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TableI
BasicinformationonBKPegasi.The𝐵𝑉magnitudesareeachthemeanof94individual

measurements14distributedapproximatelyrandomlyinorbitalphase.The𝐽𝐻𝐾𝑠magnitudesarefrom
2MASS15andwereobtainedatanorbitalphaseof0·89.

PropertyValueReference
RightAscension(J2000)23h47m08s·2616
Declination(J2000)+26◦33′59′′·9716
BonnerDurchmusterungdesignationBD+25500317
TychodesignationTYC2254-2563-114
GaiaDR3designation285297996249935628816
GaiaDR3parallax(mas)3·2643±0·017716
TESSInputCataloguedesignationTIC26974700518
𝐵magnitude10·4614
𝑉magnitude10·0414
𝐺magnitude9·83516
𝐽magnitude8·89215
𝐻magnitude8·64315
𝐾smagnitude8·61115
SpectraltypeF8V+F7V10

Hoffmeister6originallyidentifieditseclipsingcharacterandclassifiedthesystemasan
Algol-typevariable.ThefirstdeterminationoftheorbitalperiodwascarriedoutbyLause7,8,
yieldingavalueof2·745days.Later,Popper&Dumont9revealedthatlight-curvesofBKPeg
containtwoeclipseminimaofalmostidenticaldepth(Fig.1).Theycorrectedtheorbital
periodvalueto5·49days,whichwaslaterrefinedbyClausenetal.10(hereafterCL10).

InitialestimatesoftheabsolutedimensionswerereportedbyPopper11inhisreviewof
stellarmasses,followedbyspectroscopicanalysesandrefineddeterminationsoftheabsolute
parametersinasubsequentstudy12.Accordingtothosetwostudies,themasses(1·43𝑀⊙
and1·28𝑀⊙)andluminosities(4·68𝐿⊙and3·09𝐿⊙)ofthecomponentsdiffersignificantly.
Followingthatstudy,Demircanetal.13obtained𝑈𝐵𝑉light-curvesofthesystemandrefined
theabsolutedimensions,usingtheradialvelocities(RVs)givenbyPopper12.

Inaddition,Demircanetal.discussedtheevolutionarystatusofthesystemusingthemass–
radius(𝑀–𝑅),mass–luminosity(𝑀–𝐿),andtemperature–luminosity(𝑇–𝐿)planesbasedon
stellar-evolutionmodels19,claimingthatthecomponentsarestillinthecorehydrogen-
burningphaseandbestrepresentedbyhigh-metallicitymodelswithanageofabout3·3Gyr.
Morerecently,CL10presentedhigh-precisionabsolutedimensionsandspectroscopicchem-
icalabundancesforBKPeg,showingthatthecomponentshaveevolvedtotheupperhalf
ofthemain-sequenceband.Theircomparisonwithscaledsolar-evolutionmodelssuggested
slightlyyoungerages(≈2·5to2·8Gyr),withindicationsthattheamountofconvectivecore
overshootingmayaffecttheinferredevolutionarystatus.

Photometricobservations

BKPeghasbeenobservedbyTESSintwosectors(Sector57in2022OctoberandSector
84in2024October).ForSector57,short-cadencedatawith120-ssamplingwereavailable,
whereasonlyfull-frameimages(FFIs)areavailableforSector84.Therefore,ouranalysis
isbasedsolelyonthe120-s-cadencedatafromSector57.Thedatawereretrievedfromthe
NASAMikulskiArchiveforSpaceTelescopes(MAST∗)viathelightkurvepackage20.

Forouranalysis,weutilizedthesimpleaperture-photometry(SAP)light-curvesproduced
bythespocdata-reductionpipeline21,excludingdatapointsflaggedaslow-qualityusingthe
lightkurve‘hard’qualityflag.InSector57,thedataarenotfullycontinuousandcontain

∗https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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However, the turmoil of Prior Options would probably have been unavoidable.
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REDISCUSSION OF ECLIPSING BINARIES. PAPER 30:
THE SLIGHTLY EVOLVED F-TYPE SYSTEM BK PEGASI

By Ahmet Cem Kutluay & John Southworth

Astrophysics Group, Keele University, Staffordshire, ST5 5BG, UK

BK Peg is a double-lined detached eclipsing binary containing two late-F
stars in an orbit with small eccentricity. We use light-curves from the Transit-
ing Exoplanet Survey Satellite (TESS) and spectroscopic measurements from
previous studies to measure the physical properties of the companions to high
precision. We obtain masses of 1·411 ± 0·004𝑀⊙ and 1·254 ± 0·004𝑀⊙ ,
and radii of 1·990 ± 0·004 𝑅⊙ and 1·460 ± 0·004 𝑅⊙ , which are among the
most precise measurements made for those quantities in normal stars. Those
properties match theoretical stellar-evolution models for a solar chemical
composition and an age of 2·65 Gyr. We also present an updated ephemeris
of the system, as a result of our TESS measurements and a collection of
mid-eclipse times from previous studies.

Introduction

This study is part of the on-going series 1 in which known detached eclipsing binary
systems (dEBs) are re-analysed based on new photometric data, primarily obtained with the
NASA Transiting Exoplanet Survey Satellite 2 (TESS). Our main objective is to exploit space-
based observations 3 to refine the measurements of the stellar components’ properties and to
incorporate those systems into the Detached Eclipsing Binary Catalogue4 (DEBCat∗).

In this work, we present a study of BK Pegasi (Table I), a dEB composed of two late-F stars
in a slightly eccentric orbit. The system has the unusual characteristic that its more massive
and larger primary component (hereafter star A) has a slightly lower effective temperature
than the secondary (star B). That is a consequence of the primary’s on-going evolution
toward the sub-giant stage on the HR diagram 5.

∗https://www.astro.keele.ac.uk/jkt/debcat/
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MEETINGOFTHEROYALASTRONOMICALSOCIETY

Friday2025December12at16h00m

intheGeologicalSocietyLectureTheatre,BurlingtonHouse

MikeLockwood,President
intheChair

ThePresident.Goodafternoon,everybody.Thisisahybridmeetingforthoseofyouwho
areon-lineandusingZoom.Questionswillbetakenattheendofthelecture,butyou’llbe
mutedonZoom,sopleaseusetheQ&Afacility.We’llreadoutyourquestiontothemeeting.

Fortoday’sprogrammewestartwithDr.LouiseDevoy,who’sSeniorCuratoratRoyal
ObservatoryGreenwich,ouroncegreatObservatory,andyoumightseearatherwonderful
pamphletandsomeratherwonderful-lookingbooksthatshe’sgoingtotellusabout,I’m
sure.OverthepastfiveyearsLouisehasdelvedintothearchivesandmuseumstorestochoose
100objectsandtheirstoriesforherbookTheRoyalObservatoryGreenwich:AHistoryin
Objects,publishedtocelebratetheObservatory’s350thanniversaryin2025.Louisehasa
backgroundinastrophysicsandthehistoryofscienceandhasworkedatvariousmuseums
intheUKandabroad.Herresearchinterestsencompassastronomicalinstruments,women
inastronomy,andnetworksofknowledgeexchangebetweenhistoricobservatories.

Dr.LouiseDevoy.Today,Ihavebeentaskedwiththeseeminglyimpossiblechallengeof
tryingtocondense350yearsofastronomy,navigation,andtimekeepingatGreenwichinto
just20minutes,sobearwithmeasItrytomakethishappenandgiveyouaflavourofthis
uniquesiteinourspecialanniversaryyear.

Tohelpmedothat,I’mgoingusemybook,RoyalObservatoryGreenwich:AHistoryin
Objects,whichcameoutin2025Octoberandhasallthosenarrativesinmuchgreaterdetail.
It’sbasedonthestoriesof100objects,mostlyfromRMG[RoyalMuseumsGreenwich]
collections,arrangedinchronologicalorderfromouroriginsin1675,witheachobject
describedinaround350words.Iwantedtoensurethatitwasn’tjustthefamousclocksand
telescopesbutawholerangeofobjects,manyofwhichhaveneverbeenphotographedor
displayedbefore.Ihopeyouwillenjoythediversityofobjects,bothfamiliarandnew.

Asyou’dexpect,itstartswithourfoundingstory,attheheightoftheso-called‘quest
forlongitude’,whichbegancenturiesbeforetheObservatoryitself.Astronomersandmath-
ematicianshadlongrealizedthatwecouldmeasurelongitudeatseausingtheEarth’s
rotation.Bycomparinglocaltimesandtheirassociatedlongitudedifferencesbetweenloca-
tions,marinerscouldmaketraderoutesquicker,safer,andmoreprofitable.Twokeyideas
emerged:comparingastronomicaleventsasseensimultaneouslyfromtwolocations,or
elsetakingatimekeepertoseaandcomparinglocaltimeagainsttheknowntimeelsewhere.
ThosetwochallengesshapedtheObservatory’sworkforthenextthreecenturiesandformthe
backbonenarrativeofthebookasweseehowastronomers,mathematicians,clockmakers,
andinstrumentmakersperseveredtomakeitwork.
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Director.However,thesizeoftheUKATCwasmorethandoublethatrecommendedby
Hough-2and,dependingontheworkrequirement,hasfluctuatedaroundorabovethisfigure
eversince.

Justtoaddanend-pointtothisstory,in2000theUKannounceditsintentiontojoin
theEuropeanSouthernObservatory,ESO.Thatwouldentailhavingaccesstoasuiteof
8-mtelescopes(thefourVLTs)but,moreimportantly,tobeabletoparticipateinthe
AtacamaLargeMillimetreArray(ALMA)onCerroChajnantorinChileandeventuallythe
nextgenerationofground-basedtelescopes,theExtremelyLargeTelescope(ELT).TheUK
finallybecameamemberin2002JuneandaspartoftheaccessionfeetheUKagreed
toprovidetheVISTAwide-fieldinfrared/opticaltelescope,whichwasbeingbuiltbythe
UKATC.VISTAhadbeenputforwardbyaconsortiumofUKuniversities,ledbyProfessor
JimEmersonofQMUL,forgovernmentsupportfromaspecialuniversityinfrastructure
fund,andsecured£35Moffunding.TheUKATChadcontributedimportantexpertiseto
theproposalanditsleadershipinitsconstructionwasinvaluable.Afteranumberofhiccups
VISTAwaseventuallydeliveredtoCerroParanalinChile,butthatisanotherstory,orrather
asaga,inwhichIbecameinvolvedasDirectorUKATC.Hopefully,someonewilltakeup
thebatonandrecountthestoryasitisintriguing,interesting,andastorywellworthtelling.

Regardingtheon-goingoperationoftheUKATC,itwasbecomingclearinthemid-2000s
thatwewerebecominganodditywithinPPARC,whichwasessentiallyauniversitygrant-
awardingandproject-awardingbodyalongwithsupportingtheastronomydeliveryonthe
twoislandsites.TheAstronomyTechnologyCentrewasnotsittingcomfortablywithin
PPARC,especiallyasitwasnotacheapfacilityandtherehadalreadybeenoneattemptto
closeit,sothepossiblewritingwasonthewallforanotherattack.Therefore,withtheblessing
ofPPARCseniormanagement,asDirectorIinitiatedadiscussionwithRALtobecomepart
ofCCLRC[CouncilfortheCentralLaboratoryoftheResearchCouncils](Rutherfordand
DaresburyLaboratories),probablywithintheTechnologyDepartment.However,nosooner
hadthatdiscussionbegun(wehadonlyonemeetingbutreceivedapositivereception)when,
outofthebluein2007April,PPARCwas,atastroke,mergedwithCCLRCtobecome
theScienceandTechnologyFundingCouncil(STFC).Oneoftherationalesforthatmerger
wasthatthenewbodywouldhaveaneconomyofscaleandwouldbenefitfromPPARC’s
strategicplanningandfinancialdiligence.

However,thatmergeropenedupamajorproblemwithregardtotheoverallfunding;a
multi-millionpound‘blackhole’wasdiscoveredinthefinances.Thatwouldhavesevere
impactsonprojectsandforthelaboratoriesasawhole.AmajorcasualtywastheUK’s
participationintheGeminiObservatory.TheGeminiNorthtelescopehadstartedoperations
in2000andwasfollowedbytheGeminiSouthtelescopeacoupleofyearslater.However,by
2008thecriticalityoftheSTFCfundingsituationdescribedaboveresultedintheUKhaving
tosaveasignificantamountofmoneyandsoitwaswithregrettheUKhadto‘withdraw’
fromtheGeminioperations.But,afteramajoroutcryintheUK,re-admittancefollowed
inDecember2009,but,unfortunately,itwastobeonlyareprieve.Onlythreeyearslater,
in2012,followingon-goingSTFCfinancialproblems,theUKformallywithdrewfromthe
GeminiObservatory.Thistimetherewouldbenowaybackandthatparticularstrategicaim
oftheGround-BasedPlanwouldbetakenupthroughourmembershipofESO.However,
financialpressurescontinuedandwithtwofurtherclosurethreatsfoughtoffitwasagreed
thattheUKATCshouldbecomeaunitoftheTechnologyDepartmentofSTFC,which
dulytookplace.And,endingonapositivenote,theUKATCcontinuestoplayaleading
roleinsupplyingworld-beatinginstrumentationfortheESO8-mtelescopes(VLTs),the
nextgeneration(ELT)ofESO’sground-basedtelescopes,aswellasspaceprojectslikethe
JWST,MIRI,andLISA.Butthatisanotherstory.

WiththeinvaluablebenefitofhindsightitisprobablethatiftheoriginalKingmancon-
clusionsof1985hadbeenimplementedthenthecurrentsituation,broadlyspeaking,could
havebeeninplaceby1990,andalltheresultingangstandexpensewouldhavebeenavoided.



102 2025 December 12 Meeting of the Vol. 146

I also wanted to show that the Observatory is not just about instruments, it’s about people,
and so you’ll encounter a wide range of characters, from the Astronomer Royal and his
family to the assistants, teenage human ‘computers’, and the wider London community of
clock and instrument makers. Their endeavours were made possible by objects such as an
insulated observing suit [Fig. 1], calculation templates, a hole punch for assembling papers,
and even a fork for extracting spider silk for creating micrometer wires! Many objects also
bear witness to the Observatory’s involvement with various eclipse and transit-of-Venus
expeditions, along with Nevil Maskelyne’s pioneering experiment in 1774 to measure the
density of the Earth by observing the stars either side of a Scottish mountain.

Another objective in writing this book was to highlight the Observatory’s growing remit
and widening expertise in the 1800s as it became a research centre for measuring terrestrial
magnetism, meteorology, and solar activity. Like many other observatories, Greenwich
became part of the movement towards astrophysics with the adoption of spectroscopy in the
1860s, albeit with limited results. In the 1890s, the Observatory became a participant in the
global International Astrographic Survey (Carte du Ciel) that created the first professional
roles for women at Greenwich.

The book also highlights the Observatory’s continuing use of new technologies to ensure
the distribution of accurate Greenwich Mean Time (GMT). In 1833, Astronomer Royal
John Pond installed a roof-top time-ball to provide mariners waiting on the Thames with
a visual time signal to rate their chronometers before heading out to sea. In the 1850s,
accurate GMT was made more widely available via electric impulses from the Observatory’s
Shepherd Motor Clock [Fig. 2]. Those time signals were transmitted via telegraph networks
that shadowed the country’s growing railway network, making GMT an essential part of
daily life. By the 1920s, accurate GMT was made available via radio signals, firstly as the
BBC’s ‘six pips’ broadcast and later as the ‘GBR’ long-wave transmission from Rugby in
Warwickshire.

On a global scale, the Observatory was becoming increasingly important as a reference
for 0 degrees longitude. By the 1880s, politicians and business leaders were calling for
consensus among the 11 meridians in use, leading to the International Meridian Conference
in October 1884. My object in focus here is the Airy Transit Circle [Fig. 3], which was
one of the most advanced instruments at the time and helped sway the decision to adopt
the Greenwich Meridian as Prime Meridian of the World and as the starting point of the
Universal Day.

As we enter the 1900s, we find the Observatory having to cope with the effects of the First
World War, leading to diminished staffing and a focus on military priorities such as increased
chronometer testing for the Admiralty and a decrease in astronomical research. The story of
a pair of binoculars serves as reminder of the secret testing programme in which Greenwich
astronomers restored and tested over 3 000 pairs of donated binoculars for military use.

In the 1920s we return to horology with three objects that chart the technological changes
in defining time standards in the 20th Century. We start with the Shortt free-pendulum
clock: a two-part system consisting of a primary clock with a pendulum suspended in a
partial vacuum tank connected to a secondary pendulum clock that were synchronized via
electric impulses every 30 seconds. That created a very stable and consistent pendulum
swing that revealed tiny variations in the Earth’s rotation — previously measured as constant
— that heralded the end of our 250-year dependence on pendulum clocks for timekeeping
standards. The narrative continues with an early experimental quartz frequency standard to
represent the transition away from astronomical to laboratory methods of timekeeping and
then culminates with an atomic clock from the 1970s that became a standard feature of many
observatories worldwide.

A set of lantern slides depicts the relocation of the Observatory’s Magnetic Department
to Abinger in Surrey as the London site suffered electrical interference from nearby railway
lines. Similarly, a slitless spectrograph that saw limited service on the 36-inch Yapp Tele-
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building to the proposed RGO CLG, or if the University might be interested in acquiring
the building from PPARC for a negotiated sum, some of which might support operation
of the CLG for a couple of years. The reply came on 1998 February 6. That was generally
non-committal but was positive on the discussions with Ian Corbett regarding the transfer
of some RGO staff to Cambridge. It also brought up the matter of the RGO name, which
Cambridge would have preferred to retain but now looked likely to transfer to the National
Maritime Museum, which was responsible for the operation of the original Observatory
at Greenwich. That would satisfy the requirement of the Science Minister and the site
at Greenwich would include a public-understanding-of-science aspect as well as being a
national museum. However, Martin Rees remained opposed to such a move and wrote to
John Battle expressing his dismay. Ken Pounds then wrote to Battle pushing the main reason
for the decision to close the RGO (the dire financial situation of PPARC) and supporting the
case for the transfer of the name to the museum at Greenwich, something that he noted was
strongly supported by PPARC Council and the National Maritime Museum.

The situation now focussed on discussions with Cambridge University on the status of
the RGO building, the transfer of some astronomy functions along with selected staff and
of redundancy for those who would not have future funded roles. In the discussions it was
quickly agreed that three RGO staff members would transfer to Cambridge University with
regard to Starlink support and that the post docs would similarly transfer across. The non-staff
costs then became a focus of negotiation, specifically the joint library and the RGO building.
On 1998 September 10 John Love wrote to the University with a proposal for PPARC to
surrender the lease of the building and for the University to then buy it for £2·75M. In
exchange, PPARC would pay £750k to the University towards the alterations and extension
of the IoA building and would pay 50% of the costs of moving the library from the RGO
building to the IoA up to a maximum of £25k. Importantly, the name ‘Royal Greenwich
Observatory’ would be excluded from any agreement.

Further staff transfers would be in the astronomy survey group and a small number of
research staff. Some PPARC staff would not transfer to the University but would be relocated
in the Cavendish building to the south of Madingley Road. Some PPARC staff would transfer
to the UKATC in Edinburgh.

As part of the disposal of the assets within the RGO building, I remember a particularly
unpleasant experience of visiting in late 1998 along with Colin Cunningham (ROE) and
other representatives from La Palma and RAL to determine whether any of the equipment
could be relocated to our respective sites. It was very depressing and given that it was not
obvious that Hawaii would be a good location, especially given the shipping distance, I left
after lunch. I believe the RGO conference-suite table and chairs eventually got transferred
to Edinburgh!

The UKATC

So now we have the background to the decision-making process that led to the 1998 closure
of both Royal Observatories and the formation of the UKATC at Edinburgh. Although on
paper that included the closure of the ‘old’ ROE as it had previously operated at Edinburgh,
they were undoubtedly the winners. The closure and dispersal of the RGO resulted in a large
loss of staff from Cambridge and the transfer of eight staff to Edinburgh. Those turned out to
be of high calibre and would serve the ROE well in the coming years. What is often forgotten
is that there was an equivalent process that took place at Edinburgh, with the transfer of ‘ROE’
research staff to the University of Edinburgh (IfA) along with the Wide Field Astronomy
Unit, which oversaw the UK Schmidt photographic survey plates and the SuperCOSMOS
plate-measuring machine. That left the UKATC as a predominantly technology-focussed
institution as intended by the Hough reports. The UKATC was officially opened on 1998
October 23 by Lord Sainsbury, the Minister for Science, with Adrian Russell as its first
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Fig.1
Trousersandjacket,oncebelongingto5thAstronomerRoyalNevilMaskelyne,composedofasilkouter

layerwithliningfromlinenandwoolandwithadditionalcottonwaddingtocreateaquiltedeffect.This
andotherimagesaswellasmoreinformationareavailableathttps://www.rmg.co.uk/collections/
objects/rmgc-object-534404.©NationalMaritimeMuseum,Greenwich,London.
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interestedparties,thename‘ROE’willapplytotherangeofactivitiesonBlackfordHill;
(f)thetransferofnon-ATCfunctionsandtheassetsandliabilitiesoftheRGOandtheROE
willbecontingentonnegotiationswitharangeofinterestedparties,anddecisionswillbe
subjecttorigorousbusinessanalysistosatisfytherequirementsofpublicaccountability;(g)
organisationswhichrequirenon-ATCfunctionsmay,providedtheysatisfyeligibilitycriteria,
competeforfundingthroughthenormalpeer-reviewreviewprocesses;(h)theDirectorsof
theoverseasfacilitieswillhavetheauthoritytonegotiateandplacecontractswiththeATC
orothersupplierorganisationsonthebasisofcost-effectiveness;(i)theDirectorsofthe
ATCtheINGandtheJACwillhavedelegatedauthoritytodevelopandimplementdistinct
personnelpoliciesandsystemsconsistentwiththeirspecificbusinessneeds.”[Spelling,
capitalization,andpunctuationasintheoriginal.]

ThedocumentalsocoveredtheManagementstructureandDelegatedAuthorityforthe
threesites.

Followingthat,JimSadlier,onbehalfofKenPounds,issuedalettertoPPARCstaff
updatingprogresssincetheJuly4announcement.Aswellastheexpectedmeetingswith
thetwouniversitiesinvolved,KenPoundsmetwiththeStandingCommitteeofAstronomy
ProfessorsonJuly9,theDirectorsoftheRGO(July7)andtheROE(July16),andthetrade
unionsonJuly28.Dr.AdrianRussellhadbeenappointedasinterimDirectorATCand
subsequentlymetwithGeministaffattheRGOindividuallytoseehowbesttoprotectthe
Geminiworkprogrammeduringthetransitionperiod.

TheendisinsightfortheRGO

Ontheassumptionitwouldbeclosed,thereweremanyissuestobesortedoutatthe
RGO.Thoseincludedthelibrary,theRGOarchive,andtheStarlinknode.StaffoftheRGO
thenattemptedtoorganizea‘managementbuy-out’andJasperWall,NeilParker,andSue
Trittonsubmittedadetailed40-pageproposalandbusinessplantoPPARCinanattemptto
maintaintheRGO.ThatplancontinuedtobebasedonaCompanyLimitedbyGuarantee
(CLG),retainedatechnologycapability,seemedtorequireaconstructionprogrammethat
wasinexcessofwhatPPARCwasplanning,andwouldbeacompetitortotheUKATC.The
planwenttotheOctobermeetingofPPARCCouncilbutdiscussionwasdeferreduntilthe
Decembermeeting.

