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Abstract

During the past five years, 6, 7, and 26 transit observations were carried out
for the HAT-P-9b, HAT-P-32b, and HAT-P-36b systems, respectively, through
the Transiting Exoplanet Monitoring Project network. Combined with the
published photometric data and radial-velocity measurements, our new
photometry allows us to revisit the system parameters and search for
additional close-in planetary companions in these hot Jupiter systems. We
measure an updated R »/R « = 0.1260 = 0.0011 for HAT-P-36 system in the R
band, which is 4.50 larger than the published i-band radius ratio of 0.1186 =
0.0012. We also perform a transit timing variation (TTV) analysis for each
system. Because no significant TTVs were found, we place an upper mass
limit on an additional planet for each system.

Key words: planets and satellites: fundamental parameters - stars:
fundamental parameters - techniques: photometric

1. Introduction

Long-term high-precision transit follow-up observations allow us to refine
planetary parameters (Holman et al. 2006; Southworth et al. 2009; Hoyer et
al. 2012; Wang et al. 2017b) and orbital ephemerides (Wang et al. 2018c¢),
which are vital for future transit-related studies, such as transmission spectra
observations (Bean et al. 2010) and Rossiter-McLaughlin (RM) effect
measurements (Winn & Fabrycky 2015; Wang et al. 2018a).

Moreover, these observations allow us to perform transit timing variation
(TTV) analyses to detect additional close-in planetary companions in known
hot Jupiter systems (Agol et al. 2005; Holman & Murray 2005). The absence



or presence of such close-in companions is the key to distinguishing the
competing formation mechanisms for producing hot Jupiters (Millholland et
al. 2016; Wang et al. 2018b). Although great efforts had been devoted to
searching for additional companions in hot Jupiter systems (e.g., TLCP,
Holman et al. 2006; TraMoS, Hoyer et al. 2012; TASTE, Nascimbeni et al.
2011; YETI, Raetz et al. 2015; TRAPPIST, Gillon et al. 2012; HoSTS, Gémez
Maqueo Chew et al. 2013; and Friends of Hot Jupiters, Knutson et al. 2014),
no convincing detection has been reported. Two additional close-in planets,
however, were detected in the WASP-47 system (Becker et al. 2015) by the
Kepler spacecraft during its K2 mission, which implies that hot Jupiters may
not as lonely as we thought (Steffen et al. 2012; Huang et al. 2016).

To further constrain the occurrence rate of close-in companions to hot
Jupiters, as well as to refine the transit parameters for known exoplanet
systems, we initiated the Transiting Exoplanet Monitoring Project (TEMP) to
perform a homogeneous study for a large sample of transiting exoplanets
based on long-term high-precision follow-up observations. Most of the
planets observed by TEMP are hot Jupiters detected by ground-based transit
surveys, such as SuperWASP (Pollacco et al. 2006), HATNet (Bakos et al.
2004), HATSouth (Bakos et al. 2013), KELT (Pepper et al. 2007), and CSTAR
(Wang et al. 2014), which usually give photometric observations that are
limited in quality or quantity. For more details about TEMP we refer the
reader to Wang et al. (2018b).

In this paper, we present refined system parameters, updated orbital
ephemerides, and TTV analyses for the HAT-P-9b, HAT-P-32b, and HAT-P-36b
systems based on our 39 new light curves in conjunction with the published
photometric and velocimetric data.

HAT-P-9b was discovered by Shporer et al. (2009a), who reported a hot
Jupiter (Mp = 0.78 M1, R, = 1.40 ) transiting a moderately faint late F-star (M-
= 1.28 M,, R« = 1.32 Ro) with an orbital period of 3.92 days. Four light curves
were presented in their paper. In this work we present six more light curves.

HAT-P-32b was detected by Hartman et al. (2011), who argued that the
planet is a highly inflated hot Jupiter (M, =0.94 M:, R, = 2.04 &) transiting a
late F/ early G dwarf star (M- = 1.18 Mo, R« = 1.39 R,) with an orbital period
of 2.15 days. Five light curves were presented in their paper. Seven new light
curves are presented in this work.

HAT-P-36b was found by Bakos et al. (2012), who announced a hot Jupiter
(Mp = 1.83 M, Rp = 1.26 &) transiting a Sun-like star (M = 1.02 Mo, R« = 1.10
Ro) with an orbital period of 1.33 days. Four light curves were presented in
their work, but only one of which records a complete transit. In this work, we
present 26 new light curves, 17 of which are complete transits.

We organize this paper as follows. In Section 2, we present detailed
descriptions of the transit observations and data reduction. We describe the
light curve analyses in Section 3. In Section 4, we present our results and



discuss their implications. In Section 5, we present a brief summary of this
work.

2. Observations and Data Reduction
2.1. Photometric Observations

A total of six light curves were obtained for the HAT-P-9b system between
2016 January and 2017 February using the Xinglong Schmidt Telescope and
Xinglong 60 cm Telescope operated by the National Astronomical
Observatories of China. Seven light curves were obtained for the HAT-P-32b
system between 2012 November and 2016 January using the same two
telescopes. For the HAT-P-36b system, we collected a total of 26 light curves
using the aforementioned telescopes as well as the Chungbuk National
University Observatory in Jincheon (CbNUO) 60 cm Telescope (Kim et al.
2014), which is operated by CbNUO]J in South Korea. The observations of the
HAT-P-36b system span about six years from 2012 March to 2017 April.

The Xinglong Schmidt Telescope (Zhou et al. 1999, 2001) is equipped with a
4K x 4K charge-coupled device (CCD). The field of view (FOV) is 94' x 94',
and the pixel scale is 138 pixel~'. The images were windowed down to 512
X 512 pixels to reduce the readout time from 93 s to 12 s. A Johnson/Cousins
R-band filter was used for this telescope during our observations.

The Xinglong 60 cm Telescope used three different CCDs over the course of
our observing program. Before 2014 November, the telescope was equipped
with a 512 x 512 CCD, with a FOV of 17' x 17', a pixel scale of 1795 pixel™?,
and a standard readout time of 3 s. After that, the telescope used a 1K x 1K
CCD, giving a FOV of 17' x 17, a pixel scale of 0799 pixel™?, and a readout
time of about 23 s. In 2015 October readout problems led to this CCD being
replaced by a 2K x 2K CCD with a FOV of 36' x 36', a pixel scale of 1706
pixel™!, and a readout time of 6 s. Finally in 2016 June the 1K x 1K CCD was
equipped again and used for the rest of the observing program. All of the
observations for this telescope also used a Johnson/Cousins R-band filter.

The CCD system of the CbNUO 60 cm Telescope was upgraded in 2012/2013.
For the 2012 observations, a 1530 x 1020 SBIG ST-8XE CCD was used,
giving a FOV of 27' x 18', a pixel scale of 1”05 pixel~%, and a readout time of
10 s. The 2013 observations used a 4K x 4K SBIG STX-16083 CCD, which had
a FOV of 72' x 72', a pixel scale of 1”05 pixel™, and a readout time of 18 s.
The 2012 observations were taken with no filter, and the 2013 observations
used an R-band filter.

In order to increase the duty cycle of the observations, and reduce the
Poisson and scintillation noise, we slightly defocused each telescope
following the description in Southworth et al. (2009) and Hinse et al. (2015).
The exposure time was set based on the target magnitude and weather
conditions to get ideal cadence and enough counts in the CCD linear
response regime. Exposure times would be adjusted due to significant
weather variations, but we kept it constant during the ingress and egress



phases, as it is important for accurate determination of mid-transit times.
The telescope times were frequently updated based on GPS time servers. For
each exposure, the beginning time was recorded in the image header using
the UTC time standard. The summaries of our observations for the HAT-P-9b,
HAT-P-32b, and HAT-P-36b systems are listed in Tables 1, 2, and 3,
respectively.

