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OBSERVATIONS

Folder |Observation |Labe| |Observinq Template |Science Target
TOI-178 NIRSPEC BOTS

1 TOI-178d NIRSpec Bright Object Time Series (1) TOI-178

2 TOI-178g NIRSpec Bright Object Time Series (1) TOI-178

102 TOI-178g NIRSpec Bright Object Time Series (1) TOI-178

3 TOI-178b NIRSpec Bright Object Time Series (1) TOI-178
ABSTRACT

The atmospheric characterisation of multiple exoplanets in the same system can provide awindow into the processes that underpinned their
formation and evolution. The planetary C/O ratios are of particular interest as they encode information about where the planet formed with respect to
different ice lines, but precise measurements of this using current instrumentation have proved challenging. Recent observations have revealed that
the nearby late K-type star TOI-178 hosts a compact system of at least six transiting exoplanets with R < 3 Earth radii, five of which form a chain of
L aplacian resonances. Alongside the fact that the large planet-to-planet density variations present in the system appear difficult to theoretically
explain, its resonant chain and large atmospheric signal sizes provide a well-constrained |aboratory to test the main formation theories. We propose to
use JWWST/NIRSpec in BOTS mode with the G395M grating to observe single transits of TOI-178 b, d, and g, providing an atmospheric
characterisation of planets that span the full range of known orbital separations from the host. Amongst other things, our mock retrievals suggest that
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the strong constraints that we will be able to place on the abundances of H20, CO, CO2, and CH4 will enable a precise derivation of the C/O for
each planet. The combination of these measurements will facilitate the first detailed observational study using the C/O to test whether multiple
planets in the same system formed in situ or migrated to their current positions.

OBSERVING DESCRIPTION

We are proposing to conduct a small programme of ~ 24.85 hr including overheads to observe single transits of TOI-178 b, d, and g using NIRSpec
in Bright Object Times Series (BOTS) mode and the default S1600A1 dlit. We will use the G395M grating with the F290L P filter and the SUB2048
subarray. This provides resolving power of 1000 with wavelength coverage spanning 2.87-5.10 microns.

For each planet, we calculated the visit duration (or dwell time) for IWST observations of transiting exoplanets, given by Tdwell = 0.75 hr (detector
settling) + max(1 hr, T14/2) (before transit) +T14 (transit) + max(1 hr, T14/2) (after transit) + 1 hr (timing window), where T14 isthe total transit
duration. Taken together, this ensures that both the transit and sufficient out-of-transit baseline are acquired, that the detector has sufficient time to
settle, and the observation is sufficiently long to provide flexibility with the scheduling window. Respectively for planets b, ¢, and d, the transit
durations of 1.65, 2.28, and 2.19 hr result in visit durations of 5.40, 6.31, and 6.13 hr.

For our observations, we set the number of groups per integration to be the maximum that ensures that none of the pixelsin the detector exceeds 80%
of itsfull well capacity. For TOI-178 (Kmag = 8.656) with the NRSRAPID readout mode and the SUB2048 subarray, this occurred at 7 groups per
integration. To cover the calculated visit durations, we used single exposures with 2697, 3150, and 3060 integrations for planets b, d, and g,
respectively. At the resolution element corresponding to awavelength of 3.95 microns, this achieves a SNR of 157 per frame, which correspondsto a
precision on the transit depth of 267, 237, and 241 ppm. In practice, we will combine the data into wavelength binsto achieve an SNR that is
sufficiently high to robustly detect the expected molecular features at these wavel engths.



Proposal 2319 - Targets - TOI-178: the best laboratory for testing planetary formation theories

Fixed Targets

# Name Target Coordinates

Targ. Coord. Corrections

Miscellaneous

@) TOI-178 RA: 00 29 12.4828 (7.3020117d)
Dec: -30 27 14.82 (-30.45412d)
Equinox: J2000

Comments: This object was generated by the target selector and retrieved from the SMBAD database.