OnOctober8,ProfessorDonaldLynden-BellonbehalfofseniorstaffoftheIoAand
RichardHillsoftheCavendishLabwrotetoKenPoundsandPPARCCouncilpointingout
thelonghistoryoftheRGOandthepotentialforfurtherworktobeundertakentherein
spiteoftheconcentrationoftechnologyatEdinburgh.Thaton-going,andmostlyPPARC-
funded,workwasinthefieldsofwide-fieldastronomy,astrometryandpost-Hipparcos
missions,astronomicaldataarchivingfortheUK,andsupportingresearch.InNovember,
theCambridgeUniversityVCwrotetotheChairofUKCouncilarguingtoretainthe
RGOalongthesamelinesasDonaldLynden-Bell.RichardEllis,asamemberofthe
ImplementationSteeringCommittee,alsotriedtorescueaspectsoftheRGOalongthesame
linesoffocussingonwide-fieldastronomy,astronomicaldataarchiving,andastrometry
(postHipparcos).However,therewasthegrowingrecognitionthatPPARCwouldnotback
downandwouldnotsupportanestablishmentthatwishedtoretainitstechnologyarmand
wouldthereforebeacompetitorinsomeareastothenewlyconstitutedUKATC.Thefinal
decisionwasmadeatPPARCCouncilon1997December12,theRGOwouldbeclosedand
itsassetsdisposedof,andthestafftransferredormaderedundant.Infact,theRGOwould
finallycloseon1998October31,bringingtoanend323yearsofoperationfromitsprevious
sitesofGreenwich,Herstmonceux,and,finally,Cambridge.However,thefutureoftheRGO
buildingatCambridgewouldnowcomeintotheframe.

OnreplyingtotheCambridge’sVCletterofNovember20,KenPoundsbroughtupthat
questionandaskedforaCambridgeviewonhowtheywouldreacttoatransferoftheRGO
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Fig. 2
From 1852 to 1893, this motor clock sent time signals via telegraph wires to many cities in the British Isles

and by 1866 even to Cambridge, Massachusetts, via the new transatlantic submarine cable. This and other
images as well as more information are available at https://www.rmg.co.uk/collections/objects/
rmgc-object-79636. © National Maritime Museum, Greenwich, London.
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The detailed case for the choice of Edinburgh as the UK Astronomy Tech-
nology Centre was set out in the report of the Council’s review Panel chaired
by Dr. Brian Eyre CBE, FEng (Deputy Chairman AEA Technology Plc). The
key elements are that the Royal Observatory Edinburgh approach:

• more closely matches the current and future programme requirements for
an advanced astronomy technology centre with the necessary skill mix to
produce state-of-the-art instrumentation in collaboration with universities
and/or overseas partners;

• to repayment work more closely matches the PPARC mission and objec-
tives at least risk.

Staff of the Observatories have been informed of this decision, as have
PPARC’s international partners. PPARC is in the process of drawing up an im-
plementation plan in consultation with all the organisations involved, including
the trade unions, for the establishment of the ATC and for the delivery of the
PPARC programme. The Minister has also asked PPARC to explore every pos-
sible avenue for keeping alive the historic institution of the Royal Greenwich
Observatory.

As noted above, a major factor in the announcement was that that would, in principle,
save a significant amount of money for PPARC. However, and perhaps not surprisingly, the
potential cost implications were a major issue for the DTI and Ian Corbett had several tough
meetings with DTI and Treasury officials seeking reassurance. Their worry was that SERC
had effectively made a loss in moving the RGO from Herstmonceux to Cambridge and they
were now about to make a further loss in disposing of the RGO building and staff. In the
longer term PPARC would be expected to recoup the initial financial hit, but governments
and politics tend to think short-term. However, the ROE had finally won and apparently the
end was in sight for the RGO at Cambridge.

The implementation of the Observatory Wars decision

PPARC promptly set up an Implementation Steering Committee to oversee the decision,
which also included changes to the management of the island sites. That Committee met on
July 17 and had five key objectives, which were: “(a) to create a new PPARC entity — the
UK Astronomical Technology Centre (ATC) on the Blackford Hill site in Edinburgh; (b) to
divest PPARC of management responsibility for the delivery of non-ATC functions currently
carried out by the ROE, and of the ownership of assets and liabilities associated with these
functions; (c) to divest PPARC of management responsibility for the delivery of non-ATC
functions currently carried out by the RGO, and of the ownership of assets and liabilities
associated with these functions; (d) to ensure, in co-operation with other interested parties,
the continuation of the ROE and the RGO; (e) to develop the management autonomy of the
overseas facilities through increased delegated authority.”

Those objectives essentially set the scene for the UKATC and remain today. Likewise,
there were a number of important policy issues underlying those objectives. Those were:
“(a) the ROE and the RGO, as presently constituted, will cease to be PPARC establishments
and will be replaced by a newly constituted PPARC unit, the ATC; (b) the ATC’s mission
will be narrower and more focussed than that of the ROE and the RGO. It will be to
provide technological support to the UK’s astronomy instrumentation programme and to the
development of PPARC’s overseas ground-based facilities; (c) its longer-term viability will
depend on its ability to deliver work cost-effectively in collaboration and competition with
university groups and other suppliers; (d) the names ‘ROE’ and ‘RGO’ will be retained but
the organisations to which they will be assigned will be decided by the Monarch advised by
PPARC/OST through the Home Office/Scottish Office; (e) subject to negotiations with all
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Fig.3
Airy’stransitcircle.Thisandotherimagesaswellasmoreinformationareavailableathttps://www.rmg.
co.uk/collections/objects/rmgc-object-11153.©NationalMaritimeMuseum,Greenwich,London.
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losses.ThereforeIhaveaskedPPARCtomakeeveryefforttohelpanyonewho
losestheirjobtofindalternativeemployment.

IhavelaidacopyofthereportonwhichPPARC’sadvicewasbasedanda
copyofmylettertotheChairmanofPPARCintheLibraryoftheHouse.

OnthesamedayPPARCannouncedapressreleasejustifyingthedecisionandgiventhe
momentousnatureofthedecision,thatisworthrepeatinginfull.

TheParticlePhysicsandAstronomyResearchCouncilwelcomestheGov-
ernment’sdecisiontodaytoreleaseitfromitsobligationsunderthePriorOp-
tionsprocesstoreviewthefuturearrangementsfortheRoyalObservatories.
ThisallowsPPARCtore-organisetheObservatoriesinthewaywhichbest
meetsscientificrequirementsandprotectsscientificresearchintheUniversi-
ties.PPARCnowintendstoimplementtheconclusionsofitsreviewpanelon
theRoyalObservatories,whichitacceptedinfullandhavenowbeenendorsed
bytheGovernment.Therecommendationswerethat:

•thecaseforcontinuingtooperatethetwoUKsites(theRoyalGreenwich
Observatory(RGO)andtheRoyalObservatoryEdinburgh(ROE))wasnot
sustainable;

•thereshouldbeasingleinternationallyvisibleUKAstronomyTechnology
Centre(ATC)toincorporatePPARC-fundedactivitiesatRGOandROE,
locatedatoneofthesites;

•theATCshouldbelocatedatEdinburghforthereasonsgiveninthePanel’s
report.

TheseconclusionswereconsistentwiththerecommendationofPPARC’s
earlierreviewsoftheneedsoftheUK’sground-basedoptical,infraredand
millimetre-waveastronomyprogramme;withthekeyfindingsofthepriorop-
tionsreviewandwiththebroadsupportoftheUKastronomycommunityas
expressedthroughtheRoyalAstronomicalSocietysurvey,foramovetoop-
erationonasinglesite.PPARC’sabilitytoimplementtheseconclusionswill
helpfreeanaverageof£2·4millionperannumoverthenextfouryearsandat
least£4millionperannumthereafter.Withouttherestructuringnowplanned,
theadditionalcostsofcontinuingwiththepresentstructureandstaffinglevels
wouldhavehadtobefoundattheexpenseofotherpartsoftheprogramme—
primarilygrantstouniversities.Thesavingsrepresentapproximately20%of
theastronomyresearchgrants.Themoneywillbereinvestedinastronomy.

TheDecisionbringstoanendaperiodofsome15yearsuncertaintyabout
thefutureoftheRoyalObservatories.TheCouncil’sdecisiontoproceedwith
thisinternalreorganisationwillproduceastructurematchedtothelong-term
needsofground-basedastronomyintheUK.PPARCwillbeabletodeliverits
planprogrammemorecost-effectively.

Therestructuringwillnotaffecttheoperationoftheexistingtelescopes
ontheislandsites(onLaPalmaandHawaii)northeUK’scontributionto
theconstructionofthetwo8-mGeminitelescopesbeingbuiltinChileand
onHawaiiincollaborationwiththeUSA,Canada,andSouthAmerica.The
Councilhasplannedanoutstandingfutureprogrammeofastronomyplanetary
andspace-scienceresearchandtraining,providingaccessfortheUKcommunity
toarangeofworld-classfacilitiesincludingthenewGeminitelescopes,with
unprecedentedimagequality,duetostartoperationsin1999.Theotherfacilities
includeground-basedtelescopesoperatingacrossthewavelengthspectrum;and
arangeofcurrentandfuturespacemissions.TheMinister’sdecisionnowwill
beimportantinprotectingthatresearch.
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scope during the early 1930s helps us appreciate the deteriorating observing conditions at
Greenwich as the astronomers battled against air pollution and vibrations from surrounding
industries.

After the Second World War, the rural location of Herstmonceux Castle, East Sussex, was
chosen as the new home of the Observatory’s departments with the staff and instruments
gradually relocated over the course of a decade. The historic site at Greenwich became
part of the National Maritime Museum and continues to attract over 600 000 visitors each
year. We’re proud to celebrate 350 years of pioneering science, incredible engineering, and
remarkable people at Greenwich and we’re excited for our future project, First Light. Over
the next few years, we will transform the site to make those objects and their stories even
more accessible and engaging for future generations — come and visit!

Dr. Quentin Stanley. It’s a wonderful book and thank you for signing my copy. [Laughter.]
The actual honour of manning the last observing run of the Airy Transit Circle fell to the
late Fellow of the Society, Gilbert Satterthwaite, and he was very much part of the RO’s
history there. It was a great loss to the Society when he passed away. The timing ball where
the mechanism failed: there was the observer at the time who was using a clock in the city
to set the time to drop the ball, and the person in the city was using the timing ball to set the
clock so you had this recursive drift in time. What will be the next thing we will see that can
bring that back to life for us in the changes you’re working on at the moment?

Dr. Devoy. We’ve had to close the south part of the site at the moment which includes
our planetarium and our education centre. The historic north part of the site is still open and
hopefully will be for another year or so. Then I think we will have to close the site completely
at some point, but we’re hoping to re-open around 2028. There will be new galleries, and
we will have our usual stories, of course, and our Meridian objects as well. We’re trying to
weave in new elements to bring the objects to life, whether that’s using projection, sounds, or
digital effects, because at the moment some of the spaces can feel quite sterile, particularly in
the Meridian building. We really want to bring those spaces to life a lot more as well. There
is also a general trend across many museums that have slightly fewer objects on display, but
to tell their stories in a slightly more interesting way, so we’re definitely working on those
principles as well.

Mr. Horace Regnart. The tragedy of Admiral Shovell and the development, both financially
and controversially, of the Harrison clocks, the best of which was accurate to a second both
here and in the Caribbean. Is that outside the ambit of your work?

Dr. Devoy. No, it’s very much part of our Longitude gallery. The Shovell disaster less so,
but Harrison, absolutely. Harrison is a pivotal moment in the stories. They will still be on
display, don’t worry.

Mr. Regnart. So another time can you come back and give us a lecture about that?
Dr. Devoy. Potentially.
Mr. Regnart. Please! Thank you.
The President. Sir Cloudesley Shovell reminds me of how far we’ve come, as does Annie

Maunder, because she got her first from Cambridge; she sat the exam but couldn’t be given
a degree. I’m afraid it’s to the shame of this Society that Edward had to present the papers
because she wasn’t allowed to. It just reminds me how far we’ve come.

Dr. Devoy. Yes, she had a lot of support as well, and, at least, she had her name on the
sunspot catalogue, which is great.

The President. She was a big friend of Everett, wasn’t she? One more question please.
Mr. Geraint Day. The National Maritime Museum itself doesn’t charge for visitors but

the Observatory does which seems to be rather unfortunate. It may not be within your remit,
but it could be good idea if it is.

Dr. Devoy. It has always been charging since I’ve joined but I believe yes, it was free at
one point. I think when it was free, there was a question around wear and tear on the site
because there were over 1 million people [per year] trying to squeeze through Flamsteed
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in the community and the Observatory sites. It would also exacerbate the financial situation
for PPARC. To keep things fair, Edinburgh, represented by Andy Lawrence and Professor
Michael Rowan-Robinson (QMW) along with two Edinburgh Members of Parliament, also
met with John Battle to press their case.

In a separate note Richard Ellis pointed out that for the IoA the decision was serious in
terms of accommodation as the rapidly expanding research complement had been partly
housed in the RGO building and it looked impossible to re-house the staff in the existing
IoA. He proposed that Cambridge University seek to negotiate with PPARC with the aim of
retaining the RGO building for astronomy.

Judgement Day — a UKATC at Edinburgh

1997 July 4 was the date of the momentous announcement for UK astronomy by the new
Labour Government. In a written parliamentary answer, the Science Minister, John Battle,
announced approval to bring together the work of the two Royal Observatories to a single site
and that would be known as the UK Astronomy Technology Centre and it would be located
at Edinburgh. The same Parliamentary announcement confirmed that following advice from
PPARC it would no longer have to adhere to the Prior Options process. At a stroke, that
brought to an end the questions of privatization of the operations of the Observatories and
island sites. The Hansard record is presented below. [Spelling, capitalization, and punctuation
as in the original.]

Mr. Battle: The Particle Physics and Astronomy Research Council (PPARC)
has decided to concentrate the work it funds at the Royal Greenwich Observatory
(RGO), which is based at Cambridge, and the Royal Observatory Edinburgh
(ROE) in a new UK Astronomy Technology Centre (UKATC) at Edinburgh. This
new name will better reflect the fact that the Royal Observatories are now really
observatories in name only. Their main function is to provide technological
support for the telescopes operated by PPARC on behalf of British astronomers.

A substantial amount of money will be freed up as a result of this decision
amounting to £2·4 million per annum over the next four years and at least £4
million per annum thereafter. This sum, which is equivalent to approximately
20 per cent. of the budget for astronomy grants, will be re-invested in basic
science. It will fund grants to astronomers doing exciting new science in our
universities. In addition, I am confident the new UKATC will benefit greatly
from the increased efficiency and better co-operation between scientists which
will result from combining the RGO and ROE programmes.

This decision will allow PPARC to reorganise the Royal Observatories in the
way which best meets their scientific requirements. I believe that, as the respon-
sible Research Council, they should have the freedom to manage their research
facilities efficiently and effectively. PPARC will develop this in consultation
with the unions and other interested parties. Under the previous administration,
PPARC was bound to implement the conclusions of the 1995 Prior Options
Review of the Royal Observatories that the management of the United Kingdom
telescopes and the delivery of the instrumentation programme currently pro-
vided by the Royal Observatories should be subject to competitive tendering.
PPARC have reviewed the situation in the light of developments since then and
have advised me to release them from this obligation. I have decided to follow
this advice in line with our long-standing opposition to dogmatic privatisation.

The concentration at Edinburgh will take place over some years. The RGO
is an historic institution with a great tradition that has already survived two
changes of location. I am asking PPARC to explore every possible avenue for
keeping the institution alive. Nevertheless, this decision will lead to some job
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House.Itwasdoinghugeamountsofdamage;it’sanancientscheduledmonument.Ithasthe
thehigheststatusintheland,soit’sadifficultbalancebetweentryingtomakeitaccessible
andengagingforeveryone,butalsogeneratingsomeincometopayforthemaintenance
becausethereisjustliterallysomuchwearandtearonthesite.Wefeelwehavetocharge,
butit’sdifficult,Iagree.

ThePresident.IthinkweshouldthankLouiseagain.[Applause.]ThenextspeakerisGo
Murakami.MurakamiSenseiisanAssistantProfessorworkingatInstituteofSpaceand
AstronauticalScience(ISAS)inJapanAerospaceExplorationAgency(JAXA).Heisthe
ProjectScientistoftheESA–JAXAjointmissionBepiColombofortheMercuryMagneto-
sphericOrbiter,Mio.Hisscienceexpertiseissolar–terrestrialphysics,plasmaphysics,and
planetaryatmosphericscience.HegothisPhDfromTheUniversityofTokyoin2011.Then
heworkedatJAXA/ISASasaresearchfellowbetween2011and2017fordevelopmentsand
observationsofJapaneseultravioletspacetelescopeHisakiandtheBepiColombomission.
In2017hegotthecurrentpositionatJAXA/ISAS.Thetitleofhistalkis‘BepiColombo—
theESA-JAXAjointmissiontoMercury’.

Dr.GoMurakami.Intoday’seraofintensifyingplanetaryexplorationbyvariousnations,
Mercuryremainsaplanetshroudedinmystery.Beyondtheinherentdifficultyofplacing
aspacecraftintoMercury’sorbit,theintensesolarradiationexperiencedinorbitandthe
powerfulalbedoandthermalradiationreflectedfromMercury’ssurfacemakeitanex-
tremelychallengingplanettoexplore.Consequently,theonlypreviousorbitersuccessfully
toenterMercury’sorbitwasNASA’sMessengerspacecraftin2011.Messenger’snumerous
discoveriesfundamentallychangedMercury’sstatusinplanetaryscience,establishingitas
auniqueobservationaltarget.However,limitationsontheinstrumentsthatcouldbecarried
byasinglespacecraftandtheconstraintsofanorbitconfinedtothenorthernhemisphereleft
manyunresolvedquestions.TheBepiColombomissionaimstotackleMercury’sremaining
mysteriesthroughcomprehensiveobservationsbyitstwospacecraftMioandMPO[Mer-
curyPlanetaryOrbiter].ItseekstoadvanceourunderstandingoftheSolarSystem’splanets,
particularlytheterrestrialplanets,focussingontheir‘origin’,‘evolution’,and‘environment’.

OneofMercury’smoststrikingfeaturesisitsmassivemetalliccore,whichoccupies
approximately80%oftheplanet’sdiameter.Thatissignificantlylargerthanthecores
ofEarth,Venus,orMars,whichrangefrom40to50%.Furthermore,despitebeingthe
closestplanettotheSun,MessengerdiscoveredthatMercury’ssurfacemineralcomposition
containsfarmorevolatileelementsthanexpected.Whilevariousproposalshavebeenmade
regardingitsuniqueplanetary-formationprocess,nonecanexplainallthosefeatures,leaving
themstillunexplained.Conversely,thatindicatesthatunravellingtheformationprocessholds
acrucialkeytounderstandingplanetaryformation,includingEarth’s.EvenonEarth,the
natureoftheoriginalsolidrockymaterialremainsunclear.Theanswermaynotlieon
Earth,whichhasbeenprofoundlyalteredbyplanetaryevolution,butratheronMercury,
whichstronglyretainstracesofitsprimordialstate.BydecipheringMercury’sgeological
andcompositionalinformationthroughMPOobservations,wecanapproachthemysteryof
theoriginofterrestrialplanets.

AnothermajorfeatureofMercuryisitsmagneticfield.Mercurypossessesamagnetic
fieldbelievedtooriginatefromitsfluidmetalliccore,withastrengthapproximatelyone-
hundredththatofEarth’s.Amongtheterrestrialplanets,onlyEarthandMercurycurrently
possessintrinsicmagneticfields.Priortothatdiscovery,theprevailingtheoryheldthat“the
interiorofMercury,thesmallestplanetintheSolarSystem,hadlongsincecooledand
solidified,andthuspossessednointrinsicmagneticfieldlikeEarth’s”.WhyhasMercury
managedtoretainitsmagneticfield?Thatmajormysteryintheplanet’s‘internal’evolu-
tionprocessfundamentallychangedthesignificanceofMercuryasanexplorationtarget.
Furthermore,Messengerobservationsrevealedthatthemagneticequatorisshiftednorth-
wardbyabout20%ofMercury’sradius.However,duetoorbitalconstraints,nodataexists
forthesouthernhemisphere,makingthataprojectionbasedsolelyonobservationsfrom
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Councilmeetingof1997May20/21.Thetermsofreferencewere:“toconsiderarange
ofinternallycostedmodelsforrestructuringtheRoyalObservatoriestodeliverPPARC’s
programme;toassessthecosteffectivenessofeachofthesemodels;totakeaccountof
thedownstreameffectsofsuchmodelsandanyimplicationsforthescienceprogramme;to
adviseCouncilontheanalysisofcostedoptions,and,torecommendthewayinwhichthe
restructuringshouldbemanaged.”[Punctuationasintheoriginal.]

Theevaluationcriteriawerelistedunderthefollowingheadings:cost-effectivedelivery;
responsivecapacity;interfaceswithPPARC,community,andtelescopefacilities;minimizing
PPARC’srisksandliabilities;transitionalarrangements.Also,itwasrequiredthattwo
benchmarkingproposalsshouldbesubmitted;oneasaPPARCfacilityfollowingPPARC
rulesandproceduresandsecondlyunderadifferentoperationalmodelwherebyprogramme
deliveryandcostsmaybesharedwithathirdparty.Therulesofengagementwerespecified
andtoensurealevelplayingfieldPPARC(SwindonHQsecretariat)wouldprovidethe
programmaticinformationaboutthefutureagreedprogramme.TheObservatorieswouldbe
abletoinjectadditional(non-programme-approved)worktheybelievedwouldbeobtained.
ItwasstressedthatthatwasnotabiddingprocessasinPriorOptionsbutaninternalreview.

Theimplicationisclearlythatthatwouldbethelonganticipated‘shootout’:theculmina-
tionofObservatoryWarsandtherewouldbeasinglewinnerandasingleloserbetweenthe
RGOandtheROE.ThatmeantthataconsiderableamountofworkwouldfallonSwindon
OfficeandthetwoObservatoriesoveraveryshortperiodoftime.Thespecifications,costing
tables,andrulesofengagementwerereleasedon1997March21andthebidswererequired
byApril21!Thosewereverytighttime-scales.

JasperWallpromptlywrotetotheVCofCambridgeexplainingthesituationandincluding
afirstpassatanRGOsubmission.Thatwasanextensivedocument,basedontheCompany
LimitedbyGuarantee(CLG)proposaloftheproposedNationalAstronomyTrustandit
projectedthattherewouldbealargepositivediscrepancybetweenthefutureworkexpected
tofalltotheRGOcomparedtotheROE.Meanwhile,theROEhadbeentalkingtoSerco
aboutthepossibilityofthembiddingtooperatetheUKATC.SercohadtakenovertheNPL
in1995andhadapotentialinterestandalsoaconnectioninthatDonaldPettie,theChief
EngineeroftheROE,wasaclosefriendofSerco’sChairmanGeorgeGray.Thatledto
discussionsbetweenSercoandtheUniversityofEdinburghaboutthepossibilityofajoint
venture.ThefinalsubmissiontoPPARCfromtheROEincludedthreeoptions:(i)traditional
PPARCoperation;(ii)aprogressivepartnershipwiththeUniversityofEdinburgh;and(iii)
aJointVentureCompanyownedbytheUniversityofEdinburghandSercoplc.Throughout
that,akeyargumentintheROEsubmissionwasthatinstrumentationwasthekeytothe
future,andtheinstrumentationexpertisewasstrongestinEdinburgh.

ThedecisionoftheBenchmarkingPanelwasessentiallytoendorsetheHough-2recom-
mendations—theUKATCgoestoEdinburgh.ThosewereinturnapprovedbyPPARC
CouncilandforwardedtotheGovernmentforfinalapprovalin1997May.Asitturnedout,
thatwasjustafterNewLabourhadcometopoweronMay1.ThePPARCCouncilrec-
ommendationsweresubsequentlyleakedtothepress(DailyTelegraph)onMay24,which
concentratedontheprojectedclosureoftheRGO.Thatsparkedaflurryofactivityinthe
communitywithemailsandletterstoMPsandMinisters.Inparticular,MartinReesandPhil
CharleswereveryvocalinsupportoftheRGOandlookedtoseeifthedecisioncouldbe
reversedbymeetingwiththeScienceMinister(JohnBattle)beforetheofficialannounce-
ment.RichardElliswrotetohislocalMP,AnneCampbell,onJune9inwhichhesoughtto
gainthehighermoralgroundbyurginghernottocriticizePPARCintheupcomingmeeting
withtheMinister,becausealthoughhewaspersonallydisappointedwiththedecisionto
favourEdinburghoverCambridge,thefundamentaldecisiontohaveonlyoneObservatory
wascorrectandwaswidelyacknowledgedinthecommunity.Henotedthatastronomers
neededtoworkwithPPARCratherthanagainstitandattemptingtochangetheCouncil’s
benchmarkingdecisioncouldsetthingsbackbyoneortwoyearsandcausemoreanguish
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the northern hemisphere. Simultaneous multi-point observations by both Mio and MPO
can eliminate solar-wind–induced disturbance components. Furthermore, their north–south
symmetric orbits enable more precise measurements of Mercury’s intrinsic magnetic field
than Messenger, encompassing the southern hemisphere. By capturing the information leak-
ing out from Mercury’s interior via its magnetic field, we can decipher the evolutionary
process of that enigmatic solid planet.