Table 1
Overview of Observations and Data Reduction for HAT-P-9
Date Time Telescope Band Frames Exposure Read Adr Mass Moon Comp. Aperture* Scatter”
(UTC) {UTC) is) =) I, Stars (pixels) {mmag) *
2016 Jan 11 15: 38- 45 — 22: 02: 56 Xinglong 60 cm R 472 35-50 13 1.01 — 1.00 — 245 0.03 4 18 23
2016 Mar 10 11: 09: 20 — 16: 19: 25 Xinglong Schmidt R 275 45-601 12 L03 — 100 — 146 004 4 10 25
2016 Nov 08 16: 10: 50 — 21 R 135 130-150 12 L47 — 100 — 106 0.59 4 12 LE
2016 Dec 29 16: 43: 02 — 21: 34: 3 Xinglong Schmidt R 133 120 12 100 — 166 .00 4 14 15
2017 Jan D6 12: 28: 55 — 17: 31: 00 XNinglong Schmidt R 112 120-180 12 143 — 1.00 — 1.03 060 3 1] 22
2017 Feb 26 11:39: 06 — 17: 35: 08 Xinglong Schmidt R 138 140-160 12 L05 — 100 — 1.62 0.00 4 14 20
Notes.
% This column indicates the aperture diameter used in SExtractor.
" This column presenis the rms scatter of residuals from the besi-fitting model.
Table 2
Overview of Obscrvations and Data Reduction for HAT-P-32
Date Time Telescope Band Frames Exposure Read Air Mass Moon Comp. Aperure” Scatter”
(UTC) (UTC) (sl {sh Mlum. Stars {pixels) ({mmag)
2012 Nov 05 12:00:32 — 19:28:00 Xinglong Schmide R 312 30-50 12 121 — 101 — 143 0.63 5 17 19
2012 Nov 18 Xinglong Schmidt R 236 35 12 117 — L0l — L16 0.30 3 17 E
2012 Dec 03 : Xinglong Schmidt R 226 30 12 1.01 — 151 0.78 4 17 20
2013 Dec 10 12:10:40 — 1 22 Xinglong Schmide R 173 &0 12 102 — 101 — 1L.39 0.62 5 13 20
2014 Dec 17 — 16:08:56 Xinglong Schmidi R 136 30-40 12 LO3 — 101 — 1.29 0.21 3 18 27
2015 Jan 01 Xinglong Schmidi R 73 A0-60 12 1.01 — 163 088 4 13 32
2016 Jan 08 Xinglong 60 cm R 552 25-30 13 LOI — 146 002 4 an 19
Notes.
* This column indicates the aperture diameter used in SExtractor.
" This column presents the rms scatter of residuals from the best-fitting model.
Tahle 3
Overview of Observations and Data Reduction for HAT-P-36
Diate Time Telescope Band Frames Exposure Read Air Mass Moon Comp. Aperure” Sicatter”
(UTC) (UTC) {s) (5] Mium. Stars {pixels) (mmag)
2012 Mar 20 13:25:51 — 19:50:38 ChNUO 60 cm N 179 120 10 1L17—1.00—1.34 0.04 = 16 1.8
2012 Mar 28 13:07:46 — 19:01:14 ChNUO 60 cm N 163 1200 10 1.15—-1.00—128 0.30 - 18 1.8
2013 Mar (4 14:09:40 — 20:47:21 ChNUO 60 cm R 173 120 1% 122 — 100 — 1.32 053 3 15 22
2013 Mar 20 ChNUO 60 cm R 91 240 18 117 — 1.00 — L. 0.59 =} 15 12
2014 Mar (4 Xinglong 60 cm R 74 (1] 3 104 — 100 — 1. 015 3 16 34
2014 Mar 08 Xinglong 60 cm R 344 6l 3 107 — 100 — 145 052 3 12 34
2014 Mar 12 Xinglong &0 cm R 307 6090 3 107 — 1.00 — 1.50 086 3 9 4.1
2014 Apr 01 — 21:05:00 Xinglong 60 cm R 460 a0 3 147 — 100 — 1.69 0.0s 3 8 4.6
2014 Apr 05 11:41:21 — 21:02:57 Xinglong 60 cm R 463 G080 3 140 — 1.00 — 1.79 035 : ] 8 32
2014 May 07 12:07:56 — 19:15:03 Xinglong 60 cm R 385 60 3 LO5 — 100 — 1.93 0.56 ] 8 4.4
2015 Feb 04 16:50:42 — 22:17:22 Xinglong 60 cm R 238 60 23 LI3 — 1.00 — L.14 0.99 4 12 il
2015 Feb 12 17:11:42 — 22:20:31 Xinglong 60 cm R 25 60 23 LOE — 100 — 121 0.44 3 17 26
2015 Feb 16 Xinglong 60 cm R 230 60 3 108 — 100 — 123 0.08 3 17 23
2015 Apr 25 XNinglong 60 cm R 335 60 23 113 — 1.00 — L.75 047 3 12 28
2016 Jan 10 Xinglong 60 cm R 559 35 6 168 — 100 — 104 0.01 3 18 29
2016 Jan 14 Xinglong 60 cm R 299 50 6 187 — 102 025 4 16 26
2016 Jan 18 Xinglong 60 cm R L1 150 6 186 — 106 0.69 3 25 31
2016 Feb 15 Xinglong 60 cm R 63 150 6 1.35 — 115 0.54 3 26 27
2016 Feb 16 Xinglong Schmidt R 80 150 12 102 — 100 — 1.21 0.65 3 14 27
2016 Feb 20 17:44:32 — 2 Xinglong Schmidt R 108 140 12 102 — 1.00 — 1.24 0.96 3 13 26
2016 Feb 28 17:52:14 — 21:51:400 Xinglong Schmidt R 15 150 12 1.00 — 130 071 3 15 0
2016 Mar 11 16:53:28 — 21:39:41 Xinglong 60 cm R 675 0 fi 101 — 100 — 145 0.10 5 20 36
2016 Apr 12 14:24:58 — 1T:1%:11 Xinglong 60 cm R 226 30 fi 105 — 1.00 — L4 029 3 12 33
2016 May 06 13:34.20 — 1 43 Xinglong 60 cm R 21 40 fi 100 — 115 0.00 3 15 53
2016 Jun 24 12:39:30 — 16:24:16 Xinglong 60 cm R 258 25-30 3 1.10 — 213 081 3 15 6.3
2017 Apr 20 13:39:23 — 17:00:24 Xinglong 60 cm R 263 20 23 103 — 100 — 110 037 3 14 54
Notes,

* This column indicates the aperture diameter used in SExtractor.
" This column presents the rms scatter of residuals from the best-fiting model.
 Nov band, empty band wheel shot.

2.2. Data Reduction

We perform a TEMP data reduction with a homogeneous routine to avoid
adding systematic errors. The basic reduction procedure is described in



Wang et al. (2017b). There is no exception in this work, so we will not repeat
the reduction details for each system, only give a brief description for all of
the three systems as follows.

