AςA manuscript no▷ ↼will be inserted by hand later↽ Your thesaurus codes are. 07▷16▷2 Saturn, 13▷09▷5

ASTRONOMY AND ASTROPHYSICS 31▷10▷1996

Letter to the editor. αrst results from ISO

ISO LWS measurement of the farinfrared spectrum of Saturn G▷R▷ Davis 1 M▷J▷ Grifαn 2 D▷A▷ Naylor 3 P▷G▷ Oldham 2 B▷M▷ Swinyard 4 P▷A▷R▷ Ade 2 S▷B▷ Calcutt 5 Th▷ Encrenaz 6 T▷ De Graauw 7 D▷ Gautier 6 P▷G▷J▷ Irwin 5 E▷ Lellouch 6 G▷S▷ Orton 8 C▷ Armand 9 M▷ Burgdorf 9 A▷ Di Giorgio 9 D▷ Ewart 9 C▷ Gry 9 K▷J▷ King 4 T▷ Lim 9 S▷ Molinari 9 M▷ Price 9 S▷ Sidher 9 A▷ Smith 9 D▷ Texier 9 N▷ Trams 9 and S▷J▷ Unger 4 1 Institute of Space and Atmospheric Studies University of Saskatchewan 116 Science Place Saskatoon Sask▷ Canada S7N 5E2 2 Dept▷ of Physics Queen Mary and Westαeld College Mile End Road London England E1 4NS 3 Dept▷ of Physics University of Lethbridge 4401 University Drive Lethbridge Alta▷ Canada T1K 3M4 4 Rutherford Appleton Laboratory Chilton Didcot Oxon▷ England OX11 0QX 5 Atmospheric Oceanic and Planetary Physics Dept▷ of Physics Oxford University Parks Road Oxford England OX1 3DW 6 Observatoire de ParisMeudon 5 Place Janssen 92195 Meudon Cedex Paris France 7 SRON PO Box 800 Groningen Netherlands 8 Jet Propulsion Laboratory California Institute of Technology 4800 Oak Grove Drive Pasadena CA 91109 USA 9 LWS Instrument Dedicated Team VILSPA Villafranca Spain ♭the date of receipt and acceptance should be inserted later♯

Abstract▷ The spectrum of Saturn from 43 to 197 μm was measured with the ISO Long Wavelength Spectrometer ↼LWS↽ during the performance veriαcation phase of the mission▷ The measurements were made using the LWS in grating mode with spectral resolutions of 0▷29 μm from 43 to 90 μm and 0▷6 μm from 90 to 197 μm▷ The spectrum was compared with an atmo spheric radiativetransfer model and four results were obtained. αrst the slope of the measured continuum within each detec tor passband is in good agreement with the model, second absorption features due to ammonia and phosphine were un ambiguously detected and all detected features were attributed to these two molecules, third the ammonia absorption features agree reasonably well with the nominal model ↼based on Voy ager IRIS measurements↽, and fourth the phosphine absorption features disagree with the nominal model▷ Superior agreement with the measured spectrum was obtained with a modiαed PH 3 proαle in which the tropospheric mixing ratio was increased to 7×∞′^−̸ ⊣\⌈ ⊔⟨⌉ ⌋⊓⊔≀{{ ⌈⊓⌉ ⊔≀ √⟨≀⊔≀⌈⟩∫∫≀⌋⟩⊣⊔⟩≀\ ⊒⊣∫ ↕≀⊒⌉∇⌉⌈ ⊔≀ ∋′′ ⇕⌊⊣∇↙ T⟨⌉∫⌉ ∇⌉∫⊓↕⊔∫ ⊣∇⌉ ⌊⊣∫⌉⌈ ≀\ ⊔∇⟩⊣↕ ≀⌊∫⌉∇⊑⊣⊔⟩≀\∫ ⌈⊓∇⟩\} √⌉∇{≀∇⇕⊣\⌋⌉ ⊑⌉∇⟩⊘⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ LWS⇔ ⊣\⌈ √∇≀⊑⟩⌈⌉ ⊣\ ⟩\⌈⟩⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ∇⌉∫⊓↕⊔∫ ⊒⌉ ⌉§√⌉⌋⊔ ⊔≀ ≀⌊⊔⊣⟩\ ⊒⟨⌉\ ⊔⟨⌉ ∫√⌉⌋⊔∇⊓⇕ ≀{ S⊣⊔⊓∇\ ⟩∫ ⇕⌉⊣∫⊓∇⌉⌈ ⌋≀⇕√∇⌉⟨⌉\∫⟩⊑⌉↕† ↕⊣⊔⌉∇ ⟩\ ⊔⟨⌉ ⇕⟩∫∫⟩≀\↙

S⌉\⌈ ≀{{√∇⟩\⊔ ∇⌉∐⊓⌉∫⊔∫ ⊔≀¬ G↙R↙ D⊣⊑⟩∫ ? Based on observations with ISO, an ESA project with

instruments funded by ESA Member States (especially the PI countries: France, Germany, the Netherlands and the United Kingdom) and with the participation of ISAS and NASA

Key words: Planets and satellites: Individual: Saturn � Infrared: solar system

1. Introduction

The far infrared spectral region offers great promise for the study of planetary atmospheres: not only is it the region of maximum thermal emission, but it also contains rotational transitions due to many of the major and minor molecular constituents which serve as valuable probes of the physical and chemical atmospheric conditions. Observations at these wavelengths have historically been constrained, however, by the prohibitive opacity of the terrestrial atmosphere and by photon noise associated with the telescope and instrument optics. As a result, the far infrared has remained, until ISO, a relatively unexplored region of the electromagnetic spectrum.

