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A B S T R A C T 

We present multi-instrument observations of the disc around the Herbig Ae star, HD 145718, employing geometric and Monte 
Carlo radiative transfer models to explore the disc orientation, the vertical and radial extent of the near-infrared (NIR) scattering 

surface, and the properties of the dust in the disc surface and sublimation rim. The disc appears inclined at 67–71 

◦, with 

position angle, PA = −1.0 to 0.6 

◦, consistent with previous estimates. The NIR scattering surface extends out to ∼75 au 

and we infer an aspect ratio, h scat ( r )/ r ∼ 0.24 in J band; ∼0.22 in H band. Our Gemini Planet Imager images and VLTI + 

CHARA NIR interferometry suggest that the disc surface layers are populated by grains � λ/2 π in size, indicating these grains 
are aerodynamically supported against settling and/or the density of smaller grains is relatively low. We demonstrate that our 
geometric analysis provides a reasonable assessment of the height of the NIR scattering surface at the outer edge of the disc and, 
if the inclination can be independently constrained, has the potential to probe the flaring exponent of the scattering surface in 

similarly inclined ( i � 70 

◦) discs. In re-e v aluating HD 145718’s stellar properties, we found that the object’s dimming events 
– previously characterized as UX Or and dipper variability – are consistent with dust occultation by grains larger, on average, 
than found in the ISM. This occulting dust likely originates close to the inferred dust sublimation radius at 0 . 17 au. 

Key words: accretion, accretion discs – radiative transfer – techniques: high angular resolution – circumstellar matter – stars: 
formation – stars: individual: HD 145718. 
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 I N T RO D U C T I O N  

he planet formation process requires sub- μm sized particles, typical
f the interstellar medium (ISM), to grow by > 12 orders of magnitude
o produce planetesimals and planets. Moreo v er, giv en the relativ ely
hort lifetimes of protoplanetary discs ( ∼3 −11 Myr; Ribas, Bouy &
er ́ın 2015 ), such growth has to be highly efficient. The process is

omplicated – with grain evolution involving coagulation, vertical
ettling, radial drift, and fragmentation – and dependent on the local
tructure of the disc and the properties of the dust therein (Testi et al.
014 ). 
Highly inclined ( i � 70 ◦), dust rich protoplanetary discs provide

nique opportunities to study vertical and radial disc structure. In
 E-mail: c.davies3@e x eter.ac.uk 

d  

i  

S  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( http://cr eativecommons.or g/licenses/by/4.0/), whi
articular, the optically thick nature of protoplanetary discs across the
ptical/near-infrared (NIR) allo ws observ ations at these wavelengths
o directly trace the disc surface layers. The dust in these regions
s expected to be dominated by sub- μm sized grains and be well-
oupled to the gas. Meanwhile, large grains are expected to prefer-
ntially settle towards the disc mid-plane (Dubrulle, Morfill & Sterzik
995 ). 
Observ ational e vidence for such vertical stratification is seen in

he wavelength dependence of the vertical extent of near-edge-on
iscs (e.g. Glauser et al. 2008 ; Duch ̂ ene et al. 2010 ; Villenave
t al. 2019 ; Wolff et al. 2021 ). Ho we ver in apparent contrast,
he presence of ‘large’ aggregates (radius, a � λ/2 π , where λ is
he observ ed wav elength) in the surface layers of protoplanetary
iscs has been inferred from (i) asymmetric brightness patterns
n polarized differential imaging data (e.g. Mulders et al. 2013 ;
tolker et al. 2016a , b ; Avenhaus et al. 2018 ; Garufi et al. 2020 )
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1 These so-called satellite spots are created by dif fracti ve elements in the pupil 
plane of the GPI instrument. Their radial structure point to the star’s location 
behind the coronographic mask. 
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nd (ii) the colours and polarization of stars exhibiting photometric 
ariability attributable to occultation by circumstellar dust (namely 
dippers’, Bouvier et al. 1999 ; Stauffer et al. 2015 ; Bredall et al.
020 and UX Ors, Huang et al. 2019 ). Numerical simulations and
ab experiments show that such large, porous dust grains may be key
o o v ercoming the bouncing barrier (Wada et al. 2011 ; Kothe et al.
013 ; Brisset et al. 2017 ) and the radial drift barrier (Okuzumi et al.
012 ; Kataoka et al. 2013 ) to dust grain growth. 
Bright, relatively close-by ( d � 300 pc) young stellar objects 

YSOs) permit the detailed study of disc structure using 8-m class
elescopes and infrared (IR) and millimetre (mm) interferometers. 
ere, we focus on HD 145718 (common aliases include PDS 80 and
718 Sco), an intermediate mass YSO ( ∼1 . 5 −3 M �) – i.e. a Herbig
e star – in the Upper Scorpius (USco) association (Rizzuto, Ireland 
 Robertson 2011 ; Pecaut, Mamajek & Bubar 2012 ; Luhman et al.

018 ). In particular, we combine new and archival observations of
he dusty circumstellar environment around HD 145718 probing sub- 
u to tens of au scales. We combine these observations to constrain
he nature of the dust grains in the surface layers of the innermost
nd outermost disc regions and assess whether circumstellar dust 
bscuration is likely responsible for the photometric variability 
bserved in this object. 
Our paper is organized as follows. Section 2 provides an overview 

f previous studies involving HD 145718 and our knowledge of its
ircumstellar environment to-date. Section 3.1 describes our Gemini 
lanet Imager (GPI) observations of HD 145718, conducted as 
art of the Gemini Large Imaging with GPI Herbig/T-Tauri Surv e y
G-LIGHTS; Monnier et al. 2017 ; 2019 ; Laws et al. 2020 ; Rich
t al., in preparation). Sections 3.2 and 3.3 describe our com- 
lementary CHARA/MIRC-X NIR interferometric observations, 
L TI/PIONIER and VL TI/GRAVITY archi v al NIR interferometric 
ata sets, and archi v al multiband, multi-epoch photometry, and IR
pectroscopy. Our combination of NIR interferometric and polarized 
cattered light imaging probes sub- μm- to μm-sized dust grains on 
ultiple angular scales. We first employ a simple geometric model to 

xplore the disc orientation and extent. The methodology and results 
f this part of our investigation are presented in Section 4 . We further
uild on this in Section 5 using full Monte Carlo radiative transfer
odels to simultaneously model the GPI images, NIR interferometry, 

nd spectral energy distribution (SED). This includes a re-e v aluation 
f HD 145718’s stellar luminosity, radius, and visual extinction in 
ection 5.1 . We discuss our results in the context of HD 145718’s
hotometric variability in Section 6.1 , assess the robustness of our 
eometric modelling in Section 6.2 , and summarize our findings in 
ection 7 . 

 H D  1 4 5 7 1 8  

revious studies of HD 145718 have reported the existence of an 
nclined ( i � 70 ◦; Guimar ̃ aes et al. 2006 ; Garufi et al. 2018 ; Gravity
ollaboration 2019 ; Ansdell et al. 2020 ), gas-rich (Dent, Greaves 
 Coulson 2005 ; Ansdell et al. 2020 ) and dust-rich (e.g. Gregorio-
etem et al. 1992 ; Oudmaijer et al. 1992 ; Friedemann, Guertler &
oewe 1996 ) Meeus et al. (2001) Group II disc (Keller et al. 2008 ).
ent et al. ( 2005 ) obtained a marginal J = 3 − 2 12 CO detection

owards HD 145718 and (accounting for the different stellar distances 
dopted between their study and ours – see Section 5.1 ) estimated 
he gaseous disc extends out to 70 ± 35 au. 

The star itself has a spectral type of A5 (Carmona et al. 2010 ).
ts identification as photometrically variable saw it classified as 
n eclipsing binary throughout the 1900s. Ho we ver, by comparing 
heir radial velocities to earlier measurements by Carmona et al. 
 2010 ), Ripepi et al. ( 2015 ) found no evidence of multiplicity
n the system. Adaptive optics imaging has also ruled out the
resence of companions at 20–200 milliarcsecond (mas) separations 
own to � L 

′ = 2.6–4 . 8 mag (Ansdell et al. 2020 ). More recently,
D 145718’s photometric variability has been re-attributed to in- 
erent stellar variability ( δ Scuti-type pulsations; Ripepi et al. 2015 )
nd obscuration by circumstellar dust (dipper and UX Ori variability; 
oxon 2015 ; Ansdell et al. 2018 ; Cody & Hillenbrand 2018 ; Rebull
t al. 2018 ). Temporal variations like those seen in the blueshifted
ortion of HD 145718’s H α line profile (compare, for example, the
ine profiles presented in Vieira et al. 2003 ; Carmona et al. 2010 ;
ipepi et al. 2015 ; Wichittanakom et al. 2020 ) and higher order
almer series lines (Guimar ̃ aes et al. 2006 ) can also be attributed to
ccretion and outflow processes in YSOs (e.g. Muzerolle et al. 2004 )
nd are likely also linked to the dipper/UX Ori variability. 

The evolutionary status of HD 145718 has been debated in the
iterature and isochronal age estimates for the object vary from 5.7 to
0 Myr (Alecian et al. 2013 ; Fairlamb et al. 2015 ; Vioque et al. 2018 ;
run et al. 2019 ; Wichittanakom et al. 2020 ). Ho we ver, estimating

he age of indi vidual disc-hosting, photometrically v ariable young 
tars using isochrone fitting is fraught with difficulty (e.g. Davies, 
regory & Greaves 2014 ). Strong evidence for HD 145718 being
re-main-sequence rather than an evolved star is found in the p-
ode frequencies of the object’s δ Scuti-type pulsations: the highest 

-mode frequenc y observ ed – which scales linearly with stellar age
Zwintz et al. 2014 ) – is consistent with those of disc-less, non-
ccreting USco members with isochronal ages of ∼10 Myr (Ripepi 
t al. 2015 ). 

 OBSERVATI ONS  A N D  SUPPLEMENTARY  

R C H I VA L  DATA  

.1 GPI data 

 - and H -band polarimetry mode observations of HD 145718 with
PI (Macintosh et al. 2014 ), situated at the Gemini South telescope,
ere obtained on 2018 June 07 and 08, respectively (program ID GS-
018A-LP-12). The 32 frames, each with two co-adds, were observed 
ith exposure time of 29 s (total integration time = 1862 s per wave-
and). Between each frame, the half-wave plate was rotated between 
 

◦, 22.5 ◦, 45 ◦, and 67.5 ◦, creating eight independent sequences with
our equally spaced half-wave plate angles. Additionally, J - and H -
and coronagraphs were used with focal plane diameters of 0.184 
nd 0.246 arcsec, respectively. 

To reduce the data, we used the GPI Data Reduction Pipeline
DRP) version 1.5 (Maire et al. 2010 ; Perrin et al. 2014 ), with
odifications to the flux calibration of the polarized images and the

emoval of stellar and instrumental polarization (see Monnier et al. 
019 ; Laws et al. 2020 ; Rich et al., in preparation). In summary,
he GPI DRP was used to subtract dark background, extract the
olarization spots, correct for bad pix els, remo v e microphonics noise,
at-field the frames using a low-frequency flat, and measure the star
osition using a radon transformation of the satellite spots. 1 This 
esulted in 32 polarized images: four polarized images within each 
f the eight polarization sets. Each of the four polarized images were
ombined together using the double-differencing technique, creating 
ight Stokes cubes containing I , Q , and U images. The polarization
ets were rotated so that the top of the image pointed north and the
tellar and instrumental polarization were remo v ed (Appendix B ).
MNRAS 511, 2434–2452 (2022) 
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e then projected the eight polarization sets of Q and U (oriented
ith North up; East left) to local Q φ and U φ , based on the stellar
osition determined abo v e. Specifically, for a pix el grid of ( X , Y )
oordinates with centre pixel ( X 0 , Y 0 ) and coordinate position angle,
: 

 φ = −U sin ( 2 φ) − Q cos ( 2 φ) (1) 

 φ = Q sin ( 2 φ) − U cos ( 2 φ) , (2) 

here φ is the polar angle 

= tan −1 

(
Y − Y 0 

X − X 0 

)
+ γ (3) 

see appendix A of Monnier et al. 2019 ). The eight polarization sets
ere then averaged together to create the combined I , Q φ , and U φ

mages. 
The satellite spots in the polarized images were used in the

ux calibration. The 32 polarized images were averaged together
o increase the signal-to-noise ratio of the satellite spots, as de-
cribed in Laws et al. ( 2020 ). We used only the second-order and
nly the first-order satellite spots for the J - and H -band obser-
 ations, respecti vely. Using 2MASS photometry (Skrutskie et al.
006 ; Table A1 ), we measured J - and H -band flux scaling factors
f 3 . 387 ± 0 . 75 mJy arcsec −1 /(ADU/sec/coadd) and 2 . 492 ± 0 . 37 
Jy arcsec −1 /(ADU/sec/coadd), respectively. 