Category=Star
Description=[ Exoplanets, K stars]
Extended=NO

Proper Motion RA: 0.011596817739502139 sec of
timelyr

Proper Motion Dec: -0.08725300003789016 arcsec/yr
Epoch of Position: 2015.5

2 2MASSJ00291115-3027561  RA: 00 29 11.1906 (7.2966275d)
Dec: -30 27 56.36 (-30.46566d)
Equinox: J2000

Comments: This object was generated by the targetselector and retrieved from the SMBAD database.
Category=Star

Description=[F starg)

Extended=NO

Proper Motion RA: -2.1579397350383365E-5 sec of
timelyr

Proper Motion Dec: 2.11E-4 arcseclyr
Epoch of Position: 2015.5




Progosal 2319 - Observation 1 - TOI-178: the best laboratory for testing planetary formation theories

o Proposal 2319, Observation 1: TOI-178d Tue Jul 11 00:00:43 GMT 2023|
'% Diagnostic Status: Warning
2 | Observing Template: NIRSpec Bright Object Time Series
O
%
o
O
8 (TOI-178d (Obs 1)) Warning (Form): Exposure Duration exceeds the limit of 10000.0 seconds. Above thislimit it is possible that a High Gain Antenna move may occur during the exposure.
ﬁ (Visit 1:1) Warning (Form): Overheads are provisional until the Visit Planner has been run.
o
c
o
8
@]
# Name Target Coordinates Targ. Coord. Corrections Miscellaneous
% 1) TOI-178 RA: 00 29 12.4828 (7.3020117d) Proper Motion RA: 0.011596817739502139 sec of
o Dec: -30 27 14.82 (-30.45412d) timefyr _
lc_u Equinox: J2000 Proper Motion Dec: -0.08725300003789016 arcsec/yr
= Epoch of Position: 2015.5
g Comments: This object was generated by the target selector and retrieved from the SMBAD database.
i Category=Star
Description=[ Exoplanets, K stars]
Extended=NO
c |# Target TA Method Subarray Filter Readout Pattern Groupd/Int Integrations/Exp Total Total Exposure ETC Wkbk.Calc
.g I ntegrations Time ID
28 2 WATA SUB32 CLEAR NRSRAPID 3 1 1 0.08 57628.2
=] 2MASSJ0029111
g 5-3027561
<
% Subarray
o |SUB2048
S
()
|_
0 |# Grating/Filter Readout Pattern ~ Groupg/Int Integrations/Exp  Exposures/Dith Total Dithers Total Integrations Total Exposure ETC Wkbk.Calc
c Time 1D
[}
1 G395M/F290LP NRSRAPID 7 3150 1 1 3150 22794.912 57628.1
[}
W
<
3]
O
o
N
9 | Phase 0.97439 to 0.98075 with period 6.5576941 Days and zero-phase 2458747.1464507 HID
c | Time Series Observation
GE) No Parallel Attachments
et
=
o
O
o
<
o
)
o
n




Progosal 2319 - Observation 2 - TOI-178: the best laboratory for testing planetary formation theories

o Proposal 2319, Observation 2: TOI-178g Tue Jul 11 00:00:43 GMT 2023|
'% Diagnostic Status: Warning
2 | Observing Template: NIRSpec Bright Object Time Series
O
%
o
O
8 (TOI-178g (Obs 2)) Warning (Form): Exposure Duration exceeds the limit of 10000.0 seconds. Above thislimit it is possible that a High Gain Antenna move may occur during the exposure.
ﬁ (Visit 2:1) Warning (Form): Overheads are provisional until the Visit Planner has been run.
o
c
o
8
@]
# Name Target Coordinates Targ. Coord. Corrections Miscellaneous
% 1) TOI-178 RA: 00 29 12.4828 (7.3020117d) Proper Motion RA: 0.011596817739502139 sec of
o Dec: -30 27 14.82 (-30.45412d) timefyr _
lc_u Equinox: J2000 Proper Motion Dec: -0.08725300003789016 arcsec/yr
= Epoch of Position: 2015.5
g Comments: This object was generated by the target selector and retrieved from the SMBAD database.
i Category=Star
Description=[ Exoplanets, K stars]
Extended=NO
c |# Target TA Method Subarray Filter Readout Pattern Groupd/Int Integrations/Exp Total Total Exposure ETC Wkbk.Calc
.g I ntegrations Time ID
28 2 WATA SUB32 CLEAR NRSRAPID 3 1 1 0.08 57628.2
=] 2MASSJ0029111
g 5-3027561
<
% Subarray
o |SUB2048
S
()
|_
0 |# Grating/Filter Readout Pattern ~ Groupg/Int Integrations/Exp  Exposures/Dith Total Dithers Total Integrations Total Exposure ETC Wkbk.Calc
c Time 1D
[}
1 G395M/F290LP NRSRAPID 7 3060 1 1 3060 22143.629 57628.3
[}
W
<
3]
O
o
N
9 | Phase 0.99207 to 0.99408 with period 20.70945955 Days and zero-phase 2458748.02934 HID
c | Time Series Observation
GE) No Parallel Attachments
et
=
o
O
o
<
o
)
o
n