The raw science frames were homogeneously calibrated using a standard
procedure including bias and flat corrections. Aperture differential
photometry was performed with SExtractor (Bertin & Arnouts 1996).
Reference stars were chosen based on a photometric non-variability test.
Aperture diameters from 5 to 35 pixels were manually varied to get the best
differential light curves. Linear trends caused by variations in weather
conditions were removed, and the time stamps were converted from UTC to
BJD+ps following Eastman et al. (2010). The number of comparison stars used
and the aperture sizes for each observation for HAT-P-9b, HAT-P-32b, and
HAT-P-36b are given in Tables 1, 2, and 3. The final light curves are
presented in Tables 4, 5, and 6, respectively.

Tahle 4
Photometry of HAT-P-9
BIDqgg Relative Flux Scatter Telescope Band
Z45T394. 158375 0.9934 027 Xinglong 60 cm R
24573001 53845 0149971 z7 Xinglong 60 cm R
2457394159315 09971 27 Xinglong 60 cm R
2457390159784 0.9956 27 Xinglong 60 cm R
2457390160722 01.49953 z7 Xinglong 60 cm R
24573161663 049972 27 Xinglong 60 cm R
2457399162132 1.0032 27 Xinglong 60 cm R
2457399162632 0.9971 027 Xinglong 60 cm R
2457390163160 09981 27 Xinglong 60 cm R
2457394163689 0.9999 27 Xinglong 60 cm R
457390164217 09978 027 Xinglong 60 cm R
245730164744 1ODNIE z7 Xinglong 60 cm R
2457394165271 0.9970 27 Xinglong 60 cm R
2457399165800 0.9976 27 Xinglong 60 cm R
24573941 66854 1.0027 027 Xinglong 60 cm R
245739167381 01.9994 27 Xinglong 60 cm R

(This table is available in its entirety in machine-readable form.)



Tahle 5
Photometry of HAT-P-32

BID g Relative Flux Scatter Telescope Band
2456237058708 10000 00020 XNinglong Schmids R
2456237 059665 09982 00020 Ninglong Schmide R
2456237060630 0.9963 00020 Ninglong Schmide B
2456237061602 LOD1E 00020 XNinglong Schmids R
2456237065051 0.9991 L0020 Ninglong Schmids R
2456237065942 09991 00020 Ninglong Schmide B
2456237 066856 0.9942 00020 XNinglong Schmids R
2456237067771 LOD1E L0020 Ninglong Schmids R
2456237068639 0.9991 00020 Ninglong Schmide R
2456237069565 0.9991 00020 Ninglong Schmids R
2456237070479 0.9963 00020 XNinglong Schmids R
2456237.07 1440 1000 L0020 XNinglong Schmids R
2456237.072354 0.9972 00020 Ninglong Schmide B
2456237073257 0.9972 00020 XNinglong Schmids R
2456237.074171 1000 L0020 Ninglong Schmids R
2456237.075074 10000 00020 Ninglong Schmide B

(This table is available in its entirety in machine-readable form.)

Tahle &
Photometry of HAT-P-36

BIDypg Relative Flux Scatter Telescope Band”
2456007.065117 10020 .22 ChNLUO &0 cm N
2456007066610 09972 (.o022 ChNUOQ 60 cm N
2456007.068103 09973 (.o022 ChNUOQ 60 cm N
2456007 . (G596 0.99598 .22 ChNLUO &0 cm N
2456007.071100 1.0010 (.o022 ChNUOQ 60 cm N
2456007.072605 09950 (.o022 ChNUOQ 60 cm N
2456007 (74008 L0010 .22 ChNLUO &0 cm N
2456007075626 09974 (.o022 ChNUOQ 60 cm N
2456007.077107 1.0003 (.o022 ChNUOQ 60 cm N
2456007078600 0.996G8 (.o022 ChNUOQ 60 cm N
2456007 0800093 1.0030 (.o022 ChNUOQ 60 cm N
2456007.081586 1.0024 (.o022 ChNUOQ 60 cm N
2456007083079 1.0024 (.o022 ChNUOQ 60 cm N
2456007084584 10002 (.o022 ChNUOQ 60 cm N
2456007.086112 09981 (.o022 ChNUOQ 60 cm N
2456007.087605 0.99492 (.022 ChNUOQ 60 cm N
MNote.

* N band means that there is no band during these observations.

(This table is available in its entirety in machine-readable form.)

3. Data Analyses
3.1. Global Fits for System Parameters

To refine the system parameters for these three systems, we performed
global fits on our new light curves together with published radial-velocity
(RV) data using a fast exoplanetary fitting package EXOFAST.*® The package
calculates the parameter uncertainties through a differential evolution
Markov chain Monte Carlo (DE-MCMC) algorithm. See Eastman et al. (2013)
for more details about EXOFAST.



The basic processes of these global fits were similar to that described in
Wang et al. (2017b). The RV data we used were from Shporer et al. (2009a),
Knutson et al. (2014), and Bakos et al. (2012) for the HAT-P-9b, HAT-P-32Db,
and HAT-P-36b systems, respectively. The light curves we used in the global
fits were from our data. We only use those with an rms scatter less than 2.5
mmag. The priors for system parameters in the fits were drawn from Shporer
et al. (2009a), Hartman et al. (2011), and Bakos et al. (2012) for the HAT-P-
9b, HAT-P-32b, and HAT-P-36b systems, respectively. The priors for the limb-
darkening parameters (the linear limb-darkening coefficient u; and the
quadratic limb-darkening coefficient u,) for each system were obtained from
Claret & Bloemen (2011). During the fits, the limb-darkening parameters and
stellar parameters (effective temperature %, metalicity [Fe/Hl and surface
gravity leztz)) were kept fixed and the remaining parameters were set to be
freely varied.

In the first stage of the global fit, EXOFAST fit the RV and transit data

independently to scale the uncertainties with a reduced ¥« = ! for each best-
fitting model. Then it fits both data sets simultaneously with 32 Markov
chains. The solution converged when the Gelman-Rubin statistic was below
1.01 and the number of independent draws exceeded 1000 (Eastman et al.
2013). EXOFAST stopped after passing the convergence test six times. The
resulting system parameters and their 1o credible uncertainties for each
system are listed in Tables 7-9.



Table 7

System Parameters for HAT-P-9
Parameter Units This Waork Shporer et al. {2009:) Southworth (2012)
Stellar Parameters:
M, Masa (M) 121088 128 + 013 128 + 010
R, Radius (/) 133878005 1.32 = 007 1.339 + 008
1, Luminosity (L) 2 aaH03e
Pa Density (egs) 75500
logig, } Surface gravity {cgs) 4203800 42900 4793 + 0046
s Effective wemperature (K} B350 + 1507 B350 + 150
[Fe/H] Metalicity 012 £ 0.20° 0.12 £ 020
Planetary Parameters:
& Eceentracity 0.0B45052
by Argument of perastron (degrees) 1528
P Period (days) 392281072 + 0.00000112" 392289 = U000 3922814 £ 0uD00O02
a Semumagor axis {au) 005287 £ (LOTE 0053 = 0002 00529 + 00014
Mg Mlass (M)} 074000 0.78 £ 009 0778 & 0083
Rp Radius (K 130320 1.4 = 06 138 + 0.0
. Density (c2s) 03420087 0.35 £ 0.06
log e Surface gravity 2079750
Ty Equilibeium temperatare (K) 154073 1530 + 40 1540 + 53
& Safronov aumber (TP G et 0046 = 0007 (L0463 + 00056
{F) Incident flux (10° erg s~ cm—2) 12672848, L3iz03
BV Parumeters:
£e0s L, —L060- 55
& 5 s (T ety
Ta Titne of periastron (BIDpg) 2457811722548
K RV semi-amplinsde ims ") 82 1443 847179
Mpaini Mlinamum mass {My) 0748 + 063
My /M, Mass ratio 0LD005 S8+ o0ms
3 Systemic velocity (m s ') 22p66.2 5 2266510 £ 6.0
3 RV slope (ms~' day™") —OdT e
Primary Transit Parameters:
Te Tume of wransit (BIDyyg) 2455484 013088 £ 0.000386"
Re/R, Rading of planet in stellar eadi 010606 S50 (L1083 = (005
afk, Semimajor axis in selbar rads 85003 86+ 02
1y linear Hmb-darkening coeff. 0 286°
s quadratic limb-darkening coeff. 0320F
i Inclinatson (degrees) 26447537 B6.5 £ 0.2 RG.10 + 0.54
b Impact parameter 0510+ 0.52 = 0403
& Tramsit depth 001 144+ 550048
FWHM duration (days) N ] by =)
T Ingress /epress duraton (days) 0178 + (D13 0019 = 0003
Tii Total duration (days) 01400 + 00014 0,143 = 0004
Py A prior non-grazing tramsit prob. 01086700
Pr ¢ A priori transil prob. 01347200
Fa Baselne flux 0999726 £ LO100