Mercury, the closest planet to the Sun, exposed to intense solar wind and possessing a weak
magnetic field, forms the most dynamic magnetosphere in the Solar System. Furthermore,
its small size and weak gravity result in a thin atmosphere, creating a stage for complex
physical processes unique to Mercury where gases from the solid planetary surface directly
interact with outer space. In such an ‘enironment’ how much does Mercury, which forms
a barrier called a magnetosphere, actually suffer from solar-wind effects? That perspective
has become a crucial issue not only for traditional magnetosphere and space-plasma physics
but also for the search for ‘a second Earth’ especially now that numerous exoplanets orbiting
very close to their stars have been discovered. Japan has consistently led the world in
Earth magnetosphere exploration. Applying those observational technologies, the Mercury
Magnetospheric Orbiter (Mio) is the first spacecraft dedicated specifically to observing the
Mercury environment. It has the potential to advance dramatically our understanding of how
stellar winds affect planetary environments via the magnetosphere.

The President. Thank you very much. Questions?
Professor Kathy Whaler. Thank you, really interesting talk. What’s the nominal lifetime

of the mission once it’s started the science phase?
Dr. Murakami. The nominal science period is one year, after eight years’ cruise, but of

course, we are already planning to extend it.
Dr. Bob Barber. A question about that diagram that you gave, the core, the outer region

of the mantle, and you talked about impact. It seemed that the ratio of the diameter of the
core to the outer region, was normal. What was missing was the mantle, which is consistent
with an impact.

Dr. Murakami. In order to make such a huge core, if we assume the same origin of the
materials as Earth’s, then we need also a similar size of the planet as Earth. Then after the
generation of the core there should be some kind of impact to remove the amount of surface
materials.

Professor John Zarnecki. A comment rather than a question. When Bepi was originally
selected by ESA, which I think was around 2000, it still had a small lander. It’s always
painful when I see it like that because I had a small instrument on the lander. Sadly it was
for financial and technical reasons that it was de-selected.

Mr. Stewart Coulter. It’s often said that a minority of astronomers both professional and
amateur have seen Mercury. I saw Mercury a couple of months ago. At an early-morning
swimming I saw the pre-separation from Australia very easily. I just wonder if I might add to
those anecdotes by inviting the audience to put their hands up if they have ever seen Mercury.
[About 65%.] Thank you, and if you have not? [About 35%.] Right. So it is the majority of
this audience who have seen it. That’s interesting. Thank you very much.

The President. Our next speaker is Dr. Lina Hadid from the Observatoire de Paris. Since
2020, Lina has been an astrophysicist and research scientist at the Laboratory of Plasma
Physics (LPP), École Polytechnique / CNRS, in France. Her research focusses on study-
ing the microphysical and macrophysical plasma processes in the solar wind and planetary
magnetospheres. She analyzes wave and particle measurements in a variety of planetary
environments, including Mercury, Earth, Venus, and Saturn, as well as in the solar wind,
adopting a comparative-planetology approach. She is the lead of the Mass Spectrum Analyzer
(MSA) onboard the ESA/JAXA BepiColombo mission to Mercury. She is also the PI of the
Mars Mass Spectrum Analyzer (MSA) for ESA’s M7 mission M-MATISSE (Mars Magneto-
spheric ATmosphere Ionosphere and Space-weather SciencE), a multi-point mission to Mars
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to the RCUH (Research Corporation of the University of Hawaii — the managing agency for
the ‘local’ staff) terms and conditions, and if they were moved to a dollar salary (which was
one of the possibilities under consideration), then that would effectively remove the MGO
status currently enjoyed by the JAC. Being an MGO gave the JAC particular advantages,
such as relief from import duty and special visa status with very extended stays for PPARC
staff on secondment from the UK. Without MGO status, the way that the JAC was operated
by PPARC would change dramatically and it seemed that PPARC (and I assume Canada and
the Netherlands) did not wish to lose those advantages. So, how to treat the MGO status of
the JAC was one of the complicating factors for the Hawaii site and was probably one of a
number of risks and uncertainties that contributed to PPARC recommending that the current
Prior Options tendering action should be terminated.

A subsequent article in Nature was very critical of the Government and the Prior Options
process for the Royal Observatories and it noted that if the Opposition party (Labour) won
the next election, due in spring the following year, it would make its own decision “based
on science, not ideology”. Both NAT and UCAR continued to proceed with organising
themselves into viable bidding bodies. NAT held its community meeting on December 4,
which attracted 17 attendees with 10 being separate from the RGO. The next meeting was
scheduled for 1997 January 8. It is hard to overstate the amount of effort that went into these
meetings and preparations of paperwork and looking into the legal status of charitable trusts
and just energizing the UK astronomy community. There is no doubt that those involved in
UCAR and NAT worked long and hard to argue for their cause, preserving the importance
and capability of UK ground-based astronomy.

In parallel to the Prior Options troubles, PPARC was facing a very serious financial
challenge. It informed the Ground Based Facilities Committee (GBFC) meeting in early
December that the budget would be short by £2–4M over the coming two financial years and
£2M per year thereafter. Reasons given included the cost of Prior Options so far, increases in
international subscriptions, increases in university grant overheads, and restructuring costs.
PPARC called a meeting of its four Site Directors on December 6. At that meeting each was
required to prepare a single proposal that took into account a 30% cut with immediate effect
and those would be discussed at the 1997 January 31 meeting of the GBFC. However, the
Gemini Director, Dr. Matt Mountain, had been assured that his programme was protected
from those cuts. As it turned out, Hawaii came out of that cut-back relatively unscathed for
the time being compared to other areas. UKIRT had a slow-down in new instrumentation
and a lack of commitment downstream, while the JCMT would be subject to an international
review following a couple of years of SCUBA observations.

Benchmarking of costed options for the establishment of a UKATC

At the 1997 February 26 meeting of PPARC Council it was stressed that Prior Options
was paused rather than cancelled and Council approved the Executive advice to remove the
two island sites from the prospectus and leave only the UK domestic option open for future
bidding. That was then sent for Ministerial approval. It was noted that because that was
under Ministerial review it would be politically very sensitive and that discussion outside of
PPARC or its bodies needed to be treated judiciously. It was interesting to note that a number
of other government entities had just been released from the Prior Options process, but not
PPARC.

In the meantime, PPARC Council had set up an internal panel to benchmark costed options
for delivering the astronomy programme, focussing solely on the Royal Observatories. That
panel would be made up of mainly Council members and would be chaired by Brian Eyre
(AEA Technology). It included Dr. Sue Ion (BNFL) and Professors Enderby (University of
Bristol), Hough (University of Hertfordshire), Pounds (PPARC), and Longair (University
of Cambridge and non-Council). It would work to a very short time-table, reporting to the
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currentlyinPhaseA(2026).InadditiontoherroleinBepiColomboandM-MATISSE,she
hascontributedtoseveralinternationalspacemissions,includingtheCassinimissionand
theJUICEandSolarOrbitermissions.LinaearnedherMScfromParis-SaclayUniversityin
2013andherPhDinastrophysicsfromtheLaboratoryofPlasmaPhysicsattheÉcolePoly-
techniquein2016.ShewasapostdoctoralresearchfellowattheSwedishInstituteofSpace
PhysicsinUppsala(2019)andlateratESA’sEuropeanSpaceResearchandTechnology
Centre(ESTEC)intheNetherlandsin2019,beforejoiningCNRSasapermanentresearch
scientistatLPPin2020.Linaisgoingtotellusabout‘TheESA/JAXABepiColombo
missiononitswaytoMercury:initialplasmaobservationsduringthecruisephase’.

Dr.LinaHadid.Thankyoumuchforthatveryniceintroductionandthankyouaswellto
theorganizingcommitteefortheinvitation.I’mveryhonouredtobehereandveryhappyto
sharewithyousomeoftheinitialobservationsfromBepiColomboduringitscruisephase.
Iwillbefocussingmainlyontheplasmaobservations,butalsoontheionobservations.Of
course,theresultsIwillshowareresultsofcollaborationsamongmanyinstrumentteams.

MercuryistheinnermostplanetinourSolarSystem,andit’stheonlyplanetotherthan
Earththathasanintrinsicmagneticfield;however,it’sweakerthanEarth’sbutalso,unlike
Earth,Mercuryhasanextremelythinexosphere.Itiscomposedmainlyofhydrogen,helium,
oxygen,sodium,potassium,andothermetallicspeciesandoriginatesfromthesurfaceofthe
planet.ThoseexosphericneutralsgetionizedundertheeffectofthesolarEUVradiation,
andsubsequentlytheyaretrappedalongthemagneticfieldaroundtheplanetandformthose
ionsthatcirculateinthemagnetosphereofMercury.Thoseionscanescapetothesolar
wind,butsomeofthemreturntothesurfaceintheprocesscalledionrecycling.Thevery
closeproximityofMercurytotheSunandtheweakmagneticfieldleadtoaverydynamical
andhighlycompressedmagnetosphereincomparisontoEarth,and,inaddition,thelack
ofanatmosphereleadstoamuchmoredirectspaceweatheringofthesurface,especially
underextremesolar-windconditions.Thereisverytightcouplingbetweenthesolarwind,
themagnetosphere,theaxis,andthesurfaceoftheplanet.

ThefirstobservationsoftheioncompositionsinthemagnetosphereofMercurywere
performedbythemassspectrometerFIPSonboardtheNASAOrbiterMessenger(MErcury
SurfaceSpaceEnviroNmentGeochEmistryandRanging).Thatidentifiedthepresenceof
lightions,suchasprotonsandHe+,inthemagnetosphere,butalsothepresenceofheavier
ions,maybeoxygen-groupionsandsodium-groupions,andFIPSalsoshowedthespatial
distributionsofthoseions.ItrevealedthattheHe+ionshaveamoreevendistributionaround
theplanet,implyingprobablyamuchmoreuniformsourceofthosespeciesviaevaporation.
However,theheavierions,maybethesodium-groupandtheoxygen-groupions,showeda
non-uniformdistributionaroundtheplanetwithdistinctpeaksaroundtheplanet.

Despitethoseveryimportantobservations,FIPScouldnotreallydistinguishthedetailed
ioncompositionwithinthosesodium-groupionsbecauseofthelowmassresolution.Sothe
sodium-groupionsincludedsodiumions,magnesiumions,potassium,andcalcium.Itwas
notpossibletomeasurethecoldionsbelow100eVpercharge.

Westillhavealotofunansweredquestionsandmysteriestosolve.Forexample,the
detailedioncompositionaroundMercuryandthelinkofthoseionstothesurface,andalso
therolethatthoseplanetaryionsplayinMercury’smagnetosphere—especiallysince,asI
mentioned,Mercury’smagnetosphereismuchsmallerthanEarth’s,andsothespatialand
thetemporalprocessesatMercurycanbecomparedtotheiongyro-radius,andtheparticle
gyrationandvariationintheintermagneticfieldscanstronglyinfluenceeachother.

NASA’sfirstorbiterMessengerwasonlyonespacecraft,soitwasimpossibletodisentangle
thespatialfromthetemporaleffect.Itwasalsoathree-axisstabilizedspacecraft,sowehavea
verylimitedfieldofviewoftheparticles,naturallybecausethespacecraftisnotspinning.In
ordertounderstandindetailthecouplingbetweenthesolarwindandthishighlydynamical
magnetosphereandalsotounderstandthefeedbackofthesurface,weneedtohaveatleast
two-pointmeasurements.Weneedtohavespin-stabilizedspacecraftaswelltobeableto
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tocompetitivetenderingbyallcompetentsuppliers.PPARCiscurrentlyimplementingthe
recommendationsofthereviewwiththeintentionofaninvitationtotenderbeingissued
thismonth.”[Capitalizationasintheoriginal.]So,inspiteofalltheprotestationsfromthe
sciencecommunity,inearlyNovemberPriorOptionswasapparentlywellandtrulyupand
runningpoliticallyspeaking,andPPARCwasexpectedtobedeliveringit.But,watchthis
space!

ThingsarenotgoingtoplanforPriorOptions,thebeginningoftheend

Infact,progressontheprojectplanfortheimplementationofPriorOptionscontinuedto
slipasdetailedworkbylawyersunearthedanumberofissues.Togetherthosemeantthatthe
tenderdocumentforthePriorOptionsprocesscouldnotbeagreedandthereforecouldnot
beissuedontheplannedprojecttime-table.Furtherlegalworkwouldneedtobeundertaken.
Thatresultedinadelaytotheinvitationstotender(ITT)beingannouncedonNovember1,
movingtheITTreleasedatetoNovember14,withanewclosingdateforbidstobe1997
February28.However,onNovember22afurtherdelaywasannounced,thistimewithno
newdatesfortheITTortheresultingreplybybidders.Clearlythingswerenotgoingwell
behindthescenes.

OnNovember15,JasperWallissuedalettertothecommunityinvitingastronomerstojoin
theNAT—theNationalAstronomyTrust,whichwouldbeanon-profitcompanylimitedby
guaranteewithcharitable-truststatus(CLG).ThiswouldbeheadedupbyJasperWall,Neil
Parker,andKeithTrittonoftheRGO.ClearlyasanRGO-basedorganizationitwasunclear
howitwouldsitwithUCARorthecommunityasawhole.Anopeningmeetingwasplanned
totakeplaceinLondononDecember4.

However,abombshellannouncementtookplaceonNovember29whenJimSadlier
wrotetopotentialbiddersthatPPARCwas“unabletoproceedwiththecurrenttendering
exerciseforthecontractingoutoftheprogrammeoftheRoyalObservatories”.Quoting
fromtheletter:“inrecentweeksPPARChasidentifiedanumberofsignificantpressures
onitscapacitytofunditscurrentandfutureprogrammeattheanticipatedlevelandhas
beenadvisedthattheremaybenewandsignificantliabilitieswhichneedtobeinvestigated
further.Withoutafullanalysisoftheimpactofthesechanges,inthecontextofthecurrent
1996PES(PublicExpenditureSettlement)andAllocations,PPARCisnotinaposition
todisclosewithsufficientcertaintythefullnatureandextentofitsassetsandliabilities
pertinenttothecontractsforwhichyouhavebeeninvitedtobid.Inthesecircumstances
itwouldbeinappropriatetoissuetheInvitationstoTenderwhichhavebeenprepared.
Thecurrentestimateisthatitwilltakesomemonthstocompletethisanalysisandit
willthereforenolongerbepossibletoadheretotheplannedtimescalefortheawardand
announcementofcontracts.IattachacopyofaUKGovernmentstatementwhichwillbe
madeinParliamenttoday.”[Spelling,capitalization,andpunctuationasintheoriginal.]
TheGovernmentstatementconcludesthatthatcurrenttenderingexercisehasbeenformally
terminated.

Itremainedunclearexactlywhatprecisefinancialcircumstancesandliabilitieshadbeen
unearthed.Speculationfocussedonwhethertheon-goingimpactofthePriorOptionswork,
whichhadbeenunfundedbyGovernmentandwaseffectivelytakingfundsdirectlyfrom
theastronomyprogramme,wouldhaverequiredmuchmorefundingfromtheastronomy
programmethancouldhavebeensanctioned.Itwasalsothefactthatthenewsciencebudget
hadjustbeenannounced,andthathadconfirmedthattherewouldbenoadditionalfunding
forthePriorOptionsprocesses.Therefore,thosecostswoulddirectlyimpactthescience
researchprogrammes.Anotheravenueofspeculationwasthattheworkbythelawyers
hadunearthedsomeinterestingaspects,oneofwhichwasthestatusoftheMiscellaneous
GovernmentalOrganization(MGO)aspectoftheJACthathadbeenraisedinthequestions
atthebidder’sforum.ThelawyersconcludedthatifthePPARCstaffweremovedtooclose
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The role that planetary ions play in Mercury’s magnetosphere is still not fully understood!

Because Mercury’s magnetosphere is much smaller than Earth’s, the spatial and temporal scales of physical processes can be 
comparable to the ion gyro-motion→ particle gyration and variations in the electromagnetic fields can strongly influence one 
another.

MESSENGER/NASA (2011-2015):

→ One spacecraft: ambiguity between temporal and spatial variations
→ Three axis-stabilized S/C: limited FOV of the particle instruments.
→ Limited energy range and mass resolution of the Ion mass spectrometer
→ Need for multi-point observations at Mercury, spin stabilized s/c, high mass 
resolution and 3D measurements of the ions, and dedicated plasma 
instrumentation.

Planetary ions in Mercury’s magnetosphere by MESSENGER/NASA 

BepiColombo ESA/JAXA 
mission! 

Fig. 4
Orbits of MPO and Mio.

have a 3-D distribution of the particles and we also need to have high mass resolution for the
spectrometer to distinguish the heavy ions from each other, and, of course, we need to have
a dedicated plasma instrument to understand in detail the plasma processes in Mercury’s
magnetosphere and the effect on the atmosphere and the surface, and vice versa. That is the
goal of the BepiColombo, ISAS/JAXA mission.

This is just a sketch here [Fig. 4] showing the orbits of MPO (Mercury Planetary Orbiter),
ESA’s contribution, and the magnetospheric orbiter’s (Mio) contribution. And just for com-
parison, I added here the Messenger orbit, which has a much larger eccentricity, and so with
Messenger we could observe more closely, for example, the northern pole, but we could not
really observe the southern pole and the southern hemisphere.

With those two orbiters, we hope to understand and characterize this coupling between
the solar-wind magnetosphere and the surface of the planet. As Go has mentioned, we are
currently ending the cruise phase and we are preparing for the orbit insertion in November
next year [2026]. During those eight years, BepiColombo has performed nine fly-bys, first
one around Earth, two around Venus, and six around Mercury, the last one being earlier this
year [2025] in January. During that cruise phase the configuration of the spacecraft is very
particular: it’s in a so-called stacked configuration. So you can see here [Fig. 5] the Mio
spacecraft inside the MOSIF sunshield attached to the planetary orbiter Mio and both of
them on the Mercury Transfer Module; despite that very particular configuration and despite
the fact that some of them are not operational, most of them have a lot of opportunities for
nominal observations. For example, the particles instrument onboard the magnetospheric
orbiter has a field of view which is very limited and we are looking into the sky within just
one or two windows. Despite those constraints, we have very interesting observations that
give us a preview of the very exciting results that we will get after orbit insertion.

This is just the trajectory of only the Mercury fly-bys here [Fig. 6], in the meridinal 𝑥–𝑧
plane and in the azimuthal 𝑥–𝑦 plane. So here you see only five fly-bys — in fact the fifth one
actually does not appear here because the closest approach was further away from Mercury.
The first three fly-bys were equatorial and they were extremely important for us because in
the nominal phase, as I showed earlier, the orbits of MPO and Mio are polar, so those were
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the four key universities of Cambridge, Durham, Oxford, and UCL indicating an expression
of interest in bidding on behalf of the newly formed UCAR, the University Consortium for
Astronomical Research that Richard Ellis had worked so hard to introduce.

Throughout the summer of 1996 there were numerous letters written by astronomers to
the press and scientific journals. Martin Rees, in his role as Astronomer Royal and member
of the Royal Society, continued to be opposed to the cost reductions and potential closure
of the RGO and, more generally, with the way PPARC was handling the issue. I remember
visiting the RGO in the summer to discuss the Prior Options process, and during a meeting
with Jasper Wall, he noted that he was convinced the UK astronomy community would not
let the RGO be closed. I wasn’t so sure at all and pointed out that if Ken Pounds offered the
choice of retaining the RGO or awarding a postdoc to each university researcher then just
how committed would the community be. My feeling was they’d go for the postdoc but he
was not convinced and continued to believe that the RGO would, in the end, be the choice
for the UKATC, or at least be preserved as an institution.

On 1996 September 4, PPARC issued a news bulletin explaining the proposed implemen-
tation of the Prior Options Review. That explained there would be three separate but parallel
tendering exercises: to manage the operation and development of UKIRT and the JCMT on
Hawaii and to provide services to Gemini North when it came into operation; to manage
the operation and development of the ING telescopes on La Palma; to provide the range of
services currently provided by the RGO and the ROE. It also promised to provide an update
for the community at the Royal Astronomical Society Ordinary Meeting on October 11. The
planned time-table was for bids to be received by mid-February 1997 and then be assessed
by evaluation panels. It was unclear how long the evaluation might take but hopefully the
recommendations would be presented to PPARC Council by 1997 April.

A bidders-briefing conference was subsequently held on 1996 September 6. That included a
section on ‘pre-qualification’. 24 organizations attended and many questions were put forward
for clarification, one being the status and importance of the Miscellaneous Governmental
Organization status enjoyed by the JAC. That instrument brings tax and visa benefits to staff
at the overseas sites as well as freedom from import duty for new instruments. The answer
to the query was that that was being investigated.

Replies from potential bidders to the bidding questionnaire were due by September 20.
UCAR followed that up in September noting that they intended to form a charitable trust
that would in the future be extended to all UK universities that had a significant stake in
observational astronomy and that they had considerable support from the community. Andy
Lawrence indicated that Edinburgh would not be joining. A community-wide meeting was
organized by UCAR at UCL on 1996 October 8. That was attended by 31 astronomers from
13 universities, not including the original four.

PPARC then selected the bidders felt to be suitable to proceed to the next stage. There
were eight bidders for the UK programme, ten for Hawaii and seven for La Palma. In fact,
we in Hawaii had been directly contacted only by the US managing agency AURA, and the
UK managing agency Serco plc. That had resulted in a single meeting with representatives
of each on a purely information-only exchange with strict rules of engagement. It was also
known that Serco had formed a 50-50 collaboration with the University of Edinburgh to bid
for the UK option.

In the autumn a written parliamentary question asked the President of the Board of
Trade to make a statement on the future of the Royal Observatories. On behalf of the
Government, the Minister for Science and Technology, Mr. Ian Taylor, replied on 1996
November 5: “The Government accepted the recommendations in the report of the prior
options review of the royal observatories which had been endorsed by the council of the
Particle Physics and Astronomy Research Council. These were that the management of
the overseas telescopes and the provision of the instrumentation programme provided by
the royal Greenwich observatory and the royal observatory Edinburgh should be subject
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BepiColombo cruise phase (2018 - 2026)

Limited Field-of-View of
the particle instruments

Stacked configuration 
of BepiColombo during cruise

11 November 2026

Fig.5
Configurationduringcruisephase.
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Swingbys of BepiColombo around Mercury
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Fig.6
Swing-bysofBepiColomboaroundMercury.

theonlykindofopportunitiesthatwecouldhaveonanazimuthalcutofthemagnetosphere
ofMercury.Onthefourthfly-byandthesixthfly-by,theywerehighlypolarasyoucansee
inthemeridianplane,butdifferent.Thesixthfly-by,forexample,crossedfromthedayside
tothenightside.AndwhatIwillbeshowinglateraretheobservationsfromoneequatorial
fly-by,thethirdone,andonehighlypolarfly-by,thesixthone.

IwillshowyoumainlyobservationsfromtheMSAonboardthemagnetostaticorbiterMio.
It’spartofaparticleconsortium,andMSAisatime-of-flightspectrometerandthegoalis
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Astronomyandpoliticaldebate

However,notonlywasPriorOptionscausinggreatangstwithintheentireUKscience
community,itbecamebothcontentiousandpolitical.IntheUKparliamenttherewasamajor
debateonPriorOptionson1996June11broughtaboutbyanoppositionamendment.That
wasopenedbyDr.GavinStrang(Labour,EdinburghEast)withthestatement:“Ibegto
move,ThatthisHousebelievesthatGovernmentsupportforscienceandtechnologyisvital
totheUnitedKingdom’sfuture;recognisesthecruciallong-termcontributionwhichthe
publicsectorresearchestablishmentsmaketotheeconomyandtoextendingtheboundaries
ofknowledge;regretstherationalisationandfragmentationoftheseestablishmentsinrecent
yearsandopposesthedogma-drivenprivatisationobjectivesofthePriorOptionsReview.”
[Spelling,capitalization,andpunctuationasintheoriginal.]