.1.1 Visual inspection of flux-calibrated ima g es 

ur flux-calibrated Stokes I , U φ , and Q φ images of HD 145718 are
hown in the top, middle, and bottom rows of Fig. 1 , respectively.
ig. 2 highlights the main features in the Q φ images. The black
ircle at the centre of each image indicates the size of the inner
orking angle (IWA) of the coronographic mask (radii of ∼9 and
11 pixels for the J - and H -band images, respectively; Rich et al.,

n preparation). 
Both the J - and H -band Q φ images feature a central ellipse (marked

 J and E H , respectively, in Fig. 2 ), elongated along a north–south
irection. The U φ images feature positive flux to the north-west and
outh-east and ne gativ e flux in the north-east and south-west. The
rightest re gions (ne gativ e and positiv e flux) predominantly e xtend
long a north–south direction with minimal extension to the east
nd west of the IWA. Taken together, these Q φ and U φ features are
onsistent with the presence of an inclined circumstellar disc around
D 145718, with a major axis position angle, PA ≈ 0 ◦. This is

onsistent with previous results from K band and mm continuum
nterferometry: PA = 2 ± 2 ◦ (Gravity Collaboration 2019 ) and PA
 1 ± 1 ◦ (Ansdell et al. 2020 ), respectively. 
The major axes of E J and E H appear offset to the west of the image

entre. While we cannot directly measure how well the coronograph
s centred on the star in HD 145718, we can use other targets in our
-LIGHTS sample with companion detections within the field of
iew of GPI to comment on the significance of this apparent offset.
 or e xample, in the eight c ycles we observ ed for G-LIGHTS target
D 50138, we estimate a standard deviation for the centroid of its

ompanion to be ∼0 . 22 pixels ( ∼3 . 1 mas), much smaller than the
ffset we observe. Thus, we do not expect the coronograph centring to
e a large contributing factor to the offset we observe for HD 145718.
nstead, the offset of the ellipse centre from the image centre is likely
ymptomatic of a flared disc structure where the ellipse traces the
pen face of the disc towards the observer. 
The H -band Q φ image features a bright arc to the east of E H 

marked A H in Fig. 1 ). This likely traces scattering events close
NRAS 511, 2434–2452 (2022) 
o the outer edge of the surface of the disc facing away from the
bserver. The drop in surface brightness between E H and A H is likely
 result of the opaque disc mid-plane. The J -band Q φ image lacks a
imilar arc feature. Instead, two dark features ( Q φ flux significantly
elow the background level) are observed immediately to the east of
he coronographic mask (marked D J1 and D J2 in Fig. 1 ). These may
lso be attributable to the opaque disc mid-plane or may be artefacts
f imperfect stellar polarization subtraction (Appendix B ). 

.2 Complementary near-infrared interferometry 

ully reduced and calibrated VLTI/PIONIER data were retrieved
rom the Optical Interferometry Database (OIDB). These probe H -
and emission from HD 145718 on mas scales. Details of the reduc-
ion and calibration procedure are provided in Lazareff et al. ( 2017 ).
 -band NIR interferometric data, obtained using VLTI/GRAVITY
nd originally published in Gravity Collaboration ( 2019 ), were
etrieved from the European Southern Observatory archive. The data
ere reduced and calibrated using the GRAVITY pipeline (version
.1.2) using default settings. We restrict our analysis to the low
pectral dispersion ( R = �λ/ λ ∼ 30) GRAVITY fringe tracker (FT)
ata. The standard star HD 145809 (uniform disc diameter, UDD
 0 . 402 ± 0 . 002 mas; Bourges et al. 2017 ) was used to estimate the

ransfer function and calibrate the visibilities and closure phases. The
luest spectral channel of the GRAVITY FT was not used as this is
nown to be corrupted by the metrology laser operating at 1 . 908 μm
Lippa et al. 2016 ). 

To probe smaller scale circumstellar emission, we also obtained
 single snapshot observation of HD 145718 using the MIRC-X
nstrument (Anugu et al. 2018 , 2020 ; Kraus et al. 2018 ) of the Center
or High Angular Resolution Astronomy (CHARA) Array on UT

ate 2021 May 12. The ( u , v)-plane co v erage of our observations are
ompared to those of the GRAVITY and PIONIER interferometric
ata sets in Fig. 3 . The CHARA Array comprises six 1 -m class
elescopes arranged in a Y-shaped array. Its operational baselines
etween 34 and 330 m (ten Brummelaar et al. 2005 ) provide ∼0 . 5 
as resolution 2 across the H band. MIRC-X is capable of combining

ight from all six CHARA telescopes. Ho we ver, fibre injection issues
n one beam associated with a telescope focus problem caused
y the mounting mechanism of the primary mirror limited our
bservations to the five-telescope configuration E1-W2-W1-S2-E2.
e used the PRISM 50 spectral mode that pro vides fiv e spectral

hannels across the H band ( λ ∼ 1 . 4 − 1 . 7 μm). The data were
educed using pipeline version 1.3.5, 3 described in Anugu et al.
 2020 ). We applied the bispectrum bias correction, set the number of
oherent coadds to 10, and adopted a flux threshold of 10. Otherwise,
e adopted default reduction settings. Standard stars HD 145965

UDD = 0 . 209 ± 0 . 005 mas; Bourges et al. 2017 ) and HD 139487
UDD = 0 . 305 ± 0 . 009 mas; Bourges et al. 2017 ) were observed
ither side of HD 145718 in a CAL-SCI-CAL concatenation. These
ata were inspected for signatures of binarity but none were found.
hey were used to estimate the transfer function to calibrate the
isibilities and closure phases. 

.2.1 Inspection of the NIR interferometry 

he CHARA/MIRC-X interferometry was inspected for (i) consis-
ency with the VLTI/PIONIER data and (ii) signatures of binarity.

https://gitlab.chara.gsu.edu/lebouquj/mircx_pipeline.git


HD 145718 2437 

Figure 1. GPI images: Total intensity, I (top row), radial Stokes U φ (middle row), and Q φ (bottom row). The left-hand (right-hand) column shows the J -band 
( H -band) images (north is up; east is left). The physical scale is shown in the bottom right corner of all the images. The IWA of the coronographic mask (radii 
of ∼9 and ∼11 pixels for the J - and H -band, respectively) is indicated by a black ring in the centre of each image. 
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he shorter baseline MIRC-X visibilities showed good consistency 
ith those obtained by PIONIER. Ho we ver, the dif ferent angular

cales and position angles probed by the two data sets – together 
ith the variations in brightness that HD 145718 is known to exhibit
make direct comparison of the data difficult. The MIRC-X closure 
hases are consistent with zero, indicating that the underlying bright- 
ess distribution is centro-symmetric. The VLTI data were known 
o show a similar lack of deviation from centro-symmetry (Lazareff 
t al. 2017 ; Gravity Collaboration 2019 ). We thus find no indication
f binarity and restrict our analysis in Section 5 to the visibilities. 
MNRAS 511, 2434–2452 (2022) 

art/stac149_f1.eps


2438 C. L. Davies et al. 

M

Figure 2. Annotated J - (top) and H -band (bottom) Stokes Q φ images 
highlighting the main features E J , D J1 , D J2 , E H , and A H (see Section 3.1.1 for 
details). The IWA of the coronographic mask is indicated by the black ring 
in the centre of the image. 

Figure 3. ( u , v)-plane co v erage of the interferometry. Left: H -band 
VLTI/PIONIER (dark green data points) and CHARA/MIRC-X (lime green 
data points). Right: K -band VLTI/GRAVITY (brown data points). North is 
up; east is left. 
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4 Position angles are those of the disc major axis, measured East of North. 
5 This is within the range of the Bailer-Jones et al. ( 2018 ) estimate of 
151 . 9 ± 1 . 9 pc (which accounts for the non-linear nature of the parallax–
distance transformation), based on the Gaia DR2 parallax, and the Gaia early 
DR3 inverse parallax estimate of 154 . 7 ± 0 . 5 pc (Gaia Collaboration 2021 ; 
Lindegren et al. 2021 ). 
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.3 Archi v al multiwav elength photometry and infrared 

pectroscopy 

omplementary multiwavelength archi v al photometry and flux mea-
urements were retrieved using the Spectral Energy Distribution
uilder for Young Stars ( SEDBYS ; Davies 2021 ). The WISE W 4-band
agnitude was flagged and remo v ed due to its discrepant low flux

nd we added the 1 . 3 mm ALMA flux reported in Garufi et al. ( 2018 )
NRAS 511, 2434–2452 (2022) 
o the collated data set. The full list of flux-calibrated photometry,
ogether with their references, are provided in Appendix A . Flux-
alibrated Spitzer Infrared Spectrograph (IRS; Houck et al. 2004 )
hort-Low and Long-High module spectra were also retrieved from

he Infrared Science Archive (IRSA). Details regarding the reduction
f these data are provided in Keller et al. ( 2008 ). 

 G E O M E T R I C  M O D E L L I N G  O F  T H E  G P I  
MAG ES  

e fit elliptical ring models to isophotes of surface brightness, S ν ,
racing the E J and E H features in the Q φ images. These allow us to
ssess the radial and vertical extents, as well as the orientation, of the
isc around HD 145718 prior to the more computationally e xpensiv e
nd time-consuming radiative transfer modelling (Section 5 ). Our
lliptical ring model was prescribed as a circular ring of radius, r ,
nclined by angle, i , rotated through position angle, PA, 4 and trans-
ated in right ascension, RA, and declination, Dec., by coordinates
 δ RA, δ Dec.) from the image centre. Assuming our observations
race light scattered by dust close to the disc surface, we expect the
entres of E J and E H to be offset from the image centre along a vector
hich, when projected on to the sky, lies perpendicular to the disc

A. Thus, we can relate PA, δ RA, and δ Dec. to the height, h scat ( r ),
f the scattering surface abo v e the disc mid-plane at radius r : 

A = tan −1 

(
δ RA 

δ Dec 

)
+ 

π

2 
, (4) 

nd 

 scat ( r) = d(( δ RA ) 2 + ( δ Dec ) 2 ) 1 / 2 , (5) 

here d is the stellar distance. We follow Vioque et al. ( 2018 ) and
dopt d = 152 . 5 + 3 . 2 

−3 . 0 pc, corresponding to the inverse of the Gaia
ata release (DR) 2 parallax 5 (Gaia Collaboration 2016 , 2018 ). Our
lliptical ring model is then fully prescribed using four parameters:
 , i , PA, and h scat ( r ). 

Before extracting the S ν isophotes, we first masked the Q φ images
o exclude the central pixels within the IWA of the coronograph. The
ixel coordinates of the S ν isophotes tracing the E J and E H features
ere then isolated from the full list returned by the contour

unction of MATPLO TLIB.PYPLO T (Hunter 2007 ). The western side
f each ellipse-tracing S ν isophote deviated from an elliptical shape,
ikely due to the combined effects of (i) the relatively narrow vertical
xtent of the scattering surface compared to the east–west extent
f the coronographic mask; and (ii) the scattering phase function
f the dust grains in the disc resulting in a lower back-scattered
han forward-scattered flux (e.g. Stolker et al. 2016b ; Tazaki et al.
019 , see Section 5.3 ). Meanwhile, the eastern side of each S ν
sophote was shaped by features D J1 , D J2 , and A H . To isolate the
llipse-tracing portion of each S ν isophote, the collated coordinate
rrays were inspected by-eye and cuts were applied to the horizontal
nd vertical pixel coordinates. Additionally, isophotes with S ν >

 . 25 mJy arcsec −2 ( J band) or S ν > 1 . 85 mJy arcsec −2 ( H band) and
 ν < 0 . 70 mJy arcsec −2 ( J band) or S ν < 0 . 80 mJy arcsec −2 ( H band)
ere not used as they did not sufficiently trace the ape x es of the
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Table 1. Results of our geometric modelling of the S ν isophotes of the J - 
and H -band Q φ images. Column 1: isophote surface brightness; columns 2, 
3, and 4: elliptical ring radius, inclination, and position angle; column 5: 
height of the scattering surface abo v e the disc mid-plane at radius r . 