We present an initial measurement of the spectrum of Saturn from 43 to 197 μm made with the Long Wavelength Spectrom eter ↼LWS↽ instrument ↼Clegg et al▷ 1996↽ on the Infrared Space Observatory ↼ISO↽ satellite ↼Kessler et al▷ 1996↽▷ A comprehen sive set of Saturn measurements is scheduled for later in the ISO mission including a high signaltonoise spectrum at medium resolution ↼λ/�λ ≃ ∈′′⇒ ≀⊑⌉∇ ⊔⟨⌉ ⌉\⊔⟩∇⌉ △∋∘∞∃ μm range and a number of spectra at high resolution ↼λ/�λ ≃ ∀′′′⇒ ≀⊑⌉∇ ∫⇕⊣↕↕⌉∇ ∇⊣\}⌉∫ ⊔≀ ⟩\⊑⌉∫⊔⟩}⊣⊔⌉ ∫√⌉⌋⟩⊘⌋ ∫√⌉⌋⊔∇⊣↕ {⌉⊣⊔⊓∇⌉∫↙ T⟨⌉ √∇⌉∫⌉\⊔ ⊣\⊣↕†∫⟩∫ √∇≀⊑⟩⌈⌉∫ ⊣\ ⌉⊣∇↕† ⟩\⌈⟩⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ∇⌉∫⊓↕⊔∫

∈ G↙R↙ D⊣⊑⟩∫ ⌉⊔ ⊣↕↙¬ ISO LWS ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔ ≀{ ⊔⟨⌉ {⊣∇↖⟩\{∇⊣∇⌉⌈ ∫√⌉⌋⊔∇⊓⇕ ≀{ S⊣⊔⊓∇\ ⊒⟨⟩⌋⟨ ⊣∇⌉ ↕⟩‖⌉↕† ⊔≀ ⌊⌉ ≀⌊⊔⊣⟩\⌉⌈ ⊒⟨⌉\ ⊔⟨⟩∫ {⊓↕↕ ∫⌉⊔ ≀{ S⊣⊔⊓∇\ ∫√⌉⌋⊔∇⊣ ⟩∫ ⊣⌋∐⊓⟩∇⌉⌈↙

∈↙ O⌊∫⌉∇⊑⊣⊔⟩≀\∫ ⊣\⌈ D⊣⊔⊣ A\⊣↕†∫⟩∫ T⟨⌉ ≀⌊∫⌉∇⊑⊣⊔⟩≀\∫ ⊒⌉∇⌉ ⇕⊣⌈⌉ ≀\ ∞′ D⌉⌋⌉⇕⌊⌉∇ ∞∃∃▽ ⌈⊓∇⟩\} ISO≃∫ ∈⊔⟨ ≀∇⌊⟩⊔⇔ ⊣\⌈ ⊒⌉∇⌉ ⊣⇕≀\}∫⊔ ⊔⟨⌉ ⊘∇∫⊔ ⊔⌉∫⊔ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⌋⊣∇∇⟩⌉⌈ ≀⊓⊔ ⊒⟩⊔⟨ ⊔⟨⌉ LWS↙ T⟨⌉ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔ √∇≀⌋⌉⌈⊓∇⌉ ⊒⊣∫ ∫⟩⇕⟩↕⊣∇ ⊔≀ A∫⊔∇≀\≀⇕⟩⌋⊣↕ O⌊∫⌉∇⊑⊣⊔⟩≀\ T⌉⇕√↕⊣⊔⌉ L′∞ ⇐C↕⌉}} ⌉⊔ ⊣↕↙ ∞∃∃⇏↙ T⟨⌉ LWS }∇⊣⊔⟩\} ⊒⊣∫ ∫⌋⊣\\⌉⌈ {∇≀⇕ ≀\⌉ ⌉\⌈ ≀{ ⟩⊔∫ ∇⊣\}⌉ ⊔≀ ⊔⟨⌉ ≀⊔⟨⌉∇ ⊣\⌈ ⊔⟨⌉\ ⌊⊣⌋‖ ⊣}⊣⟩\ {≀∇ ⊣ ⊔≀⊔⊣↕ ≀{ ⊔⊒≀ ∫⌋⊣\∫↙ E⊣⌋⟨ ∫⌋⊣\ ⌋≀⇕√∇⟩∫⌉⌈ ∋′′ ∫⊔⌉√∫ ≀{ ⊔⟨⌉ }∇⊣⊔⟩\} ⇕⌉⌋⟨⊣\⟩∫⇕⇔ ⊔⟨⌉ ∫⊔⌉√ ∫⟩‡⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} ⊔≀ ⊣ ∫√⌉⌋⊔∇⊣↕ ∫⊣⇕√↕⟩\} ∇⊣⊔⌉ ≀{ △ ∫⊣⇕√↕⌉∫ √⌉∇ ∇⌉∫≀↕⊓⊔⟩≀\ ⌉↕⌉⇕⌉\⊔↙ T⟨⌉ ⟩\⊔⌉}∇⊣⊔⟩≀\ ⊔⟩⇕⌉ ⊒⊣∫ ∫⌉⊔ ⊔≀ ′↙∈▽∫ √⌉∇ ∫⊣⇕√↕⌉⇔ ≀{ ⊒⟨⟩⌋⟨ ′↙∞ ∫ ⊒⌉∇⌉ ⌈⟩∫⌋⊣∇⌈⌉⌈ ⌈⊓∇⟩\} ⌈⊣⊔⊣ √∇≀⌋⌉∫∫⟩\} ⊣∫ ⟩∫ ∫⊔⊣\⌈⊣∇⌈ ⊒⟩⊔⟨ LWS ⌈⊣⊔⊣↙ T⟨⌉ ⊔≀⊔⊣↕ ⟩\⊔⌉}∇⊣⊔⟩≀\ ⊔⟩⇕⌉ √⌉∇ √≀⟩\⊔ ⊒⊣∫ ⊔⟨⊓∫ ′↙∋ ∫↙ T⟨⌉ ⊔⊒≀ ∫⌋⊣\∫ ⊒⌉∇⌉ ⊣⊑⌉∇⊣}⌉⌈ ⊣\⌈ ⌋≀∇∇⌉⌋⊔⌉⌈ {≀∇ ⌈⌉⊔⌉⌋⊔≀∇ ⌈⊣∇‖ ⌋⊓∇∇⌉\⊔ ⊣\⌈ ∫⇕⊣↕↕ ∇⌉∫√≀\∫⟩⊑⟩⊔† ⌈∇⟩{⊔∫⇔ ⊒⟨⟩⌋⟨ ⊒⌉∇⌉ ⇕≀\⟩⊔≀∇⌉⌈ ⌊† ⇕⌉⊣\∫ ≀{ ⊔⟨⌉ LWS ≀\↖⌊≀⊣∇⌈ ⟩↕↕⊓⇕⟩\⊣⊔≀∇∫↙ A↕⊔⟨≀⊓}⟨ ⊔⟨⌉∫⌉ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⊒⌉∇⌉ ⇕⊣⌈⌉ ⊒⟩⊔⟨ ∇⌉⌈⊓⌋⌉⌈ ⌈⌉↖ ⊔⌉⌋⊔≀∇ ⌊⟩⊣∫ ⌊⌉⌋⊣⊓∫⌉ ≀{ ⊔⟨⌉ ⟨⟩}⟨ ⊙⊓§ {∇≀⇕ S⊣⊔⊓∇\⇔ ⊔⟨⌉∇⌉ ⟩∫ \⌉⊑⌉∇↖ ⊔⟨⌉↕⌉∫∫ ∫≀⇕⌉ ⌉⊑⟩⌈⌉\⌋⌉ ≀{ \≀\↕⟩\⌉⊣∇⟩⊔† ⟩\ ⊔⟨⌉ ∫√⌉⌋⊔∇⊣↙ W⌉ ⟨⊣⊑⌉ ⊔⟨⌉∇⌉{≀∇⌉ \≀⊔ ⊣⊔⊔⌉⇕√⊔⌉⌈ ⊣\ ⊣⌊∫≀↕⊓⊔⌉ ⊙⊓§ ⌋⊣↕⟩⌊∇⊣⊔⟩≀\ ⊣⊔ ⊔⟨⟩∫ ∫⊔⊣}⌉↙ T≀ ∇⌉⇕≀⊑⌉ ⊔⟨⌉ ⟩\∫⊔∇⊓⇕⌉\⊔ ∇⌉∫√≀\∫⌉ {⊓\⌋⊔⟩≀\⇔ ⊔⟨⌉ S⊣⊔⊓∇\ ⌈⊣⊔⊣ ⊒⌉∇⌉ ⌈⟩⊑⟩⌈⌉⌈ ⌊† ⊣ }∇⊣⊔⟩\}↖⇕≀⌈⌉ ∫√⌉⌋⊔∇⊓⇕ ≀{ U∇⊣\⊓∫ ⇕⌉⊣∫⊓∇⌉⌈ ⌊† ⊔⟨⌉ LWS ⟩\ M⊣∇⌋⟨ ∞∃∃⇎ {≀∇ ⊒⟨⟩⌋⟨ ⊣ ⇕≀⌈⌉↕ ∫√⌉⌋⊔∇⊓⇕ ⊒⊣∫ ⊣∫∫⊓⇕⌉⌈ ⇐S⊒⟩\†⊣∇⌈ ⌉⊔ ⊣↕↙ ∞∃∃⇏↙