ThatwasfollowedbyanEarlyDayMotiontabledonJuly9,whichstated:“Thatthis
HouseisdeeplyconcernedattheseriousthreattotheUnitedKingdomsciencebaseposed
byinternaldisruptionandlossofstaffmoralecausedbythePriorOptionsProgrammeto
privatiseGovernmentScientificresearchinstitutes;notesthatthetimescaleforPriorOptions
isalreadythreemonthsbehindthescheduleannouncedinaGovernmentPressreleaseof
April25;understandsthatthesecondtrancheofinstitutestobeprivatisedunderPrior
Optionsislikelytoincurcostsexceeding£100million;condemnsthelackofforesightof
thelegalminefieldrequiringhugefeestobepaidtoUnitedStatesandEuropeanlawyers
forthedisposalofParticlePhysicsandAstronomyResearchCouncilsitesinHawaiiand
LaPalma;deploresthefactthetransferintoprivateownershipofoverseasobservatorysites
aloneisexpectedtoresultinhalfamillionpoundsofunanticipatedlegalcosts;regardsPrior
Optionsasunviable;andcallsupontheGovernmenttohalttheprocessandrecognisethat
thepolicyrepresentstheworstinGovernmentdogmaandisagrosswasteoftaxpayers’
money.”[Spelling,capitalization,andpunctuationasintheoriginal.]

AlongsidethattheHouseofCommonsScienceandTechnologySelectCommitteehad
launchedaninquiryintothePriorOptionsReviews,intowhichtheRoyalSocietymadethe
followingsubmissionin1996October,summarizedby:

Therearefourkeypoints:
•theGovernmenthasnotprovidedevidencefortheassumptionsunderpin-

ningthePriorOptionsprocessascurrentlybeingappliedtoPSREs(Public
SectorResearchEstablishments)

•thoseassumptionsneedtobesetinthecontextofnationalstrategyfor
research,bothwithintheScienceBaseandatDepartmentallevel

•careisneededtoensurethatPriorOptionsdoesnotdamagethehighlysuc-
cessfulcollaborationthathasbuiltupbetweenUniversitiesandResearch
CouncilInstitutes

•repeatedreviewsquestioningthecontinuedexistenceofPSREs,overand
abovethenormalreviewsundertakenperiodicallybyResearchCouncils
orDepartmentalownersofPSREs,adverselyaffectefficiencyandproduc-
tivity.

Letthebiddingbegin

ThoseprotestshitabrickwallandattheendofJuly,JimSadlierwrotetointerested
partiesthattheOfficialJournaloftheEuropeanUnion(OJEU)noticewouldbeissuedin
earlyAugustrequestingbiddingforthetenderingoftheworkoftheRoyalObservatories.
Thatwasanimportantmilestonebecauseonceissued,itsetsintrainalegalframework
fortheprocess,includingatime-line.TheinformationpackthatwentalongsidetheOJEU
noticewasveryextensiveanddrawnupbylegalexperts.Thattriggeredaresponsefrom



112 2025 December 12 Meeting of the Vol. 146

→ Part of the Mercury Plasma Particles Experiment (PI: Y. Saito, ISAS/JAXA, Co-PI: L. Hadid, LPP) 

→ MSA will measure the 3D ion distributions with high mass resolution ( m/Δm = 40) from 2eV/e to 40 keV/e
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Delcourt et al., JGR, 2016

Saito et al., SSR, 2021

The mass spectrum analyzer (MSA) onboard Mio/BepiColombo

Fig. 7
The MSA aboard Mio/BepiColombo.

to measure the 3-D distribution functions of the ions with a very high mass resolution and
between a few eV and 40 keV; it can actually can be seen as a mini consortium because it’s an
international collaboration between different institutes. In LPP we have developed the optics
unit and then Max Planck Institute provided the high-voltage power supply, ISAS/JAXA
provided the detector-electronic units inside the low-voltage box here, whilst IDA provided
the DPU.

This is just a sketch [Fig. 7] here showing the cut, and you can see the inside of the optics
in it, which consists of an electrostatic analyser that filters the ions with specific energies.
And then we have a time-of-light chamber with a very particular design that allow us to
have Dirac functions for the ion species and distinguish between sodium and magnesium, for
example. We have two electron analysers, one ion analyser, and the mass-spectrum analyser.
I will show you observations from those four, but also we have a high-energy–ion detector,
a high-energy–electron detector, and an energetically neutral analyser as well. The PI is
Yoshifumi Saito from ISAS/JAXA.

The third Mercury fly-by occurred on 2023 June 19. During that fly-by BepiColombo
crossed the magnetosphere of Mercury from the night side to the day side and from dusk to
dawn. And the closest approach was about 235 kilometres. What was particular about that
fly-by is that it offers a synoptic view of the large-scale structure and ion composition of
Mercury’s magnetosphere.

As expected, the energy–time spectrograms for ions and electrons are very similar; then
we have the electron observations. I do not have time to go into all the details here, but, by
looking at the particle data and the ions, we could distinguish the boundary crossings as
BepiColombo flew by Mercury. We could actually see the inbound bowshock crossing.

Looking at the very narrow-band signature due to the outgassing of the spacecraft, we
could see a small jump at the inbound bowshock crossing. But we also see a clear boundary
which is the inbound magnetopause crossing, after which we see a clear dispersion signature
in the ions ranging from a few tens of eV per charge up to 40 keV, and we interpreted that
region as the low-latitude boundary layer. Then as BepiColombo approached Mercury around
the closest approach, the ion detectors observed a very clear signature of about 20-keV ions.
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technical support currently provided by the Royal Observatories’ UK sites (RGO and ROE).
Work then began in earnest in terms of making up prospectuses for potential bidders and
refining the ‘rules of the game’ in terms of what could and could not be disclosed. To oversee
the process a steering committee was set up under Ian Halliday and a management committee
under the chairmanship of John Love, PPARC Director of Administration. However, it was
clear from the start that PPARC lacked knowledge and experience of that type of process,
and external advice, including legal advice, would have to be obtained.

Although somewhat isolated in Hawaii, Prior Options caused much additional work.
On paper, the Joint Astronomy Centre was the most obvious site to transfer to public as
opposed to UK-government operations, especially given the way that many US facilities
were operated through a third party (AURA — the Association of Universities for Research
in Astronomy) rather than directly by the funding agency, the National Science Foundation
(NSF). For the JAC the work involved figuring out the international legalities, especially
given the tri-nation JCMT funding, the planned expectation of operating closely with the
Gemini-North facility (to save money), and looking at other innovative means. There was
lots of discussion regarding the way forward and about how a JAC might be structured,
how it would interact with Gemini, possible bidders, rules about in-house and management
bids clarified, and interfaces needing attention. That revealed the potential complexity and
the dawning realization of the possibility that the management could easily become more
complex and costly to administer rather than simpler and cheaper! At the same time JCMT
operations were completely focussed on the delivery from the ROE and commissioning of
the world-beating and world’s first submillimetre ‘camera’, SCUBA. As it turned out, that
instrument would be the saviour for the JCMT in the downstream international review that
would be called for later.

On 1996 April 25 a Deptartment of Trade and Industry (DTI) press release was made
announcing that the Minister had accepted, in full, the conclusions of the Review of the
Royal Observatories (the Halliday Panel). The key recommendation was that management
of the UK telescopes and the delivery of the instrumentation programme currently carried
out by the Royal Observatories should be subject to competitive tendering by all competent
suppliers. That was officially welcomed by Ken Pounds on behalf of PPARC and a bulletin
was issued describing the outcome, the process, and the proposed time-table, which we shall
return to later.

That announcement stimulated further work, led by Richard Ellis, on the suggestion that
a consortium of UK universities might come together to bid. A key aspect seemed to be that
any organization wishing to bid must already be in formal existence at the time of the bid.
Although it was noted that the consortium should maintain neutrality on the RGO vs. ROE
UKATC situation, there was clearly support for the RGO to be the main contender in spite
of Hough-2. The group of four universities (Cambridge, Durham, Oxford, UCL) decided to
leave things across the summer but to resume in September, when the nature of the bidding
and rules had become clearer. In the meantime, they would seek to have meetings with
representatives of the RGO and the ROE.

As Prior Options work gained pace it became clearer what the JAC was required to produce
in terms of quality targets for the assessment of the management of the operation. That would
mean a lot of work. To manage the progress, PPARC set up assessment panels to oversee
the three tendering processes. For Hawaii, a special Prior Options meeting was convened in
Boston (USA) on 1996 May 14. That had very high-level representation comprising Harvey
Butcher (NL and JCMT Board Chair), Don Morton (Canada and JCMT Board), Wilfried
Boland (NL and JCMT Board), Wayne Van Citters (US, Head of Astronomical Sciences
Division NSF), Pat Roche (UK Chairman), Matt Griffin (UK and JCMT Board), Jim Hough
(UK), as well as the PPARC contingent and myself.
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BepiColombo MSB6: January 8, 2025
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Fig.8
SixthMercuryfly-by.

Weinterpretedthoseasthedetectionofapartialringofaringcurrent;whetherit’spartial
orfull,it’sveryhardtotell,anditisstilldebated.Weneedtowaituntilwegetthenominal
phasetostudythatindetail.

Nowinadditiontothislarge-scalepictureofMercury’smagnetosphereanddifferent
regions,thegoalofMSAwealsowanttopursueistocharacterizetheioncomposition,
butduringthecruisephaseweareoperatinginlowmode,sowehavethatinformation
integratedoveronlyabout17minutesandsowehavetheinformationoftheioncomposition
butintegratedalongsixsegments.

Andalongthose17minutesorsoafterthelow-latitudeboundarylayerinsidethemagneto-
sphere,MSAdetectedcoldionsaboutfew100eV/e,mainlyprotonsbutalsoalphaparticles,
andalsosomesignaturesofheavierionsincludingsodium,andaveryweaksignatureof
potassiumorcalciumions.Afterthisclosestapproachheretheinstrumentdetectedsigna-
turesofenergeticatoms,aboutafewKeVprotonsandHe+,butalsosodiumionsandsome
heavierions.Nowthiswasactuallyforthethirdfly-by,whichwasmoreofanequatorial
viewofthemagnetosphere.HereIwanttoshowyouobservationsfromthefly-bywhich
occurredearlierthisyearinJanuary[Fig.8];thetrajectorywascompletelydifferent;itwas
highlypolar.BepiColombocrosseddawntoduskandfromnightsidetodayside.

Thisslide[Fig.9]showsalatitudinal-cross-sectionobservationofMercury’smagneto-
sphere,specificallythecentreofitsplasma-sheetregion,whereweclearlydetectedcold
protonsandionsdownto10eVperchargeforthefirsttimecoldpotassiumandsodium
ionsveryclearlyandwithdistinctdistributionsalongthecentralplasma-sheetregion.But
wealsoseethattheplasmaishighlydynamicandwhatIwanttoshowhereisthatwedo
observethiskindofdispersionsignatureintheiondata.Inthefirstpanel,weobserveheavy
elementsandprotonsrecordedwhileBepiColombowasconnectedtoclosedmagnetic-field
lines;thesespecificsignaturesareconsistentwiththosetypicallyobservedatEarth.They
representbouncingionclusters,soionsthatbouncebackandforthontheclosedmagnetic-
fieldlinewhiledriftingaroundtheplanet.Andit’sthefirsttimethatwecouldseethemat
Mercury.Sointheend,similarprocessesareinducedintheterrestrialplanetsandthose
actuallyreflectsomeinjectionsfromthetailtowardsthepolarlatitudesoftheplanet.
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amemberofacollaborationthatownstelescopes,inordertoguaranteesecureaccessfor
theUKastronomicalcommunity,isfullyjustified;(b)thatthePPARCshouldendeavourto
retainanddeveloptelescopeswellbeyond2000,andtocontinuetooperateandmaintain
themefficiently,effectively,andeconomically;(c)andhencethe‘abolitionofprogramme
functions’optionshouldberejected.

Thepaperwentontooutlinethepossibleoptionsas:(a)‘Integrated’—Hawaii+LaPalma
+RGO+ROEasasingleorganization—ineffectthestatusquo;(b)‘Separate’—four
independentorganizations;(c)‘UKATC’—essentiallyHough-1;(d)‘RGO’—Hawaiiand
ROEindependent;RGOandLaPalmacombinedasasingleorganizationindependentof
theothers.However,options(b),(c),and(d)resultedinanumberofsub-optionstoconsider
andtheresultwasalargerangeofmanagementpossibilities.Thereportthendetailedthe
on-goingdiscussionsofcosts,management,andpotentialimpactonfutureactivities.One
thingwasveryclear:thatwasgoingtobeacomplexprocess.

Meanwhile,anobviousup-frontquestionforPriorOptionswaswhetherthelocalUK
academicinstitutions(CambridgeandEdinburghuniversities)mightbeinterestedinrunning
thetwoUKsites.On1995August1,JimSadlier,theRoyalObservatorySecretary,wrote
formallytoRichardEllis(Cambridge)andAndyLawrence(Edinburgh),askingthemto
begininternalenquiriesastothatpossibility.Followingthatletter,RichardElliswroteback
onAugust9expressingageneralenthusiasmandnotingthataninternalworkinggroup
hadbeensetupcomprisingtheIoA,theMullardRadioAstronomyGroup(MRAO),and
theDepartmentofAppliedMathematicsandTheoreticalPhysicstoconsiderfurtherthe
possibilities.Healsopointedouttherecouldbemanydifficultiestoovercomeandthat
inanycaseitwouldneedtobeconsideredbytheGeneralBoardoftheUniversity.That
wasfollowedupbyaletterfromtheViceChancelloroftheUniversityofCambridgeto
IanHalliday,againexpressingpositiveviewsbutnotingthatmuchwoulddependonthe
financialsituationandthePPARCfutureprogramme.

Whileallofthatupheavalwasgoingon,yetanotherfundingcrisisaroseforPPARC.
Inthelightofthereductioninplannedspendonground-basedtelescopedevelopments,
theGround-BasedTelescopesDevelopmentPanel(theWilliamsPanel)wasreconvenedto
considerarevisedprogrammeandtorecommendthattothe1995December6PPARC
Council.Clearly,thatwasgoingtobea‘busy’Councilmeeting.Meanwhile,inOctoberthe
RGOpreparedanextensivedocumententitled‘OurFuture:MemorandumtoPriorOptions’,
comprising28pagesofargumentsand9Appendices.Thatwasfollowedbyapaperfrom
WalterGear,JohnPeacock,andAndyLawrenceonbehalfoftheROEManagementBoard
entitled‘ROEandthefutureofUKAstronomy’presentingtheROEviewofhowbestto
supportground-basedoptical-infrared-millimetreastronomy.

AUniversityConsortium?

In1995November,aconsortiumofCambridge,Durham,andOxforduniversitiessought
toinvestigatewhetheracharitabletrustcouldsetupanot-for-profitcompanytomanagethe
astronomyprogrammeandtheUKATC,whilePPARCretainedresponsibilityforprogramme
policy.Thatwasmetwitharangeofbothsupportandlackofenthusiasmfromtheuniversity
hierarchy.ItwasalsoclearthatneitherCambridgenorEdinburghUniversitieswerewilling
torepresenttheinterestsofotheruniversities,whichwasquiteunderstandable.In1995
December,PPARCCouncilapprovedtheproposalsfromIanHallidayregardingtheway
forwardforPriorOptionsalongwitharevisedtime-tablewithanimplementationdateof
1997April.ThosewerethenforwardedtotheMinister.Thekeyrecommendationswere:that
PPARCshouldretainownershipofthetelescopesonHawaiiandLaPalmaandseek,through
competitivetender,tocontractmanagingorganizationstooperatethemonbehalfofthe
Councilanditsinternationalpartners;thatPPARCshouldinvitetendersfortheprovision,
undercontracttoPPARC,ofservices,includingtheprocurementofinstrumentationand
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Fig. 9
Mercury’s magnetosphere.

I mentioned ions, but we also have the electron observations. Those are the time spec-
trograms for all the five. With five different fly-bys, we can say that we have five different
magnetospheres.

The BepiColombo cruise phase was not limited to the planetary fly-bys; it also it contributed
to heliospheric science. And we showed the importance of the cruise science and we could
study the evolution of the properties of the solar wind taking advantage of the presence of
operational spacecraft in the inner heliosphere with Parker Solar Probe (PSP) and Solar
Orbiter. BepiColombo, and other L1 probes and so we could study, for example, the evolution
of turbulence as a function of the Sun as observed by BepiColombo and then Solar Orbiter.
We had a recent paper, an overview of all the solar energetic-particle events, CME events
observed by multiple spacecraft including BepiColombo and that’s another very important
example. It seems that it’s the strongest SEP event for the solar cycle 2025 detected by PSP
and BepiColombo and other spacecraft further away from the Sun.

During the cruise phase, we had exciting observations around Earth, Venus, and Mercury.
We have at least 50 publications from the fly-bys alone. Not only has BepiColombo showed
the importance of cruise science to be able to perform measurements in the solar wind when
there is no dedicated mission at those distances, and it’s important not only for calibration
purposes of the instrument, but those observations gave us a tantalizing preview of all the
exciting science that could be done during the normal phase, so we are ready now to explore
Mercury. Thank you.

The President. Steven, your hand is up before I even ask!
Professor Steve Miller. The light species hydrogen and helium. Are they being captured

from the solar wind or are they breakdown of molecules from the surface of Mercury?
Dr. Hadid. It’s very difficult to distinguish the origin of the protons, whether it’s the solar

wind or the surface. We know that there’s hydrogen on the surface, but it’s very difficult to
distinguish the He+; it can evaporate from the surface, but it can come from the interstellar
medium.

Professor Monica Grady. Just to follow up on that question from Steve, can you detect
deuterium?
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that synergy was lacking at Cambridge even though the RGO and IoA were next door to each
other. So, there we have it — a UKATC at Edinburgh and the future of the RGO and its staff
very uncertain but closure seeming a distinct possibility. However, there would be a lot of
water to flow under the bridge before those far-reaching recommendations would become a
reality. In looking back, it is worth noting that a potential possible solution could have been
to create the UKATC at RAL, but because RAL was then in another Research Council that
idea was not seriously considered.

The Hough-2 draft Report and recommendations were circulated to the Astronomy Com-
mittee, PPARC Council, and senior members of the UK astronomy community. Alec Bok-
senberg, as Director of Observatories, wrote a detailed, four-page document on 1995 June 6
(I assume as input to the PPARC Council meeting) effectively arguing against all the recom-
mendations of the Hough report, including autonomy for the island sites. On-going concerns
about lack of effective communication between PPARC and the community continued to
swirl around on email and in letters. The attitude of the IoA and Cambridge University to
the potential closure of the RGO caused some internal tensions and as Richard Ellis, by
then Director of the IoA, commented to me that when a senior astronomer at the IoA was
asked if the IoA should support the RGO the reply was that “the RGO wasn’t Royal, it
wasn’t at Greenwich and it wasn’t an observatory!” That speaks volumes for the degree of
antipathy felt towards the RGO by some. It didn’t help that another major astronomy arm
of Cambridge University, the Cavendish Laboratory, including the radio astronomers from
the Mullard Radio Astronomy Observatory, was literally remote from the IoA in terms of
both geography and collaboration. Nevertheless, it must be acknowledged that the RGO had
considerable support from within the community, especially amongst the traditional optical
astronomers.

The 1995 June meeting of PPARC Council again failed to support the plan and with
hindsight that was perhaps not surprising. Reading between the lines those recommendations
were too much of a bite to take at one go without having ‘rolled the pitch’ beforehand,
something that had been impossible given the short time-scale for the Panel to report. Also,
with starkly divergent views amongst senior astronomers in the community, the decision
of Council failing to support the recommendations is readily understandable in that such a
major recommendation to close the RGO was contentious and of course political. It was,
therefore, inevitable that the final decision would take some considerable time. To add to
the impasse, the RGO had been in its new building for only some six years, so closing it
would not appear to be without criticism from on-high. So, the fight was on to save the RGO
and lots of gnashing of teeth within the community ensued. The final Hough-2 Report was
sent to Council in July and the final decision was poised for the PPARC Council meeting
in 1995 September. A lot of work was undertaken over the summer by Ian Corbett and
senior astronomers to try to crystallize the position regarding future ground-based projects,
in particular, Gemini, given the lack of projected funding.

PPARC becomes subject to Prior Options

However, as we have noted earlier, the process of taking the Hough-2 recommendations
forward was effectively put on hold following the announcement on 1995 July 26 by Ian
Taylor, the Minister for Science and Technology, that PPARC would be assessed under the
Prior Options programme. PPARC focus would be turned away from a decision about forming
a UKATC, to one of preparing prospectuses and in the case of the overseas sites, seeking
specialist legal advice. PPARC Council set up a small panel to assess the Prior Options
progress. That was chaired by Professor Ian Halliday (a member of Council) and included
the PPARC CEO Ken Pounds and Adrian Carter of the Office of Science and Technology.
The panel would report to Council on December 6 but an interim report to the September
Council by Ian Halliday stated: (a) that the principle of PPARC owning telescopes, or being
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Dr.Hadid.Idon’tthinksowithMSAbecausewedon’tdistinguishthechargesoftheions.
Weassumeit’sasinglychargedion.

ProfessorGrady.Butitwouldhaveamassoftwo.You’remeasuring2Hthen,areyou?
Dr.Hadid.Goodquestion!
ThePresident.Iwonderedifwiththecoldionsthatyousee,isthelowerlimitsetbythe

spacecraftpotential?
Dr.Hadid.Yes,actuallyitwillbeverychallengingforustoobserveafeweVpercharge.

It’sabigquestion.
ThePresident.Ijustwonderediftheappearanceofcoldionsincertainregionswasactually

aspacecraft-potentialmodulation.
Dr.Hadid.Inthefirstfly-byintheshadowregion,thespacecraftpotentialgotverylow

andthenitwasveryinterestingbecauseofthechangeofthepotentialofthespacecraft;it
becamenegative.Sowecouldactuallystarttracking.Intheendtheyareaccelerated.

ThePresident.Ultimately,Ilovetheboundary-layerdispersion,thatthere’sallsorts
ofinformationyoucangetoutofthat.Thankyouverymuchindeed.Thatwaslovely.
[Applause.]

OurlastspeakertodayisDr.PaolaPinillafromMullardSpaceScienceLaboratory.She
obtainedherBScandMScinhercountryoforigin,Colombia.ShedidaPhDatHeidelberg
UniversityinGermanyandheldseveralpositionsbeforejoiningUCL,including:apost-
doctoralresearcheratLeidenObservatory,aNASAHubbleFellowshipattheUniversityof
Arizona,andanindependentgroupleaderattheMaxPlanckInstituteforAstronomy.Her
researchinterestsfocusonunderstandingthefirststepsofplanetformationusingtheoretical
modelsandobservationsofyoungstars.Paolaalsoenjoysworkingontopicsrelatedto
equality,diversity,andinclusion.ShewasrecentlyawardedanERCstartinggrant,the2024
NewHorizonsinPhysicsPrize,andthe2025RoyalAstronomicalSocietyPriceMedal.So
Ithinkyou’regoingtotellusabout‘Howplanetsaremadeofstarstuff’.Thankyou.

Dr.PaolaPinilla.Thankyousomuchfortheinvitation.It’sagreathonourformetobe
hereandthankyousomuchalsofromtheplanet-formationcommunityforgivingusthe
PriceMedal.TodayI’mgoingtotellyouaboutwhatIhavebeenworkingonin15yearsof
researchsinceIstartedmyPhD.