S ν r i PA h scat ( r ) 
(mJy /arcsec 2 ) (au) ( ◦) ( ◦) (au) 
(1) (2) (3) (4) (5) 

J band 
0.70 71 . 4 + 0 . 6 −0 . 6 68 . 1 + 0 . 6 −0 . 7 −0 . 7 + 0 . 3 −0 . 4 9 . 5 + 0 . 4 −0 . 4 

0.75 71 . 0 + 0 . 6 −0 . 6 68 . 3 + 0 . 7 −0 . 7 −0 . 5 + 0 . 3 −0 . 4 9 . 6 + 0 . 5 −0 . 4 

0.80 70 . 7 + 0 . 6 −0 . 6 68 . 2 + 0 . 7 −0 . 7 −0 . 6 + 0 . 3 −0 . 4 9 . 8 + 0 . 5 −0 . 5 

0.85 69 . 5 + 0 . 6 −0 . 6 67 . 1 + 0 . 7 −0 . 7 −0 . 1 + 0 . 3 −0 . 4 10 . 3 + 0 . 5 −0 . 5 

0.90 69 . 1 + 0 . 7 −0 . 6 66 . 9 + 0 . 8 −0 . 9 −0 . 6 + 0 . 4 −0 . 5 10 . 8 + 0 . 6 −0 . 5 

0.95 66 . 9 + 0 . 6 −0 . 6 67 . 7 + 0 . 8 −0 . 9 −0 . 1 + 0 . 3 −0 . 4 9 . 2 + 0 . 6 −0 . 5 

1.00 66 . 6 + 0 . 6 −0 . 6 68 . 4 + 0 . 8 −0 . 9 0 . 3 + 0 . 3 −0 . 3 9 . 0 + 0 . 6 −0 . 6 

1.05 66 . 0 + 0 . 6 −0 . 6 69 . 0 + 0 . 8 −0 . 8 0 . 6 + 0 . 3 −0 . 3 8 . 5 + 0 . 5 −0 . 5 

1.10 65 . 4 + 0 . 6 −0 . 6 68 . 6 + 0 . 8 −0 . 9 0 . 2 + 0 . 3 −0 . 4 8 . 8 + 0 . 5 −0 . 5 

1.15 64 . 7 + 0 . 6 −0 . 6 68 . 6 + 0 . 8 −0 . 9 0 . 2 + 0 . 3 −0 . 3 9 . 1 + 0 . 5 −0 . 5 

1.20 63 . 6 + 0 . 5 −0 . 5 67 . 8 + 0 . 8 −0 . 8 0 . 1 + 0 . 3 −0 . 3 9 . 4 + 0 . 5 −0 . 5 

1.25 62 . 9 + 0 . 5 −0 . 6 67 . 8 + 0 . 9 −1 . 0 0 . 2 + 0 . 3 −0 . 4 9 . 4 + 0 . 7 −0 . 6 

H band 
0.80 71 . 6 + 0 . 5 −0 . 5 67 . 8 + 0 . 6 −0 . 7 −0 . 1 + 0 . 3 −0 . 3 8 . 0 + 0 . 5 −0 . 4 

0.85 71 . 3 + 0 . 4 −0 . 4 68 . 6 + 0 . 5 −0 . 5 −0 . 8 + 0 . 2 −0 . 3 8 . 3 + 0 . 3 −0 . 3 

0.90 70 . 4 + 0 . 4 −0 . 4 69 . 0 + 0 . 5 −0 . 5 −0 . 7 + 0 . 2 −0 . 3 7 . 7 + 0 . 3 −0 . 3 

0.95 70 . 0 + 0 . 5 −0 . 5 68 . 6 + 0 . 6 −0 . 6 −1 . 0 + 0 . 3 −0 . 3 8 . 0 + 0 . 4 −0 . 4 

1.00 69 . 5 + 0 . 5 −0 . 5 68 . 5 + 0 . 6 −0 . 7 −1 . 0 + 0 . 3 −0 . 4 8 . 3 + 0 . 4 −0 . 4 

1.05 69 . 4 + 0 . 4 −0 . 4 69 . 6 + 0 . 5 −0 . 5 −0 . 6 + 0 . 2 −0 . 3 7 . 8 + 0 . 4 −0 . 4 

1.10 68 . 3 + 0 . 4 −0 . 4 69 . 4 + 0 . 5 −0 . 5 −0 . 3 + 0 . 2 −0 . 3 7 . 7 + 0 . 4 −0 . 4 

1.15 68 . 2 + 0 . 4 −0 . 4 69 . 4 + 0 . 5 −0 . 5 −0 . 2 + 0 . 2 −0 . 3 7 . 7 + 0 . 4 −0 . 3 

1.20 67 . 5 + 0 . 4 −0 . 4 69 . 4 + 0 . 5 −0 . 5 −0 . 3 + 0 . 2 −0 . 2 7 . 7 + 0 . 4 −0 . 3 

1.25 67 . 5 + 0 . 4 −0 . 4 68 . 8 + 0 . 5 −0 . 6 −0 . 5 + 0 . 2 −0 . 3 8 . 3 + 0 . 4 −0 . 4 

1.30 66 . 7 + 0 . 4 −0 . 4 68 . 3 + 0 . 6 −0 . 7 −0 . 6 + 0 . 2 −0 . 3 8 . 5 + 0 . 4 −0 . 4 

1.35 65 . 6 + 0 . 4 −0 . 4 69 . 9 + 0 . 6 −0 . 6 −0 . 2 + 0 . 2 −0 . 2 6 . 9 + 0 . 4 −0 . 4 

1.40 65 . 4 + 0 . 4 −0 . 4 70 . 2 + 0 . 5 −0 . 6 −0 . 1 + 0 . 2 −0 . 2 7 . 0 + 0 . 4 −0 . 4 

1.45 65 . 1 + 0 . 4 −0 . 4 70 . 7 + 0 . 5 −0 . 5 −0 . 2 + 0 . 2 −0 . 2 6 . 8 + 0 . 4 −0 . 4 

1.50 64 . 6 + 0 . 4 −0 . 4 70 . 5 + 0 . 6 −0 . 6 −0 . 4 + 0 . 2 −0 . 3 7 . 0 + 0 . 4 −0 . 4 

1.55 64 . 5 + 0 . 4 −0 . 4 70 . 4 + 0 . 6 −0 . 6 −0 . 5 + 0 . 2 −0 . 3 7 . 1 + 0 . 4 −0 . 4 

1.60 63 . 8 + 0 . 4 −0 . 4 69 . 6 + 0 . 7 −0 . 7 −0 . 6 + 0 . 3 −0 . 3 7 . 7 + 0 . 5 −0 . 5 

1.65 62 . 8 + 0 . 4 −0 . 4 69 . 0 + 0 . 7 −0 . 7 −0 . 6 + 0 . 3 −0 . 3 7 . 8 + 0 . 5 −0 . 5 

1.70 62 . 3 + 0 . 4 −0 . 4 70 . 0 + 0 . 7 −0 . 8 −0 . 7 + 0 . 3 −0 . 3 7 . 0 + 0 . 6 −0 . 5 

1.75 62 . 1 + 0 . 4 −0 . 4 70 . 0 + 0 . 7 −0 . 9 −0 . 6 + 0 . 3 −0 . 3 7 . 0 + 0 . 7 −0 . 6 

1.80 61 . 9 + 0 . 4 −0 . 4 70 . 0 + 0 . 8 −0 . 9 −0 . 6 + 0 . 3 −0 . 3 7 . 0 + 0 . 7 −0 . 6 

1.85 61 . 6 + 0 . 5 −0 . 4 69 . 8 + 0 . 8 −0 . 9 −0 . 7 + 0 . 3 −0 . 3 7 . 1 + 0 . 7 −0 . 7 
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Figure 4. Example isophotes extracted from the J - (left) and H -band (right) 
Q φ images at a surface brightness of 0.7 and 1 . 3 mJy arcsec −2 , respectively, 
and their corresponding best-fitting elliptical ring model. 
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llipse. Limiting the range of S ν isophotes used in this way results in
 limited range of disc radii (and therefore h scat ( r )) being explored. 

.1 Inferred disc geometry and potential flaring of the disc 
cattering surface 

he minimize function of LMFIT (version 1.0.1; Newville et al. 
020 ) was used to fit our elliptical ring model to the data. Specifically,
e minimized the radial distance between the cylindrical coordinates 
f the isophote and the elliptical ring at the same azimuthal angle.
ur results are summarized in Table 1 and we show example fits
n Fig. 4 . To estimate the uncertainties on our fits, we used the
INIMIZER.EMCEE package of LMFIT (F oreman-Macke y et al. 2013 ;
ewville et al. 2020 ) to explore the posterior probability distribution
f each of the parameters in our model. The values and uncertainties
uoted in Table 1 correspond to the median and 1 σ quantiles of these
robability distributions. We do not incorporate the uncertainty on 
he distance (Table 2 ) in our r and h scat ( r ) uncertainties. 

Our fits to the J - and H -band S ν isophotes provide broadly
onsistent results for the disc geometry: 67 ◦ � i � 69 ◦ and −0 . 7 ◦ �
A major � 0 . 6 ◦ in J band; 68 ◦ � i � 71 ◦ and −1 . 0 ◦ � PA major �
0 . 1 ◦ in H band. As such, the disc appears more inclined and oriented

loser to 0 ◦ PA in our GPI images than has previously been inferred
rom geometric modelling and image reconstruction of PIONIER 

nterferometry (Lazareff et al. 2017 ; Kluska et al. 2020 ). Our results
re more consistent with findings from Fourier-plane analysis of 
m continuum and K -band interferometry: i = 70.4 ± 1.2 ◦ and PA
 1 ± 1 ◦ inferred from 1 . 3 μm ALMA observations (Ansdell et al.

020 ); 68 ◦ < i < 72 ◦ and PA = 2 ± 2 ◦ inferred from GRAVITY
bservations (Gravity Collaboration 2019 ). We discuss these results 
urther, particularly in relation to HD 145718’s photometric variabil- 
ty, in Section 6.1 . 

The values in Table 1 suggest a scattering surface aspect ratio
 h scat ( r )/ r ) in the range ∼0.13–0.16 ( J band) and ∼0.10–0.13 ( H
and). This is at the lower end of the range found by e.g. Avenhaus
t al. ( 2018 ) and Ginski et al. ( 2016 ) who used NIR scattered light
mages of six protoplanetary discs with concentric ring features to 
stimate scattering surface aspect ratios, finding h scat ( r )/ r = 0.09–
.25. The results from this simple isophote fitting procedure also 
uggest that the J -band scattering surface of HD 145718 may be
ore v ertically e xtended than the H -band scattering surface. This

s not wholly unexpected as longer wavelengths of light should 
enetrate deeper into the disc due to the grain size dependent vertical
tratification of the disc as a result of vertical settling (e.g. Pinte et al.
007 ; Duch ̂ ene et al. 2010 ). We examine this in more detail using
onte Carlo radiative transfer models in Section 6.2 . 
Looking closely at our best-fitting h scat ( r ) and r values, the height of

he scattering surface also appears to increase with radius suggesting 
e may be probing the degree of flaring of the disc scattering surface

n the outer disc. We explore this further, and assess the robustness
f the relatively simplistic fitting procedure we have employed in 
ection 6.2 . 
MNRAS 511, 2434–2452 (2022) 
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Table 2. Adopted stellar parameters. The ef fecti ve temperature (column 2) and surface gravity (column 
3) are from Fairlamb et al. ( 2015 ). The distance (column 4) is the inverse of the Gaia DR2 parallax (Gaia 
Collaboration 2016 , 2018 ). The visual extinction (column 5), radius (column 6), and luminosity (column 
7) were re-e v aluated herein using photometry from Lazareff et al. ( 2017 , see Appendix C ). 