∋↙ M≀⌈⌉↕↕⟩\} T⟨⌉ ≀⌊∫⌉∇⊑⊣⊔⟩≀\∫ ⊒⌉∇⌉ ⊣\⊣↕†∫⌉⌈ ⊓∫⟩\} ⊣ ⇕⊓↕⊔⟩↕⊣†⌉∇⇔ ∇⊣⌈⟩⊣⊔⟩⊑⌉↖ ⊔∇⊣\∫{⌉∇ ⇕≀⌈⌉↕ ≀{ ⊔⟨⌉ ∫⊣⊔⊓∇\⟩⊣\ ⊣⊔⇕≀∫√⟨⌉∇⌉↙ T⟨⌉ ⊣⊔⇕≀∫√⟨⌉∇⟩⌋ ⊔⟨⌉∇⇕⊣↕ √∇≀⊘↕⌉ ⊒⊣∫ ⊔⊣‖⌉\ {∇≀⇕ ⊔⟨⌉ V≀†⊣}⌉∇ ∈ ∇⊣⌈⟩≀↖≀⌋⌋⊓↕⊔⊣⊔⟩≀\ ⇕⌉⊣∫⊓∇⌉⇕⌉\⊔∫ ⇐T†↕⌉∇ ⌉⊔ ⊣↕↙ ∞∃∀∈⇒↙ S⟩\⌋⌉ ⊔⟨⌉ ⊣\}⊓↕⊣∇ ⌈⟩⊣⇕⌉⊔⌉∇ ≀{ S⊣⊔⊓∇\ ⇐∞̸^′′⇒ ⊒⊣∫ ⇕⊓⌋⟨ ∫⇕⊣↕↕⌉∇ ⊔⟨⊣\ ⊔⟨⌉ LWS ⌊⌉⊣⇕ ⇐∀′^{′′}⇒⇔ ⊔⟨⌉ ⊔∇⊣\∫{⌉∇ ⌉∐⊓⊣⊔⟩≀\ ⊒⊣∫ ⟩\⊔⌉}∇⊣⊔⌉⌈ ≀⊑⌉∇ ⊔⟨⌉ ⊑⟩∫⟩⌊↕⌉ ⟨⌉⇕⟩∫√⟨⌉∇⌉↙ T⟨⌉ ≀⌊↕⊣⊔⌉\⌉∫∫ ≀{ ⊔⟨⌉ √↕⊣\⌉⊔ ⊒⊣∫ \⌉}↕⌉⌋⊔⌉⌈↙ A⊔ ⊔⟨⌉ ⊔⟩⇕⌉ ≀{ ⊔⟨⌉ ≀⌊∫⌉∇⊑⊣⊔⟩≀\∫⇔ ⊔⟨⌉ ⟩\⌋↕⟩\⊣⊔⟩≀\ ⊣\}↕⌉ ≀{ ⊔⟨⌉ ∇⟩\}∫ ⊒⊣∫ ∈↙▽ ∘⇔ ⊣\⌈ ⊒⌉ ⟨⊣⊑⌉ ⊣∫∫⊓⇕⌉⌈ ⊔⟨⊣⊔ ⊔⟨⌉ ⌋≀\⊔∇⟩⌊⊓⊔⟩≀\ ≀{ ⊔⟨⌉ ∇⟩\}∫ ⊔≀ ⊔⟨⌉ ⌉⇕⟩∫∫⟩≀\ ∫√⌉⌋⊔∇⊓⇕ ⊒⊣∫ \⌉}↕⟩}⟩⌊↕⌉↙ T⟨⌉ √∇⟩⇕⊣∇† ∫≀⊓∇⌋⌉∫ ≀{ ⌋≀\⊔⟩\⊓⊓⇕ ≀√⊣⌋⟩⊔† ⊣⊔ ⊔⟨⌉∫⌉ ⊒⊣⊑⌉↖ ↕⌉\}⊔⟨∫ ⊣∇⌉ ⊔⟨⌉ H ∈∘H ∈ ⊣\⌈ H ∈∘H⌉ ⌋≀↕↕⟩∫⟩≀\↖⟩\⌈⊓⌋⌉⌈ ⊣⌊∫≀∇√↖ ⊔⟩≀\∫↙ T⟨⌉ ⊣∫∫⊓⇕⌉⌈ ⇕⟩§⟩\} ∇⊣⊔⟩≀∫ {≀∇ H ∈ ⊣\⌈ H⌉ ⊒⌉∇⌉ ′↙∃▽̸ ⊣\⌈ ′↙′∋ ∇⌉∫√⌉⌋⊔⟩⊑⌉↕† ⇐C≀\∇⊣⊔⟨ ⌉⊔ ⊣↕↙ ∞∃∀△⇒ ⊣\⌈ ⊔⟨⌉ ≀√⊣⌋⟩⊔⟩⌉∫ ⊒⌉∇⌉ ⌋⊣↕⌋⊓↕⊣⊔⌉⌈ ⊓∫⟩\} ⊔⟨⌉ {≀∇⇕⊓↕⊣⊔⟩≀\∫ ≀{ B≀∇†∫≀⊒ ⌉⊔ ⊣↕↙ ⇐∞∃∀▽⇔ ∞∃∀∀⇒↙ A⇕⇕≀\⟩⊣ ⊣\⌈ √⟨≀∫√⟨⟩\⌉ ⊣↕∫≀ ⌋≀\⊔∇⟩⌊⊓⊔⌉ ⊔≀ ⊔⟨⌉ ≀√⊣⌋⟩⊔† ⊔⟨∇≀⊓}⟨ ⊔⟨⌉⟩∇ ∇≀⊔⊣⊔⟩≀\⊣↕ ⊔∇⊣\∫⟩⊔⟩≀\∫↙ T⟨⌉ ⊣⇕⇕≀\⟩⊣ ⇕⟩§⟩\} ∇⊣↖ ⊔⟩≀ ⊒⊣∫ ⊣∫∫⊓⇕⌉⌈ ⊔≀ ⌊⌉ ∞′ −△ ⟩\ ⊔⟨⌉ ⌈⌉⌉√ ⊔∇≀√≀∫√⟨⌉∇⌉⇔ ⊣\⌈ ⌋≀\↖ ∫⊔∇⊣⟩\⌉⌈ ⌊† ∫⊣⊔⊓∇⊣⊔⟩≀\ ⊣⌊≀⊑⌉ ⊔⟨⌉ ∞↙▽ ⌊⊣∇ ↕⌉⊑⌉↕↙ T⟨⌉ √⟨≀∫√⟨⟩\⌉ ⇕⟩§⟩\} ∇⊣⊔⟩≀ ⊒⊣∫ ⊣∫∫⊓⇕⌉⌈ ⊔≀ ⌊⌉ ∞↙△×∞′ − ̸⟩\ ⊔⟨⌉ ⊔∇≀√≀∫√⟨⌉∇⌉⇔ ⊒⟩⊔⟨ ⊣ ⌋⊓⊔≀{{ ⊣⊔ ▽ ⇕⌊⊣∇ ⊔≀ ∇⌉√∇⌉∫⌉\⊔ √⟨≀⊔≀⌈⟩∫∫≀⌋⟩⊣⊔⟩≀\ ⇐K⊣†⌉ ↘ S⊔∇≀⌊⌉↕⇔ ∞∃∀∋⇒↙ B≀⊔⟨ ≀{ ⊔⟨⌉∫⌉ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\∫ ⇐F⟩}↙ ∞⇒ ⊒⌉∇⌉ ⌈⌉∇⟩⊑⌉⌈ ⌊† C≀⊓∇⊔⟩\ ⌉⊔ ⊣↕↙ ⇐∞∃∀△⇒ {∇≀⇕ V≀†⊣}⌉∇ IRIS ∫√⌉⌋⊔∇⊣↙ T⟨⌉ ↕⟩\⌉ √⊣↖ ∇⊣⇕⌉⊔⌉∇∫ {≀∇ ⌊≀⊔⟨ ⇕≀↕⌉⌋⊓↕⌉∫ ⊒⌉∇⌉ ⊔⊣‖⌉\ {∇≀⇕ ⊔⟨⌉ ∞∃∃∈ GEISA