ItwasonlythreedecadesagothattheonlyplanetsthatweknewwerethoseinourSolar
System.TheSolarSystemisactuallyaquitewell-organizedsystem;ithastheterrestrial
planetsinside,thenthegiantplanetsandtheicegiants.Itwasin1995thatwediscoveredthe
firstexoplanetaroundasolar-typestarandthatwas51Pegasib.Thatreallyopenedoureyes
toanewworldbecausethatplanetisasmassiveasJupiter,butmuchclosertothestarthan
MercurytotheSun,soit’sahotJupiter.Wedon’thavesuchplanetsinourSolarSystemand
sincethen,thenumberofplanetsthathavebeendiscoveredhasincreasedenormously.

In2009thecampaignwaslaunchedwithKepler,andby2016wealreadyhadmore
than1000exoplanetsdiscovered.In2018wehadthelaunchofTESS(TransitingExoplanet
SurveySatellite),anotherspacemissionusingthetransitmethodtodiscoverexoplanets.
Nowin2025,wehavemorethan6000exoplanets.Manyofthoseexoplanetsdon’thavea
representativeintheSolarSystem,suchashotJupiters.Thereareplanetslikemini-Neptunes
andsuper-Earthsthatalsoareverycommonbutwedon’thavesuchplanets.Webelievethat,
atleastinourGalaxy,everystarhostsaplanet.Nevertheless,westilldon’tknowhow
planetsform.Iliketothinkaboutplanetslikelikehumanbeings:weareverydiverseand
ourpropertiesandwhoweareprobablydependsourinfancy.Wearetryingtodothatinthe
fieldofplanetformationandtounderstandwherethey’reborn,howtheyareborn,andhow
thepropertiesandthephysicalprocessesofthosefirststepsofplanetformationimpactthe
diversitythatweseeintheexoplanets.

Everythingstartswithamolecularcloudandinthosemolecularcloudssomeregionscan
becomeverydenseandthathappenswhenthereisagravitationalcollapse,sothemolecular
cloudcannotbepressure-supportedanyfurther.Asaresultofthatcollapse,aprotostar
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inHilo,Hawaii,whichwasthemanagementHQsupportingtheJCMTandUKIRT,was
supporteddirectlyfromSwindonOffice.ThesamebecametrueforLaPalma,whichwas
jointlyfundedbytheUKandtheNetherlands,withasmallSpanishinterest.

ReturningtotheHough-1Panel,thePPARCCouncilmeetingof1995Februaryaccepted
thegeneralrecommendationofautonomyfortheislandsitesbuthadreservationsabout
theconceptofaUKATC.Thiswasforanumberofreasons:financial,operational,and
political.Itwasalsofeltthatanadequatecost–benefitanalysishadnotbeenundertakento
justifyaUKATC.Therefore,PPARCmanagementimmediatelyinstigatedasecondpanelto
analysethetechnicalandfinancialrequirementsofaUKATC,includingitssize,skillmix,
managementstructure,andrelationshiptotheislandsites.ThatwasalsochairedbyProfessor
JimHough.IncludedinthetermsofreferenceofthatPanelwasthecrucialrecommendation
astowherethisnewUKATCshouldbelocated.Thatwouldbeafast-actingpanel,reporting
tothePPARCDirectorofSciencebytheendof1995May,intimeforthePPARCCouncil
meetingofJune6.

Allofthatwascausinggreatuneasewithintheastronomicalcommunity,especiallyafter
KenPoundsgaveareporttotheNationalAstronomyMeetingatCardiffin1995Aprilamid
mountingcriticismfromavarietyofsourcesthattherehadbeenalackofconsultation
throughouttheprocess.OnpaperitwouldappearthatinthebattletobetheUKATC,
theRGOwouldhavetheupperhand,beinglocatedinamodern,purpose-builtfacilityin
Cambridge,theseatofmajorastronomyresearch,andthehomeoftheAstronomerRoyal
(ProfessorSirMartinRees)andthehomeoftheDirectorofObservatories(ProfessorAlec
Boksenberg).However,withintheuniversityastronomycommunitytherewasaconsiderable
pushforEdinburgh,mainlybasedonitsproject-managementtrackrecordandthefuture
movetoinfraredastronomy.

WhileallthatwasgoingonAlecBoksenbergannouncedhewouldretireandwhenthattook
effectthetwoObservatorieswouldagainbesplit,eachhavingitsownDirector.Dr.Jasper
WallwasappointedtotheRGOandMr.StuartPitttotheROE.Thatwasakeytimeofflux
anditwasclearthatthefutureoftheobservatorieshadtobefoughtfor.Ihadknownand
workedwithDr.AdrianRusselloftheROEsincegoingtotheJCMT,whereAdrianwasa
supportscientistandHeadofInstrumentDevelopment.HemovedbacktotheROEtotake
upthepositionofUKProjectManagerfortheGeminiObservatoryproject.Adrianwasa
greatguyinallrespects,bright,knowledgeable,andextremelyhelpful.Hisonlynegative
wasinbeingaSheffieldUnitedsupporter.Iwasverykeenthatheshouldnotapplytobe
ROEDirectoratthattime,althoughhewasthebestcandidateforafutureUKATCDirector.
Ilobbiedhardforthatsolution.MyreasoningwasthatthepositionofROEDirectorwould
bemiredinthepoliticsoftheObservatoryWarsandheshouldkeephispowderdryon
theassumptionthatwhentheROEwonthebattle,hewouldnothavebeensmearedin
thepoliticalinfightingataseniorlevelandwouldbeinaprimepositiontotakeonthe
DirectorshipoftheUKATC(towhichhewassubsequentlyappointedin1998).Ontheother
hand,StuartPitt,asheadofROEadministrationandaterrierofaScotsman,wastheideal
candidatetotaketheROEforwardthroughthesubsequentbattlefield.Indeed,thatwasthe
consensusviewoftheseniorstaffattheROE,ineffectmakingStuartPitttheonlyDirector
oftheROEtoeverhavebeenelectedbyhispeers.

TherecommendationsoftheHough-2reportwereprofound.Theyconcludedthata
UKATCwouldprovideacoreofspecialiststaffforinstrumentdesignandconstruction
alongwithtelescopedevelopment,thataUKATCshouldworkwiththeuniversitycommu-
nityininstrumentbuildingatanapproximatelyequalshare,andthatitneededastaffof45to
fulfilthatrequiredremit.Finally,andcrucially,itrecommendedthattheUKATCshouldbe
basedattheROEEdinburgh,mainlyonthebasisofthemovetowardsinfraredastronomybut
alsobecauseoftheproject-managementtrackrecordattheROE.Itwasalsonotedthatthere
wasaconsiderablesynergybetweentheROEandtheco-locatedUniversityofEdinburgh
astronomyunit,theInstituteforAstronomy(IfA).ThePanelhadalsopointedlynotedthat
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is formed and in that process, thanks to the conservation of angular momentum, the disc
remains around that new star. Those are called protoplanetary discs and it is in those discs
we believe planets are formed. The lifetime of that disc is around one to ten million years and
after it dissipates we have a planetary system like our Solar System. The star will continue
evolving, and eventually, for example, it might end in a supernova explosion that will enrich
the interstellar medium and complete the cycle.

We cannot reverse the clock of our Solar System, so to help us to understand our planets
and other planets we need to study young stars that are a million years old that have those
discs. We believe that initially they have the properties of the interstellar medium, so 99% of
it is molecular hydrogen and 1% of that material is dust and it should be cosmic dust. That
consists of sub-micron-sized particles that collide and then grow to pebbles, millimetre- then
centimetre-sized particles, and then eventually to planetesimals, asteroids, and planets.

That disc dissipates by different mechanisms and observations have shown us that they
live between five and ten million years and that the giant planets like Jupiter should form
before the disc is gone, so before all the gas is accreted onto the star. Other planets form also
within that time, but they still have time to form later after the discs dissipate. Observations
have shown us that those discs can have a diverse range of sizes up to 1000 astronomical
units (AU) whilst the most common ones are around hundreds of AU and because of that,
they span a large range of temperatures, from thousands of kelvins when close to the star to a
few kelvins at the edge. Because of that we can observe in a large range of wavelengths from
optical to centimetre wavelengths; that’s one of the very cool things about the first steps of
planet formation, because actually we can see those interstellar dust particles and those dust
patterns because the dust dominates the disc opacity and most of the information that we
have from planets forming in those days comes from the dust emission.

A disc is shaped like a piece of cheese: it’s not completely flat, but it’s wedge-shaped. What
we believe is that small grains and micron-sized particles are everywhere following the gas.
They can be in the surface of the disc because turbulence pushes those grains up to the surface
and the light that comes from the star will reach the surface and the particles that are there,
that are small, will scatter. We can actually see the distribution of micron-sized particles
through the optical wavelengths to the near infrared from scattered-light observations.

Observations of protoplanetary discs with the Very Large Telescope with an instrument that
is called SPHERE (Spectro-Polarimetric High-contrast Exoplanet Research) show beautiful
structures in these discs such as spiral arms and rings and gaps and some shadows. On the
other hand, we can also observe the patterns in the disc. They are expected to be settled to the
mid-plane and for that we need to observe the disc at millimetre and centimetre wavelengths
and therefore we use radio telescopes. The Atacama Large Millimeter Array (ALMA) in Chile
has revolutionized the field. There are observations with ALMA of these protoplanetaries
showing that they are not smooth, but they also have quite a lot of sub-structures. Because
we can observe those processes of planet formation, those first steps of planet formation
from the growth of micron-sized particles to millimetres, we can actually test our models
with the observations.

I have been working on modelling: how do particles grow and move in a disc? We model
together the transport of the grains and the collisions of those particles, because when
particles move in the disc, they can meet other particles, and depending on the relative
velocities between particles, they will stick, they will fragment, or they will bounce. There
are different physical processes that can move the particles in a disc such as Brownian motion,
like here in this room we have small particles that are moving randomly. That happens also
in discs but it affects only the very small grains. Then we have turbulence and the grains
can move vertically and radially due to that turbulence. We have the effect of gravity that
moves the grains towards the mid-plane of the disc and then we have a very important
physical phenomenon that is called radial drift. That comes from the fact that the gas is
pressure-supported while the dust is not. So while the dust is moving or trying to move in
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review for potential privatization and to be run by ‘service providers’. That meant that the
Joint Astronomy Centre in Hawaii, of which I was Director, suddenly became part of Prior
Options and my focus had to turn away from the science to managing what would turn out to
be a huge piece of work in terms of preparing prospectuses and legal aspects. That seriously
detracted management from being able to concentrate on science delivery and planning for
the future. Prior Options would also have an impact on the on-going saga of the Observatory
Wars.

Meanwhile, it was clear that the overall funding situation was becoming even tighter, and
the tension between the funding for the ‘establishments’ (the two Royal Observatories) and
funding university grants for astronomy research would increase. That was because the cost
of the UK’s 25% share in the Gemini Telescope operational support would be significant,
especially as it would be based overseas in Hawaii and Chile, while at the same time the
university astronomy community was rapidly expanding, with new groups being set up in
many physics departments. That resulted in an increased demand for research-grant funding.
Finally, there was a growing desire on the part of some large university departments to have
a significant share of the UK astronomy instrument-building capacity, thereby challenging
the near-monopoly position of the two Royal Observatories.

The ‘Hough’ reviews of the Royal Observatories

In 1994 PPARC management set up a Panel to review the future of optical, infrared, and
millimetre astronomy in the UK. That was led by Professor Jim Hough of the University of
Hertfordshire. The timing of the review was governed by the international agreement for the
operation of the joint UK–Australia Anglo–Australian Observatory (AAO) in Australia and
the development of the tri-national (UK, Canada, Netherlands) funded JCMT in Hawaii. The
inter-governmental agreement covering the AAO meant that if the UK was to withdraw or
change contributions it had to give notice by 1996. Likewise, the current JCMT Development
Fund would expire in 1999 and the JCMT Board would need notification during 1995 in order
to plan for future telescope and instrument developments beyond that date. The membership
of the Panel included an international astronomer, Dr. Reinhard Genzel, and each Royal
Observatory Director nominated one person. John Peacock was nominated from the ROE
while Robert Laing was nominated from the RGO, and it was Robert who first coined
the phrase ‘Astronomy Technology Centre’ although not in the same format that would
eventually be created, as he had envisaged continued support for the island sites rather than
just an instrument-building centre.

The Panel reported to the PPARC Director of Science (Dr. Ian Corbett) in 1995 January (the
Hough-1 report) and that was presented to PPARC Council on February 16. The Report made
a number of far-reaching recommendations, the three key ones being: universities should
become more involved in instrument construction; the two Royal Observatories should be
merged into a single, smaller unit, which would be known as the UK Astronomy Technology
Centre (UKATC); the island sites should be autonomous, reporting to respective Telescope
Boards. An obvious conundrum followed: where would a UKATC reside? Or, put another
way and as seen by most people, the most obvious solution would be to locate it at one of the
two existing Royal Observatories, and in which case, which would remain open and which
would close — bring on the ‘Observatory Wars’.

The recommendation that the two island sites should be autonomous, receive funding
directly from Swindon Office, and be managed by executive boards, was not so much of
a difference for the Hawaii site, at least for the James Clerk Maxwell Telescope. That had
effectively been the position since 1992, when I took over as Director. I reported to the
international JCMT Board and received funding essentially directly from the three agencies
(UK, Canada, and the Netherlands) and the previous managerial link to Edinburgh was
reduced. As we will subsequently see, from 1996 April 1, the Joint Astronomy Centre (JAC)



2026JuneRoyalAstronomicalSociety117

Keplerianvelocity,thegasdoesn’tmove,andasaconsequenceofthatthereisaconstant
head-windthatparticlesfeelandtheyloseangularmomentumandmovetowardsthestar.

Thatwasknownastheradial-driftbarrierinplanetformationbecausethedrifttime-scales
aremuchfasterortheyaremuchshorterthanthetimesthattheparticlesneedtogrowto
pebblesorplanetesimals,sowedidn’tknowhowplanetsactuallyformorhowtoovercome
theradial-discbarrier.Andjusttoshowyouhowthatlooks,whatyouwillseeinthis
calculationisaparticlethatstartssmallintheinterstellarmedium,80AUfromthestar.

Thisparticlegrowsduetocollisions,itgrowsinthedisc,butonceitreachesacertainsize,
itgoestothestarveryfast.Thatwasthedriftproblemandwedidn’tknowhowtosolveit
andin2012Iwastryingtosolvethatbarrier.Weproposethatthedisc,insteadofhavinga
smoothpressuregradient,becauseit’sthepressurethatchanges,thatproducesvariations,
wehavevariationsinthepressurethatcanretainparticles,andthisisasimulationofgas
evolution.It’sthegrainsizeandthenit’sdistancefromthestar,butnowwehavealotof
grains.Sowehaveadustdensityandwehaveadiscthatisnotsmooth,butithasvariations
ofpressureandinthatcase,thosevariationsofpressurecomesfromtheinteractionofthe
discwiththemagneticfieldfromthestar,andatmillion-yeartimescales,wedohavegrains
trappedinthoseregionsofhighpressure.Weproposethatifwehavehighangularresolution
atmillimetreandsub-millimetrewavelengthsofthattypeofstructure,wewillseeringsand
gapsaroundtheyoungstar,andasIshowedyoubefore,thatiswhatweobservenowwith
ALMA.

Anotherthingthatcancreatethosepressurepumpsisthatwehavealreadyplanetsinthe
disc.Ifaplanetisverymassive,itwillcreateahugegapinthegassurfacedensity.Probably
thisoneis.Theplanetlocatedat28AUisagiantplanetandwehaveahugegapinthegas
surfacedensitythatcreatesagiganticpressuretrapoutside.Asbefore,wecreatedsynthetic
imagesofthattypeofsimulationandwepredictedthatifagiantplanetwasthereinthedisc
wewouldseearing-likestructurearoundthestar.InobservationswithALMAonecansee
howsimilartheyare.Weuseso-calledtransitiondiscsthathavelargecavitiestolookfor
babyplanetsthatareforminginthosediscs.

YoucanimaginehowexcitedIwasin2018whenweactuallydiscoveredthefirstprotoplanet
insideadiscandthatwasinthesystemcalledPDS70.TheALMAobservationofthatdisc
showsaring-likestructurewithtwogiantplanetsandemissionfromacircumplanetarydisc.
Itisatthispointwheremoonsareforming.Wearestilllookingforbabyplanetsbecause
theygiveusthechancetolookatplanetformationinaction.

Insummary,whatIhaveexplainedsofaristhatwehavebeenfocussingonunderstanding
thefirststepsofplanetformation.Theinitialconditionsofthediscarethatparticlesstart
withmicron-sizedparticleswhichthencollideandgrowtobiggerobjects.Weknowthatwe
havedisruptivecollisionsandsmallgrainsarereplenishedcontinuouslyinthediscandwe
seefromscattered-lightobservationsthatwehaveplentyofsmallgrainsinthosediscs.The
onesthatgrowareexpectedtodriftveryquicklytowardthestar,unlesswehaveaparticle
trappedinthediscthatcancomefromdifferentregionsandwestudyindetailwhatthose
physicalphenomenacanbethatcancreatethosepressuretraps.Itcouldbeplanets,but
itcouldbeotherphenomena.Wecamefromgiantplanetsbytheagglomerationofthose
objects:ifagiantplanetisformed,thenitcanitselfbeaparticletrapbecauseitcancreatea
gapinthediscandhelpwiththeformationofthenextplanet.

I’mgoingtogiveyoutwobeautifulexamplesofthat.Onecomesfromrecentobservations
oftheJamesWebbSpaceTelescopeandthatgivesusamazingspectraoftheinnerregions
ofprotoplanetarydiscsinthemid-infraredwherewateremitsadifferentfrequency,sowe
canactuallyobservetheamountofwaterthatisinsidethefirstAUoftheseprotoplanetary
discs.OneoftheamazingresultsthatwehaveobtainedwiththesedatafromJWSTisthat
therearecompactdiscsthatdon’thaveastructure,don’thavetrapswhichshowhighwater
abundancesintheinnerdisc.Thatagreeswiththefactthatifpebblesthatareice-coatedare
driftingtowardsthestar,oncetheyreachthesnowline—thatistheregionwherethewater
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RichardandIflewbacktoNewcastlelaterthatafternoon.
NosoonerhadthedecisiononGeminitakenplacewhenSERCwashitwithamajor

fundingcrisisresultinginashortfallof£52M.Savingswererequiredfromallareasofthe
programmeandtheGBPCwasfacedwithplannedcutsof£3·6MinFY91/92,£6·8Min
92/93,and£8·0MinFY93/94.Thoseweresavagein-yearbudgetreductionsandwould
requiredrasticactiontoachievethem.Theuniversitygrantsweremostlyprotected,major
projectsweresloweddownordelayed,buttherewerestillbroadcutsacrosstherestofthe
programmeinasalami-slicingroundofactivity.Inevitably,thefundingoftheestablishments
cameunderfurtherscrutinyandanotherpanelwassetuptoaddressthatissue.Theoutcome
ofthat(theHughesreport)wastoseeksavingsof£1MfromtheRGOandtheROEandto
consolidateopticalandinfraredinstrumentationonasinglesite.Whilenothingimmediately
transpiredforavarietyofreasons,thatwasessentiallythebeginningofwhatcametobe
knownas‘ObservatoryWars’.

In1993,aSERCreviewoftheObservatories’managementrecommendedthattheRGOand
theROE(alongwiththeislandsites)shouldcomeunderasingleDirectorofObservatories.
ThatwasthenimplementedwithProfessorAlecBoksenberg,thenDirectoroftheRGO,
beingappointedtotheposition.Atthesametimetherewasanothermanagementchange
whenDr.PaulMurdinmovedfromtheROEtoSERCtodevelopUKSpaceScienceatthe
BritishNationalSpaceCentreinLondon.AtthetimeIwastheDirectoroftheJamesClerk
MaxwellTelescopeandtheJointAstronomyCentreinHawaiiandsoIreportedtoAlec.
Programmatically,anotherpositivestepinimplementingthegoalsoftheGround-Based
Planwasachievedwhen,inthesameyear,SERCofficiallysigneduptoa25%shareinthe
Geminiinternationaloptical/infraredobservatoryproject.

AndnowwearePPARCand‘PriorOptions’loomslarge

1994Aprilsawanothermajoreventtakeplace:thedissolutionoftheSERCtobecome
PPARC—theParticlePhysicsandAstronomyResearchCouncil.Thatslimmed-downbut
more-focussedCouncilwasnowbereftoftheRALworkandessentiallyconsistedofa
headquartersinPolarisHouse,Swindon,thetwoRoyalObservatories,andtheirassociated
‘islandsites’,alongwithotherfundedfacilities,some,liketheAnglo-AustralianObservatory,
overseas.ProfessorKenPoundsoftheUniversityofLeicesterwasappointedasthePPARC
ChiefExecutive.

Inthemeantime,theUKGovernment,in1993May,producedapolicyreviewthatwould
shaketheUKscienceestablishmenttoitscore.Thatcameintheformofasciencewhite
paperthatwasentitled‘Realisingourpotential:AStrategyforScience,Engineeringand
Technology’.ItbasicallyaskedthequestionwhetherUKgovernment-fundedsciencees-
tablishmentswerenecessaryinthefirstplaceandifso,whethertheworkcouldbetterbe
deliveredthroughtheprivatesectorratherthangovernment—inessence,couldtheybe
privatized.Thetermsofreferenceforthatexercisewereannouncedin1994Februaryal-
thoughthereviewhadalreadybeguninthepreviousDecember.Thereviewreportedin1994
June.Thisprocesswasgenericallyknownas‘PriorOptions’andalthoughmanyresearch
establishmentshadbeenincluded(e.g.,RutherfordAppletonLaboratoriesandDaresbury
Labs)PPARCwasexcluded,probablybecauseithadjustrecentlybeenformed.

ThePriorOptionsreviewproducedahighlevelofcriticismfromthelengthandbreadthof
theUKsciencecommunity.TheGovernment’sofficialresponsetothereviewrecommenda-
tionscamein1995Septemberandalthoughitdidnotsupportsomeoftherecommendations,
itdecidedtoexpand‘PriorOptions’toincludeawiderrangeofestablishments.Thistime
PPARCwasincluded(althoughthedirectionoftravelhadbeenknowntoPPARCacouple
ofmonthsbeforetheofficialannouncementandagreatdealoftimeandefforthadbeen
spentintryingtoavoidthatresultgiventhatsomeoftheindustry-basedPPARCCouncil
memberswerebroadlyinfavour).SonowallthePPARCestablishmentsweresubjectto
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evaporates — they enrich the inner part of the disc with water and we are observing that.
On the other hand, discs that show traps and that are extended show low water emission,
consistent with the idea that pebbles are being retained in the outer parts of the disc. So
those pressure traps have a direct impact on the composition of planets that are forming in
regions where the Earth was formed.

Another result is that those traps can also help for the formation of macro-molecules that
is very important for matter that is needed for hosting life. What happens is that in those
traps fragmentation of particles also happens and those small grains can go to the surface of
the disc because they have direct irradiation from the start, they have the right temperature to
form those complex molecules. Observations have shown that there is a correlation with the
emission of complex molecules and the locations and the existence of those traps. It seems
that they really play a role also in the conditions for hosting life.

I’ll finish with a short description of a couple of large programmes that I have been
involved with in the last years. One is the ALMA large programme AGE-PRO which consists
of more than 100 observations to trace systematically the evolution of the gas, its mass and
size throughout the lifetime of protoplanetary disc. Gas is the main component of discs and
is very important for the formation of giant planets, but it’s very difficult to observe directly.
The reason is because the main component is molecular hydrogen, but it’s very difficult to
excite at the temperatures of discs and because it lacks a dipole, we cannot really directly
observe it. We rely on other molecules that are also abundant like CO2 to understand how the
gas is distributed in the disc, but there are a lot of chemical reactions happening in that disc.
We need to observe different molecules to be able to reconstruct how much gas emission
there is.

Why is gas so important? Many of the processes that I mentioned before affect the dust;
the transport and the collisions depend on the gas distribution because all the dynamics of
the particles is dominated by the gas. We need to know how much gas there is in those discs
to understand all of those dynamics that I showed you before. In addition, it tells us if we
can form gas-giant planets, ice giants, super-Earths, or other type of planets in that disc.