T eff log ( g ) d A V R � L � 
(K) (pc) (mag) ( R �) (L �) 
(2) (3) (4) (5) (6) (7) 

HD 145718 8000 ± 250 4.37 ± 0.15 152 . 5 + 3 . 2 −3 . 0 0 . 89 + 0 . 34 
−0 . 08 1 . 97 + 0 . 12 

−0 . 11 14 . 3 + 3 . 9 −3 . 1 
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6 PAH emission is evident in the IR spectrum of HD 145718 (Keller et al. 
2008 ) but our assumption is a reasonable approximation as the prominent 
10 μm spectral feature indicates silicate grains are readily abundant in the 
surface layers of the disc. 
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 R A D I AT I V E  TRANSFER  M O D E L L I N G  O F  

H E  SED,  G P I  IMAG ES,  A N D  

NTERFERO METRIC  VISIBILITIES  

e build on our analysis abo v e using Monte Carlo radiative transfer
odelling with TORUS (Harries 2000 ; Harries et al. 2019 ). This

llows us to probe the vertical and radial structure of the disc, and its
cattering surface, in a more physically moti v ated and self-consistent
anner. To help constrain our models, we complement our GPI

mages with new and extant NIR interferometry (Section 3.2 ) and
ultiwavelength spectrophotometry (Section 3.3 ), allowing us to

robe the surface layers of the disc o v er its full radial extent. 
The circumstellar environment of HD 145718 was modelled as

 passive disc, illuminated by a central star (see Section 5.1 ), and
s built on a two-dimensional, cylindrical adaptive mesh refinement
AMR) grid. The density structure of the gaseous portion of the disc
s prescribed following Shakura & Sunyaev ( 1973 ): 

gas ( r, z) = 

 gas ( r) 

h gas ( r) 
√ 

2 π
exp 

{ 

−1 

2 

[
z 

h gas ( r) 

]2 
} 

, (6) 

here r and z are the radial distance from the star into the disc
nd the vertical distance from the disc mid-plane, respectively. The
ressure scale height, h gas ( r ), and surface density,  gas ( r ), of the gas
re prescribed to follow simple radial power laws: 

 gas ( r) = h 0 , gas 

(
r 

r 0 

)β

(7) 

nd 

 gas ( r) =  0 , gas 

(
r 

r 0 

)−p 

. (8) 

ere, h 0 , gas and  0 , gas , are the pressure scale height and surface
ensity of the gas, respecti vely, e v aluated at canonical radius, r 0 =
00 au. We keep the surface density power law exponent, p = 1.0
xed in all models. 
The Lucy ( 1999 ) algorithm is used to iteratively solve for radiative

quilibrium and dust sublimation. The disc is populated with two
opulations of dust, comprising ‘surface’ and ‘settled’ grains (see
ection 5.2 ). Dust is added to grid cells whose temperature is cooler

han the dust sublimation temperature after the fourth Lucy iteration.
onvergence is typically achieved after seven iterations. 
We further used TORUS to generate model SEDs, 4 × 4 arcsec
odel Stokes I , Q φ , and U φ images at λ = 1 . 25 μm ( J band) and
 . 65 μm ( H band), and 24 × 24 mas model total intensity images
t λ = 1 . 65 μm and 2 . 13 μm ( K band). We followed the procedure
utlined in Davies et al. ( 2018 ) to extract visibilities from our mas-
cale images at the ( u , v) coordinates of our interferometric data set
Fig. 3 ). 
NRAS 511, 2434–2452 (2022) 
.1 Stellar parameters 

he stellar parameters we adopt as input parameters for our TORUS
odels are listed in Table 2 . We follow Vioque et al. ( 2018 ) and adopt

he ef fecti ve temperature, T eff , and surface gravity, log ( g ), estimates
rom Fairlamb et al. ( 2015 ). Ho we ver, we choose to re-e v aluate the
tellar luminosity, L � , and visual extinction, A V , rather than adopt the
alues in Vioque et al. ( 2018 ). Our reasons for this are two-fold: 

(i) the Vieira et al. ( 2003 ) BVRI photometry used by Vioque et al.
 2018 ) to estimate L � trace a fainter epoch than the Høg et al. ( 2000 ),
azareff et al. ( 2017 ), and Gaia Collaboration ( 2018 ) photometry

see Table A1 ), suggesting the star may be inherently brighter than
he Vieira et al. ( 2003 ) photometry suggests; 

(ii) HD 145718’s B − V colour is bluer during fainter epochs,
onsistent with increased scattering during obscuration by circum-
tellar dust. Indeed, HD 145718 has previously been identified as
isplaying UX Ori-type (Poxon 2015 ) and dipper variability (Ansdell
t al. 2018 ; Cody & Hillenbrand 2018 ; Rebull et al. 2018 ). If the dust
rains responsible for the occultations are larger, on average, than
hose in the ISM, the total-to-selectiv e e xtinction, R V , may be closer
o 5.0 (Hern ́andez et al. 2004 ) than the value of 3.1 adopted by Vioque
t al. ( 2018 ). 

Using the brighter epoch BVRI photometry from Lazareff et al.
 2017 ), we follow the methodology outlined in Fairlamb et al. ( 2015 )
o re-estimate A V , R � , and L � (Table 2 ). In doing so, we find that
onsistent values of R � , and L � can be used to fit the bright and faint
pochs of photometry if R V changes from 3.1 to 5.0 during dimming
vents (see Appendix C ). This suggests that dust grains larger, on
verage, than those found in the ISM are present in the surface layers
f the disc. We discuss this further in Section 6.2 . 

.2 Disc mass and dust prescription 

e prescribe populations of ‘surface’ and ‘settled’ grains in our
odels, both of which are prescribed as comprising solely of Draine

 2003 ) astronomical silicates. 6 Our settled grains are larger in size
nd dominate the disc in terms of its mass. Meanwhile, the grains in
he disc surface dominate our GPI and interferometric data. 

Our surface grain population is assumed to be well coupled to the
as and therefore follow the vertical and radial density prescriptions
n equations ( 7 ) and ( 8 ). They are prescribed to sublimate when they
xceed a temperature, 

 sub , 1 = Gργ
gas ( r, z ) , (9) 
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Table 3. Best-fitting disc parameters found from our radiative transfer 
modelling with TORUS (see Section 5.3 for the meanings of each of the 
symbols). Where applicable, physical sizes in au were converted to angular 
scales using d = 152 . 5 pc (see Section 4 ). 

Parameter Values explored Best model 

h 0 , gas (au) 5, 6, 7, 8, 9, 10, 11 10 
f ( h 0 , gas ) 0.05, 0.1, 0.2, 0.3, 0.4, 0.5 0.1 
β 1.07, 1.08, 1.09, 1.11, 1.13, 1.15, 1.17 1.15 
a max ( μm) 0.14, 0.30, 0.40, 0.50, 0.60, 0.70, 1.30 0.50 
R out (au) 70, 75, 80 75 
i ( ◦) 48, 65, 68, 70, 72, 74, 76, 78, 80 72 
PA ( ◦) −2, 0, + 2 0 
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here G = 2000 and γ = 1.95 × 10 −2 (Pollack et al. 1994 ). As
he density of disc material is most concentrated around the disc 

id-plane and tapers off at larger scale heights, the dependence of
 sub,1 on ρgas ( r , z) results in a curved sublimation rim (Isella & Natta
005 ). How far from the star a grain sublimates also depends on how
fficiently it can cool and larger grains cool more efficiently than 
maller grains. The location and radial extent of the sublimation rim
epends on the size of the largest grains in the mixture (Tannirkulam,
arries & Monnier 2007 ) as these will shield smaller grains from

ncident stellar radiation. We allow our surface grains to range 
n size between a fixed minimum value, a min = 0 . 01 μm, and a
aximum that is varied between models: 0 . 14 ≤ a max ≤ 1 . 30 μm.
hese values of a max reflect the range o v er which an increase in
rain size produces an increase in cooling efficiency and associated 
ecrease in sublimation radius (Isella & Natta 2005 ; Davies et al.
020 ; Davies & Harries, in preparation) and provide a range of
cattering phase functions (Stolker et al. 2016b ; Tazaki et al. 2019 ). 

Larger, mm-sized grains are expected to have settled closer to 
he disc mid-plane and are therefore absent from the disc surface 
ayers. We restrict the vertical extent of these settled grains to a
raction, f , of h gas ( r ), and vary f between models. This increases the
ensity of material in the disc mid-plane, further affecting the shape 
nd radial extent of the sublimation rim (Tannirkulam et al. 2007 ).
ow the settling of dust grains larger than a few microns in size

nfluences the location, shape, and extent of the sublimation rim has 
ot been well explored and is beyond the scope of this paper. Instead,
fter exploring a range of sublimation temperatures for the mm-sized 
rains, we set the sublimation temperature of the settled grains to a
ensity-independent value of T sub , 2 = 1200 K. This ensured that the 
ettled grains were contained within the sublimation rim structure 
orged by our surface grain population. 

Our mm-sized settled grains also dominate the flux at mm- 
avelengths. We used the 1 . 3 mm flux, F ν , reported in Garufi et al.

 2018 ; see Table A1 ), to estimate a total disc mass (gas + dust), 

 disc = 

F νd 
2 

κνB ν ( T dust ) 
= 0 . 0097 M �. (10) 

ere, B ν( T dust ) is the blackbody radiation at frequency, ν, for dust
t temperature, T dust . We assumed T dust = 20 K, and an opacity,
ν = 0 . 1( ν/ 10 12 Hz ) βκ cm 

2 g −1 with βκ = 1.0 (Beckwith et al. 1990 ),
hich accounts for the adopted 100:1 gas-to-dust ratio . Assuming 

he density of dust grains follows n ( a ) ∝ a −3.5 (where a represents
he grain size), the larger, settled grains will contribute 96 . 7 per cent
f the dust mass budget (with the smaller, surface grains contributing 
he remaining 3 . 3 per cent). 

.3 TORUS parameter grid exploration 

e computed a grid of TORUS models in which we varied the gas
cale height, h 0 , gas ; the settling height of the 1 mm-sized grains, f ;
he flaring exponent of the gas pressure scale height, β; the disc outer
adius, R out ; the disc orientation ( i and PA); and the maximum size
f the dust grains in the disc surface layers, a max (see Table 3 ). For
ach model, we visually inspected the fit to the SED, the GPI Q φ and
 φ images, and the NIR visibilities. 
In assessing the goodness of fit of each model to the SED, the

ux across optical to IR wavelengths produced by the model was 
llowed to range between the bounds of the dereddened and non- 
ereddened data (black and grey data points in the top panel of
ig. 9 , respectively). In this way, we assumed that the dereddened
bserved photometry (using A V = 0.89 and R V = 3.1) provided 
n upper limit to the allowed model flux and the non-dereddened 
bserved photometry (i.e. A V = 0) pro vided an e xtreme lower limit.
In the sections that follow, we briefly discuss the impact of

hese parameters on the shape of the disc and on the synthesized
bservables before exploring the model providing the best o v erall fit
n greater detail in the next subsection. 

.3.1 Gas scale height 

ncreasing h 0 , gas inflates the v ertical e xtent of the gaseous disc across
ll radii. This results in increased excess emission in the SED across
IR to mm wavelengths and, in general, brighter Q φ and U φ images.
he height of the scattering surface is also increased, resulting in
 broader gap between the elliptical and arc features in the Q φ

mages. The NIR visibilities are sensitive to the contrast between 
he stellar and circumstellar flux components as well as the shape of
he circumstellar NIR emitting region. An increase in h 0 , gas results 
n a greater fraction of circumstellar flux, decreasing the visibilities 
t spatial frequencies which at least partially resolve the inner disc
im. Abo v e a certain value of h 0 , gas (which is dependent on the
alues of β, a max , and i ), the inner disc regions are tall enough to
esult in direct line-of-sight occultation of the central star (as seen
reviously for RY Tau; Davies et al. 2020 ). This decreases the SED
ux across optical wavelengths and increases the fraction of total 
IR flux emanating from the circumstellar regions in the synthesized 

mage, further lowering the visibilities. 