Secondary Eclipse Parameters:

Ty

by

T.'I. FaiHsa
Tg

Tana

Py

F.'f. [

Tume of eclipse (BIDme)
Impact parameter

FWHM duration (days)
Ingress /epress duraton (days)
Total duration (days)

A praori non-grazing eclipse prob.

A praori eclipse prob.

245TRI295 £ 012
054001
0126200091
T LY e
0145700
0102555000
0127000

Notes, The published system parimeters of HAT-P-9 from Shporer er al. (2009a) and Dimmann et al. (2002) are presented for comparison.

* These stellar parameters were direcily cited from the discovery work (Shporer et al 2008a).

" The P and T were obtamed from a linear fit based on all of the mud-ransit dmes (see Section 4.2 1),

© The limb-darkening parameters were obtained from Claret & Bloemen (201 1)



Table §
System Parameters for HAT-P-32

Parameter Urniis Thiz Wark Harimran et al. (200113 Enutman et al. (2004
Siellar Parameters:

M, Mass (M) 1122200 1176208

R, Radins (#:) 1367 580 1387 = 0.067

L, Luminosity (L} 1 IR 343 £ 030

[N Deemsity {cgs) Oa25 £ 0014 '

log (g, b Sworfare gravity (cgs) 41 4+ 0.0 427 = 004

p 8 Effective temperature (B) N1+ BE* 6001 + B8

[Fe/H] Metalicity —0L16 + 008 —{16 + (LK

Planetary Farmmeiers:

e Eccentricity 0157 5 [LI63 = 0.06] B
wy Arg of periastron (degrees) a1 51 4 30 s
P Period {days) 215000820 + 0.0000001 3" 2150008 £ 0000001 "

2 Seminajor axis (au) 003357 amt 003447095 o
My Mass (M) VT 0941 = 0L166 079 £ 015
By Radius (#) 1980 + 0045 03T = (.06

or Diensity {cgs) 01065 0E 014300

lagige) Surface gravity T b 275 £ 007

Ty Equilibrinm temperatare (K 18357208 1888 + 51

a Safrancy mumber O.0X5 oy 0027 £ 0.004

{F) Incident fux (107 erg s~ cm—%) 2505008 286 = 031

RV Parameiers:

0o Ly O.1o T 0099 £ 0080 Q076
£ 5l : e e 0124 £ 0037 1 L
Tr Time of periastron (BIDerg) 2456237 0317048, o o

K RV semi-amplitude {ms—") Ggtle 1360 = 238 123
My =ini Mimimum mass (M) D.ﬁﬁ:gﬂ ' -
My /M Mass ratio Q00572300

1 Sysiemic vebocity (ms ') 761 £ 97 o

4 RV slope jm s~ day ™"} —0. 1K = 0015 —04057 + 0.003
Primary Tramsit Parameiers:

T Time of ransit (A1) J455867 402743 = QLO0004" 454416, 14630 + DL

BplR, Radius of planet in stellar radii RETE e L1508 = 00004

a/R, Seminsajar axis in stellar radii 53447000 533 £ 033

nr| linear limb-darkening coeff. 016"

2 quadratic limb-darkening coeff. 0.303°

i Inclination {degrees) EEL BR.T = 06

b Impact parameer 0083730 0. 108 558

5 Transit depth 22 R .

Tomsiiil FWHM duration (days) 01178400

T Ingress /egress dumtion (days) T el e D017 = 002

T Total duration (days) L1300 75 01292 & 00003

Pr A priod non-grazing transit prob. 0IE3T e

Pr o A priod ansit prob. 0247975505

Fy Baseline flux 095940 £+ D013

Secondary Eclipse Pammeters:

Ts Time of eclipse (BIDpa) 24561362681 o 2454417.357 £+ 0109

by Impact parameter 01057 o

Ts, rwma FWHM duration {days) fLI43 .

5 Ingress /egress dumtion (days) L2 G ey 00221 = 00017

i Total duration dayx) L D650 3o 01653 = 00020

Py A priori nom-grazing eclipse prob. 1437000

Pec A priod eclipse prob. 010307 150

Modes. The published sy=iem parameters of HAT-P-12 from Hartman ot al (2011} snd Knatson et al. {3014) are presented for comparison.

* These stellar parameiers were direcly cised from the discovery work (Hariman et al. 201 1)

" The P and T were obiained from 2 linear fit based on all of the mid-transit times (see Section 4.2.2).

© The Emb-darkening parameters were abiained from Claret & Bloemen (2011).



Table 9
Sysiem Parameters for HAT-P.36

Pamameter Lnits Thiz Wark Bakos et all. (3012} Mancim et 2l (2015
Stellar Parnmeters:

M, Mass (M- ) L0400 1022 4 0.049 100 & (029
Ry Radius (R:) (WL wryd 1096 £ 0.056 1041 £ (013
L Lumincsity (L. 1053730 LO% 4 0,15

[N Diensity (cgs) LORS 157 .

logig, b Sarface gravity (cgs) 457 L g 417 £ 0.0 44016 £ B0E
T Effective emperatare (K) 5560 £ 100 5560 £ 10K 5620 4 40
[FeH] Meialicity 02 £ 000* 026 4 010 025 4+ 0
PFlanetary Parameiers:

r Eccenivicity [T 0063 =+ 0.002

ury, Argument of periastron |degrees il :lg o5 + 63

F Period {day=) 132734660 + (000053 1327347 & 0.000003 132734685 4 D.ODN004E
2 Semimajar axis {au) 24000000 QU238 4 0.0004 DUOZIRE £ (.O00EE
My Mass (M)} 192550 1832 & 0.089 1LES2 & (LORR
Ry Radims (8] 1357500 1.264 4 0.071 130 & (k2]
A Diensity (cgs) 09557 00T L2 & 009 .

logigpi Surfare gravity 1413 = QT 345 4 0.05

T Equilibrimm temperatane (K) 1EML2* |E25 & 53 IT8E & 13
-] Safranow numsber 0645 = (LIN0G 0067 4 0.005 00658 4 (003
{F) Incident flux (10° erg s~' cm ) 2479 = (03T 249 4 030

BV Parsmaters:

£ OO Lty 0037HER 002+ {032

£ simur o5 5] + 0.040

Tr Time of periastron (BIDrra) 466086107 oy .