F⟩}↙ ∞↙ M⟩§⟩\} ∇⊣⊔⟩≀ ⊑⌉∇⊔⟩⌋⊣↕ √∇≀⊘↕⌉∫ {≀∇ NH ∋ ⊣\⌈ PH ∋↙ T⟨⌉ NH ∋ ⊣\⌈ \≀⇕⟩\⊣↕ PH ∋ √∇≀⊘↕⌉∫ ⊣∇⌉ {∇≀⇕ C≀⊓∇⊔⟩\ ⌉⊔ ⊣↕↙ ∞∃∀△∅ ⊔⟨⌉ ⇕≀⌈⟩⊘⌉⌈ PH ∋ √∇≀⊘↕⌉ √∇≀⊑⟩⌈⌉∫ ⊣ ⌊⌉⊔⊔⌉∇ ⊘⊔ ⊔≀ ⊔⟨⌉ ⌈⌉⊔⌉⌋⊔⌉⌈ PH ∋ {⌉⊣⊔⊓∇⌉∫

⌋≀⇕√⟩↕⊣⊔⟩≀\ ⇐H⊓∫∫≀\ ⌉⊔ ⊣↕↙ ∞∃∃△⇒⇔ ⊣\⌈ ⊔⟨⌉ ↕⟩\⌉∫ ⊒⌉∇⌉ ⇕≀⌈⌉↕↕⌉⌈ ⊓∫⟩\} ⊔⟨⌉ V≀⟩}⊔ ↕⟩\⌉ ∫⟨⊣√⌉↙ T⟨⌉∫⌉ ⊣∇⌉ ⊔⟨⌉ ∫⊣⇕⌉ ⟩\√⊓⊔ √⊣∇⊣⇕⌉⊔⌉∇∫ ⊓∫⌉⌈ ⌊† B ≻⌉‡⊣∇⌈ ⌉⊔ ⊣↕↙ ⇐∞∃∀⇏ ⟩\ ⊔⟨⌉⟩∇ ⌋≀⇕√∇⌉⟨⌉\∫⟩⊑⌉ ∫⊔⊓⌈† ≀{ ⊔⟨⌉ {⊣∇↖⟩\{∇⊣∇⌉⌈ ∫√⌉⌋⊔∇⊣ ≀{ J⊓√⟩⊔⌉∇ ⊣\⌈ S⊣⊔⊓∇\⇔ ⊔≀ ⊒⟨⟩⌋⟨ ⊒⌉ ∇⌉{⌉∇ ⟨⌉∇⌉⟩\ ⊣∫ ⊔⟨⌉ ⊖\≀⇕⟩\⊣↕ ⇕≀⌈⌉↕⪰↙ F⟩\⊣↕↕†⇔ ⊔⟨⌉ ⌋⊣↕⌋⊓↕⊣⊔⌉⌈ ∫√⌉⌋⊔∇⊓⇕ ⊒⊣∫ ⌋≀\⊑≀↕⊑⌉⌈ ⊒⟩⊔⟨ ⊣ G⊣⊓∫↖ ∫⟩⊣\ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\ ≀{ ⊒⟩⌈⊔⟨ ⌉∐⊓⊣↕ ⊔≀ ⊔⟨⌉ LWS }∇⊣⊔⟩\}↖⇕≀⌈⌉ ∇⌉∫↖ ≀↕⊓⊔⟩≀\ ⊔≀ {⊣⌋⟩↕⟩⊔⊣⊔⌉ ⌈⟩∇⌉⌋⊔ ⌋≀⇕√⊣∇⟩∫≀\ ⊒⟩⊔⟨ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⌈ ∫√⌉⌋↖ ⊔∇⊓⇕↙