For that we selected 30 protoplanetary discs that are in different star-forming regions
that have different ages. We selected ten in Ophiuchus that are younger than one million
years, ten in Lupus that are between one and three million years, and ten in Upper Scorpius
that are the latest phases of protoplanetary discs. We narrowed the spectral type down to
solar-type stars between 0·3 and 0·8 solar masses, so those stars will evolve. We didn’t have
any binaries in the system to bias our sample. Some young discs in Lupus have masses that
are higher than the minimum solar nebula, meaning that they can form systems like our
Solar System and several of the Ophiuchus and Lupus areas have masses between Jupiter
and the minimum-mass solar nebula, meaning that they have the potential to form planets
like Jupiter and also some in Lupus, but they don’t have any masses as high as Jupiter.

In this year we got another large programme with ALMA. It’s called DMOST and is
focussed on understanding the discs around M dwarfs as those are very important because
they are the most common stars in our Galaxy. The frequency of Earth-sized planets in
habitable zones appears to be higher in M dwarfs, so it’s very interesting to understand
also what are the first steps of planet formation around those objects. What is also very
interesting is that some giant planets have been found around those objects, even though it’s
very difficult to explain the formation from models. In this project we are going to observe
14 protoplanetary discs; that is a small number but it’s because they are very small and faint.
What we want to do is to measure the gas and dust disc size and compare with models of the
vertical structure. That type of information will tell us what kind of planets can also form
in that disc. We will also measure the gas mass and are looking forward to getting those
observations. We just got the ALMA proposal accepted, so it will take some time to get the
observations.

The exoplanet field is growing; we have so many space missions that will increase our
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In 1988 I was appointed Chairman of the GBPC by the SERC Director of Science, Dr. Barry
Martin, with a remit to implement the recommendations of the Ground-Based Plan. That
position also made me a member of the Astronomy and Planetary Science Board. That was a
time of tight budgets but also of future opportunities. Dr. Ian Corbett replaced Barry Martin
in late 1989.

The move of the RGO to Cambridge and the future is Gemini

A key event for UK astronomy was the move of the RGO from Herstmonceux to a
purpose-built, brand-new facility at the University of Cambridge, adjacent to the Institute
of Astronomy (IoA). That began in 1988, and the new location was officially opened by
the Duke of Edinburgh on 1990 June 14. With budgets being tight and a growing space-
science programme, there was additional scrutiny on the ‘fixed costs’ within the astronomy
programme. That focussed attention on the two Royal Observatories and their significant
staff costs, including the support for the operational facilities in Hawaii and La Palma.
(The Australian Anglo–Australian Telescope and the UK Schmidt Telescope are excluded
from this narrative although the Schmidt did have an operational activity at Edinburgh in
terms of support and a plate-measuring machine — SuperCOSMOS.) I remember a heated
discussion at a GBPC meeting concerning the support from the RGO for La Palma and that
subsequently resulted in an audit of the two observatories by the SERC Director of Science
(Dr. Ian Corbett), the senior secretary (David Schildt), the GBPC secretary, Dr. Peter Fletcher
(I think), and myself. In 1990 Professor Malcolm Longair left the ROE for the University of
Cambridge and Dr. Paul Murdin from the RGO took over as Acting Director in 1991.

One of the key planks of the Ground-Based Plan was a significant share in a future 8-m-
class optical/infrared telescope. Two possible options had appeared on the scene: the US-led
Gemini Telescope Project, and a European Large Telescope, which would be at least 50%
Spanish. The Gemini project consisted of two identical 8-m optical/infrared telescopes, one
situated on Mauna Kea in Hawaii and a second on Cerro Pachon in Chile. The European
Large Telescope was to be an 8-m optical/infrared telescope located on La Palma alongside
the WHT and INT. That latter option was heavily supported by the RGO for obvious reasons.
In the end a GBPC review panel opted for the Gemini proposal, although not without
significant disagreement in the community. In the autumn of 1990 that recommendation
was presented to the APS Board, which accepted it. The project was formally initiated to
progress with further involvement in Gemini but without a legal agreement to join. [As a
footnote, the ‘European’ telescope on La Palma was ultimately constructed and became the
10·4-m GranTeCan, which started operations in 2009.]

An amusing anecdote to that was that prior to the final decision-making meeting of the
APS Board regarding acceptance of the Gemini project, Professor Richard Ellis (who was
at Durham at the time) and I had agreed to meet up with Ian Corbett and Peter Fletcher at
Heathrow airport (as a suitable meeting location that was quite feasible in those days before
enhanced airport security). That meeting would entail Richard and me flying down from
Newcastle Airport. Unfortunately, we ended up talking too long in his office at Durham,
which meant catching our flight from Newcastle airport was looking to be on very shaky
grounds. Following a rather hectic and rapid car dash to Newcastle Airport we just made
it with Richard being left to check in while I parked up. We were the last people to board
the British Airways BAC111 and found ourselves sitting across the aisle from the violinist
Nigel Kennedy, who’d been playing at Newcastle University Union (while his Aston Villa
football team was being beaten at Newcastle). On arriving at Heathrow and getting my bag
down I passed Nigel his violin case (carefully) saying “I think this belongs to you”, to which
he replied “thanks, and it costs a whole lot of money too”. Being a Newcastle supporter
I naturally commiserated about the Aston Villa loss. The Heathrow meeting turned out to
be very useful in terms of deciding our final strategy for the upcoming Board meeting and
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knowledgeaboutexoplanets.TheUKishighlyinvolvedwithmissionslikePLATOandAriel,
andGaiaalsowillgiveusDR4nextyear.Thatwillsupplyastrometricinformationandwill
perhapsbeenoughtodetectthousandsofcoolgiantplanets.Thefutureforexoplanetsis
verybrightinthenextdecade.

Wehavemorethan6000exoplanetswithalargerangeofpropertiesandsofarwereally
don’tknowwhatistherangeofthatdiversity.Wewanttounderstandthefirststepsofplanet
formationtoseeifthathasanimpactonwhatweobserveinexoplanets.Oneofthemain
resultsisthatthosearenotsmoothandthereissub-structureandthosesub-structuresare
alsodiverse.Sotheycanmeetevenlaterwiththediversitythatweseealsoinexoplanets.
Thosesub-structureshaveactuallyakeyimpactonthecompositionoftheinnerdiscwhere
planetslikeEartharebeingformed,andalsotheoriginofmicromoleculesindiscsthatare
essentialfortheformationoflife.

ThePresident.QuestionsforPaola?
Dr.DanielHeyner.Ithoughtthegasatthemid-planeoftheprotoplanetarydiscwouldn’t

beionized,soIwassurprisedtohearthatmagneticfieldswouldberesponsiblecreating
pressurevariations.Couldyouelaborateonthat?

Dr.PaolaPinilla.Iknowthereisnoanswertothat.Itisrelatedalsotothedustbecause
thedustcantransportionsinthedisc,especiallyverysmalldustandthatcanhelptoreionize
thedisc.Sothat’swhyit’simportanttounderstandthefragmentationprocessofparticles
becausedependingonthatyouhavedifferentsmallgrainswithinthediscthatcanchange
thediscionization.Soyes,ionization,especiallybecauseofthetransportofionstothesmall
grains,cancreatepressurevariations.

Dr.TedParton.Thankyou.Excellenttalk.Isitpossiblethatyouthinkthatbetweenstars
therearesmallgasanddustcloudsthatarecapableofformingplanets,thecoldplanetsthat
wemayneversee?YouknowJWSThasseensomeJUMBOs[JUpiter-MassBinaryObjects]
whicharewarm.Butisitpossiblethatthere’slotsofmaterialouttherewhichisneverbig
enoughtoformastarandsoit’snevergoingtogethotenoughforustodetect?

Dr.Pinilla.That’saninterestingquestion.Thatissomethingthatwehaveobservedtoo,
therearefree-floatingplanetswithmassesoffiveortenJupitersandwebelievetheyform
likestarsandtheycanactuallybegravitationallyboundedtoasystem.Thatwouldbeaway
toformthoseverycoldgiantplanetsveryquickly.Theywouldneedtobeverymassivefor
thattohappenandwedon’tseeinthoseobservationsofthegasthatthediscsaresomassive.
Iwouldsaythat,ifit’spossible,itislikelythesameprocessasstarformationbywhichthey
form.Theyareejectedandpotentiallyagainboundedtoasystem.

ProfessorRichardEllis.It’spossiblyarelatedquestion.Thisageprogrammesoundsvery
exciting,buthowaccuratelyareyouestimatingtheagesandwhat’sthemethod,onceyou
getdowntoagesoflessthantwomillionyears?Youneedverypreciseages—areyou
assumingtheageofthestar?

Dr.Pinilla.Yes,that’saveryimportantquestion.Sowecalculatetheagesforeachsystem,
butthereisalargeuncertainty.Itcouldbeoftheorderofamillionyearsbutbecausewe
observedifferentstar-formingregionsandweseetheaccretionrateofthatfractioninthat
star-formingregionchanging.Soweknowthatthereareyoungstar-formingregionsand
intermediatestar-formingregions—thewholecycle.

ProfessorPhilCharles.TherewasonecommentinoneoftheslideswhichIwasintrigued
by,whichisthatyousaidthatEarth-sizedplanetsaremorecommoninthehabitablezone
inthelower-massstars,andtheimplicationthenisthatit’slessinthecaseofhigher-mass
oneslikeforinstanceourown.Wouldyouliketospeculateonwhatmightbecausingthat
andwhyit’ssodifferent?

Dr.Pinilla.That’sagoodquestion;Iwouldneedtothinkaboutthat.Itcouldbebiassed,
butIunderstandthatthatargumentiscorrectedbycompleteness.Yes,wearebiassedby
planetsthatareclosertothestarsbythetransitmethodorthevelocitymethod.
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snagwhenProfessorDonaldLynden-Bell,thePresidentoftheRoyalAstronomicalSociety
(RAS)atthetime,complainedthattherewerenopractisingopticalastronomersonthepanel.
Aftersometo-ingandfro-ingandconcernaboutbeingtheonlyactiveresearchastronomer
ontheGroup(additionalastronomersnotbeingallowed),ProfessorRichardEllisagreedto
serve,butonlyasanadvisor.TheexistenceofthatWorkingGroupcausedsignificantalarm
intheUKcommunityandSirJohnKingmanaskedtheRASPresidenttoseekcommunity
input,whichwasreceivedinanumberofletters.BoththeROEandDaresburyLaboratories
suggestedhostingtheRGOattheirsites.TheWorkingGroup’sfinalreportwasreleasedin
1985DecemberandwasendorsedbySERCCouncilin1986January.Therecommendation
wasthattheRGOshouldbemovedfromHerstmonceuxclosertoauniversity,orbemerged
withtheROEatEdinburghwithsomeofthetechnicalandengineeringactivitiesgoingto
theRAL,whichwasalreadybuildingtheJamesClerkMaxwellTelescope(JCMT).

SERCtheninvitedUKuniversityVice-ChancellorstomakebidstohosttheRGO.
Eightbidswerereceived,includingfromCambridge,Manchester,Edinburgh,Oxford,and
Durham.In1986Marchashortlistofthreebidswasselected;Cambridge,Edinburgh(ROE),
andManchester.AtaboutthesametimetheRASconductedaFellowship-widesurveyand
receivedthefollowingresponses:tomovetheRGO,yesorno?no(444)yes(242);ifithas
tomovethentowhere:Cambridge(286),ROE(189),Manchester(164),elsewhere(152).
AfterfirstlyfavouringamergingwiththeROEatEdinburgh,apparentlyveryconsiderable
pressurewasbroughttobearthatresultedinSERCCouncilmakingthefinalrecommenda-
tionin1986JunethattheRGOshouldmovetoanewsiteinCambridge,withatargetdateof
completionby1990.Thatcausedalargeoutcryinthecommunity,letterstothepress,anda
campaignbyPatrickMooreto‘SavetheRGO’.However,thediewascast,theRGOwould
movefromHerstmonceux.

TheGround-BasedPlan:thefutureofUKground-basedastronomy

Whileallthatdebatewasgoingonthescientificfocuswasdirectedtowardsthenext
generationofopticaltelescopes.SERChadsetuptheLargeTelescopePanel,chairedby
ProfessorRichardEllis.ThatwaschargedwithmakingthecasefortheUKtoparticipate
inalarge(8-m-class)optical/infraredtelescope.FollowingthatreviewtheGBPCsetup
aPanelunderProfessorSirAlanCook(ChairoftheAPSBoard)toaddressthestrategic
long-termfundingandopportunitiesforground-basedastronomyandplanetaryscience.
IwasamemberofthePanel,anditproducedacrucialglossyreportthatwaspublished
in1989—theGround-BasedPlan.Thatwasfar-reachingandrecognizedthatiftheUK
wastoparticipateinfutureprogrammesandnewfacilities,itwasinevitablethatgiven
thelikelyfundingsituation,currentprogrammesand/orfacilitieswouldhavetocease.
Specifically,theReportrecommendedthatsupportfornewfacilitiesshouldbefocussed
onthefollowing:thecompletionofthesecondphaseoftheMERLINradiointerferometer
—becominge-MERLINandwiththeadditionallargedishatCambridge;arounda25%
shareofaPolarCap(EISCAT)incoherent-scatterradaratSvalbard;atleasta25%shareof
agravitational-radiationobservatory;an8-moptical/infraredtelescopepackageincluding
atleasta40%shareofan8-m-classtelescope.Tofundthat15-yearstrategicplan,the
APSBoardshouldsetaside£2Meachyear,tobefoundfromtheexistingprogramme
ifadditionalfundingwasnotforthcoming.Thatplanwasapprovedandclearlysetoutthe
principlethattheUKmustplanforaccesstothenextgenerationofastronomicalfacilitiesand
thatcurrentprojects/facilities/activitiesmayhavetoshrinkorevencloseinordertoprovide
thenecessaryfunding.Thatwasquiterevolutionarybecauseatthetimetheground-based
astronomycommunityhaddevelopedareputationforalwayswantingnewfacilitiesbutnot
beingpreparedtoterminateexistingandpossiblylife-expiredtelescopes.Theinabilityto
closethesmallKottamiaopticaltelescopeinEgyptwasaprimeexamplethatwasoftenused
tobeattheastronomersaroundthehead.



120 The Reorganization of the UK Astronomical Observatories Vol. 146

Professor Charles. Just a quick follow-up on the related question. This is not my field at
all, but the one thing that I did believe happened is that those gas clouds don’t just nicely
produce one star with a planetary system, that we see many multiple-star formations and
huge interactions with them, and yet you have those lovely systems coming out. Things are
a lot more complicated than that, aren’t they?

Dr. Pinilla. Observations have shown us that binarity increases with the stellar mass. So
we expect multiple systems to be more common for stars that are more massive than our Sun,
and less common for solar-type stars and for that reason we try to avoid binaries because
they actually affect a lot of planet formation. But it’s an interesting topic in itself to try to
understand how planets form around circumbinary discs. We do all suspect interactions and
when we see what you see here is dust, so you don’t see it so clearly, but when we see the
gas, we can see a lot of potential interaction with encounters in the star-forming regions.
Now with Gaia that we know locations and velocities with high precision, we can try to go
back in time and see how many interactions have happened in this business.

The President. I look forward to the Pinilla–Charles correction to the Drake equation.
[Laughter.] Thank you so much. Just a couple of announcements. The licensing situation is
not getting solved but it is close to being. It turns out that all our neighbours in the courtyard
have a licence, they just didn’t tell us, so we’re on it, but it’s taking time. The next Open
Meeting will be on Friday the 9th of January. You are all welcome to attend. I think we
should just end with applause for a wonderful set of talks today. [Applause.] Thank you
everybody, I look forward to the next meeting.

THE REORGANIZATION OF THE UK ASTRONOMICAL
OBSERVATORIES — ‘OBSERVATORY WARS’

By Ian Robson

One of the key events in the history of UK ground-based astronomy was
the closure of the Royal Greenwich Observatory (RGO) and the Royal Obser-
vatory Edinburgh (ROE), to be replaced by the UK Astronomy Technology
Centre (UKATC) located on the site of the ROE on Blackford Hill Edin-
burgh. Although that took effect in the late 1990s, the discussion surrounding
the status of the two Royal Observatories had been raging for over a decade
beforehand. This is a personal compilation of the history and the reasoning
behind that major upheaval, using archival records of the time where avail-
able, open-source data, input from colleagues, and personal involvement. I
have striven to ensure it is as accurate as I can determine.

Introduction

As we will see, funding, or lack of it, lies at the heart of all the decision-making regarding
current and future astronomy developments and as such, there has always been pressure on
financial budgets. My introduction to the management side of supporting UK astronomy
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was with my appointment to the United Kingdom Infrared Telescope (UKIRT) Advisory
Committee in 1978. That provided advice to the funding agency, SRC (Science Research
Council), regarding the construction of the telescope, which was led by the ROE, and its
subsequent operation on the Big Island of Hawaii. UKIRT opened to the community in 1979
and subsequently I became Chairman of the UKIRT Users Committee from 1980–83. That
began a long-standing link with the Royal Observatory Edinburgh.

At the same time (1980–83) I was appointed Chairman of the Astronomy II Committee.
That funded the astronomy research grants to universities, new projects, and support for
the ‘establishments’ — the two Royal observatories: the RGO and the ROE, the former
being situated at Herstmonceux, Sussex. Also funded were small sections of the Rutherford
Appleton Laboratory (RAL) at Harwell. In turn, the two Royal Observatories supported the
telescopes on their ‘island sites’, in Hawaii and Australia for the ROE and the Canary Islands
(La Palma) for the RGO. The funding was primarily to support the day-to-day operations of
the telescopes but additionally, and critically importantly, their new instrumentation. Hawaii
hosted the newly commissioned 3·8-m-diameter UKIRT infrared telescope, located on the
summit of the 14 000-ft dormant volcano of Mauna Kea, while on La Palma, at the much
lower-altitude site of the Roque de los Muchachos Observatory, the Isaac Newton optical
telescope (INT) was located. The INT had been moved from Herstmonceux in 1979 and as
part of the relocation was provided with a new 2·54-m-diameter mirror made of Zerodur (a
new material of very low coefficient of thermal expansion) rather than the original 98-inch
Pyrex mirror. During that period, Professor Alec Boksenberg was Director of the RGO and
Professor Malcolm Longair was Director of the ROE. Malcolm was also Regius Professor
of Astronomy at Edinburgh University and Astronomer Royal for Scotland. The La Palma
site would be the future home for the new 4·2-m-diameter optical telescope, the William
Herschel Telescope (WHT), which would be commissioned in 1986.

In 1981, overall funding for astronomy research was provided by the Science and Engi-
neering Research Council (SERC), which was formed out of the Science Research Council.
The SERC was a UK governmental, non-departmental public body (NDPB). The astronomy
funding was passed down to the Astronomy and Space Research (ASR) Board, which, to
a first approximation, split the funding between ground-based and space-based astronomy
research. The Astronomy II Committee reported to the ASR Board and as Chairman I was a
member of the Board, and my role was essentially to fight for the ground-based astronomy
community — and that was always a fight due to lack of funding. In due course, following
a management re-organization the ASR Board morphed into the Astronomy and Planetary
Sciences (APS) Board, which funded ground-based astronomy through the Ground-Based
Programme Committee (GBPC), the Studentships and Fellowships panel, and the Theory
and Computational panel.

The role of the two Royal Observatories and the location of the RGO

In the mid 1980s there was severe pressure on budgets across the whole of SERC. Pos-
sibilities of relieving that pressure for the ground-based astronomy budgets translated into
a number of attempts to merge the two Royal Observatories. In particular, that focussed on
what to do with the RGO when it left Herstmonceux, which had become too expensive to
maintain and its telescopes were obsolete following the move of the INT to La Palma in 1979.
Indeed, those budgetary pressures were so serious that SERC even set up a committee under
Sir John Kendrew to review the value and cost of CERN membership. That recommended
a cut of 25%, which could not be implemented.

In the spring of 1985, SERC set up a Working Group under the Chairmanship of Sir John
Kingman. That was to re-evaluate the rationale of having two Royal Observatories for ground-
based astronomy and to comment on whether to relocate the RGO to a university or to merge
with the ROE, with all options being open for consideration. However, that immediately hit a
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gaps.Forthatreason,portionsofthelight-curvewheretheeclipseswerepoorlysampled
oraffectedbygapsweremanuallyrejectedandonlytheremainingdatawereretainedfor
furtheranalysis.TheentiresectorisshowninthetoppanelofFig.1,whilethemanually
trimmedsegmentsaredisplayedinthebottompanel.Theremainingdatawereconverted
intodifferentialmagnitudesandthemedianmagnitudewassubtractedforconvenience.
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Fig.1
Top:TESSsector57photometryofBKPeg.Thefluxmeasurementshavebeenconvertedtomagnitude

units,andthemedianwassubtracted.Bottom:trimmedlight-curvesofsector57forfurtheranalysis.

Light-curveanalysis

AsshowninFig.2,BKPegisawell-detachedbinarysystemwithtwoeclipsesofnearly
equaldepthofapproximately0·5mag.Thatmakesthesystemasuitabletargetformodelling
withthejktebop∗code22,23.Duetotheorbitalperiodofthesystem(≈5·5days)andthe
durationoftheTESSsector(≈27days),onlyfiveorbitalcycleswereobserved.Foreach
eclipse,alldataduringtheeventwereextractedfromtheTESSlight-curve,alongwith
additionalsegmentsimmediatelybeforeandaftertheeclipse.Thoseadditionalsegments
coveratleast30minutesandareusefulforsettingtheout-of-eclipsebrightnessofthesystem.
Eacheclipsewasthennormalizedtozerodifferentialmagnitudebyfittingandsubtractinga
straightlinetotheout-of-eclipsedata,therebyremovingslowinstrumentalorastrophysical
trends.Subsequently,second-orderpolynomialfitswereindependentlyappliedtotheout-
of-eclipseregionsinthreeseparateportionsoftheTESSlight-curvetosuppressfurther
low-frequencyvariationsandminimizetheresiduals.

Thefittedparameterswerethefractionalradiiofthestars(𝑟Aand𝑟B),thecentral-surface-
brightnessratio(𝐽),thirdlight(𝐿3),orbitalinclination(𝑖),eccentricity(𝑒),argumentof
periastron(𝜔),orbitalperiod(𝑃),andareferencetimeofprimaryminimum(𝑇0).The
fractionalradiiwereexpressedastheirsum(𝑟A+𝑟B)andratio(𝑘=𝑟B/𝑟A),andthe

∗http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
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Fig. 2
Best-fit model to the TESS sector 57 light-curves of BK Peg for the primary eclipse (left panels) and

secondary eclipse (right panels), obtained using jktebop. The observed data are shown as black points, and
the model fit is plotted as a red solid line. The residuals are displayed on an enlarged scale in the lower panels.

orbital-shape parameters as the combinations 𝑒 cos𝜔 and 𝑒 sin𝜔 to decrease correlations
between parameters. Limb darkening (LD) was implemented using the power-2 law 24–26,
with the linear coefficient (𝑐) fitted and the non-linear coefficient (𝛼) fixed at a theoretical
value 27,28. The same LD coefficients were used for both stars due to their almost identical
temperature. To ensure that the adopted photometric uncertainties accurately represent the
observed scatter, the TESS flux-measurement errors were iteratively scaled until the reduced
chi-square of the fit, 𝜒2

𝜈 , reached unity. An example fit is shown in Fig. 2. Our fitted light
ratio is in excellent agreement with the spectroscopically-determined value of 0·57 ± 0·04
from CL10.

We calculated uncertainties in the fitted parameter values using 10 000 Monte Carlo
simulations. The results of that analysis are provided in Table II with a comparison to the
results from 𝑦-band light-curves of CL10. We have increased the error bars for 𝑟A and 𝑟B to
0·2% because it has not yet been demonstrated that light-curve models are reliable beyond
that level of precision 29. Overall, our results are in good agreement with those in CL10.
The only noticeable difference is found in the eccentricity, which is lower in our solution
by approximately 20%. Although the formal errors for 𝑒 and 𝜔 in our table are very small,
they primarily reflect the statistical precision of the fit rather than physical certainty. As a
consequence of the very small eccentricity, the argument of periastron 𝜔 is highly subject
to model degeneracies, and such an apparent difference between our value of 𝜔 and that
reported by CL10 is probably dominated by model degeneracies rather than a physically
significant change in the orbit. We leave the discussion of apsidal motion to future study,
emphasizing the necessity of on-going measurements of times of primary and secondary
eclipse.
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TableII
PhotometricparametersofBKPegmeasuredusingjktebopfromtheTESSlight-curves.Theerrorbars
are1-𝜎standarderrorsobtainedfromtheMonteCarlosimulationsappliedtosector-57data.Also,we

providetheresultsfromthe𝑦-filterlight-curvesinCL10forcomparison.

