values for the mass ratio relative to
D 1160 A, q , assuming a stellar mass of 2.05 M � (A1 V; Pecaut &
amajek 2013 ). Older ages return higher mass values, and vice versa.
ur full range of mass estimates co v ers 16–81 M Jup . This places HD
160 B comfortably abo v e the deuterium burning limit ( ∼11-16.3
 Jup ; Spiegel, Burrows & Milsom 2011 ), but does not rule out the

ossibility that it is a low mass star abo v e the hydrogen burning limit
78.5 M Jup ; Chabrier et al. 2023 ). This is fully consistent with mass
stimates in the literature, as we might e xpect giv en the broad age
ange assumed. Nielsen et al. ( 2012 ) estimated the mass of HD 1160
 to be 33 + 12 

−9 M Jup upon its disco v ery, and Maire et al. ( 2016 ) found
 mass range of 39–166 M Jup based on their wider range of allowable
ystem ages. Garcia et al. ( 2017 ) later found a mass range of 35–90
 Jup . Finally, Mesa et al. ( 2020 ) estimated a mass of ∼20 M Jup for
D 1160 B, which falls at the lower end of our range. 
Our ability to precisely estimate the mass of HD 1160 B is severely

imited by the highly uncertain age of the HD 1160 system, thus it will
e difficult to further constrain the mass of this companion without
ither tighter constraints on its age or a dynamical mass measurement
e.g. Konopacky et al. 2010 ; Crepp et al. 2012 ; Dupuy et al. 2016 ;
upuy & Liu 2017 ; Brandt, Dupuy & Bowler 2019 ; Biller et al.
022 ; Rickman et al. 2022 ). 
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.3 PEPSI characterization of HD 1160 A 

n Section 7 , we fitted BT-NextGen models to the PEPSI data
f HD 1160 A and estimated its physical properties, finding T eff 

 9200 + 200 
− 100 K, � sin i = 96 + 6 

− 4 km s −1 , and log(g) = 3.5 + 0 . 5 
− 0 . 3 dex.

f we compare these physical properties to those of the best-fitting
odel found by using VOSA to fit the literature SED of HD 1160
 for the flux calibration process in Section 6.1 , the temperature

nd metallicity have the same values but the surface gravity here is
ower than that of the log(g) = 4.5 dex model found with VOSA.
his difference in surface gravity does not significantly impact the 
ux calibration of the spectra of HD 1160 B in Section 6.1 , as the
est-fitting model found with V OSA is con volved to the R ∼ 40
esolution of ALES prior to being used for this purpose. At this
esolution, the two stellar models are indistinguishable and do not 
ead to differences in the HD 1160 B spectral fitting results. 

If we assume the BT-Settl model grid spacing for log(g), 0.5 dex,
s the uncertainty on the VOSA result, the two values are consistent
ithin 1 σ . We note that surface gravity is difficult to constrain with

tmospheric models, and similarly good fits to the PEPSI data could 
lso be obtained with slightly higher surface gravities. Ho we ver, if
D 1160 A does have log(g) = 3.5, this may be an indicator of
outh, as older objects are likely to have higher surface gravities 
e.g. Baraffe et al. 2015 ). 

Our measurement of � sin i = 96 + 6 
− 4 km s −1 is fully consistent 

ith those previously found by Bowler et al. ( 2023 ), who measured
he � sin i of HD 1160 A at three different epochs using the Tull
oud ́e Spectrograph on the Harlan J. Smith telescope, finding values 
f � sin i = 96 ± 10 , 97 ± 7 , and 95 ± 7 km s −1 at each epoch,
espectively. 

Our deri ved v alues for the physical properties of HD 1160 A
rom the PEPSI spectrum correspond to an A1 IV-V spectral type. 
his is a slightly later spectral type than the A0 V classification

ound by Houk & Swift ( 1999 ) using photographic plates. Nielsen
t al. ( 2012 ) previously noted that HD 1160 A is underluminous
or its position on the HR diagram, based on it being an A0 V
tar, and interpreted this as a sign of youth (e.g. Jura et al. 1998 ).
o we ver, if HD 1160 A is an A1 V star, this may partially account

or this apparent underluminosity. As we also measured the � sin i 
f HD 1160 A, we further considered the alternative possibility 
hat gravity darkening could help to explain this. If a star rotates
apidly it becomes oblate, leading to a greater radius and hence 
ower temperature and brightness at its equator compared to its poles 
Monnier et al. 2007 ; Espinosa Lara & Rieutord 2011 ; Lipatov,
randt & Batalha 2022 ). The orbital inclination of HD 1160 B is
lmost edge-on (92 + 8 . 7 

−9 . 3 
◦; Bowler et al. 2020a ). Assuming that the

tellar rotation axis of HD 1160 A is aligned with the orbit of HD
160 B, rapid rotation would therefore lead to an apparent decrease 
n its luminosity as viewed from Earth. However, a typical A-type 
tar has a much faster rotation (e.g. ∼190 km s −1 for an A0 star) than
ur rotational velocity measurement � sin i = 96 + 6 

− 4 km s −1 (McNally 
965 ; Nielsen et al. 2013 ). Thus, gravity darkening caused by rapid
otation cannot be the underlying cause of the underluminosity, if 
D 1160 A is viewed approximately edge-on. If HD 1160 A is

nstead viewed pole-on (i.e. i ∼ 0), its true rotational velocity �
ould be far faster and therefore lead it to appear brighter at its poles

han its equator and hence to a relative increase in its luminosity as
iewed from Earth. This indicates that gravitational darkening cannot 
 xplain an y underluminosity of HD 1160 A, and that this is better
ccounted for by it being of a later spectral type than previously
hought. 
 CONCLUSIONS  

e present here a new study of the HD 1160 system using two
ights of observations obtained with the Large Binocular Telescope. 
his work is divided into three parts: variability monitoring of red
ompanion HD 1160 B with the dgvAPP360 coronagraph and the 
LES IFS; a R ∼ 40 spectral characterization of HD 1160 B using

he same data; and lastly a spectral characterization of host star HD
160 A using R = 50 000 high resolution spectroscopy obtained with
he PEPSI spectrograph. 