△↙ R⌉∫⊓↕⊔∫ ⊣\⌈ D⟩∫⌋⊓∫∫⟩≀\

T⟨⌉ \≀⇕⟩\⊣↕ ⇕≀⌈⌉↕ ∫√⌉⌋⊔∇⊓⇕ ≀{ S⊣⊔⊓∇\ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}↙ ∈↙ T⟨⌉ ∫√⌉⌋⊔∇⊓⇕ ⟩∫ ⌋⟨⊣∇⊣⌋⊔⌉∇⟩∫⌉⌈ ⌊† ⊣ ⌋≀\⊔⟩\⊓⊓⇕ ⌈⊓⌉ ⊔≀ ⊔⟨⌉ H ∈ ⌋≀↕↕⟩∫⟩≀\↖⟩\⌈⊓⌋⌉⌈ ≀√⊣⌋⟩⊔†⇔ √⊓\⌋⊔⊓⊣⊔⌉⌈ ⌊† ⊣⌊∫≀∇√⊔⟩≀\ {⌉⊣⊔⊓∇⌉∫ ≀{ ⊣⇕⇕≀\⟩⊣ ⊣\⌈ √⟨≀∫√⟨⟩\⌉↙ A↕∫≀ ∫⟨≀⊒\ ⟩\ F⟩}↙ ∈ ⊣∇⌉ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⌈ ∫√⌉⌋⊔∇⊣ {∇≀⇕ ⊔⟨⌉ ⊔⌉\ LWS ⌈⌉⊔⌉⌋⊔≀∇∫¬ ⌉⊣⌋⟨ S⊣⊔⊓∇\¬U∇⊣\⊓∫ ∇⊣⊔⟩≀ ⇐§∈⇒ ⊒⊣∫ ∫⌋⊣↕⌉⌈ ⊔≀ ⇕⊣⊔⌋⟨ ⊔⟨⌉ ∫†\⊔⟨⌉⊔⟩⌋ ∫√⌉⌋⊔∇⊓⇕ ⊣⊔ ⊔⟨⌉ ⌋⌉\⊔∇⌉ ≀{ ⊔⟨⌉ ⌋≀∇∇⌉∫√≀\⌈⟩\} √⊣∫∫⌊⊣\⌈⇔ ⊣\⌈ ≀{{∫⌉⊔ {∇≀⇕ ⊔⟨⌉ ⇕≀⌈⌉↕ ⌊† ⊣\ ⊣∇⌊⟩⊔∇⊣∇† ⊣⇕≀⊓\⊔ ⇐⌈⟩{{⌉∇⌉\⊔ {≀∇ ⌉⊣⌋⟨ ⌈⌉⊔⌉⌋⊔≀∇⇒ {≀∇ ⌋↕⊣∇⟩⊔† ≀{ √∇⌉∫⌉\⊔⊣⊔⟩≀\↙ W⌉ ⌉⇕√⟨⊣∫⟩∫⌉ ⊔⟨⊣⊔ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⌈ ∫√⌉⌋⊔∇⊣ ⟨⊣⊑⌉ \≀⊔ ⌊⌉⌉\ ⌋⊣↕⟩⌊∇⊣⊔⌉⌈⇔ ⊔⟨⊣⊔ ⊔⟨⌉ ≀∇⌈⟩\⊣⊔⌉ ∫⌋⊣↕⌉ ⊣√√↕⟩⌉∫ ≀\↕† ⊔≀ ⊔⟨⌉ ⇕≀⌈⌉↕ ∫√⌉⌋⊔∇⊓⇕⇔ ⊣\⌈ ⊔⟨⊣⊔ ⊔⟨⌉ ⇕⟩∫⇕⊣⊔⌋⟨ ⌊⌉⊔⊒⌉⌉\ ⊣⌈|⊣⌋⌉\⊔ ⌈⌉⊔⌉⌋⊔≀∇∫ ⟩∫ \≀⊔ ∇⌉⊣↕↙ T⟨∇⌉⌉ ∇⌉∫⊓↕⊔∫ ⊣∇⌉ ⟩⇕⇕⌉⌈⟩⊣⊔⌉↕† ⊣√√⊣∇⌉\⊔↙ F⟩∇∫⊔⇔ ⊔⟨⌉ ∫↕≀√⌉ ≀{ ⊔⟨⌉ ⌋≀\⊔⟩\⊓⊓⇕ ⊒⟩⊔⟨⟩\ ⌉⊣⌋⟨ √⊣∫∫⌊⊣\⌈ ⟩∫ ⟩\ ∇⌉⊣∫≀\⊣⌊↕⌉ ⊣}∇⌉⌉↖ ⇕⌉\⊔ ⊒⟩⊔⟨ ⊔⟨⌉ ⇕≀⌈⌉↕⇔ √⊣∇⊔⟩⌋⊓↕⊣∇↕† ⊣⊔ ⊔⟨⌉ ∫⟨≀∇⊔⌉∇ ⊒⊣⊑⌉↕⌉\}⊔⟨∫ ⇐<100 μm↽▷ The continuum slope at longer wavelengths is dis torted by broad phosphine absorption features as discussed below▷ Second most of the predicted features due to ammonia and phosphine have been unambiguously detected many for the αrst time and the veracity of the detections is demonstrated by the simultaneous appearance of many features in more than one detector passband▷ Finally all of the obvious features in the measured spectra can be attributed to these two molecules▷