K REW zemi-amplitude {m s Y M4 =11 347 4+ 145 106 £ 39
My sini Minimmm mass (M) L1a- a0 . .
MM, Mass mtia Q001754 = Q000061

] Sysiemac velocity (ims ") ] K

4 BV slope ms " day ') — L3348

Primary Transit Parameiers:

T Time of tansit (BIDyma) 45669 TASO1D = 0.000149" 455365, 18144 = 000020 2455565 18167 £ (hOHK3E
RypfRy Radius of planet in siellar radii 00260 = 0001 01186 + 0.0012 L
/R, Semimagor axis in siellar mdis 4 R65HLA 4.66 4+ 0.3

i) linezar limbedarkening coeff. 424 v

"5 quadratic lmmb-darkening coeff. 0.250F "

i Inclination {degrees) 8509707 860 + 1.3 R5.86 + (.21
b Impact parameter [Tk 7 0 03120

£ Transit depth 0015887 .

i FWHM duration (days} OLOB096” 5 5081

T Ingress/egress dumtion |days) (LOEXE = (L0062 D007 2 00007

Tia Toial duration (days) T e OUMZE 4 0.0007

Pr A prior mon-grazing transit prob. LN e "

Pr o A priori mansit prob. 025311000

Fa Baseline flux 100022 = (W00E2

Secondary Eclipse Panmeters:

Ts Time of eclipse (BJDmal M56698.103 £+ 0019 55565844 = 0027

by Impact parameter 0408 3t .

| FYe— FWHM duration {davs) OUOBT I L ame

g Ingress/egress. dumtion |days} uﬂl_Llﬁ'HﬂﬁE 0B £ 00015

Tris Toial daration (days) 0l006-30me 0L S + 0.0071

Py A priori non-grazing eclipse prob. 7o) "

Py g A prion eclipse prob. 02314300

Modes. The publiched sysiem paorameters of HAT-P-3 from Bakes et ol (2012 and Mancind et all. {3015) are presenied for comparison.
* These stellar parameters were dizecily cised from the discovery wark (Bakos et al. 3012).

" The P and T~ were obinined from a linear fit hased oo all of the mid-ransit times (see Section 4.2.3).

© The limb-darkening parameters were obtained from Claret & Bloemen (2011).

3.2. Separate Fits for Mid-transit Times

To obtain precise mid-transit times with reliable uncertainties, and thus to
further refine the planetary orbital ephemerides and perform TTV analyses,
we separately fit each light curve using the task 9 algorithm (a residual
permutation algorithm) in the JKTEBOP!* code (Southworth et al. 2004;
Southworth 2008).



The mid-transit time T. and light scale factor F, were the only two free
parameters in these separate fits. All of the others were fixed at the values
obtained from the global fits described in Section 3.1. These fixed
parameters include the sum of radii RP/a + R+/a (where R« and RP are the
absolute stellar and planetary radii, respectively, and a is the semimajor axis
of the planetary orbit), ratio of the radii RP/R«, orbital inclination /i, mass ratio
of the system MP/M-, and the combination of orbital eccentricity e and
periastron longitude w- (presented as #¢vsw+ and ¢sinwx), The limb-darkening
values for each band were fixed at the values from Claret & Bloemen (2011).
The mid-transit times with their 1o credible uncertainties for each system
were finally obtained and are listed in Tables 10-12.

Tahle 1k

Mid-tramsit Times for HAT-P-9b
Epoch Telescape T Ty Q-
(B0 (sl i51
72 Shporer et al. (2008 454417 SMIKJE" 1592 627
62 Dhtimann et all. {2012 455241 659200 21600 3255
49 Dittmann et al. (3012 245 T1.76 72.35
488 Xinglong &0 cm 2 13043 G508
503 Kimghong Schmidt 2 104 95 L1967
563 Kimghong Schmidt #0185 192,15
578 Kimglong Schmidi 090093 14.40
580 Kimghong Schmidt T2A2 235 .68
593 Kimghong Schmidt MSTEIL. 14137 B5 i 131 .65
Nobe.
* These mid-transit times are cited directly from Shporeer et al. (200%) and

Dittmanm et al. (2002



Tahle 11
Mid-transit Times for HAT-P-32b

Epoch Telescape T: L a-C
(B L] (s}
—6a7 Hartman et al. (3011 536 R4TILY  1R66 131
— R4 Hartman et all. {311} 2454396.79734° 1215 18.24
—&77 Hartman et all. (3011} 24541184605 1577 -MT75
—&71 Hartman et al. (3011 151474713 16595 -9.02
— il Hartman et all. {311} 245443979714 1579 - 1382
-1l Sada et al. (2012) 245584375341 1642 65,43
=10 Sada et al. (2012) 1455845 00287"  H0.T4 18,06
-0 Sada et al. (2012 245584590314 3074 41.39
Q Seeliger et al. (2014) 245586740801 6507 paling
& Seeliger ef al. {N114) J455880.30267" 2RSS - 1056
13 Seeliger et al. (N14) 2455895.35297"  13.82 10.40
13 Seeliger et al. (014) 2455895.35249" 6912 -3107
4 Seeliger et al. (H14) J455807 50%28" 2851 1548
0 Seeliger et al. (2014) 245591040274 375 -1443
26 Seeliger et al. (014) 2455015 30295 2678 =0.54
35 Seeliger et al. (H14) 1455042 65287 5530 1383
134 Seeliger et al. (2014) 2456135.50585" 2246 0.67
135 Seeliger et al. (W14) J45615TA54T00 6221 T340
144 Gibson et al. (2003) 24561 7700%2" 2160 -037
147 Seeliger et al. (2014) 245618345364 TR44 26469
147 Seeliger et al. (14) 245618345361 24 -208
148 Seeliger et al. (N14) 245618560575 2RS1 —1790
160 Seeliger et al. (2014) 2456210 40%61" 4838 -3850
164 Gibson et al. (2003} JASEIMO0M0"  16.42 .92
172 Xinglomg Schmidi 245623720586 2 MBE4 -3550
178 Xinglomg Schmidi 456250.104% 3606 1649
180 Seeliger et al. (H14) 1456254 40404" 1901 -1552
185 Xinglomg Schmic 2456265.15466 41,37 M.57
4 Seeliger et al. (014) 2456542 50538 27.65 527
14 Seeliger et al. (H14) J456542 50530°  15.35 =164
314 Seeliger et al. (2014) 2456542.50522" 4493 —8.55
328 Seeliger et al. (14) J45657260532"  15.55 -9.84
340 Seeliger et al. (N14) 2456508 40539° 1468 -1220
341 Seeliger et al. (2014) 2456600 55546"  14.69 — .96
354 Seeliger et al. (14) 2456618 SO585" 2678 1751
358 Xinglomg Schmidi 245663710480 NI -T562
367 Seeliger et al. (2014) 2456656.45533"  3REE -16.62
531 Xinglomg Schmidi 245 MR ETTS .14 5661
538 Xinglomg Schmidi 2452410743 6l »I7

T Xinglong 60 cm Telescope 245739605803 TEXI 4678

Mobes.