ParameterValueCL10(𝑦)
Fittedparameters:
Orbitalinclination(◦)88·14±0·1788·02±0·05
Sumofthefractionalradii0·19001±0·000090·1898±0·0005
Ratiooftheradii0·733±0·0940·7379±0·0050
Central-surface-brightnessratio1·0432±0·00381·0444±0·0031
Thirdlight0·01±0·100·0(fixed)
𝑒cos𝜔−0·00356±0·00001−0·00364±0·00006
𝑒sin𝜔−0·0010±0·00220·00283±0·00181
LDcoefficient𝑐0·614±0·009
LDcoefficient𝛼0·515(fixed)
Derivedparameters:
FractionalradiusofstarA0·1096±0·00020·1092
FractionalradiusofstarB0·0804±0·00020·0806
LightratioℓB/ℓA0·5608±0·00090·5670
Orbitaleccentricity0·00368±0·000040·0046
Argumentofperiastron(◦)195·15±0·12142·1

Orbitalephemeris

ThisworkincludesonlyonesectorofTESSdata,whichconsistsofthreeintervalsof
photometricobservations(Fig.1).Wemodelledeachintervalindividuallywithjktebopand
determinedthemid-timesofprimaryeclipses.Asthosethreeintervalsspanonly25d,we
collectedthreetimesofprimaryminimumfrompreviousstudies13,30andeighttimesof
minimumfromtheVarAstroportalofVariableStarandExoplanetSectionoftheCzech
AstronomicalSociety∗.AllprimaryminimumtimesarepresentedinTableIII.

Wefittedalinearephemeristothoseminimumtimeswithpython’sscipypackage31,
obtaining

MinI=BJDDB2450706·46975(20)+5·48991130(12)𝐸(1)

where𝐸correspondstothenumberofcyclessinceareferencetimeofminimum,and
thenumbersinparenthesesshowtheuncertaintiesinthefinalsignificantfigureofthe
correspondingmeasurement.Theroot-mean-squareoftheresidualsis61swhichishigher
thanmostoftheerrorbarssuggest,andthereduced𝜒2is𝜒2

𝜈=4·32.Theuncertaintiesin
theephemerishavebeenmultipliedby√︁𝜒2

𝜈toaccountforthathigh𝜒2
𝜈.

Popper&Etzel33andDemircanetal.13alsonotedthevariabilityofindividuallight-
curvesandsuggestedthatoneofthecomponentsofBKPegmightbeapulsatingstar.We
checkedtheTESSdataforthepresenceofpulsationsusingtheperiod04code34.Wefound
nosignificantpulsationsignal,toalimitof0·2mmag,butweseehintsofstarspotactivity.
Suchactivitycouldaffectthefitofthelight-curveandthetimesofminimumobtainedfrom
it.

Duetoitsslighteccentricity,BKPegisexpectedtoexperienceslowapsidalmotionwhich
couldalsoincreasethescatterwhenattemptingtofitalinearephemeris.However,wesee
nohintofthateffectinFig.3.Weleaveananalysisofapsidalmotiontofuturework.

∗https://var.astro.cz/en/
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theEditorscamefromtheObservatorystaff.Andnowforthefuture.Well,thereisnowa
finemuseumatGreenwichbutofthe‘real’Observatory,justreadIanRobson’sfascinating
accountofthe‘ObservatoryWars’inthisissuetoseethattheshamblesthatisBritishscience
haslostoneofitsgreatinstitutions.—DavidStickland.

DiscoveringQuarks:RememberingFeynman,Gell-Mann,andTollestrup,byGeorge
Zweig(CambridgeUniversityPress),2025.Pp.201,26×21cm.Price£39·99(hard-
bound;ISBN9781009473507).

Thisisafascinatingbookthatchartsthehistoryofthediscoveryofquarks,writtenbyone
oftheirco-discoverers.Itisarichandmulti-facetedwork,approachingthesubjectfrommany
differentangles.Partautobiographyandpartahistoryofthefield,itoffersnumerousinsights
intothemaincharactersinthestory,illuminatedbyafairbitofphysicsalongtheway.Zweig
studiedwithRichardFeynmanandAlvinTollestrup,andthebookincludeschaptersdevoted
toeachofthem,alongwithachapteronMurrayGell-Mann.Richlyadornedwithquotations,
personalreminiscences,andanecdotes,itprovidesavividsenseoftheirpersonalities,the
verydifferentwaysinwhichtheyworked,andhowthecommunityviewedtheemerging
ideasatthetime.Thebookalsotouchesonquestionsofrecognitionandwhethersomeof
theless-well-knownfiguresreceivedthecredittheydeserved.Zweighimself,althoughnow
widelyregardedasaco-discovererofquarksalongsideGell-Mann,hasnotreceivedthe
samelevelofrecognition.Iwouldnotsaythatthatissueisthemainfocusofthebook,as
itsscopeismuchbroader,butitdoesoffersomeinsightintopossiblereasons.Amongthose
arethefactthatZweig’sworkinitiallyappearedasaCERNreport(reproducedhelpfullyin
anappendix)ratherthaninaregularjournal,theapparentlackofsupportfromsomesenior
figuresatthetime,andperhapsalsothesimplefactthattheterm‘quark’caughton,whereas
Zweig’s‘aces’didnot.Thebookalsocontainsasubstantialamountofphysics,whichhelps
thereaderappreciatehowparticlephysicsdevelopedduringthe1960sand1970s,withsome
falsestarts,anditoffersinsightsintothewaysofthinkingandinfluenceofsomeofthe
field’smajorpersonalities.Studentsofphysics,aswellasreadersinterestedinthehistoryof
science,willfinditafascinatingandrewardingread.—AlanHeavens.

ProbabilityTheoryforQuantitativeScientists,byL.Leuzzi,E.Marinari&G.Parisi
(CambridgeUniversityPress),2025.Pp.412,26×18·5cm.Price£54·99(hardbound;
ISBN9781009580694).

Thisbookgrowsoutofalong-runningcourseonprobabilitytheoryattheUniversityof
RomeLaSapienza.Itisreadable,accessible,andsufficientlydeeptosatisfyascientistwho
wantstounderstandthemathematicalfoundationsofprobabilitywithoutgoingalltheway
tomeasuretheory.Inthatsense,thetitleisanaccuratedescriptionofwhatthebookdelivers.

Thetreatmentisgroundedinmathematics,butenrichedwithmanyexamplesandperspec-
tivesdrawnfromphysics.Inparticular,ithighlightsconnectionswithstatisticalmechanics
andintroducestopicsthatarerarelyencounteredinstandardtexts.Large-deviationthe-
ory,forexample,appearssurprisinglyearlyandservesasagoodillustrationofthebook’s
willingnesstoexplorelessconventionalbutimportantideas.

Oneofthestrengthsofthebookisthewayitinterweavesapplicationswithfundamental
theory,andmathematicaldevelopmentwithphysicalinsight.Thescopeisquitevaried:some
topicsaretreatedinconsiderabledepth,whileothersarecoveredmorebriefly,givingasense
ofaguidedtourthroughthesubject.Thefinalchapterprovidesausefulsynthesis,drawing
togetherthemesintroducedearlier.

Overall,itisclearlywrittenandengaging,andwillrewardbothstudentsandresearchersin
thequantitativesciences.Forreaderswhowanttomovebeyondsimplyapplyingprobabilistic
techniquestounderstandingwheretheycomefromandhowtheyconnecttobroaderideas,
thisisanexcellentandilluminatingresource.—AlanHeavens.
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Table III
Times of mid-eclipse for BK Peg and their residuals versus the fitted ephemeris.

Orbital Eclipse time Uncertainty Residual Source
cycle (BJDTDB) (d) (d)
−329·0 2448900·28904 0·00056 0·00106 Demircan et al. 13

0·0 2450706·47007 0·00030 0·00106 Ak et al. 30

63·0 2451052·33246 0·00070 −0·00100 Ak et al. 30

751·0 2454829·39325 0·00070 0·00037 Hübscher et al. 32

931·0 2455817·57785 0·00001 0·00081 VarAstro
990·0 2456141·48076 0·00001 −0·00107 VarAstro

1004·0 2456218·34064 0·00001 0·00003 VarAstro
1398·0 2458381·36621 0·00001 0·00029 VarAstro
1531·0 2459111·52508 0·00001 0·00087 VarAstro
1543·0 2459177·40241 0·00001 −0·00073 VarAstro
1667·0 2459858·15185 0·00002 −0·00038 TESS sector 57
1669·0 2459869·13184 0·00008 −0·00021 TESS sector 57
1671·0 2459880·11153 0·00002 −0·00035 TESS sector 57
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Fig. 3
Residuals of the primary minimum times from Demircan et al. 13 (green), Ak et al. 30 (orange), Hübscher

et al. 32 (purple), VarAstro (black), and TESS (yellow), as listed in Table III. The dashed black line represents
the residuals of zero according to the linear ephemeris. Diamonds represent the photoelectric observations,
while circles denote the CCD observations.
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reading’. (Unusual is that if a reference is cited in more than one chapter, then it gets an
additional entry in the reference list, so actually there are fewer than 106.) A four-and-one-
half-page index ends the book. The book is well produced with a design familiar from other
CUP textbooks; my only serious complaint is that the wide margins, which some readers
might find useful, are always on the left, thus the inside margin on odd pages, which is not
very practical. The even-page headers contain the chapter, the odd-page headers the section;
that should be the case for all books. (Despite that difference, the layout of the headers is
the same, with the page number always at the upper left, above the wide margin; here also it
would sit better on the right on odd pages, at the outside edge.)

This could be a useful book for those who want a concise mathematical description of
many topics in GR. — Phillip Helbig.
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The Royal Observatory, Greenwich, 1881–1939, by Lee T. Macdonald (UCL Press), 2026.
Pp. 321, 23 × 15·5 cm. Price £40 (paperback; ISBN 978 1 80665 0449).

Having worked for several years at the Royal Greenwich Observatory at Herstmonceux in
Sussex, I always had the fond notion that my spiritual home was the Royal Observatory at
Greenwich, founded in 1675 by order of King Charles II for the practical purpose of helping
British mariners to determine their longitude at sea. While we have all heard stories about
Astronomers Royal from long ago — Flamsteed, Halley, et al. — much less was ever heard
about those in more recent times. The present book does much to redress the balance, giving
copious and well-researched (and well-referenced) details about the work done under William
Christie, Frank Dyson, and Harold Spencer Jones in that period between the retirement of
George Airy and the start of the Second World War. The records have been scoured for
details of the staffing of the Observatory with emphasis on the work of Chief Assistants,
Assistants, and ‘computers’ of various types in the numerous departments which greatly
increased in number during this period. While the ‘bread and butter’ work for navigation —
the provision of accurate time and the Nautical Almanac — was of high priority, other work
blossomed beside it in the Solar Department, the Magnetic and Meteorological Department,
and in the nascent astrophysical studies permitted by a range of newer and larger telescopes.
International collaboration was always important, such as the Carte du Ciel project, and
various solar-eclipse expeditions were mounted, including the famous 1919 ‘relativity’ one.
Ultimately, of course, the unstoppable growth of London (Cobbett’s Geat Wen) put paid to
the Royal Observatory, and after the period covered by this book the work was transferred to
the wonderful location of Herstmonceux. It was fascinating to read of several personalities
who worked at Greenwich and who were still busy in Sussex when I arrived (including Alan
Hunter, Donald Sadler, and Humphry Smith).

This is a fine account of the ‘official’ work of the Royal Observatory but I was disappointed
not to learn more about the personalities of those who worked there. Certainly we discover
the special interests of the Astronomers Royal, but little about their characters. Similarly, I
suppose, we discover little about the part this Magazine played, despite the fact that it was
founded at Greenwich in 1877 and was based there until the move to Sussex, and many of
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pages,inthe(verygood)discussionoftheRobertson–Walkermetric,𝑟isusedtoindicate
whatinthecaseoftheballoonistheperpendiculardistancefromadotonthesurfaceto
adiameterofthethree-dimensionalballoon.Wehave𝑟=𝑅sin𝜒,where𝜒=𝐷P/𝑅,𝑅
beingthe(three-dimensional)radiusoftheballoon.Ofcourse,𝑟≈𝐷Ponlyforsmall𝑟,
soiftheHubblelawholdsexactlyfor𝐷Panditsderivativewithrespecttocosmictime
𝑣,thenobviouslyingeneralitdoesn’tholdexactlyfor𝑟and𝑣.Notethat𝑟isthemore
importantdistanceinobservationalcosmology:𝑟istheproper-motiondistance,𝑟/(1+𝑧)is
theangular-sizedistance(𝑧istheredshift),𝑟(1+𝑧)istheluminositydistance,andsoon.∗
TheideathattheHubbleLawholdsonlyinthelimitofsmalldistances(orvelocities)might,
insomecases,comefromthinkingthatitappliesto𝑟andnotto𝐷P.(Themisconception
regardingtherelativisticDopplerformulais,however,certainlyresponsibleforalargepart
oftheconfusion.Seeref.6formoreontheredshift–distanceandvelocity–distancelaws.)
Ontheotherhand,separatedonlybytwopagesofChristoffelsymbolsandRiccitensors,
𝐻iscorrectlydefinedas¤𝑎/𝑎,wherethescalefactor𝑎=𝑅/𝑅0,whichisequivalenttothe
formulationwith𝐷Pabovesince𝜒isconstantforco-movingobjects.(Healsopointsout
thatitiscalledtheHubbleconstantbecauseitisconstantinspace(atagiventime),not,in
general,constantintime—it’sthusnotamisnomerandifonewouldprefertocallitthe
Hubbleparameterthatisnotavalidreason.)Butthereismoreconfusionontheverynext
page:

Notethatonlyforsmalldistances,where𝐻(𝑡)≂constantaslighttraversesthe
distancefromastar(orgalaxy,etc.)togettous,is

𝑣=¤𝑎𝑟=𝐻(𝑎𝑟)≂𝐻0(𝑎𝑟)·

However,asinthedefinition𝐻=¤𝑎/𝑎andasexplainedwellbyHarrison6,𝑣referstothe
instantaneousvelocity(inthesenseofthederivativeof𝐷Pwithrespecttocosmictime),
ratherthansomesortofaverage.

AnothercommonstatementisthatthestaticcosmologicalmodelwhichEinsteinput
forwardinthefirstpaperonrelativisticcosmology7isunstable,aspointedoutbyEddington8,
butalsothattheEinstein–deSittermodel9isanappealingmodelbecauseslightlydifferent
modelsareunstable,anditisonlyduetoobservationsthattheEinstein–deSittermodelis
ruledout.Mathematically,bothareunstableinthesamesense.†Asidealizedcosmological
models,thatisanon-issue,becausethereisnowaytodisturbthem.Ifoneseesthemas
approximations,thenbothareunstableinexactlythesamesense.AsfarasIknow,during
thetimethatmanyconsideredtheEinstein–deSittermodeltobeagoodapproximation
toourUniverseno-oneraisedEddington’sobjection(whichappliesjustasmuchtothe
Einstein–deSittermodelastotheEinsteinstaticmodel)againstit.

Notethatthechapteronclassicalcosmology(i.e.,Friedmann–Robertson–Walker(FRW)
models)isonlyadozenpages,almostjustafootnotetothebook,andmycomplaintsreferto
justacoupleofpages;thedensityofconfusedorconfusingpassagesintherestofthebook
ismuchlower,essentiallyzero.AsI’veremarkedinotherreviewsinthesepages,certain
misconceptionsincosmologytendtoberepeated.

Ihavefewercomplaintsthanusualabouttypos,mattersofstyle,editing,anddiction;itis
awell-writtenbook.Thereareonlyafewfigures,mostofthemPenrosediagrams.(Theonly
realgoofisthatthecaptionforfigure28.1mistakenlyrepeatsthatoffigure22.6.)Thereare
nofootnotes.Themaintextisfollowedbysixpagesof106references;somearementioned
inthemaintext,butmainlytheycorrespondtosourcesmentionedin‘Referencesandfurther

∗Formoreondistancedefinitions,seeref.5.
†Bothareunstablefixedpoints(andmoreoverrepulsors)inthedynamical-systemsparameterspaceofthe
normalizedcosmologicalconstant𝜆=Λ/(3𝐻2)andthedensityparameterΩ=8𝜋𝐺𝜌/(3𝐻2)(where𝜌is
theusualphysicaldensityofnonrelativisticmatter—‘dust’tocosmologists).
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Radial-velocity analysis

BK Peg has been the subject of two previous spectroscopic studies: Popper 12 and CL10.
The former obtained 22 RV measurements for each star from photographic spectra obtained
at Lick Observatory, whereas the latter provided 13 RV measurements per star from the FIES
échelle spectrograph at the Nordic Optical Telescope 35. CL10 compared their results with
Popper and concluded that they are in a good agreement within errors, although the systemic
velocities (𝑉γ,𝐴, 𝑉γ,𝐵) differ by about 1 km s−1.

In this study, four different analyses were performed based on the RV data source: Popper
only, CL10 only, the combined RV data set with separate 𝑉γ values for the two stars, and the
combined RV data set with the same𝑉γ for the stars. In each case, we fitted the RV data using
jktebop with a fixed 𝑃 but allowing for a shift in 𝑇0. The other fitted parameters were 𝐾A,
𝐾B, 𝑉γ,𝐴, and 𝑉γ,𝐵. We kept 𝑒 cos𝜔 and 𝑒 sin𝜔 fixed at the photometric values provided
at Table II. We present our results in Table IV and the phase-folded RV measurements from
both sources, along with their model residuals, are shown in Fig. 4. In all instances, the error
bars were calculated from 5000 Monte Carlo simulations. We conclude that all solutions are
in agreement with the previous results of Popper and CL10 within the error bars. For our
final result we took the average of the 𝐾A and 𝐾B values from our two fits to the combined
data, but added the difference between the values for the two fits to the quoted uncertainties.
That provided an additional uncertainty on the results stemming from our choice of which
model to apply.

Physical properties and distance to BK Peg

Physical properties of BK Peg were calculated using the jktabsdim code 37 with the
photometric properties from Table II and the spectroscopic properties from Table IV. We
adopted the effective temperatures 𝑇eff,A = 6265±85 K and 𝑇eff,B = 6320±90 K from CL10.
We present our results in Table V. We have achieved a precision of 0·3% in both mass and
radius, and our measurements also agree with those from CL10 and Popper.

We measured the distance to BK Peg using the 𝐵𝑉 magnitudes from Tycho 14, 𝐽𝐻𝐾𝑠

magnitudes from 2MASS 15 corrected onto the Johnson system, and the surface-brightness
calibrations of Kervella et al. 38 We adopted an interstellar reddening of 0·04 ± 0·02 mag to
equalize the distance measurements in optical and infrared passbands. As a result, our best
distance estimate, in the 𝐾𝑠 band, is 301·2 ± 3·6 pc. That is slightly lower than the distance
of 306·3 ± 1·7 pc from the inverse of the Gaia DR3 parallax 16.

Comparison with theoretical models

We compared the measured properties of BK Peg to theoretical predictions from the
parsec 1.2 stellar-evolution models 39. We initially set the fractional metal abundance by
mass to be 𝑍 = 0·014 to match the mildly sub-solar metallicity found by CL10 in their
spectroscopic chemical-abundance analysis. In that case, an age of 2500 ± 50 Myr fits the
masses and radii of the stars, but both are significantly cooler than the models predict.
Increasing the 𝑍 improves the match with the temperatures of the stars: for 𝑍 = 0·017 we
obtain good agreement in mass, radius, and 𝑇eff for an age of 2650 ± 50 Myr.

In Fig. 5 we compare the properties of BK Peg to the predictions of the parsec models in a
Hertzsprung–Russell diagram. That shows that both components are on the main sequence,
although star A is nearing the end of its main-sequence lifetime.

Summary and Conclusions

BK Peg is a dEB containing two late-F–type stars in a slightly eccentric orbit of period
5·49 days. We used the light-curves from TESS sector 57 and RV data from Popper and CL10
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allow the author to present “various topics that many, if not most, textbooks consider too
advanced, despite their being around for some time and being much used in current research”
and “more modern topics that one cannot find in the standard, but now somewhat dated,
books of Landau and Lifshitz; Misner, Thorne, and Wheeler; and Wald”. On the other hand,
the description of General Relativity (GR) is self-contained in that little or nothing about it is
assumed, but little time is spent on the foundations compared to the applications. The author,
originally from Romania, is a researcher and tenured asistant professor at the Institute for
Theoretical Physcis of São Paulo State University, where he has been since 2010. This book
corresponds to his one-semester graduate course.

With 33 chapters, the number of topics is greater than in most GR books I’ve read, but only
the essentials of each are presented. Each chapter ends with a list of ‘Important concepts
to remember’ followed by ‘References and further reading’ and a few problems (without
solutions). This is not a book to learn GR from the ground up, at least not for most readers;
rather, it is more like a detailed formula collection where one can quickly find the important
details and a bit of context. In that sense, it is like a longer version of another book 1 reviewed 2

in these pages, though that book has less breadth and more depth than this one (as well as
very detailed solutions to the problems) and makes the common mistake, avoided here, of
calling the Lorenz gauge the Lorentz gauge.

Though brief, the discussion of various forms of the Robertson–Walker metric is useful
and helpful for avoiding confusion; there is a similar discussion in another book 3 reviewed4

in these pages. Of course, there are many cases of confusion where the same things are
denoted by different terms or the same terms denote different things, but in cosmology that
seems to lead more often to lasting misconceptions than in other fields.

I do have to point out some inaccuracies with regard to cosmology, but at least this time
I now have a suspicion about the source of one type of confusion. Something similar to the
following can be found in many cosmology books.

Space then expands uniformly throughout the Universe, which leads to the
“Hubble Law”, that because of this expansion, the velocity of the receding away
of a nearby point (a fixed star) is proportional to the distance 𝑟 to the point,
𝑣 = 𝐻𝑟. [Emphasis in the original.]

To picture this, we imagine a two-dimensional closed Universe like a balloon,
and filling it up with air, so that it expands. Then every point moves away from
every other point, and the relative speed is proportional to the distance between
the two points, as in Fig. 27.1.

Of course, as the terms are usually used, a fixed star does not partake of the Hubble flow,
but that is a harmless minor point. More serious is the obvious contradiction between the
two paragraphs. The second gives an essentially correct picture. In particular, the law holds
for all distances and all velocities. However, the first paragraph claims that it holds only
for small 𝑟 . (Red herring: Could the difference be due to the fact that the speeds of dots
on the balloon are small compared to the speed of light, whereas that is true in cosmology
only for ‘nearby’ objects? That is a (wrong) claim which is often made (with the ‘not even
wrong’ solution that one should use the relativistic Doppler formula), but that is not the
problem here.) The distance 𝑟 has not yet been defined, but one would naturally assume that
it corresponds to the distance between the dots along the surface of the balloon, the so-called
proper distance 𝐷P (which is the main distance used in GR). However, on the next couple of

covers a wide range of topics, but not in great detail (about 10 pages per chapter and topic; one could write,
and indeed many have written, very thick books about most or all of the topics); the level is relatively advanced
(“[a]ssuming knowledge of classical mechanics and electrodynamics at an advanced undergraduate level . . .
something like Goldstein’s book. . . the full 2 volumes of J. D. Jackson’s book. . . a classical field theory course
as well”; some familiarity with tensor calculus is also required); the presentation is very mathematical; the
focus is on results rather than derivations.
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REVIEWS

GeneralRelativity:AGraduateCourse,byHoraţiuNăstase(CambridgeUniversityPress),
2025.Pp.401,29×18·5cm.Price£18·5(hardbound;ISBN9781009575751).