G▷R▷ Davis et al▷. ISO LWS measurement of the farinfrared spectrum of Saturn 3

Fig▷ 2▷ Synthetic and measured spectra of Saturn▷ The synthetic spectrum to which the ordinate scale applies corresponds to the nominal model▷ The NH3 and PH3 features are indicated▷ The measured spectra are shown separately for each detector. they have been arbitrarily scaled and offset from the model spectrum to show the concident detection of NH3and PH3features in more than one detector Two of the individual spectra have been selected for further study▷ The measured and modelled linetocontinuum ratios for detectors SW5 and LW5 are shown in Figs▷ 3 and 4 respec tively▷ The nominal model linetocontinuum ratios ↼top curve in both αgures↽ were obtained by ratioing the model spectrum ↼Fig▷ 2↽ against a theoretical continuum determined by running the atmospheric model with no ammonia or phosphine included▷ The measured linetocontinuum ratios ↼bottom curve in both αgures↽ were obtained by ratioing against the same theoretical continuum▷ Finally the curves in Figs▷ 3 and 4 are offset by an arbitrary amount for clarity of presentation▷ Ammonia▷ The two ammonia lines near 84 μm are reason ably well matched by the nominal model ↼Fig▷ 3↽▷ The αt is not equally good however for all of the ammonia features in Fig▷ 2. the line at 94 μm for example is deeper than predicted while the lines at 166 and 170 μm ↼Fig▷ 4↽ are only marginally detected▷ The acquisition of a complete Saturn spectrum later in the mission with a much longer integration time and higher signaltonoise will provide an opportunityto resolve these dis crepancies▷ The agreement between the ammonia features in the nominal model and in the measured spectrum is nevertheless encouraging▷ Phosphine▷ In contrast the phosphine features in the nom inal model clearly do not agree with the measured spectrum▷ The model lines at 81 μm and 87 μm ↼Fig▷ 3↽ are too shallow while those at 161 μm and 187 μm ↼Fig▷ 4↽ are too deep and feature prominent emission cores due to stratospheric PH 3▷ The

Fig▷ 3▷ Line.continuum ratios for detector SW5▷ The top curve is the nominal model the middle curve is the modiαed model and the bottom curve is the measured line.continuum ratio

absence of emission cores in our data indicates a depletion of phosphine in the saturnian stratosphere relative to the nomi nal model▷ Further the lines at 161 μm and 187 μm are much broader than calculated indicating an enhancement of tropo spheric phosphine relative to the nominal model▷ Referring to Fig▷ 2 the features at 125 μm 141 μm 161 μm and 187 μm are all so broad that they distort the slope of the neighbouring continuum▷

4 G▷R▷ Davis et al▷. ISO LWS measurement of the farinfrared spectrum of Saturn

Fig▷ 4▷ Line.continuum ratios for detector LW5▷ The top curve is the nominal model the middle curve is the modiαed model and the bottom curve is the measured line.continuum ratio

We therefore ran the atmospheric model for a second phos phine abundance proαle meeting the above requirements. we used a tropospheric mixing ratio of 7×∞′^{−▽} ⇐▽ ⊔⟩⇕⌉∫ ⊔⟨⌉ \≀⇕↖ ⟩\⊣↕ ⊑⊣↕⊓⌉⇒⇔ ⊒⟩⊔⟨ ⊣ ⟨⊣∇⌈ ⌋⊓⊔≀{{ ⊣⊔ ∋′′ ⇕⌊⊣∇ ⟩\∫⊔⌉⊣⌈ ≀{ ▽ ⇕⌊⊣∇↙ W⌉ ∇⌉{⌉∇ ⊔≀ ⊔⟨⟩∫ √∇≀⊘↕⌉ ⊣∫ ⊔⟨⌉ ⊖⇕≀⌈⟩⊘⌉⌈ ⇕≀⌈⌉↕⪰ ⟨⌉∇⌉⊣{⊔⌉∇↙ T⟨⌉ ⊣⌊⊓\⌈⊣\⌋⌉ √∇≀⊘↕⌉ ⟩∫ ∫⟨≀⊒\ ⟩\ F⟩}↙ ∞ ⊣\⌈ ⊔⟨⌉ ⌋⊣↕⌋⊓↕⊣⊔⌉⌈ ↕⟩\⌉↖⊔≀↖ ⌋≀\⊔⟩\⊓⊓⇕ ∇⊣⊔⟩≀∫ {≀∇ ⊔⟨⌉ ⇕≀⌈⟩⊘⌉⌈ √∇≀⊘↕⌉ ⊣∇⌉ ∫⟨≀⊒\ ⟩\ F⟩}∫↙ ∋ ⊣\⌈ △ ⇐⇕⟩⌈⌈↕⌉ ⌋⊓∇⊑⌉∫⇒↙ F≀∇ ⊣↕↕ {≀⊓∇ PH ∋ {⌉⊣⊔⊓∇⌉∫ ⟩\ ⊔⟨⌉∫⌉ ⊘}⊓∇⌉∫⇔ ⊔⟨⌉ ⊘⊔ ⟩∫ ⇕⊓⌋⟨ ⟩⇕√∇≀⊑⌉⌈ ⌊† ⊔⟨⌉∫⌉ ⊔⊒≀ ⌋⟨⊣\}⌉∫ ⊔≀ ⊔⟨⌉ √⟨≀∫√⟨⟩\⌉ ⊑⌉∇⊔⟩⌋⊣↕ ⌈⟩∫⊔∇⟩⌊⊓⊔⟩≀\↙ T⟨⌉ ⌈⟩∫⌋∇⌉√⊣\⌋† ⌊⌉⊔⊒⌉⌉\ ⊔⟨⟩∫ ∇⌉∫⊓↕⊔ ⊣\⌈ ⊔⟨⌉ \≀⇕⟩\⊣↕ √∇≀⊘↕⌉⇔ ≀⌊⊔⊣⟩\⌉⌈ ⌊† C≀⊓∇⊔⟩\ ⌉⊔ ⊣↕↙ ⇐∞∃∀△⇒ {∇≀⇕ ⊣\⊣↕†∫⟩∫ ≀{ V≀†⊣}⌉∇ IRIS ∫√⌉⌋⊔∇⊣ ⊣⊔ ∀↙∃ μm and 10 μm is as yet unresolved▷ Courtin et al▷ required a cutoff at 5 mbar in order to match the Qbranch of the ν4 fundamental of PH 3 at 10▷1 μm but the absence of emission cores in our spectrum is unambiguous within the error limits im posed by the measurement noise▷ Weisstein ς Serabyn ↼1994↽ observed the PH 3 J/1δ0 line at 266 GHz using a Fourier trans form spectrometer on the Caltech Submillimeter Observatory▷ They also observed no emission core and from comparison of their measured line proαle against a radiativetransfer model they inferred a tropospheric mixing ratio of 3×∞′^−̸ ⊣\⌈ ⊣ ⌋⊓⊔↖ ≀{{ ⌊⌉⊔⊒⌉⌉\ ∞∋ ⊣\⌈ ∞△′ ⇕⌊⊣∇↙ T⟨⟩∫ ∇⌉√∇⌉∫⌉\⊔∫ ⊣ ⌈⌉⊑⟩⊣⊔⟩≀\ {∇≀⇕ ⊔⟨⌉ \≀⇕⟩\⊣↕ ⇕≀⌈⌉↕ ⟩\ ⊔⟨⌉ ∫⊣⇕⌉ ∫⌉\∫⌉ ⊣∫ ⊒⌉ ⟨⊣⊑⌉ ≀⌊⊔⊣⟩\⌉⌈ ⊒⟩⊔⟨ ⊔⟨⌉ LWS ⌈⊣⊔⊣↙ A↕⊔⟨≀⊓}⟨ ⊔⟨⌉ ⇕≀⌈⟩⊘⌉⌈ PH ∋ √∇≀⊘↕⌉ √∇≀⌈⊓⌋⌉∫ ⊣ }≀≀⌈ ⊘⊔ ⊔≀ ⊔⟨⌉ PH ∋ {⌉⊣⊔⊓∇⌉∫ ⟩\ ⊔⟨⌉ ⇕⌉⊣∫⊓∇⌉⌈ ∫√⌉⌋⊔∇⊓⇕⇔ ⊔⟨⌉∇⌉ ⊣∇⌉ ∫⌉⊑⌉∇⊣↕ √≀⊔⌉\⊔⟩⊣↕ ∫≀⊓∇⌋⌉∫ ≀{ ∫†∫⊔⌉⇕⊣⊔⟩⌋ ⌉∇∇≀∇ ⊒⟨⟩⌋⟨ ∇⌉⇕⊣⟩\ ⊔≀ ⌊⌉ ⌋≀\↖ ∫⟩⌈⌉∇⌉⌈↙ T⟨⌉∫⌉ ⟩\⌋↕⊓⌈⌉ ⊔⟨⌉ ⌉{{⌉⌋⊔ ≀{ ⊣⊔⇕≀∫√⟨⌉∇⟩⌋ ⊣⌉∇≀∫≀↕∫ ≀\ ⊔⟨⌉ ⌋≀\⊔⟩\⊓⊓⇕ ≀√⊣⌋⟩⊔† ⊣\⌈ ⊔⟨⌉ ∫⌉\∫⟩⊔⟩⊑⟩⊔† ≀{ ⊔⟨⌉ ⇕≀⌈⌉↕ ∫√⌉⌋⊔∇⊓⇕ ⊔≀ ⊓\⌋⌉∇⊔⊣⟩\⊔⟩⌉∫ ⟩\ ⊔⟨⌉ ⊣∫∫⊓⇕⌉⌈ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ √∇≀⊘↕⌉⇔ ⊔⟨⌉ PH ∋ ↕⟩\⌉