.3.2 Flaring exponent on the gas pr essur e scale height 

s β is increased between models, the spectral index between ∼20 
nd 100 μm flattens out while the flux across the NIR to mid-IR
MIR) decreases. The visibility level on any given baseline increases 
ue to the reduction in circumstellar NIR flux while the Q φ and U φ

mages brighten as more material is distributed to larger radii. 

.3.3 Settled height of mm grains 

he Q φ and U φ images are unaffected by changes in f . We used a ray-
racing algorithm in TORUS to trace the τ ν = 1.0 scattering surface
t J and H band and found that the height of the scattering surface
emained unchanged beyond ≈ 1 . 5 − 2 au (Fig. 5 ) when increasing
he value of f from 0 . 1 h 0 , gas to 0 . 4 h 0 , gas . Differences between these

odels are observed in the SED (shortward of ∼20 μm) and the
isibilities. As the value of f is increased, the total NIR to MIR flux
n the SED drops. For f � 0.3, the inner disc rim broadly resembles the
urved rim in the models of e.g. Isella & Natta ( 2005 ), Tannirkulam
t al. ( 2007 ), and Kama, Min & Dominik ( 2009 ; see the surface traced
MNRAS 511, 2434–2452 (2022) 
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Figure 5. Top: Comparison between the J - and H -band scattering surfaces 
resulting from TORUS models with dif ferent v alues of f . All other model 
parameters were identical in the two models. Bottom: zoom-in on the inner 
∼2 au of the H -band scattering surface traced by our ray-tracing algorithm. 
The horizontal spread in data points highlights the partially optically thick 
nature of the upper layers of the dust sublimation rim. 
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Figure 6. Impact of changing a max on J - and H -band model Q φ images (left- 
hand and right-hand panels, respectively). From top to bottom, the maximum 

grain size of non-settled grains is increased from 0 . 3 to 0 . 6 μm. Each image 
is 2 × 2 arcsec. 
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y the magenta data points in Fig. 5 ). For smaller values of f , the rim
as a ‘stepped’ feature (see the surface traced by blue data points in
ig. 5 ), more akin to the disc rim model of McClure et al. ( 2013 ).
ere, a more tightly curved sublimation rim forms with inner edge at
 in and a more loosely curved surface emerges abo v e this at r > r in .
he emergence of the small grains out of the settled rim extends the
as-scale NIR brightness distribution to larger scales. This impro v es

he fit to the shorter baseline visibilities that are o v erresolv ed in the
odels using larger f values. 

.3.4 Maximum size of surface-layer dust grains 

he value of a max affects the radius at which the small grains emerge
bo v e the settled disc rim. Isella & Natta ( 2005 ) previously showed
hat larger grains can survive at higher temperatures as they are more
fficient at cooling. This same process is responsible for the effect
e see here. Increasing a max therefore affects the NIR flux level

nd the shape of the visibilities in much the same way as seen for
ingle grain size models (Isella & Natta 2005 ; Davies et al. 2018 ,
020 ). Changing a max also affects the scattering phase function: at
he relatively high inclinations we explore, we see an asymmetric
 φ brightness distribution and increasing a max results in a decrease

n back-scattering ef ficiency, relati ve to forward scattering (Fig. 6 ).
he extent of this difference is consistently more marked in the J -
and image than the H -band. This is associated with the dependence
NRAS 511, 2434–2452 (2022) 
f the scattering phase function on the grain size (Stolker et al.
016b ; Tazaki et al. 2019 ). One can also see from Fig. 6 that the arc
eatures on the eastern side of the Q φ images are dimmer for models
ith larger a max . The U φ images also decrease in brightness with

ncreasing a max . 

.3.5 Best-fitting TORUS model 

he TORUS model providing the best overall fit was found to have
 0 , gas = 10 au, β = 1.15, R out = 75 au, a max = 0 . 50 μm, i = 72 ◦, and
A = 0 ◦. The corresponding model Q φ and U φ images are compared
o our GPI observations in Figs 7 and 8 , respectively. The model SED
nd mas-scale images are compared to the respecti ve observ ational
ata in Fig. 9 . 
The model Q φ image is able to broadly replicate the S ν level,

ocation and extent of the main E H and A H features in the observed
 -band image (Fig. 7 ). Reducing i or increasing the height of the

cattering surface by increasing h 0 , gas and/or β causes the separation
etween the elliptical and the arc feature in the model image to
ncrease. Increasing a max decreases the o v erall S ν in the Q φ and
 φ images and reduces the back-scattering efficiency, resulting in
 larger dark portion on the west side of the elliptical feature in
he J - and H -band model Q φ images, like those seen in Fig. 6 . The
eaker back-scattering we observe in the disc of HD 145718 has

lso been observed in scattered light imaging of other inclined discs
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Figure 7. Left: J - (top) and H -band (bottom) Q φ images for our best TORUS model ( h 0 , gas = 10 au, β = 1.15, R out = 75 au, a max = 0 . 50 μm, i = 72 ◦, and 
PA = 0 ◦). Middle: observed Q φ images overlaid with 0.8 and 4 . 0 mJy arcsec −2 surface brightness contours extracted from these model images (white solid and 
dashed lines, respectively). Right: zoomed-in view comparing the 0.8 and 4 . 0 mJy arcsec −2 contours extracted from the model (black solid and dashed lines, 
respectively) and the 0.8 and 1 . 8 mJy arcsec −2 contours extracted from the observed Q φ images (cyan solid and dashed lines, respectively). 
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e.g. DoAr 25, Garufi et al. 2020 ; IM Lup, Avenhaus et al. 2018 ),
uggesting that the surface layers of discs may be routinely populated 
y grains of size, a � λ/2 π . These larger grains possibly have an
ggregate structure that provides them with aerodynamic support 
gainst settling. Alternatively, this may indicate a relative dearth of 
maller grains ( a << λ/2 π ). For instance, Wolff et al. ( 2021 ) found
maller dust grains were confined to a more diffuse region above the
isc surface in their modelling of SSTC2D J163131.2 −242627. We 
o not see evidence of such a diffuse region around HD 145718. 
None of the models we explored were able to reproduce the 

our quadrants of emission seen in our U φ images. Instead, we 
ote that the eastern quadrants of emission in the U φ image in
ig. 1 appear to o v erlap with the dark lane between the front
nd rear sides of the disc. As we discuss in Appendix B , the
hape and S ν levels in our U φ are sensitive to our method of
tellar and instrument polarization correction. Without higher angular 
esolution observations from instruments with impro v ed instrument 
olarization characterization, we are unable to assess whether this 
iscrepancy is due to some underlying astrophysical process or an 
rtefact of imperfect calibration. 
The model SED is displayed as the black dashed line in the top
anel of Fig. 9 while the photometric data are shown as black filled
ircles (de-reddening applied assuming A V = 0 . 89 mag with R V =
.1) or grey open circles (no de-reddening applied). Our model SED
eproduces the shape of the full SED well. We also show the same
odel SED computed at a lower inclination of 48 ◦ (solid black

ine). The slightly lower flux across optical wavelengths between 
he low and intermediate inclination model SEDs indicates that 
he circumstellar disc slightly occults the star along our line of
ight in this model. Multicolour photometric monitoring (e.g. Petrov 
t al. 2019 ) and/or contemporaneous photometric and polarimet- 
ic/interferometric monitoring is required to confirm whether dust in 
he surface layers of disc obscures the star even during bright epochs.

The visibility profiles in Fig. 9 (middle and bottom panels) are
isplayed as a function of deprojected baseline 

 de −proj = B 

[
sin 2 ( φ) + cos 2 ( i) cos 2 ( φ) 

]1 / 2 
. (11) 

ere, B is the baseline length, i is the disc inclination, and φ is the
ifference between the baseline position angle and the disc minor axis 
MNRAS 511, 2434–2452 (2022) 
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Figure 8. Model U φ images for our best TORUS model ( h 0 , gas = 10 au, β = 

1.15, R out = 75 au, a max = 0 . 50 μm, i = 72 ◦, and PA = 0 ◦). Top: J -band; 
bottom: H -band. 
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Figure 9. SED (top) and visibilities (middle and bottom) of our best TORUS 
model ( h 0 , gas = 10 au, β = 1.15, R out = 75 au, a max = 0 . 50 μm, i = 

72 ◦, and PA = 0 ◦) compared to the observed spectrophotometry and NIR 

interferometry. Top: model SEDs at i = 72 ◦ (dashed black line) and i = 

48 ◦ (solid black line) are compared to the Spitzer spectrum (blue line) 
and photometry (open grey circles have zero de-reddening applied; black 
filled circles have been de-reddened using A V = 0.89 and R V = 3.1 – see 
Table 2 ). Middle and bottom: deprojected visibility profiles extracted from 

the 1 . 65 μm (middle) and 2 . 13 μm (bottom) model total intensity images 
along baseline position angles tracing the major (grey dashed line) and minor 
(grey dot–dashed line) disc axes. Visibilities on the shortest baselines are 
o v erestimated by the model, indicating an additional extended emission 
component, unaccounted for in our models, is present. Colours represent 
the different beam combiners: see Fig. 3 . The 24 × 24 mas-scale model 
total intensity images are shown inset at the lower left corner of each 
plot. 
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osition angle. By displaying the visibility as a function of B de-proj ,
e account for the foreshortening of the brightness distribution along
aseline position angles that trace the disc minor axis. Any vertical
pread in visibility still present in the plot should then reflect a
avelength-dependence in the data, azimuthal variations in the flux

ontrast, imperfect calibration of the data, or noise. As our mas-
cale model images are computed at a single wavelength (1 . 65 μm
or H band; 2 . 13 μm for K band), we implicitly assume a greybody
pproximation to the visibilities in each waveband. To account for
he azimuthal variations in image brightness seen in our mas-scale
odel images, we extracted visibility curves along baseline position

ngles that trace the disc major and minor axes. These are shown as
rey dashed and dot–dashed lines in the middle and bottom panels
f Fig. 9 , respectively. 
None of the models we explored could simultaneously reproduce

oth the sharp drop in visibility for B de −proj � 40 M λ and the
elatively flat visibility profile beyond. Ho we ver, models with f <
 . 3 h 0 , gas are able to reproduce the general shape of the visibilities
t longer baselines and reco v er the visibility level on the longest
 -band baselines well. The value of f we infer from our best-fitting
odel (0 . 1 h 0 , gas ) is consistent with recent results from Villenave

t al. ( 2020 ) where the vertical extents of mm grains in a sample of
dge-on discs were found to be on the order of a few au at 100 au. 

Our inability to reco v er the sharp drop in visibility at short
aselines suggests the presence of more extended circumstellar NIR
mission than we are able to produce with our current models, as
reviously indicated by Lazareff et al. ( 2017 ) and Kluska et al.
 2020 ). This may indicate the presence of a photoe v aporati ve or
agnetohydrodynamically driven disc wind, like that inferred for
U Aur based on similar analyses (Labdon et al. 2019 ). Ho we ver,
nlike for SU Aur (Ginski et al. 2021 ), we see no evidence of an
utflow on larger scales in our GPI images but we note that the
mage regions along the disc minor axis are most affected by the
NRAS 511, 2434–2452 (2022) 
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Figure 10. Apparent height of the scattering surface, h scat ( r ), as a function 
of the elliptical ring radius, r (data are from Table 1 : magenta and green data 
points are from fits to the J -band and H -band isophotes, respectively). The 
dashed lines show the best-fitting power law profiles (equation 7 ) to the H - 
band (green line), the J -band (magenta line), and the combined J - and H -band 
data (black line). The amplitude, h 65 , and exponent, β, of the power law fits 
are provided in the legend. 
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hoice of stellar polarization subtraction (Appendix B ). Alternatively, 
t may indicate that our non-settled, 0 . 01 μm ≥ a ≥ 0 . 50 μm-sized
ust grain mixture does not fully describe the disc surface, at least
n the innermost disc regions. If we were to further se gre gate our
ust prescription by grain size into three or more populations, we 
 ould lik ely see a smaller grain population emerge abo v e this surface

t larger radii, thus extending the NIR emitting region. Further 
nvestigation of this necessitates detailed theoretical work to simulate 
he combined effects of coagulation, settling, radial drift, collisional 
ragmentation, and sublimation to predict where differently sized 
rains exist in the sublimation rim. 