? These mid-transit times are ohiained from our fits hased on the light curves in
Hariman e al {301 1

" These mid-wransit times are cited direcily from Sada et al. (2012), Gibson
et al. {213}, and Seeliger et al. (20014)



Tahle 12
Miid-tramsit Times for HAT-P-36b

Epoch Telesoope Te o, o-C
(BN =) 51
Bl Bakos et al. (2012 455555891407 42104 TR.59
430 Bakos et al. {20125 45559705726 BE26 166
827 Bakos et al. £2012) J455601.00027 B2 A8 0.56
B21 Bakos et al. (2012) 2455608.98474° 8521 1313
521 CENLUD & em TASHO07. LR B9l f5.31
515 ChNLUO 6 em 45601515110 BAS 11351
258 ChNLUO 6 em 145635628178 016 111.53
246 CENLUD & em 56T BT BTR2 1324
227 Mancimi & al (2015} 456397 42802 2536 3961
17 Ninghong 60 cm Telescope 2456721.30085 1263 419
M Ninghong 60 e Telescope M56TE5. IR 100 SEH 159,16
3 Xinghang 60 cm Telescope 456720, 26430 8217 42,30
1z Nimghang 60 cmn Telescope 456740, 17580 4130 G176
41 Ninghong 60 e Telescope M56TSLISRID 3407 gl
4% Mancini et al. (2015} 2456THL 448207 KL 2181
3l Mancini &t al (2015) J456TER 42075 365 14.13
4] Ninghong 60 e Telescope 56TRS.01425 Tioig 005
k| Xinghang 60 cm Telescope 45705844614 128.65 G008
m Nimghang 60 cmn Telescope JAST066.4 1202 67.07 E.51
X80 Xinglong 60 cm Telescape 45TOT0IG280 7415 13.35
a3 Ninghong 60 cm Telescope 2457 1 38.08645 6337 10227
50 Nimghong &0 cm Telescope 457198 4830 756 BL6I
330 Xinglong 60 cm Telescape 4574023048 3558 1122
333 Ninghong 60 cm Telescope 2457406.21179 1967 1221
554 Nimghong &0 cm Telescope J45T4R4.0R5R0 11194 1064
555 Xinglong Schmick 45745541340 12899 10.73
358 Xinglong Schmick 24574%0. 30401 8453 11234
S6d Ninglong Schmick 457447.35840 4545 T1.66
573 Xinglong 60 cm Telescape J45T450. 30404 8496 4905
37 Ninghang 60 e Telescope 2457491 16331 679 13¥7.44
615 Ninghong 60 e Telescope 45751 5.05405 RE24 147
652 Xinghang 60 cm Telescope 2457564, 16608 189.71 16,13
e Nimghang 60 cmn Telescope J45TEGA. 14544 14073 6505
Mode.

* These mid-iransii fimes are obizined from our fids based on the published Eght curves from Bakos et al. (2012) and Mancini et al. {2015).

4. Results and Discussion
4.1. System Parameters
4.1.1. HAT-P-9b

The global system parameters we obtained for the HAT-P-9 system, and
those from previous studies (Shporer et al. 2009a; Southworth 2012) are
listed in Table 7. The best-fitting models for the transit and RV data are
plotted in Figures 1 and 2, respectively.
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As shown in Table 7, all of our new measurements of the system parameters
of HAT-P-9b show excellent agreement with those in Shporer et al. (2009a)
and Southworth (2012), with the high-precision light curves allowing us to
place even tighter constraints on the uncertainties.

4.1.2. HAT-P-32b

The refined system parameters for the HAT-P-32b system together with
those of previous studies (Hartman et al. 2011; Knutson et al. 2014) are
listed in Table 8. The best-fitting models for the transit and RV data are
plotted in Figures 3 and 4, respectively.



102f HAT-P-32b System 3
1.01 F E

1,00 s

Relativa Flux

nasf

ssf

Dok

|:_:I.QEE|...|....|....|...|E

Hours fram Mid Transit

Figure 3. Phased light corve of HAT-F-32h. The resulting hesi-fitting model is
shown by the red line, giving an rms scaiter of 2.0 mmag

4{Iu:

200 2

Radial Velocity [my/'s]
=
T
L
ol Ll

200

400f
400(
200 t Fib il 5
o :_1_..1_..+....+......J-l--i'n.{-ﬁ_.l..... & %I,-I .I+I,H,{._
200 .
-400

0.0 0.2 0.4 0.6 0.8 1.0

Phaze

Figure 4. RY data of HAT-P-32h. Tap: painis with enor bars ape the publizhed
data from Enuson et al. (2004), and the red ling is the best-fitting keplerian
cebit madel. Bottam: residuals plol, with an rms scatter of 624 m =",

O-C [m's]

As Table 8 shows, the system parameters we found show good agreement
with previous work (Hartman et al. 2011; Knutson et al. 2014).

4.1.3. HAT-P-36b

The refined system parameters resulting from our global fit for the HAT-P-
36b system together with the previously published results (Bakos et al. 2012;
Mancini et al. 2015) are listed in Table 9. The best-fitting models for the
transit and RV data are plotted in Figures 5 and 6, respectively.
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As shown in Table 9, the system parameters from our analysis show good
agreement with previous studies, except for Re/R+. The Rp/R+ 0of 0.1260 *=
0.0011 we found in the R band is 4.50 larger than the published one (0.1186
+ 0.0012) in the j band.

To demonstrate that the Rp/R+ discrepancy we found does not arise from
differences in the fitting process, we conducted a fit based only on the i-band
data from the discovery paper (Bakos et al. 2012). All of the resulting system
parameters, including Re/R+ (0.1192 = 0.0010), agree with those from the
discovery work. The i-band best-fitting model together with our R-band
model are plotted in Figure 7 for comparison.
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Multi-band photometry of hot Jupiters can reveal the Rayleigh scattering and
absorption features of molecules (e.g., H,O) and metal (e.g., Na, K, TiO, VO)
in their atmospheres (Sing et al. 2016). The transit-depth discrepancy we
found between the i and R bands should be useful to infer atmospheric
compositions and the cloud/haze properties of HAT-P-36b. The transit-depth
discrepancy in different bands has also been found in previous works
studying other systems (Mancini et al. 2013; Sing et al. 2015).

4.2. Mid-transit Times
4.2.1. HAT-P-9b

To perform a TTV analysis for the HAT-P-9b system, we need an accurate
planetary orbital ephemeris. The orbital ephemeris in the discovery work was
obtained based on four light curves within a time span of only two months
(Shporer et al. 2009a). Dittmann et al. (2012) then derived a new ephemeris
with two more observations, extending the time span to two years. In this
work, we have added another six light curves, greatly augmenting the time
span to a total of eight years.

As described in Section 3.2, we performed a separate fit for each of our six
light curves to get accurate mid-transit times (7). The best-fitting models are
plotted in Figure 8. The obtained mid-transit times together with the
published ones from Shporer et al. (2009a) and Dittmann et al. (2012) are
listed in Table 10. We then fit the mid-transit times with a linear function as

TANY=TA0) + N = P, i1
where P is the planetary orbital period and N represents transit epoch

number. T.(0) is the zero epoch mid-transit time and T.(N) is the time of
epoch N. In this fit, we have chosen T.(0) to be at the middle of the data time



span, which minimized parameter correlations between T.(0) and P (Shporer
et al. 2009b). The best-fitting parameters are

T(0) = 2455484913087 + 0,000386 [BID sl (2)

and
P = 392281072 £ 0.00000102 [days]. i3)

Felalva Flux + Ofise

QEBE, i i i . i
-i} -2 o 2 4 -4 -2 0 2 El
Hewrs from Mid Tranessl

Figmre 8. Six new wansit light curves of HAT-P-9h. Best-fiting models are
shown with red lines in the kefi panel, and the residuals io the fis are shown in
the right

The P from our analysis agrees with P = 3.92289 + 0.00004 found in Shporer
et al. (2009a) within 2.00, and it agrees with P = 3.922814 = 0.000002 found
in Dittmann et al. (2012) within 1.50. We believe our updated ephemeris is

more precise and reliable due to the extended time span of the observations.