⊒⟩⌈⊔⟨∫⇔ ⊣\⌈ ⊔⟨⌉ ↕⟩\⌉ ⊒⟩⌈⊔⟨ ⊔⌉⇕√⌉∇⊣⊔⊓∇⌉ ⌋≀⌉{⊘⌋⟩⌉\⊔∫↙ I⊔ ⟩∫⇔ ⟨≀⊒↖ ⌉⊑⌉∇⇔ ⌊⌉†≀\⌈ ⊔⟨⌉ ∫⌋≀√⌉ ≀{ ⊔⟨⟩∫ √∇⌉↕⟩⇕⟩\⊣∇† ⊣\⊣↕†∫⟩∫ ⊔≀ ⌋≀\∫⟩⌈⌉∇ ⊔⟨⌉∫⌉ ⟩\ ⌈⌉⊔⊣⟩↕↙

▽↙ C≀\⌋↕⊓∫⟩≀\∫ W⌉ ⟨⊣⊑⌉ ⇕⌉⊣∫⊓∇⌉⌈ ⊔⟨⌉ ∫√⌉⌋⊔∇⊓⇕ ≀{ S⊣⊔⊓∇\ {∇≀⇕ △∋ ⊔≀ ∞∃ μm▷ Several results were obtained on the basis of comparison against a theoretical radiativetransfer model of the saturnian atmo sphere. αrst the slope of the continuum within each detector passband is in good agreement with the model, second ab sorption features due to ammonia and phosphine were unam biguously detected and all detected features were attributed to these two molecules, third the ammonia absorption features agree reasonably well with the nominal model based on Voy ager IRIS measurements, and fourth the phosphine absorption features disagree with the nominal model▷ Superior agreement with the LWS spectrum was obtained using a modiαed PH 3 proαle in which the tropospheric mixing ratio was increased to 7×∞′^−̸ ⊣\⌈ ⊔⟨⌉ ⌋⊓⊔≀{{ ⌈⊓⌉ ⊔≀ √⟨≀⊔≀⌈⟩∫∫≀⌋⟩⊣⊔⟩≀\ ⊒⊣∫ ↕≀⊒⌉∇⌉⌈ ⊔≀ ∋′′ ⇕⌊⊣∇↙ T⟨⌉∫⌉ ∇⌉∫⊓↕⊔∫ ⊣∇⌉ √∇⌉↕⟩⇕⟩\⊣∇† ⊣\⌈ ⊒⌉ ⊔⟨⌉∇⌉{≀∇⌉ ∇⌉}⊣∇⌈ ⊔⟨⌉ ∐⊓⊣\⊔⟩⊔⊣⊔⟩⊑⌉ ∇⌉∫⊓↕⊔∫ ⊣∫ ⊔⌉\⊔⊣⊔⟩⊑⌉⇔ ⌊⊓⊔ ⊔⟨⌉† √∇≀⊑⟩⌈⌉ ⊣ }≀≀⌈ ⟩\↖ ⌈⟩⌋⊣⊔⟩≀\ ≀{ ⊔⟨⌉ ∇⌉∫⊓↕⊔∫ ⊒⌉ ⌉§√⌉⌋⊔ ⊔≀ ≀⌊⊔⊣⟩\ ⊒⟨⌉\ ⊔⟨⌉ ∫√⌉⌋⊔∇⊓⇕ ≀{ S⊣⊔⊓∇\ ⟩∫ ⇕⌉⊣∫⊓∇⌉⌈ ⌋≀⇕√∇⌉⟨⌉\∫⟩⊑⌉↕† ↕⊣⊔⌉∇ ⟩\ ⊔⟨⌉ ⇕⟩∫∫⟩≀\↙