 DISCUSSION  

.1 Disc orientation and dust obscuration 

ur GPI images of HD 145718 reveal an inclined disc with its
ajor axis oriented along a north–south direction. In Section 4 , we
t elliptical ring models to coordinates tracing isophotes of surface 
rightness in the J - and H -band Q φ images. Specifically, the full list
f coordinates was trimmed to a v oid features within (or close to the
dge of) the inner working angle of the coronograph and the western
ortion of the E J and E H features, which deviated from an elliptical
hape (Fig. 4 ). From our radiative transfer analysis in Section 5 , we
aw that this deviation is attributable to the scattering phase function 
f the dust grains in the surface layers of the disc (Fig. 6 ). The strong
orward scattering and weak back-scattering we observe is typical of 
rain mixtures dominated by grains of size a � λ/2 π . These large
rains are likely porous, providing them with aerodynamic support 
gainst settling (see e.g. Mulders et al. 2013 ). 

We infer a disc inclination in the range 67–71 ◦, with major axis
osition angle between 1.0 ◦ west of north and 0.6 ◦ east of north.
hese results are consistent with previous assessments based on mm 

ontinuum and K -band interferometry (Gravity Collaboration 2019 ; 
nsdell et al. 2020 ). Why Lazareff et al. ( 2017 ) and Kluska et al.

 2020 ) infer lower inclinations from H -band VLTI/PIONIER data is
nclear: the NIR continuum emitting regions at H and K band are
xpected to be roughly coincident and therefore strongly aligned. If 
he lower inclination of 48 ◦ measured by Kluska et al. ( 2020 ) is used
o de-project the baseline (equation 11 ), the PIONIER and MIRC-X
re not observed to follow the approximately Gaussian profile we 
ee in the middle panel of Fig. 9 when we use i = 72 ◦, regardless of
he PA. We note that Kluska et al. ( 2020 ) estimate the disc geometry
rom reconstructed images while Gravity Collaboration ( 2019 ) and 
nsdell et al. ( 2020 ) perform their analysis in the Fourier plane. To

eliably reco v er the inclination of highly inclined discs when using
mage reconstructions, one must ensure that the minor axis is well 
esolved. Otherwise, as in this case, the emission along the minor 
xis is smoothed out by the interferometric beam and the disc will
ppear less inclined. 

At the inclination we infer, the surface layers of the inner disc of
D 145718 partially obscure the star along the observer’s line of

ight. This is most clearly seen in the top panel of Fig. 9 where the
ow inclination ( i = 48 ◦) model SED (black solid line) is slightly
igher than the i = 72 ◦ model (black dashed line) across optical
avelengths. This difference is within the allowed range of the de- 

eddened multi-epoch photometry (filled data points). In estimating 
he extinction, stellar luminosity, and radius, we had found that 
ifferences between the bright and faint epoch photometry could 
e explained by a difference in the value of the total-to-selective 
xtinction (Appendix C ). Similarly, HD 145718 is known to exhibit 
X Ori and dipper variability, typically attributed to aperiodic stellar 
ccultation by circumstellar dust close to the star (e.g. Dullemond 
t al. 2003 ; Tambovtse v a & Grinin 2008 ). What the data considered
erein are not able to definitively assess is whether the stellar
urf ace is al w ays at least partially obscured by circumstellar material.
ulticolour photometric monitoring of HD 145718 such as that 

ndertaken for RY Tau and SU Aur (Petrov et al. 2019 ) would be
seful to establish this. 

.2 Assessing the robustness of our isophote fitting procedure 

n addition to assessing the geometry of the disc, our isophote fitting
rocedure (Section 4 ) allowed us to explore the vertical extent of
he J - and H -band scattering surfaces in a much more time and
omputationally efficient manner than our Monte Carlo radiative 
ransfer modelling allows. Our results from these simple models 
uggested that (i) the J -band scattering surface is more extended
han the H -band scattering surface and (ii) there appears to be a
light increase in h scat ( r ) with r in both wavebands. We show both
f these effects more clearly in Fig. 10 by plotting our best-fitting
 scat ( r ) values against the associated best-fitting r values for each S ν
n Table 1 : magenta and green data points represent the J - and H -
and data, respectively. In this section, we provide some background 
n why probing the vertical structure of the disc is important, assess
he degree of flaring inferred from our isophote fits, and examine
he robustness of our isophote fitting by repeating the procedure on
he synthetic observations computed from our best-fitting TORUS 

odel. 
The vertical extent of the gaseous component of circumstellar 

iscs is expected to follow a flared profile (equation 7 ). For instance,
ased on theoretical predictions for centrally irradiated, steady-state 
ccretion discs, the power-law exponent on the gas scale height, βgas ,
s expected to lie in the range 1.125–1.3 (e.g. Kenyon & Hartmann
987 ; Chiang & Goldreich 1997 ). Indeed, we find that the value
f β in our best-fitting TORUS model ( = 1.15) lies in this range.
o we ver, e ven in scenarios where dust grains are well coupled to the
as, these values of β are not expected to also describe the flaring
xponent of the scattering surface (see e.g. Avenhaus et al. 2018 ).
his is because the gas pressure scale height depends only on the gas

emperature, while the height of the scattering surface depends on the
ust properties (e.g. opacity, scattering phase function etc.). Thus, 
robing the vertical disc structure allows us to probe the properties of
MNRAS 511, 2434–2452 (2022) 
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Figure 11. Application of our isophote fitting procedure (Section 6.1 ) to the 
synthetic J - and H -band Q φ images computed from our best-fitting TORUS 
model. Radii and heights extracted from the J - and H -band images are plotted 
in magenta and green, respecti vely. The po wer-law fits to these data are 
shown by the dot–dashed lines, with the shaded areas representing the 1 σ
uncertainties on h 65 and βscat (see plot legend). The τ scat = 1 scattering 
surfaces at 1 . 25 μm ( J -band) and 1 . 65 μm ( H -band), as measured by TORUS, 
are shown by the dashed lines. The cross-hair in the lower right corner 
represents the pixel scale in our GPI and TORUS images. 
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he dust content of the disc. In recent years, observational constraints
n the degree of flaring in the surface layers of dusty and gaseous
omponents of protoplanetary discs have begun to be made (Ginski
t al. 2016 ; Avenhaus et al. 2018 ; Pinte et al. 2018 ; Villenave et al.
020 ; Rich et al. 2021 ). Elliptical models, similar to those we employ
n Section 4 , have been used to determine the height of the scattering
urface in concentric ring features of discs exhibiting substructure,
ith power-law profiles (equation 7 ) then used to constrain the
aring exponent of the scattering surface, βscat . At the resolution
f current observations, HD 145718 does not show indications of
isc substructure and so these same methods are not applicable. 
Assuming, first of all, that our surface brightness isophotes do

race concentric disc annuli, we use the results of our isophote fitting
n Table 1 to derive an initial estimate for the flaring of the J - and
 -band scattering surfaces close to the apparent outer edge of the
isc. Specifically, we employ the power-law parametrization for the
ertical height of the scattering surface (e.g. equation 7 ). Based on the
ange of r values in Table 1 , we adopt a canonical radius, r 0 = 65 au
uch that h 0 is the height at 65 au (which we denote h 65 ). To estimate
scat and h 65 , we performed least-squares fitting to the linear relation 

log 10 ( h scat ( r) ) = log 10 ( h 65 ) + βscat log 10 ( r/ 65 au ) . (12) 

pecifically, we drew 10 000 realizations of h scat ( r ) and r from
plit-normal distributions, based on their lower and upper bounded
rrors, and repeated the fit each time. The best-fitting values and
ncertainties on βscat and h 65 are then the median and 1 σ upper
nd lower quartiles from these fits. Fitting the data in this manner
llowed us to account for the asymmetric errors on h scat ( r ) and r . The
esulting profiles are shown by the dashed lines in Fig. 10 while the
haded regions illustrate the uncertainties on the best-fitting values:
 65 = 9 . 2 + 1 . 0 

−1 . 0 with βscat = 0 . 7 + 0 . 4 
−0 . 4 for the J -band data (magenta dot–

ashed line and shaded region); h 65 = 7 . 4 + 1 . 0 
−1 . 0 with βscat = 1 . 0 + 0 . 3 

−0 . 3 

or the H -band data (green dot–dashed line and shaded region); and
 65 = 7 . 4 + 1 . 0 

−1 . 0 with βscat = 1 . 0 + 0 . 3 
−0 . 3 for the combined J - and H -band

ata (black dashed line and grey shaded region). These values of βscat 

re within the range of previous observational results determined by
tting power laws to the heights of concentric ring features in discs
ith substructure: Avenhaus et al. ( 2018 ) found βscat = 1.605 ± 0.132

or V4046 Sgr, βscat = 1.116 ± 0.095 for RX J 1615.3-3255, and
scat = 1.271 ± 0.197 (IM Lup) while Ginski et al. ( 2016 ) found
scat = 1.73 for CU Cha. 
We used our synthetic Q φ TORUS images to examine whether

ur isophote fitting procedure is indeed tracing the height of the
cattering surface o v er multiple disc radii (and therefore the flaring
f the disc scattering surface). Using our synthetic Q φ images (top
ow of Fig. 7 ), we repeat the procedure outlined in Section 4 to extract
he coordinates of S ν isophotes. We trimmed the data using the same
onstraints as before so as to reduce the effect of the low back-
cattering efficiency. We kept i and PA as free parameters and plot
he resultant r and h scat ( r ) values in Fig. 11 (we use magenta and green
rosses to signify J - and H -band data, respectively). Again, we use
quation ( 7 ), to estimate h 65 and βscat from the results of the isophote
ts. We find that the inferred J - and H -band scattering surfaces are
oincident and the apparent flaring is much more pronounced, with
∼ 2.4–2.5, casting doubt on the applicability of our isophote fitting

rocedure. 
To further inspect our isophote modelling procedure, we used a

ay-tracing algorithm to compute the τ scat = 1.0 scattering surface
t 1.25 and 1 . 65 μm. We compare this to the apparent surface traced
y our isophote fits to the best-fitting synthetic Q φ images in Fig. 11 .
he τ scat = 1.0 scattering surfaces at 1.25 and 1 . 65 μm are indicated
y the dashed magenta and green lines, respectively. Two things are
NRAS 511, 2434–2452 (2022) 
mmediately clear: (i) our isophote fitting procedure does not reco v er
he degree of flaring in the τ scat = 1.0 scattering surface; and (ii) the
 -band scattering surface does extend to larger scale heights than the
 -band scattering surface. The J -band surface has an aspect ratio of
0.24 while that of the H -band is ∼0.22. Our best-fitting TORUS
odel has a gas scale height of 10 au at 100 au and, with βgas =

.15, this corresponds to a height of ∼6 . 1 au at 65 au, indicating
hat the NIR scattering surface lies at a height of ≈2.5 gas pressure
cale heights. 

Close to the outer edge of the disc, our isophote fitting method does
rovide a reasonable estimate of the vertical extent of the scattering
urface, given the pixel resolution (indicated by the cross-hair in the
ower right corner of Fig. 11 ) and the centring accuracy of the GPI
oronograph (equi v alent to ∼0 . 47 au at a distance of 152 . 5 pc; see
ection 3.1 ). 
To understand why our isophote fitting procedure does not reco v er

he scattering surface traced by the ray-tracing algorithm, we deter-
ined the elliptical ring parameters of the ellipse drawn out by the

scat = 1.0 scattering surface at r = 55, 65, and 75 au and compared
hese to the isophotes extracted from the model image at the same
isc radii. These are shown in Fig. 12 , o v erlaid with the S ν isophote
oordinates and corresponding best-fitting ellipse. 