The variability analysis of HD 1160 B was conducted following the
echnique of gvAPP-enabled differential spectrophotometric moni- 
oring recently presented by Sutlieff et al. ( 2023 ), who demonstrated
his approach with the first night of observations used here. We
rst processed the LBT/ALES + dgvAPP360 data and extracted 
perture photometry of both HD 1160 A and B, before combining
he data in the wavelength dimension and dividing the companion 
ux by that of the star to produce a differential white-light curve
or HD 1160 B spanning both nights. We then further detrended
he light curve using a multiple linear regression approach. We 
nd that we reco v er the high-amplitude ∼3.2 h periodic variability

dentified by Sutlieff et al. ( 2023 ) in the first night, but that the second
ight light curve does not contain significant periodic variability, 
otentially indicating rapid time evolution in the atmosphere of HD 

160 B and highlighting the complexity of interpreting the light 
urves of high-contrast substellar companions. We also analysed the 
recision achieved in the detrended differential white-light curve 
n each night and found that the noise properties were similar.
his suggests that gvAPP-enabled differential spectrophotometric 
onitoring achieves a repeatable precision at the few per cent level
 v er multiple epochs and that we do not reach the photon noise
imit. Thus, a greater precision could be achieved in future studies
f residual systematics in the differential light curves can be further
itigated using more advanced detrending approaches such as those 

sing Gaussian processes (e.g. Gibson et al. 2012 ; Panwar et al.
022a ). 
We conducted our spectral characterization of HD 1160 B by 

nstead combining the LBT/ALES + dgvAPP360 observations o v er 
he time sequence for each night, thereby producing 2.9–4.1 µm 

pectra of the companion. These spectra are the first for this target in
he mid-infrared and are therefore highly complementary to previous 
tudies in the literature. We find that the spectrum of HD 1160
 from the second night is systematically fainter in the 3.0–3.2
m wavelength range than on the first night, which could be due

o the intrinsic variability of the companion if this difference is
strophysical. We then fit these spectra with BT-Settl atmospheric 
odels, considering each night separately and both nights together, 

nd found that the results differ considerably depending on the data
eing fitted. Our ef fecti ve temperature T eff estimates range from
279 + 79 

−157 K for the second night spectrum to 2794 + 115 
−133 K on the first

ight. This first night T eff is consistent with the literature, but those
erived from the second night and both nights combined spectra 
re cooler. Our inferred luminosities are lower than those in the
iterature, but our radius estimates are mostly consistent. Overall, we 
onclude that the spectrum of HD 1160 B on the second night of our
bservations is not consistent with the literature. The differences in 
he results obtained for each spectrum highlights the impact that 
ariability can have on atmospheric model fitting for substellar 
ompanions. Simultaneous observations o v er a broad wavelength 
ange with facilities such as JWST may help to resolve the ambiguities
rising from these model fits and determine whether the differences 
MNRAS 531, 2168–2189 (2024) 
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n the spectrum of HD 1160 B between epochs are due to time
ariability. 

By e v aluating our luminosity estimates with BT-Settl isochrones
 v er an age range of 10–125 Myr, we also estimated the mass of HD
160 B. We report a 16–81 M Jup mass range, consistent with previous
stimates in the literature. This places HD 1160 B comfortably abo v e
he deuterium burning limit, but also allows the possibility that it is
 low mass star abo v e the hydrogen burning limit. 

Lastly, we performed a new characterization of host star HD 1160
 by comparing the R ∼ 50 000 high resolution spectrum obtained
ith PEPSI to BT-NextGen atmospheric models. We found values

or the physical properties of HD 1160 A; T eff = 9200 + 200 
− 100 K, log(g)

 3.5 + 0 . 5 
− 0 . 3 , and � sin i = 96 + 6 

− 4 km s −1 . This model corresponds
o a spectral type of A1 IV-V, which is slightly later than the
iterature A0 V classification found by Houk & Swift ( 1999 ) using
hotographic plates. This may explain the apparent underluminosity
f HD 1160 A previously noted by Nielsen et al. ( 2012 ). By
onsidering our rotational velocity � sin i measurement alongside the
nown near edge-on inclination angle of the HD 1160 system, we find
hat HD 1160 A rotates slower than the typical A-type star, and hence
ule out gravitational darkening as the cause of any underluminosity.

Tighter limits on the age of the HD 1160 system or dynamical mass
easurements of each component are key if the physical properties

f HD 1160 A and B are to be constrained further. Observations o v er
 broad wavelength range or at a high spectral resolution will also
elp to resolve the ambiguities in the spectrum of HD 1160 B, while
dditional epochs of ground-based differential spectrophotometric
onitoring or high-precision space-based monitoring will shed light

n its variability. 
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