R⌉{⌉∇⌉\⌋⌉∫ B ≻⌉‡⊣∇⌈ B↙⇔ G⊣⊓⊔⟩⌉∇ D↙⇔ M⊣∇⊔⌉\ A↙⇔ ∞∃∀⇎ A↘A ∞∞̸⇔ ∋∀ B≀∇†∫≀⊒ J↙⇔ T∇⊣{⊔≀\ L↙⇔ F∇≀⇕⇕⟨≀↕⌈ L↙⇔ B⟩∇\⌊⊣⊓⇕ G↙⇔ ∞∃∀▽⇔ A√J ∈∃⇎ △̸△ B≀∇†∫≀⊒ J↙⇔ F∇≀⇕⇕⟨≀↕⌈ L↙⇔ B⟩∇\⌊⊣⊓⇕ G↙⇔ ∞∃∀∀⇔ A√J ∋∈⇎ ▽′∃ C↕⌉}} P↙E↙ ⌉⊔ ⊣↕↙⇔ ∞∃∃⇎ A↘A⇔ ⊔⟨⟩∫ ⟩∫∫⊓⌉ C≀\∇⊣⊔⟨ B↙J↙⇔ G⊣⊓⊔⟩⌉∇ D↙⇔ H⊣\⌉↕ R↙A↙⇔ H≀∇\∫⊔⌉⟩\⇔ J↙S↙⇔ ∞∃∀△⇔ A√J ∈∀∈⇔ ∀′ C≀⊓∇⊔⟩\ R↙⇔ G⊣⊓⊔⟩⌉∇ D↙⇔ M⊣∇⊔⌉\ A↙⇔ B ≻⌉‡⊣∇⌈ B↙⇔ H⊣\⌉↕ R↙⇔ ∞∃∀△⇔ A√J ∈∀⇔ ∀∃∃ H⊓∫∫≀\⇔ N↙⇔ B≀\\⌉⊔ B↙⇔ C⟨⌉⌈⟩\ A↙⇔ S⌋≀⊔⊔ N↙A↙⇔ C⟨⊓∇∫⟩\ A↙A↙⇔ G≀↕≀⊑‖≀ V↙F↙⇔ T†⊓⊔⌉∇⌉⊑ V↙G↙⇔ ∞∃∃△⇔ JQSRT ▽∈⇔ △∈▽ K⊣†⌉ J↙A↙⇔ S⊔∇≀⌊⌉↕ D↙F↙⇔ ∞∃∀∋⇔ GRL ∞′⇔ ∃▽ K⌉∫∫↕⌉∇ M↙F↙ ⌉⊔ ⊣↕↙⇔ ∞∃∃⇎ A↘A⇔ ⊔⟨⟩∫ ⟩∫∫⊓⌉ S⊒⟩\†⊣∇⌈ B↙M↙ ⌉⊔ ⊣↕↙⇔ ∞∃∃⇎ A↘A⇔ ⊔⟨⟩∫ ⟩∫∫⊓⌉ T†↕⌉∇ G↙L↙⇔ E∫⟨↕⌉⇕⊣\ V↙R↙⇔ A\⌈⌉∇∫≀\ J↙D↙⇔ L⌉⊑† G↙S↙⇔ L⟩\↖ ⌈⊣↕ G↙F↙⇔ W≀≀⌈ G↙E↙⇔ C∇≀{⊔ T↙A↙⇔ ∞∃∀∈⇔ S⌋⟩⌉\⌋⌉ ∈∞▽⇔ ▽▽∋ W⌉⟩∫∫⊔⌉⟩\ E↙W↙⇔ S⌉∇⊣⌊†\ E↙⇔ ∞∃∃△⇔ I⌋⊣∇⊓∫ ∞′∃⇔ ∋

T⟨⟩∫ ⊣∇⊔⟩⌋↕⌉ ⊒⊣∫ √∇≀⌋⌉∫∫⌉⌈ ⌊† ⊔⟨⌉ ⊣⊓⊔⟨≀∇ ⊓∫⟩\} S√∇⟩\}⌉∇↖V⌉∇↕⊣} T EX A↘A ⇕⊣⌋∇≀ √⊣⌋‖⊣}⌉ ∞∃∃∈↙

∞′↖∃ ∞′↖∀ ∞′↖ ∞′↖ ̸∞′↖▽ ∞′↖△ ∞′↖∋

M⟩§⟩\}←∇⊣⊔⟩≀

∞′′′

∞′′

∞′

∞

P∇⌉∫∫⊓∇⌉←⇐⇕⌊⊣∇⇒

PH∋←⇐\≀⇕⟩\⊣↕⇒

PH∋←⇐⇕≀⌈⟩{⟩⌉⌈⇒

NH∋

▽′ ∞′′ ∞▽′ ∈′′

W⊣⊑⌉↕⌉\}⊔⟨←⇐⇕⇕⇒

∞′↖∞

∞′↖∞▽

∞′↖∞△

F↕⊓§←⇐W↙⌋⇕↖∈↙⇕⇕↖∞⇒

NH∋ PH∋

∀′ ∀▽ ∃′

W⊣⊑⌉↕⌉\}⊔⟨←⇐⇕⇕⇒

′↙′

′↙∀′

′↙∃′

∞↙′′

∞↙∞′

∞↙∈′

L⟩\⌉¬⌋≀\⊔⟩\⊓⊓⇕←∇⊣⊔⟩≀

PH∋ NH∋ NH∋ PH∋

∞′̸ ∞′ ∞∀′ ∞∃′

W⊣⊑⌉↕⌉\}⊔⟨←⇐⇕⇕⇒

′↙△

′↙

′↙∀

∞↙′

∞↙∈

L⟩\⌉¬⌋≀\⊔⟩\⊓⊓⇕←∇⊣⊔⟩≀

PH∋ NH∋ NH∋ PH∋