We find that for the smallest values of S ν (left-most panel in
ig. 12 ), the coordinates tracing the eastern side of the ellipse appear
ffset further to the east compared to the τ scat = 1.0 scattering
urface at r = 75 au. This is right at the outer edge of the disc
 R out = 75 au; see Table 3 ), indicating that these S ν isophotes trace
cattering events at the radial edge of the disc, rather than in the
isc surface layers. This results in an o v erestimation of the width
f the ellipse along its minor axis, therefore affecting the inferred
alues of h scat ( r ) and i . Indeed, fits using larger values of S ν tend to
arger values of i (see Fig. 13 ). The second panel from the left in
ig. 12 corresponds to the ellipse fit where the inferred inclination
atches the prescribed value of 72 ◦. Even here, the eastern portion

f the ellipse is well traced but the isophote does not sufficiently
race the western portion of the apex of the ellipse, resulting in an
nderestimation of h scat ( r ). The apparent truncation of the ellipse
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Figure 12. Coordinates of S ν isophotes extracted from synthetic TORUS model Q φ images (red crosses) and the resultant elliptical ring fits (solid black ellipse) 
are compared to ellipses traced by the wavelength-dependent τ scat = 1.0 scattering surface at 55 au (dashed blue ellipse), 65 au (dashed orange ellipse), and 75 
au (dashed green ellipse). Top row: J -band; bottom row: H -band. The values of S ν are provided above each subplot window. 

Figure 13. Trend observed between the surface brightness of the isophote, 
S ν , and the inferred inclination, i , when fitting elliptical ring models to the 
isophotes extracted from the synthetic Q φ images computed using TORUS. 
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pex to the west is worse for larger S ν isophotes, giving rise to the
pparent S ν–i relation we observe, and is attributable to the low
ack-scattering efficiency for the grain mixture used in this model 
see Fig. 6 ). The isophote fitting technique used in Section 4 may
herefore be impro v ed by further requiring the ellipse apex to pass
hrough the coordinates with the largest radial extent from the image
entre and/or by independently constraining the disc inclination (e.g. 
sing ALMA). 

 SUMMARY  

e present a multi-instrument study of the intermediate mass 
SO, HD 145718. Specifically, we complemented GPI J - and 
 -band polarized differential imaging from G-LIGHTS (Monnier 

t al. 2017 , 2019 ; Laws et al. 2020 ) with NIR interferome-
ry (archi v al VL TI/GRAVITY and VL TI/PIONIER data plus new
HARA/MIRC-X observations), IR spectroscopy, and multiband, 
ulti-epoch photometry. 
MNRAS 511, 2434–2452 (2022) 
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Our GPI images reveal an inclined disc with major axis position
ngle close to 0 ◦. The offset between the centroid of emission in
he open face of the disc and the image centre indicates the disc
cattering surface is ele v ated abo v e the disc mid-plane. Further, the
trong forward scattering and weak back-scattering evident in the Q φ

mages indicate that large grains (size, a � λ/2 π ) are abundant in the
urface layers of the disc. 

Inspection of the multi-epoch BVRI photometry indicated that
reviously published estimates of HD 145718’s stellar luminosity
nd radius have been affected by direct line-of-sight occultation by
ircumstellar dust. Using the brightest epoch photometry retrieved
y SEDBYS (Davies 2021 ) and a total-to-selective extinction,
 V = 3.1, we re-estimated the visual extinction ( A V = 0 . 89 + 0 . 34 

−0 . 08 

ag), stellar radius ( R � = 1 . 97 + 0 . 12 
−0 . 11 R �), and stellar luminosity

 L � = 14 . 3 + 3 . 9 
−3 . 1 L �) for HD 145718. Furthermore, we find consistent

stimates of R � and L � when applying the same method to faint epoch
hotometry from Vieira et al. ( 2003 ) and using R V = 5.0. This further
upports the idea that the UX Ori and dipper photometric variability
isplayed by HD 145718 is associated with obscuration by dust grains
nd that, during periods of occultation, the dust grains are larger, on
verage, than those in the ISM (Hern ́andez et al. 2004 ). Further
ulticolour photometric monitoring, similar to that undertaken for
Y Tau and SU Aur by Petrov et al. ( 2019 ), is required to determine
hether smaller circumstellar grains still contribute to the extinction
uring the brightest epochs. 
We used an off-centre elliptical ring model to fit isophotes of

urface brightness in the Q φ images, finding: 

(i) the optically thick disc extends out to a radius of ∼75 au,
ssuming a distance to HD 145718 of 152 . 5 pc (Gaia Collaboration
018 ); 
(ii) the disc is oriented with major axis position angle between
1.0 ◦ and 0.6 ◦ east of north and inclined at 67 ◦ to 71 ◦, consistent
ith previous measurements based on mm continuum and K -band

nterferometry (Gravity Collaboration 2019 ; Ansdell et al. 2020 ). 

We used detailed radiative transfer modelling to self-consistently
nvestigate the radial and vertical disc structure and to assess the
xtent to which our isophote fitting could be used to probe the disc
cattering surface. From our radiative transfer modelling, we found
hat a model comprising a centrally illuminated passive disc with gas
ressure scale height, h 0 , gas = 10 au, flaring exponent, β = 1.15,
uter disc radius, R out = 75 au, maximum size of non-settled grains,
 max = 0 . 50 μm, large-grain settling factor, f = 0 . 1 h 0 , inclination,
 = 72 ◦, and major axis position angle, PA = 0 ◦ provides a good fit
o: 

(i) the surface brightness, location, and extent of the ellipse and
rc features in the J - and H -band Q φ images; 

(ii) the shape of the full SED from optical to millimetre wave-
engths; 

(iii) the general shape and stellar-to-circumstellar flux contrast
evel traced by the H -band visibilities on the largest baselines probed;

(iv) and the general shape of the K -band visibilities. 

Ho we ver, the model could not account for the immediate drop
n visibility on the shortest baselines in both H and K bands. As
reviously suggested by e.g. Kluska et al. ( 2020 ), this likely indicates
he presence of more extended NIR emission, potentially in the form
f an outflow. We find no robust evidence of this outflow on the larger
cales probed by our GPI images. Further assessment of this requires
etter assessment of the instrument polarization which would allow
s to impro v e our stellar polarization subtraction. 
NRAS 511, 2434–2452 (2022) 
By comparing synthetic images to the Q φ images we obtained with
PI, we find that fitting ellipses to isophotes of Q φ surface brightness

eco v ers the general elliptical shape of the emission but, due to the
zimuthally dependent scattering efficiency, cannot reliably reco v er
oth the disc inclination and scattering surface height. We propose
hat our simple isophote fitting method could be impro v ed by
ndependently constraining the disc inclination using e.g. ALMA
ontinuum observations to counter the preference we observe for
ower (higher) surface brightness isophotes to appear less (more)
nclined. 

C K N OW L E D G E M E N T S  

he authors thank the anonymous referee for their comments that
mpro v ed the content of this paper. We thank Ren ́e Oudmaijer for
seful discussions regarding the estimation of visual extinction and
red C. Adams for a detailed reading of the manuscript. CLD
cknowledges financial support from the College of Engineering,
athematics and Physical Sciences at the University of Exeter. EAR

nd JDM acknowledge funding from a National Science Foundation
rant (reference NSF-AST1830728). ASEL acknowledges financial
upport from a Science Technology and Facilities Council (STFC)
tudentship (reference 1918673). S.K. acknowledges support from
n ERC Starting Grant (Grant Agreement No. \ 639889). A.L.
eceived support from a Science Technology and Facilities Council
STFC) studentship (No. 630008203). JB acknowledges support by
 ASA through the N ASA Hubble Fellowship grant # HST -HF2-
1427.001-A awarded by the Space Telescope Science Institute,
hich is operated by the Association of Universities for Research in
stronomy, Incorporated, under NASA contract NAS5-26555. This

tudy is based on observations obtained at the Gemini Observatory,
hich is operated by the Association of Universities for Research

n Astronomy, Inc., under a cooperative agreement with the NSF
n behalf of the Gemini partnership: the National Science Foun-
ation (United States), the National Research Council (Canada),
ONICYT (Chile), the Australian Research Council (Australia),
inist ́erio Ci ̂ encia, Tecnologia e Inova c ¸ ˜ ao (Brazil) and Ministerio

e Ciencia, Tecnolog ́ıa e Innovaci ́on Productiva (Argentina). This
ork is based upon observations obtained with the Georgia State
niversity Center for High Angular Resolution Astronomy Array

t Mount Wilson Observatory. The CHARA Array is supported by
he National Science Foundation under Grant No. AST-1636624
nd AST-1715788. Institutional support has been provided from
he GSU College of Arts and Sciences and the GSU Office of the
ice President for Research and Economic Development. MIRC-
 received funding from the European Research Council (ERC)
nder the European Union’s Horizon 2020 research and innovation
rogramme (Grant No. 639889). The calculations for this paper were
erformed on the University of Exeter Supercomputer, a DiRAC
acility jointly funded by STFC, the Large Facilities Capital Fund
f BIS, and the University of Exeter. This work uses data obtained
rom the ESO Science Archiv e F acility. This research has made use
f the NASA/IPAC Infrared Science Archive, which is funded by
he National Aeronautics and Space Administration and operated
y the California Institute of Technology; the Jean-Marie Mariotti
enter OiDB service; 7 the SIMBAD database, operated at CDS,
trasbourg, France; the VizieR catalogue access tool, CDS, Stras-
ourg, France; NASA’s Astrophysics Data System Bibliographic
ervices. 

at http://oidb.jmmc.fr


HD 145718 2449 

D

T
a
p
m
p
i  

a
p
/
I

R

A
A
A
A  

A
A  

A
B  

B  

B  

 

B
B
B  

C
C  

C  

C
C
C  

D
D
D
D
D
D
D
D
D  

F  

F  

F
G
G
G
G
G
G

G
G  

G
G  

G  

H
H  

H  

H
H
H
H
I
I
K
K
K
K
K
K
K  

L
L
L
L
L  

 

L
L  

M
M  

M
M
M  

M
M
M  

M
M
N
O
O  

P
P  

P
P
P  

P
P  

P

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/2/2434/6516436 by C
N

R
S user on 24 M

arch 2023
ATA  AVAILABILITY  

he GPI data are available from the Gemini Observatory Archive 
t https://ar chive.gemini.edu/searchfor m and can be accessed using 
roposal number GS-2018A-LP-12. The MIRC-X data will be 
ade available through the OiDB ( http://oidb.jmmc.fr) following 

ublication. VL TI/GRAVITY and VL TI/PIONIER data are available 
n the ESO archive ( http://ar chive.eso.or g/cms.html ) and the OiDB
nd can be accessed using the target name ‘HD 145718’. The 
hotometry are accessible through SEDBYS, available at https: 
/ gitlab.com/clairedavies/ sedbys . The IR spectra are available in the 
RSA ( ht tps://irsa.ipac.calt ech.edu ). 
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Table A1 – continued 

λ λF λ Reference 
( μm) (10 −13 W m 

−2 ) 
(1) (2) (3) 

2.15 19.6 ± 0.4 Skrutskie et al. ( 2006 ) 
2.18 17.3 Lazareff et al. ( 2017 ) 
3.35 13.6 ± 0.7 Cutri et al. ( 2012 ) 
4.60 12.9 ± 0.5 Cutri et al. ( 2012 ) 
9.00 13.88 ± 0.04 Ishihara et al. ( 2010 ) 
11.60 11.99 ± 0.09 Cutri et al. ( 2012 ) 
12.00 14.2 Oudmaijer et al. ( 1992 ) 
18.00 6.35 ± 0.08 Ishihara et al. ( 2010 ) 
25.00 7.1 Oudmaijer et al. ( 1992 ) 
60.00 2.5 Oudmaijer et al. ( 1992 ) 
65.00 1.7 ± 0.1 Murakami et al. ( 2007 ) 
90.00 1.51 ± 0.09 Murakami et al. ( 2007 ) 
100.00 0.9 Oudmaijer et al. ( 1992 ) 
450.00 <0.06 van der Veen et al. ( 1994 ) 
800.00 0.0016 ± 0.0006 van der Veen et al. ( 1994 ) 
1100.00 0.0011 ± 0.0004 van der Veen et al. ( 1994 ) 
1300.00 0.0011 ± 0.0001 Garufi et al. ( 2018 ) 
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PPENDIX  A :  PHOTOMETRY  

he full list of photometry returned by SEDBYS is provided in
able A1 . 
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Table A1. Collated photometry. Individual references are provided in 
column 3. 