Proposal 2319 - Observation 102 - TOI-178: the best laboratory for testing planetary formation theories

g Proposal 2319, Observation 102: TOI-178g Tue Jul 11 00:00:43 GMT 2023|
'% Diagnostic Status: Warning
2 | Observing Template: NIRSpec Bright Object Time Series
O
%
o
O
8 (TOI-178g (Obs 102)) Warning (Form): Exposure Duration exceeds the limit of 10000.0 seconds. Above thislimit it is possible that a High Gain Antenna move may occur during the exposure.
ﬁ (Visit 102:1) Warning (Form): Overheads are provisiona until the Visit Planner has been run.
o
c
o
8
@]
# Name Target Coordinates Targ. Coord. Corrections Miscellaneous
% 1) TOI-178 RA: 00 29 12.4828 (7.3020117d) Proper Motion RA: 0.011596817739502139 sec of
o Dec: -30 27 14.82 (-30.45412d) timefyr _
lc_u Equinox: J2000 Proper Motion Dec: -0.08725300003789016 arcsec/yr
= Epoch of Position: 2015.5
g Comments: This object was generated by the target selector and retrieved from the SMBAD database.
i Category=Star
Description=[ Exoplanets, K stars]
Extended=NO
c |# Target TA Method Subarray Filter Readout Pattern Groupd/Int Integrations/Exp Total Total Exposure ETC Wkbk.Calc
.g I ntegrations Time ID
28 2 WATA SUB32 CLEAR NRSRAPID 3 1 1 0.08 57628.2
=] 2MASSJ0029111
g 5-3027561
<
% Subarray
o |SUB2048
S
()
|_
0 |# Grating/Filter Readout Pattern ~ Groupg/Int Integrations/Exp  Exposures/Dith Total Dithers Total Integrations Total Exposure ETC Wkbk.Calc
c Time 1D
[}
1 G395M/F290LP NRSRAPID 7 3060 1 1 3060 22143.629 57628.3
[}
W
<
3]
O
o
N
9 | Phase 0.99207 to 0.99408 with period 20.70945955 Days and zero-phase 2458748.02934 HID
c | Time Series Observation
GE) No Parallel Attachments
et
=
o
O
o
<
o
)
o
n




Progosal 2319 - Observation 3 - TOI-178: the best laboratory for testing planetary formation theories

o Proposal 2319, Observation 3: TOI-178b Tue Jul 11 00:00:43 GMT 2023|
'% Diagnostic Status: Warning
2 | Observing Template: NIRSpec Bright Object Time Series
O
%
o
O
8 (TOI-178b (Obs 3)) Warning (Form): Exposure Duration exceeds the limit of 10000.0 seconds. Above thislimit it is possible that a High Gain Antenna move may occur during the exposure.
ﬁ (Visit 3:1) Warning (Form): Overheads are provisional until the Visit Planner has been run.
o
c
o
8
@]
# Name Target Coordinates Targ. Coord. Corrections Miscellaneous
% 1) TOI-178 RA: 00 29 12.4828 (7.3020117d) Proper Motion RA: 0.011596817739502139 sec of
o Dec: -30 27 14.82 (-30.45412d) timefyr _
lc_u Equinox: J2000 Proper Motion Dec: -0.08725300003789016 arcsec/yr
= Epoch of Position: 2015.5
g Comments: This object was generated by the target selector and retrieved from the SMBAD database.
i Category=Star
Description=[ Exoplanets, K stars]
Extended=NO
c |# Target TA Method Subarray Filter Readout Pattern Groupd/Int Integrations/Exp Total Total Exposure ETC Wkbk.Calc
.g I ntegrations Time ID
28 2 WATA SUB32 CLEAR NRSRAPID 3 1 1 0.08 57628.2
=] 2MASSJ0029111
g 5-3027561
<
% Subarray
o |SUB2048
S
()
|_
0 |# Grating/Filter Readout Pattern ~ Groupg/Int Integrations/Exp  Exposures/Dith Total Dithers Total Integrations Total Exposure ETC Wkbk.Calc
c Time 1D
[}
1 G395M/F290LP NRSRAPID 7 2697 1 1 2697 19516.787 57628.4
[}
W
<
3]
O
o
N
€ | Between Dates 24-NOV-2020:00:00:00 and 12-DEC-2022:00:00:00
| Between Dates 14-DEC-2022:00:00:00 and 24-NOV-2050:00:00:00
@ |Phase 0.92601 to 0.94777 with period 1.9145567 Days and zero-phase 2458741.63705 HID
aE) Time Series Observation
= |No Parallel Attachments
=]
o
O
o
<
o
)
o
n