During the fitting process, the errors of the mid-transit times were rescaled
to get x*/Nwr = 1, which provides a more conservative uncertainty for the
resulting period. The uncertainties of the times presented in Table 10 as well
as the error bars plotted in Figure 9, however, were not rescaled.
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Figure %. Tramsit timing variations. for HATP%. The revised linear orbital
ephemeris (see Egutions {1p={1)) is shown with a dotied line, with = o and
=37 unceriainties shown with dashed lines. The poinis denote residuals from
the revised ephemeris: the red points represent the mid-transit times obtained
from our sepamie fits. with our photometric data, while blue and green points
represend the mid-trmnsit times cited from Shporer et al. {20092) and Dittmann
et al (3002}, respectively. All of the mid-transit times are consistent with our
new ephemens ab ghe +3 level, giving an mms scatier of 131 s

Figure 9 shows the deviations of mid-transit times from our new orbital
ephemeris (Equations (1)-(3)), with an rms of 131 s. Though there is no



significant TTV anomaly, we can put a upper mass limit on a potential
perturber in the HAT-P-9b system (see Section 4.3).

4.2.2. HAT-P-32b

For HAT-P-32b, we used the same technique as in Section 4.2.1 to refine the
orbital ephemeris and analyze TTVs. The accurate mid-transit times (T.) for
HAT-P-32b obtained from separately fitting our seven light curves (Figure 10)
and the available data (Hartman et al. 2011) are listed in Table 11. Additional
mid-transit times cited from Sada et al. (2012), Gibson et al. (2013), and
Seeliger et al. (2014) are also listed in Table 11. We then fit these mid-transit
times with a linear function (similar to Equations (1)-(3)), resulting in

TNy = 2455867 402743(49) + N =« 215000820013y, (4

The quantities in the parentheses represent the uncertainties in the final
digit of the preceding number. The orbital ephemeris agrees well with the
results from Seeliger et al. (2014).
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Figure 10, Seven new transit light corves and five previously published light
curves {Hariman =t al. 200 1) for HAT-P-32b. Best-Giting models are shown
with red lines in the lefi panel. and the residuals o ghe fit are shown in the Aght.

Figure 11 shows that the deviations of the mid-transit times from the refined
orbital ephemeris are small, with an rms of 31 s. A detailed TTV study for
HAT-P-32b has been conducted by Seeliger et al. (2014), who analyzed a
total of 29 mid-transit times (shown by green points in Figure 10), and
excluded TTVs with amplitudes larger than 1.5 minutes. Our results based on
the new data shown by the red points are consistent with their conclusion.
An upper mass limit of a potential perturber in the HAT-P-32b system will be
presented in Section 4.3.
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Figure 1L Same a5 Figure 9, but for HAT-P-32b. The red and blue poins
represend the mid-transit times ohained from our fitss based on our light curves
and the poblizhed data in Honman et al. (2001), respectively, while the green
poinis are the mid-ransit tmes ciied from Sada et al (20012}, Gibson et al.
{20015y, and Secliger et al. {1014). Most of the mid-trmnsit Gmes show good
agreement with the refined ephemenis (see Equation ()} at the =55 level,
giving an mms scatier of 31 s.

4.2.3. HAT-P-36b

We used the exact same technique as that used in Sections 4.2.1 and 4.2.2
to update the orbital ephemeris and to analyze the TTVs for HAT-P-36b. The
separate fits were applied on each of our 26 light curves and the published
data from Bakos et al. (2012) and Mancini et al. (2015). The best-fitting
models for each light curve are plotted in Figure 12. The resulting mid-transit
times are listed in Table 12. The updated transit ephemeris is

T.(N) = 2456698.735910{149) + N = 1.32734660(33).

(5)

The quantities in the parentheses represent the uncertainties in the final
digit of the preceding number. Our orbital ephemeris agrees well with the
result from Bakos et al. (2012) and Mancini et al. (2015).
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Figmre 12. Tweniy.six new tramsit light curves and seven published light
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Figure 13 shows the deviations of mid-transit times from the new orbital
ephemeris for HAT-P-36b, giving an rms of 71 s. Although the follow-up time
span and quantity for HAT-P-36b are significantly extended, no obvious TTV
signal is detected. Similar to the HAT-P-9b and HAT-P-32b systems, an upper
mass limit on a potential perturber in this system is placed in Section 4.3.
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Figure 13. Same as Figure 9, but for HAT.P<36b. The blue and green points
represend mid-fransil times ohiained foom oor fis based on the poblished light
curves from Bakos et al. (2002) and Mancing et al. (203 ) respectively, while
the red points represent these obtained with car pholometric data. Most of the
mid-iransit tmes are consistent with the refined ephemeris (see Bquation (55} at
the =3 level, giving an s scaiter of T s



4.3. Orbital Stability and Mass Limits of Additional Perturbers

The results from our mid-transit time study (see Section 4.2) allow us to infer
an upper mass limit for an additional planet in each system. A perturbing
planet will introduce a change in the mid-transit times of a known planet,
which can be quantified by the rms scatter around the nominal
(unperturbed) linear ephemeris. The TTV effect is amplified for orbital
configurations involving mean-motion resonances (Agol et al. 2005; Holman
& Murray 2005; Nesvorny & Morbidelli 2008). In principle, this amplification
would allow for the detection of low-mass planetary perturbers. A larger
perturbation implies a larger scatter around the nominal ephemeris.

The calculation of an upper mass limit is performed numerically via direct
orbit integrations. For this task, we have modified the fortran-based
MICROFARM?® package (Gozdziewski 2003; Gozdziewski et al. 2008) which
utilizes OpenMPI*® to spawn hundreds of single-task parallel jobs on a
suitable super-computing facility. The package's main purpose is the
numerical computation of the Mean Exponential Growth factor of Nearby
Orbits (MEGNO; Cincotta & Simé 2000; Gozdziewski et al. 2001; Cincotta et
al. 2003) over a grid of initial values of orbital parameters for an n-body
problem. The calculation of the rms scatter of TTVs in the present work
follows a direct brute-force method, which proved to be robust given the
availability of computing power.

Within the framework of the three-body problem, we integrated the orbits of
one of our three hot Jupiters and an additional perturbing planet around a
central mass. The mid-transit time was calculated iteratively to a high
precision from a series of back-and-forth integrations once a transit of the
transiting planet was detected. The best-fit radii of both the planet and the
host star were accounted for. We then calculated an analytic least-squares
regression to the time series of transit numbers and mid-transit times to
determine a best-fitting linear ephemeris with an associated rms statistic for
the TTVs. The rms statistic was based on a 20-year integration corresponding
to 1864 transits for HAT-P-9b, 3398 transits for HAT-P-32b, and 5505 transit
events for HAT-P-36b. This procedure was then applied to a grid of masses
and semimajor axes of the perturbing planet while fixing all of the other
orbital parameters. In this study, we have chosen to start the perturbing
planet on a circular orbit that is coplanar with the transiting planet; this
implies that Q, = 0° and w, = 0° for the perturbing planet. This setting
provides the most conservative estimate of the upper mass limit of a
possible perturber (Bean 2009; Fukui et al. 2011; Hoyer et al. 2011, 2012).
For the interested readers, we refer to Wang et al. (2018d), which has
studied the effects of TTVs on varying initial orbital parameters.