λ λF λ Reference 
( μm) (10 −13 W m 

−2 ) 
(1) (2) (3) 

0.36 14 Vieira et al. ( 2003 ) 
0.36 22 Lazareff et al. ( 2017 ) 
0.43 51 ± 1 Høg et al. ( 2000 ) 
0.44 44 Vieira et al. ( 2003 ) 
0.44 55 Lazareff et al. ( 2017 ) 
0.51 51.3 ± 0.7 Gaia Collaboration ( 2018 ) 
0.53 58.8 ± 0.9 Høg et al. ( 2000 ) 
0.54 61 Lazareff et al. ( 2017 ) 
0.54 46 Vieira et al. ( 2003 ) 
0.64 49.5 ± 0.3 Gaia Collaboration ( 2018 ) 
0.65 56 Lazareff et al. ( 2017 ) 
0.65 43 Vieira et al. ( 2003 ) 
0.78 47.4 ± 0.5 Gaia Collaboration ( 2018 ) 
0.79 39 Vieira et al. ( 2003 ) 
0.79 48 Lazareff et al. ( 2017 ) 
1.25 29 Lazareff et al. ( 2017 ) 
1.25 32.1 ± 0.7 Skrutskie et al. ( 2006 ) 
1.60 22.5 Lazareff et al. ( 2017 ) 
1.65 23.1 ± 0.6 Skrutskie et al. ( 2006 ) 
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PPENDI X  B:  STELLAR  P O L A R I Z AT I O N  

UBTRAC TI ON  

mproper or incomplete removal of polarization from the instrument,
SM, or unresolved central star can result in Q φ and U φ artefacts
hat can be misinterpreted as disc structure. To remo v e the stellar
olarization, we measure the fractional Q/I ( f Q ) and fractional
/I ( f U ). We then multiply this fractional polarization with the

ntensity cube and subtract the new image from the Q and U frames,
espectiv ely (see e.g. La ws et al. 2020 ). The instrumental polarization
ill vary with the parallactic angle. Thus, stellar and instrumental
olarization are remo v ed for each individual Stokes frame where the
hange in parallactic angle is minimal (Perrin et al. 2015 ). Since the
tellar and instrumental polarization are constant values of Q and U
or a given observation cycle, the Stokes images are rotated into the
 φ and U φ frames. Any residual stellar or instrumental polarization
ill form a quadrupole pattern and will be seen in the image (first

olumn of Fig. B1 ). 
Measuring f Q and f U can be complicated as we need to disentangle

he stellar and instrumental polarization signal from the unknown
isc structure. We explored four different methods to measure the f Q 
nd f U with the resulting mean-combined Q φ and U φ images shown
n Fig. B1 . We demonstrate these methods with the J -band data only.
he H -band data showed similar results. 

1 Method 1 

his method is used in the GPI Data Reduction Pipeline (DRP) v1.5.
ll of the Q, U, and I counts within the coronagraphic spot ( < 6 pix)

re used and the calculated f Q and f U values are based on the summed
, U, and I values. The resultant image (first column of Fig. B1 ) has a

trong quadrupole signal, highlighting that this method is insufficient
o remo v e the stellar and instrumental value. La ws et al. ( 2020 ) drew
imilar conclusions: using the light within the coronagraphic spot
oes not result in the best subtraction of the stellar polarization. 

2 Method 2 

e employed an algorithm that utilizes the full field of view of the
mage while masking out individual pixels of the image where the

http://dx.doi.org/10.3847/1538-3881/aab605
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Figure B1. J -band mean-combined Q φ (top row) and U φ images (bottom row) for the four different stellar and instrumental polarization removal techniques 
(see text for details). All images are plotted with the same symlog spread and smoothed with a Gaussian kernel to highlight the quadrupole pattern in the 
background seen in the first three columns. 
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Figure B2. Percent polarization (top panel) and polarization angle (lower 
panel) of stellar and instrumental polarization remo v ed for each of the eight 
cycles of observations (method three is shown in blue; method four in orange). 
The average values for each of the methods are shown as dashed lines and 
the average values are written in the upper left of the panel. 
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isc is bright ( f Q or f U > 0 . 05) or where the signal-to-noise ratio
n the pixel is low. All the non-masked pixels are summed, giving
ummed values of Q, U, and I from which to calculate f Q and f U . This
s the main method employed by the G-LIGHTS team (Rich et al.,
n preparation). The resulting Q φ and U φ images are shown in the
econd column of Fig. B1 . The quadrupole pattern is not as strong
s for Method 1 but it is still present in the U φ image. Additionally,
he Q φ image appears to indicate the presence of scattering along the
pparent disc minor axis. 

3 Method 3 

aws et al. ( 2020 ) summed the Q, U, and I intensities in a 70 < r <

0 pixel radius around the target star. The resultant mean-averaged 
 φ and U φ images are shown in the third column of Fig. B1 . These

how a further reduction in quadrupole structure, though some is 
till visible in the U φ image. Ho we v er, the ne gativ e Q φ flux values
long the apparent disc minor axis produced using this method are 
ot expected to be real. 

4 Method 4 

his involves by-eye selection of the best values of f Q and f U 
o simultaneously minimize the quadrupole structure in the outer 
ortions of the image and remo v e the positiv e/ne gativ e Q φ flux along
he apparent disc minor axis in the eight individual Stokes Q φ and U φ

rames. The rationale here was to see whether the apparent minor axis
tructure found in the Q φ image when using Method 2 (column 2 of
ig. B1 ) could solely be a result of residual stellar and instrumental
olarization. Ultimately, we can find a combination of f Q and f U 
or each of the eight Stokes frames that fully remo v e the residual
uadrupole pattern and the minor axis feature with this method, as
hown in the final column of Fig. B1 . As this method results in no
xtraneous structures in the image, we use this by-eye minimization 
f Q φ and U φ to remo v e stellar and instrumental polarization herein.
In Fig. B2 , we plot the stellar and instrumental polarization angle

nd the percent polarization for each of the eight Stokes cycles using
ethod 3 and Method 4. We measure an average percent polarization 

f 1.0 per cent and an average polarization angle of 102 ◦. We note
hat both the polarization angle and percent polarization have strong 
eviations from the average with Method 4 resulting in standard 
eviations of 0 . 12 per cent and 5.1 ◦, respectively. We also see that the
verage per cent polarization and polarization angle for both methods 
o not differ wildly (0 . 1 per cent and 1 ◦) while some individual
tokes frames have very different polarization values (e.g. Stokes 
ycle 3 and 6: Fig. B2 ). Deviations from the average are expected as
he magnitude and direction of the instrument polarization changes as 
 function of parallactic angle. Ho we ver, for continuous observ ations
uch as these, the stellar and instrumental polarization should follow 

 sinusoidal function while the values shown in Fig. B2 do not. 
One potential explanation for the change in variation is related 

o HD 145718 photometric variability. While this effect has not 
een studied in great detail to the best of our knowledge, dust from
MNRAS 511, 2434–2452 (2022) 
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Table C1. Results from fitting Castelli & Kurucz ( 2003 ) stellar atmospheres 
with to BVRI photometry. Column 1: the source of the photometry; column 
2: the adopted total-to-selectiv e e xtinction; columns 3 and 4: the best-fitting 
A V and R � , assuming d = 152 . 5 pc; column 5: inferred L � . 

Photometry source R V A V R � L � 
(mag) (mag) (R �) ( L �) 

(1) (2) (3) (4) (5) 

Vieira et al. ( 2003 ) 3.1 0 . 89 + 0 . 31 
−0 . 05 1 . 70 + 0 . 08 

−0 . 07 10 . 7 + 2 . 6 −2 . 0 

Vieira et al. ( 2003 ) 5.0 1 . 22 + 0 . 04 
−0 . 03 1 . 98 + 0 . 07 

−0 . 08 14 . 5 + 3 . 1 −2 . 7 

Lazareff et al. ( 2017 ) 3.1 0 . 89 + 0 . 34 
−0 . 08 1 . 97 + 0 . 12 

−0 . 11 14 . 3 + 3 . 9 −3 . 1 

Lazareff et al. ( 2017 ) 5.0 1 . 21 + 0 . 52 
−0 . 21 2 . 28 + 0 . 35 

−0 . 25 19 . 2 + 9 . 7 −5 . 8 

Figure C1. Comparison of Castelli & Kurucz ( 2003 ) model atmospheres 
with two epochs of previously published BVRI photometry for HD 145718. 
The solid lines show our best fits to the Vieira et al. ( 2003 ) photometry (filled 
circles) while dashed lines show our best fit to the Lazareff et al. ( 2017 ) 
photometry (filled diamonds). In the top and bottom plots, we show the fits 
adopting R V = 3.1 and R V = 5.0, respectively (see Table C1 ). 
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ircumstellar occultation events should have a polarization signal
rom surface scattering which would vary with orbital phase. Indeed,
errin et al. ( 2015 ) concluded from their instrumental polarization
easurements of β Pic that GPI should have a polarization accuracy

f 0.1 per cent, slightly below the 0.12 per cent standard deviation we
easure for HD 145718. Ho we ver, since there has been no systematic
odelling of the instrument polarization for GPI and our observations

o not trace a sufficiently long time-scale to allow us to undertake a
imilar analysis for HD 145718 as Perrin et al. ( 2015 ) did for β Pic,
e cannot definitively conclude whether we are, in fact, observing
olarization variation from dust obscuration events. 

PPENDIX  C :  RE-ESTIMATING  STELLAR  

UMINOSITY  A N D  VISUAL  E X T I N C T I O N  

SING  B R I G H T  E P O C H  PHOTOMETRY  

e followed Fairlamb et al. ( 2015 ) and computed a grid of reddened
astelli & Kurucz ( 2003 ) model atmospheres with T eff = 7750, 8000,
nd 8250 K; log ( g ) = 4.37; and A V ranging from 0.50 to 2.50 in
teps of 0 . 01 mag. The value of log ( g ) makes little difference to
he fit so its value is not changed. Each reddened model was fit
o the Lazareff et al. ( 2017 ) BVRI photometry and the best-fitting
odel was identified from the minimum of all the χ2 values. This

rocedure was run twice: once using the Cardelli, Clayton & Mathis
 1989 ) reddening law with total-to-selective extinction, R V = 3.1 and
nce using R V = 5.0. We also re-ran the fitting to the fainter epoch
hotometry from Vieira et al. ( 2003 ) to highlight the differences we
bserve. In each case, we follow Wichittanakom et al. ( 2020 ) and use
he models providing χ2 values twice the minimum- χ2 to estimate
he uncertainty in A V . 

The reddened model atmosphere providing the best fit to the
VRI photometry was then scaled to the V -band photometry. This
caling factor – which accounts for fitting models of surface flux
o photometry – corresponds to ( d / R � ) 2 . We use this and the Gaia
R2 stellar distance to estimate the stellar radius, R � . The quoted
ncertainties on R � take into account the uncertainties on A V and on
 . Finally, we use the Stefan–Boltzmann law to calculate L � from T eff 

nd R � , assuming an ef fecti ve temperature for the Sun of 5771 . 8 K
Mamajek 2012 ). Our results are presented in Table C1 and displayed
n Fig. C1 . 

The models reddened using R V = 3.1 provide an improved fit to
he Lazareff et al. ( 2017 ) photometry o v er those reddened using R V =
.0. Conversely, a better fit to the Vieira et al. ( 2003 ) photometry is
rovided by the models reddened using R V = 5.0. 
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