In order to calculate the location of mean-motion resonances, we have used
the same code to calculate MEGNO on the same parameter grid. However,
this time we integrated each initial grid point for 1000 yr, allowing this study
to highlight the location of weak chaotic high-order mean-motion



resonances. In short, MEGNO quantitatively measures the degree of
stochastic behavior of a nonlinear dynamical system and has been proven
useful in the detection of chaotic resonances (Gozdziewski et al. 2001; Hinse
et al. 2010). In addition to the Newtonian equations of motion, the associated
variational equations of motion are solved simultaneously, allowing the
calculation of MEGNO at each integration time step. The MICROFARM
package implements the ODEX'’ extrapolation algorithm to numerically solve
the system of first-order differential equations.

Following the definition of MEGNO (denoted as '¥/; Cincotta & Simé 2000), in
a dynamical system that evolves quasi-periodically, the quantity ¥/ will
asymptotically approach 2.0 for s — =<, In that case, often the orbital elements
associated with that orbit are bounded. In case of a chaotic time evolution,
the \¥) diverges away from 2.0 with orbital parameters exhibiting erratic
temporal excursions.

Importantly, MEGNO is unable to prove that a dynamical system is evolving
quasi-periodically, meaning that a given system cannot be proven to be
stable or bounded for all of the times. The integration of the equations of
motion only considers a limited time period. However, once a given initial
condition has found to be chaotic, there is no doubt about its erratic nature
in the future.

In the following, we will present the results of each system for which we have
calculated the scatter of TTVs on a grid of the masses and semimajor axes of
a perturbing planet in a circular, coplanar orbit. The results are shown in
Figures 14-16 with a resolution of 1024 x 500 pixels. In each of the three
cases, we find the usual instability region located in the proximity of the
transiting planet with MEGNO color coded as yellow (corresponding to ¥/ = 3),
The extent of this region coincides with the results presented in Barnes &
Greenberg (2006).

The perturbing planet was always started on a circular orbit with the same
orbital orientation as the transiting planet. If there is an additional planet in
the system, we think it is reasonable for the two planets to share the same
orbital plane. The assumption on the orbital shape of the perturber is
somewhat arbitrary. We refer the reader to Wang et al. (2018d) for an
exploration of the effects of starting the perturbing planet on a higher
eccentricity orbit.

For the HAT-P-9b system, the considered initial conditions seem to render
the P,/P, = 1/1 co-orbital resonance to be stable/quasi-periodic. In
comparison, this is not the case for the other two systems. In each map, we
mark the locations of several mean-motion resonances with arrows. By
overplotting the rms scatter of the mid-transit times for a certain value, we
find that the TTVs are relatively more sensitive at orbital architectures
involving mean-motion resonances, confirming the results by Agol et al.
(2005) and Holman & Murray (2005). As shown in Figure 14, we find that a



perturber of mass (upper limit) around 1 Ms will produce an rms of 131 s
when located in the P,/P; = 2:1, 5:2, and 3:1 exterior resonance. For the 1:2
interior resonance, a perturber mass (upper limit) as small as 0.15 M¢ could
also generate a mid-transit time scatter of 131 s.
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Figure 14, MEGNO (¥ ) stability map for the HAT P20 system. We overpliol
the map wiih an upper mass of a hypothetical periorbing planet inireducing a
mid-transit time s scatter of |31 s {solid line) as obinined in this sudy. For
imitial conditions pesulting in 2 guasiperiodic {i.e., bounded) moton of the
sysiem, the (¥) valee & close to 200 (color coded blue). For chaotic (ic.,
unsinble) motion. the (¥} is diverging away from 20 (color coded red o
yellow). Verical amows imdicate (P:/Py) ocbital resonances between the
periurber and the transiting planei. The two planets were assumed 1o be
coplanar, and the eccentricity of the pertarbing planet was initially se1 o zero.

For the HAT-P-32b system, a perturbing planet with an upper mass limit in
the range 0.1 to 1 M, could theoretically cause a mid-transit time scatter of
31 s when located in a 1:4, 1:3, 1:2 (interior) or 2:1, 9:4, 7:3, 5:2, 8:3, 3:1,
7:2, or 4:1 (exterior) orbital resonance. This is seen from Figure 15.
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Figure 15. Same as Figure |4, but this time considering the HAT-F-12h
sysiem. The solid line i for TTVs with an rms scatser of 3 =,

For the HAT-P-36b system, the result is somewhat more complex, and we
refer to Figure 16. For the majority of the aforementioned orbital resonance
configurations, a mid-transit time scatter of 71 s is produced by a perturber
with an upper mass in the range of 1-10 Ms. The exception is the 1:2 interior
resonance, for which we find that an upper mass limit of 0.3 Me can produce
the same scatter.
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These observations provide accurate anchors for searches for transit time
variations with the ongoing Transiting Exoplanet Survey Satellite (TESS)
mission (Ricker et al. 2015), which will complete and follow up almost all
transiting hot Jupiters orbiting bright stars (Wang et al. 2019).

5. Summary and Conclusions

The TEMP aims to further understand planetary interior structures,
formation, and evolution with long-term high-precision photometric follow-up
observations (Wang et al. 2017a, 2017b, 2018b).

As the initial targets for TEMP, the HAT-P-9b, HAT-P-32b, and HAT-P-36b
systems have been observed six, seven, and twenty-six times from 2012
March to 2017 April with three telescopes in China and South Korea.

In this work, we have performed a global fit for each system based on both
our new photometric observations and previously published RV data to
revisit the fundamental system parameters. The system parameters we
found show excellent agreement with those of previous studies, except the
Re/R+ for HAT-P-36b. The value of Rs/R+ from our R-band data is larger than
the published i-band value (Bakos et al. 2012) at the 4.50 level.

Based on the obtained system parameters, we performed separate fits for all
of the light curves to get precise mid-transit times. With these mid-transit
times in hand, we refined the orbital ephemeris for each system. In
comparison to the published results, our ephemerides are more precise and
reliable as the result of more high-precision transits that greatly expand the
total time spans of observations.

We have also performed TTV analyses for these three systems. Because no
significant TTV signals were found, we put upper mass limits on potential
close-in planetary companions.

For the HAT-P-9b system, a perturber with mass (upper limit) around 1 M,
will produce TTVs with the rms of 131 s at the P,/P,= 2:1, 5:2, or 3:1 exterior
resonances. For the 1:2 interior resonance, the mass can be as small as 0.15
Me.



For the HAT-P-32b system, we constrained the upper mass of a perturber in
the range of 0.1 to 1 M, at the 1:4, 1:3, 1:2 (interior) or 2:1, 9:4, 7:3, 5:2,
8:3, 3:1, 7:2, or 4:1 (exterior) orbital resonances, with the given rms scatter
of 31 s.

For the HAT-P-36b system, the upper mass of a perturber is constrained to
the range of 1-10 M, for most of the aforementioned orbital resonance
configurations with the rms scatter of 71 s. But for the 1:2 interior
resonance, a perturber with a mass of 0.3 Mg can also produce the same rms
scatter.

These observations provide accurate anchors for future searches for TTVs
with the ongoing TESS mission (Ricker et al. 2015), which will largely
complete the sample of transiting hot Jupiters orbiting bright stars (Wang et
al. 2019).
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Facilities: Beijing: Schmidt - , Beijing: 0.6 m - .

Software: SExtractor (Bertin & Arnouts 1996), EXOFAST (Eastman et al.
2013), JKTEBOP (Southworth 2008).

Footnotes

13 Online procedure available at http://astroutils.astronomy.ohio-
state.edu/exofast/exofast.shtml.

14 http://www.astro.keele.ac.uk/jkt/codes/jktebop.html.

15 https://bitbucket.org/chdianthus/microfarm/src

16 https://www.open-mpi.org

17 https://www.unige.ch/~hairer/prog/nonstiff/odex.f
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