Theauthordescribesthemathematicsinthebookas“physics-friendly”and“notexagger-
atedinitsuse”.Whilebothmightbetrue,itisoneofthemostmathematicalbooksI’veread.
Iassignitarelativity-booksignatureof0+−++−.∗Theassumptionsandlackofderivations

∗Thecharactersindicatemaths-firstorphysics-first,breadth,depth,level,amountofmaths,mathematical
detailshown.Withregardtothefirst,thisbookfallsneatlyintoneithercategory.AlthoughChapter2provides
somemathematicalbackground,ingeneralthenecessarymathsisintroducedwitheachtopic.Thus,thebook
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Table V
Physical properties of BK Peg defined using the nominal solar units given by IAU 2015 Resolution B3

(ref. 36).

Parameter Star A Star B
Mass ratio 𝑀B/𝑀A 0·8892 ± 0·0015
Semimajor axis of relative orbit (RN

⊙ ) 18·158 ± 0·016
Mass (MN

⊙ ) 1·4109± 0·0035 1·2545± 0·0037
Radius (RN

⊙ ) 1·9901± 0·0040 1·4599± 0·0038
Surface gravity (log[cgs]) 3·9898± 0·0016 4·2079± 0·0022
Density (𝜌⊙) 0·1790± 0·0010 0·4032± 0·0030
Synchronous rotational velocity (km s−1) 18·340± 0·036 13·454± 0·036
Effective temperature (K) 6265± 85 6320± 90
Luminosity log(𝐿/LN

⊙ ) 0·740± 0·024 0·486± 0·025
𝑀bol (mag) 2·890± 0·059 3·524± 0·062
Interstellar reddening 𝐸 (𝐵 − 𝑉 ) (mag) 0·04 ± 0·02
Distance (pc) 301·2 ± 3·6

Fig. 5
Hertzsprung–Russell diagram for the components of BK Peg (filled green circles) and the predictions of

the parsec 1·2 models 39. The dashed blue line shows the zero-age main sequence for 𝑍 = 0·0170. The dotted
blue lines show evolutionary tracks for 𝑍 = 0·017 and masses of 1·1𝑀⊙ to 1·5𝑀⊙ in steps of 0·1𝑀⊙ (from
bottom-right to top-left). The solid red line shows an isochrone for 𝑍 = 0·017 and an age of 2650 Myr; it is not
a perfect match in this diagram because it was chosen as the best fit to the masses and radii of the components
of BK Peg.
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Filename HJD − 2400000·0 Phase (peri) 𝑉1(Obs) (O-C)1 𝑉2(Obs) (O-C)2 Weight
14880 56558·7609 0·4009 −71·83 −0·73 92·10 0·39 1·09
11893 56927·6512 0·5498 −42·56 −0·24 54·47 −0·11 1·59
12307 56928·7774 0·6235 −24·11 −0·37 30·90 0·28 1·19
12812 56929·6309 0·6794 −6·41 1·05 9·36 −0·27 1·60
11819 57291·6573 0·3789 −73·84 0·31 94·63 −1·03 1·26
12455 57292·6497 0·4439 −64·42 −0·36 82·61 −0·03 1·55
13032 57293·6905 0·5120 −51·71 −0·98 66·29 0·85 1·42
10972 57649·7896 0·8235 47·63 0·29 −61·05 0·01 0·98
8673 57942·9329 0·0138 139·27 0·40 −178·52 0·62 0·33
9658 57949·9838 0·4753 −59·08 −0·87 75·77 0·68 0·32
4545 57900·9241 0·2637 −79·11 0·87 101·32 −1·85 0·97
5286 57901·8892 0·3269 −79·13 0·36 101·47 −1·08 0·85

19234 58054·9081 0·3441 −78·10 −0·02 100·04 −0·69 0·60
9926 58390·6919 0·3257 −79·16 0·42 101·57 −1·08 0·90

10667 58747·8054 0·7036 0·83 0·52 2·10 2·50 0·39
10070 59478·8799 0·5624 −39·19 0·14 50·21 −0·53 0·86
8164 59820·8982 0·9522 119·99 1·79 −153·87 −1·40 0·60
8277 59821·8736 0·0160 139·34 0·78 −178·64 0·11 0·54
1335 59633·6570 0·6947 −4·15 −1·54 4·00 0·63 0·59

92 59589·6828 0·8160 43·09 −0·75 −55·25 1·31 0·35
11230 59864·9467 0·8357 52·68 −0·46 −67·54 1·01 0·58
11359 59865·9399 0·9008 88·06 0·19 −112·99 0·36 0·64
9581 59847·9677 0·7242 8·39 1·08 −10·81 −1·38 0·50
867 60004·6447 0·9809 133·93 1·26 −171·70 −0·56 0·37

5781 60131·8417 0·3077 −80·66 −0·12 103·33 −0·56 0·55
5061 60120·8407 0·5875 −33·94 −0·77 43·49 0·69 0·70
5152 60121·8515 0·6537 −15·34 −0·13 20·25 0·63 0·52

11220 60249·6464 0·0196 137·95 0·10 −176·86 0·98 0·74
11768 60271·8057 0·4702 −59·65 −0·45 76·45 0·08 0·52
11911 60272·8336 0·5375 −44·54 0·58 57·10 −1·11 0·56
10206 60222·7974 0·2619 −79·15 0·69 101·46 −1·54 0·07
10326 60223·8865 0·3332 −78·98 0·04 101·24 −0·69 0·48
1238 60432·9564 0·0197 138·27 0·45 −177·23 0·55 0·33
1356 60433·9744 0·0864 61·68 −0·27 −79·00 0·91 0·43
1650 60444·9462 0·8046 39·89 1·12 −51·19 −1·19 0·40
1733 60445·9598 0·8710 71·58 0·42 −91·79 0·01 0·33
3201 60503·8891 0·6632 −12·58 −0·19 16·61 0·64 1·34
5661 60556·7413 0·1231 0·53 −0·42 −1·37 −0·14 1·21
169 60686·6642 0·6284 −22·88 −0·49 29·45 0·56 0·69

1480 60721·6341 0·9176 98·62 0·84 −126·44 −0·31 0·74
4975 60859·9437 0·9719 129·58 0·93 −166·11 −0·16 0·75
6693 60900·9947 0·6592 −13·42 0·16 17·07 −0·45 0·74
7504 60928·9772 0·4910 −54·28 0·81 69·61 −1·46 0·77
7596 60930·0041 0·5583 −41·30 −0·98 53·04 1·03 0·80
8787 60970·8513 0·2323 −75·34 0·43 96·50 −1·25 0·70

(continued from previous page)

Summary and conclusions

We have presented a new spectroscopic orbit for NY Cep based on cross-correlation and
spectrum disentangling. The latter also provided component line profiles for He i 667·8 nm
and Hα. Combining that new solution for the helium line with older Reticon data has allowed
us to estimate a provisional apsidal period of about 13500 yr. Further spectra should allow
that period to be refined. Updated absolute dimensions and projected rotational velocities
are also presented.
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tomeasurethemassandradiiofthecompanions.Wemeasuredthedistancetothesystem
usingpublished𝑇effvaluesandsurface-brightnesscalibrations,findingavalueclosetobut
slightlyshorterthantheGaiaDR3parallaxdistance.

Thephysicalpropertiesofthecompanionsmatchtheoreticalmodelsforaslightlysuper-
solarmetallicityandanageof2650Myr.Thatconflictswiththespectroscopicmetallicity
measurementof[Fe/H]=−0·12±0·07givenbyCL10.

Sincetherewereonlythreemid-eclipse-timemeasurementsavailablefromtheTESSdata,
wealsocollectedmid-eclipsetimesfrompreviousliteratureworksoropendatabasessuch
astheVarAstroportal.Theeclipsetimeshaveanexcessscatteraroundourfittedephemeris.
Weconcludethatfurthertimesofeclipseshouldbeobtainedtorefinetheephemerisand
measureitsapsidal-motionperiod.
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The Editors congratulate David E. Holmgren (first author of the following article) on
having an asteroid named after him this year: (587299) Holmgren = 2005 WJ209 (see
the IAU WGSBN (Working Group on Small Bodies Nomenclature) Bulletin 6, #2, 2026
February 2, p. 12).

LONG-TERM STUDIES OF EARLY-TYPE BINARY STARS: THE
SPECTROSCOPIC ORBIT OF NY CEPHEI

By D. E. Holmgren1 & S. Yang2

1Calgary, Canada, david.e.holmgren@gmail.com
2Victoria, Canada, syang@uvic.ca

A new spectroscopic orbit and set of absolute dimensions are presented for
the early-type eclipsing binary system NY Cephei. Those results are based
on 30 years of CCD spectral data obtained at the Dominion Astrophysical
Observatory (DAO). A search for apsidal motion was also attempted by
combining those data with older Reticon data to extend the time-base to 40
years. We present a tentative detection of apsidal motion with a period of
13 500 yr.
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Filename HJD − 2400000·0 Phase (peri) 𝑉1(Obs) (O-C)1 𝑉2(Obs) (O-C)2 Weight
3772 56384·0150 0·9545 122·03 0·09 −164·79 −0·13 1·31
2614 56382·0216 0·8240 56·13 0·09 −75·76 −0·09 1·01
3161 56383·0241 0·8897 88·30 0·07 −119·23 −0·10 1·17

14880 56558·7609 0·3940 −70·67 −0·12 95·47 0·20 1·09
11893 56927·6512 0·5429 −37·73 −0·10 50·94 0·13 1·59
12307 56928·7774 0·6166 −17·91 −0·03 24·18 0·04 1·19
12812 56929·6309 0·6725 −1·12 −0·00 1·59 0·09 1·60
11819 57291·6573 0·3721 −74·35 0·12 100·26 −0·29 1·26
12455 57292·6497 0·4370 −62·26 −0·20 83·91 0·11 1·55
13032 57293·6905 0·5052 −46·99 −0·13 63·44 0·17 1·42
10972 57649·7896 0·8167 52·87 0·11 −71·39 −0·15 0·98
8673 57942·9329 0·0069 134·37 0·01 −181·43 −0·01 0·33
9658 57949·9838 0·4685 −55·39 −0·11 74·75 0·11 0·32
4545 57900·9241 0·2569 −86·00 −0·07 116·16 0·13 0·97
5286 57901·8892 0·3201 −82·12 −0·02 110·91 0·05 0·85

19234 58054·9081 0·3372 −79·97 −0·08 108·00 0·13 0·60
9926 58390·6919 0·3189 −82·28 −0·04 111·13 0·08 0·90

10667 58747·8054 0·6968 6·75 −0·02 −9·12 0·02 0·39
10070 59478·8799 0·5556 −34·51 −0·11 46·60 0·14 0·86
8164 59820·8982 0·9453 117·68 0·14 −158·86 −0·16 0·60
8277 59821·8736 0·0092 134·01 0·02 −180·86 0·06 0·54
1335 59633·6570 0·6878 3·79 −0·02 −5·11 0·04 0·59

92 59589·6828 0·8091 49·54 0·11 −66·88 −0·13 0·35
11230 59864·9467 0·8289 58·38 0·11 −78·85 −0·17 0·58
11359 59865·9399 0·8939 90·53 0·05 −122·28 −0·11 0·64
9581 59847·9677 0·7174 13·86 0·09 −18·70 −0·10 0·50
867 60004·6447 0·9740 130·07 0·15 −175·60 −0·17 0·37

5781 60131·8417 0·3008 −84·12 −0·02 113·67 0·11 0·55
5061 60120·8407 0·5807 −27·94 −0·12 37·68 0·11 0·70
5152 60121·8515 0·6468 −8·93 0·11 12·06 −0·15 0·52

11220 60249·6464 0·0127 133·27 0·08 −179·95 −0·11 0·74
11768 60271·8057 0·4634 −56·55 −0·13 76·29 0·12 0·52
11911 60272·8336 0·5307 −40·78 −0·09 55·05 0·11 0·56
10206 60222·7974 0·2551 −86·03 −0·13 116·15 0·17 0·07
10326 60223·8865 0·3264 −81·45 −0·12 109·93 0·12 0·48
1238 60432·9564 0·0129 133·16 0·01 −179·88 −0·10 0·33
1356 60433·9744 0·0795 55·89 0·12 −75·45 −0·15 0·43
1650 60444·9462 0·7978 44·70 0·13 −60·33 −0·16 0·40
1733 60445·9598 0·8641 75·17 0·03 −101·50 −0·04 0·33
3201 60503·8891 0·6564 −6·12 0·02 8·26 −0·02 1·34
5661 60556·7413 0·1163 −8·13 0·17 11·00 −0·21 1·21
1480 60686·6642 0·6215 −13·62 2·86 18·27 −3·99 0·69
169 60721·6341 0·9108 99·46 0·02 −134·31 −0·04 0·74

4975 60859·9437 0·9650 126·59 0·05 −170·88 −0·02 0·75
6693 60900·9947 0·6524 −7·35 0·02 9·91 −0·03 0·74
7504 60928·9772 0·4842 −51·88 −0·14 70·04 0·18 0·77
7596 60930·0041 0·5514 −35·64 −0·17 48·08 0·18 0·80
8787 60970·8513 0·2254 −83·54 −0·03 112·88 0·12 0·70

(continued from previous page)
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Introduction

NYCephei(HD217312,BD+622147)isaneclipsingbinarysystemwithcomponentsof
spectraltypesB0·5VandB2V,inaneccentricorbithavingaperiodof≈15·3d.Itiswell
knownforshowingonlyoneeclipseduetothecombinedeffectsoftheorbitalinclination
andeccentricity.IthasbeenstudiedpreviouslybyTkachenkoetal.1,Albrechtetal.2,Ahn3,
Holmgrenetal.4,andHeard&Fernie5.Moffatt6alsoproposedthesystemasatestof
non-symmetricgravitytheory,predictingaregressionofthelineofapsides.Thesearchfor
apsidalmotionistakenupfurtherinthispaper,buildingupontheworkofHolmgrenetal.4

AfterpresentingthenewCCDspectrainthenextsection,themeasurementofradial
velocitiesforthecomponentstarsisdiscussed.Aninitialspectroscopicorbitbasedonthose
measurementsispresented.Thatisfollowedbyapresentationofthecomponentlineprofiles
andspectroscopicorbitrecoveredfromspectrumdisentangling.Followingthat,theabsolute
dimensionsandsearchforapsidalmotionarediscussed.Thesearchforapsidalmotion
presentedhereisuniqueinthatdigitalspectracoveringatimeintervalofover40years
areused.Finally,estimatesoftheprojectedrotationalvelocitiesarepresented,basedonthe
disentangledhelium-lineprofiles.

Observationsandreductions

Thespectrapresentedherewereobtainedwiththe1·2-mtelescopeandMcKellarspec-
trographoftheDominionAstrophysicalObservatorybetween1996and2025.The32121H
configurationofthespectrographwasused(32-inch-focal-lengthcamera,1200line/mm
grating,first-orderdiffraction,centralwavelengthof660·0nm),withtheUBC-1,SITe-4,
andFletcherCCDdetectors.Thereciprocaldispersionwas1nm/mmatHα.Fig.1showsa
typicalCCDspectrumofNYCephei.TheolderReticonspectrausedhereinthesearchfor
apsidalmotion(p.162)wereobtainedwiththesametelescopeandthe3261configuration
oftheMcKellarspectrograph(32-inchcamera,600line/mmgrating,firstorder,central
wavelengthof420·0nm).ThosedataaredescribedinmoredetailbyHolmgrenetal.4The
detectorsused,andthenumberofspectraobtainedwitheach,aresummarizedinTableI.

Theredspectralregionusedtoobtainthenewspectrawaschosenasthattakesadvantage
ofthehigherquantumefficiencyoftheCCDdetectorsinthatregion.Also,foragivenradial
velocitythestepinwavelengthislargerthanatshorterwavelengths.Further,thepresence
oftelluriclinesintheHαregioncanhelptostabilizedisentanglingsolutionsusingthatline.

TheCCDspectraofNYCeppresentedherewereobtainedaspartofamuchlargerpro-
grammeofmonitoringearly-typebinarysystemsforHαemissionandnon-radialpulsation.
Therearestellarlinesinthe630·0–690·0nmregionthatarequitesuitableforradial-velocity
measurementandspectral-typeestimation.Specifically,linesofneutralhelium,singly-
ionizedoxygen,andsingly-ionizedcarbonarepresent.

TableI
Detectorsusedinthiswork.

DetectorNumberofpixelsPixelsize(𝜇m)Wavelengthregion(nm)Numberofspectra
Reticon187215397·0–451·025
UBC-1409615630·0–690·08
SITe-4409615630·0–690·088
Fletcher460413·5630·0–690·02

AllreductionsoftheCCDdataweredoneusingtheirafprocessingsystem7,8.Continuum
rectificationofthespectrawasdoneusingaprogramwritteningnudatalanguage(gdl
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Radial-velocitymeasurements.

TableVIII
NYCepHei667·8-nmradialvelocities.

FilenameHJD−2400000·0Phase(peri)𝑉1(Obs)(O-C)1𝑉2(Obs)(O-C)2Weight

627951381·96710·5024−47·72−0·1964·410·241·19
644851384·86600·69215·220·00−7·06−0·010·72

1306651461·00440·67640·13−0·00−0·19−0·021·34
1339751461·89260·734619·910·05−26·89−0·071·21
1157751437·93860·1665−61·95−0·1383·570·101·44
1257751451·95740·084247·300·10−63·82−0·101·40
205351599·67890·754627·350·09−36·91−0·100·31

1167953587·91450·911799·950·04−134·96−0·051·60
1205953588·82440·9712128·980·05−174·23−0·141·53
1240553589·83750·0375118·460·14−159·88−0·111·30
1275653590·84720·103612·130·02−16·38−0·041·69
1315353591·95210·1760−67·67−0·0991·360·111·18
1252353949·86860·6065−20·84−0·0928·130·121·16
1287453950·91990·6753−0·230·000·370·060·71
1318453951·95360·743023·080·15−31·18−0·210·87
1811754003·01920·085944·160·19−59·63−0·271·10
1763354400·87890·1313−28·97−0·0939·080·081·47
1568354367·91680·9734129·750·04−175·27−0·121·34

40854490·73980·0139132·870·00−179·400·001·19
1025054659·94130·090435·780·10−48·28−0·111·61
1064754660·98170·1585−56·21−0·1075·890·130·90
112954862·74890·3669−75·36−0·03101·760·041·05

1555855031·88360·4391−61·68−0·0583·340·131·41
1624155032·94110·5083−46·23−0·1262·430·171·58
462754912·05790·5949−24·13−0·1632·530·171·13
768354960·93670·794743·380·13−58·54−0·131·34
836954961·90760·858272·330·12−97·63−0·121·71

3051755149·73210·1539−52·49−0·1570·860·181·35
2371955100·84290·9534121·580·14−164·11−0·141·91
2427255101·80090·0161132·13−0·01−178·42−0·001·41
2484555102·70480·075363·550·11−85·80−0·141·19
316355248·63990·6288−14·50−0·1119·530·101·45
370655249·64510·69466·01−0·01−8·110·011·57
99655219·65010·731018·610·05−25·13−0·060·98

150555220·62150·794643·280·06−58·48−0·131·09
1960555499·70610·064582·430·06−111·33−0·091·43
1998855500·91900·1439−43·11−0·0858·240·131·11
1714855464·84490·782338·290·13−51·67−0·151·54
1003255769·90020·752326·540·12−35·82−0·140·51
1040555770·86980·815852·490·12−70·90−0·191·28
791455738·89070·722315·520·02−20·910·021·15

1644955857·75350·5035−47·35−0·1063·890·101·16
1513555823·93100·2894−85·04−0·04114·880·111·04
1371556165·72580·6645−3·66−0·044·920·031·81
1423156166·81500·735820·380·07−27·53−0·101·14
679556073·94110·6560−6·27−0·008·45−0·010·77
736256074·95670·722415·580·05−21·02−0·050·43

2092756220·84260·2727−85·87−0·06115·970·100·87
1760156193·68590·4949−49·37−0·1066·650·120·80
1806656194·69090·5607−33·15−0·0644·810·131·60

(continuedonnextpage)
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Fig. 1
A wavelength-calibrated and rectified spectrum of NY Cephei at the orbital phase corresponding to maximum

radial-velocity separation.

— e.g., Coulais et al. 9). Heliocentric-radial-velocity corrections were done using gdl and
routines from the idl Astro library 10.

Stellar-spectrum exposures were interspersed with those of a thorium–argon arc for the
wavelength calibrations. Flat-field and bias frames were also obtained on each night.

Radial-velocity measurement

Cross-correlation-function (CCF) radial-velocity measurements were done using the He i
667·8-nm region (666·5 nm–669·0 nm) and a synthetic Gaussian template with 𝜎 = 25 km/s.
Using a synthetic template had the added benefit of reducing the noise in the line profiles.
A typical CCF is shown in Fig. 2. The cross-correlation methodology used here follows that
described by Tonry & Davis 11.

To obtain an estimate of the precision of those radial velocities, wavelength measurements
of an atmospheric O2 line (Fig. 3) on several spectra were made, and then compared to the
rest wavelength from the HITRAN database 12. The corresponding radial-velocity offsets are
shown in Fig. 4. The standard deviation in those offset measurements is about ±1 km/s; that
is an estimate of the internal error in those CCF radial velocities.

Spectroscopic orbit

A subset of the spectra was used to compute an initial spectroscopic orbit, which allowed
a mass ratio to be defined. That mass ratio was then used as a constraint in the disentangling
solutions, described in the next section. Only 35 spectra on which both components were
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Fig. 18
The flux factors for the He i 447.1 nm–Mg II 448.1 nm region. Squares denote the primary, plus signs the

secondary. Both CCD and Reticon data were used.
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Fig.2
AnNYCepcross-correlationfunctionnearthemaximumradial-velocityseparation.

visibleandrelativelyunblendedwereused.Aleast-squaresorbitalsolutionusingthosedata
isshowninTableII.Theorbitalperiodwasincludedinthesolutionasacheckonpreviously
publishedvalues.ThecomputedvaluefoundhereagreeswiththosepresentedbyAhn3and
Albrechtetal.2

AplotofthedataandfitisshowninFig.5.Wethereforehaveanestimatedmassratio
(P/S)of𝑞=1·282±0·017.

TableII
Spectroscopicorbitsolution.

ParameterValue
𝑉01(km/s)−14·0±1·2
𝑉02(km/s)−7·63±1·50
𝐾1(km/s)113·5±1·1
𝐾2(km/s)145·6±1·4
𝑞=𝐾2/𝐾11·282±0·017
𝑒0·435±0·008
𝜔0(deg)53·8±1·8
𝑇peri−2400000(HJD)55116·613±0·056
𝑃(d)15·27578±0·00012
𝜎1,p(km/s)±4·10
𝜎1,s(km/s)±7·83

Theminimummassesandprojectedsemi-majoraxesbasedonthatorbitare:
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TherecoveredHei447.1nm–MgII448.1nmlineprofilesfortheprimary(bottom)andsecondary(top)

usingbothCCDandReticondata.
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Fig. 3
A wavelength-calibrated and rectified spectrum of NY Cephei showing the O2 line used (indicated by the

square) for radial-velocity offset measurement.

𝑀1 sin3 𝑖 = 11·3± 0·3𝑀⊙
𝑀2 sin3 𝑖 = 8·8± 0·3𝑀⊙
𝑎1 sin 𝑖 = 30·9± 0·4𝑅⊙
𝑎2 sin 𝑖 = 39·6± 0·5𝑅⊙

Disentangling

Spectrum disentangling in the frequency domain 13 was used to recover the line profiles
and spectroscopic orbital elements for the primary and secondary of NY Cep. That technique
was implemented in the python programming language, and a more detailed description
will be the subject of a forthcoming paper. A two-component version was used with the He i
667·8-nm-line data, and a three-component version with the Hα data, since it was necessary
to separate out the telluric-line contribution. As spectrum disentangling does not address the
Rossiter–McLaughlin (rotation) effect, spectra near the eclipse were given zero weight in
the solution for the orbital parameters and line profiles. Flux factors 𝑠1,2 were computed at
all phases to account for brightness variations as a function of orbital phase. The flux factors
are regarded as a fundamental quantity, since calculation of their ratio 𝑧 = 𝑠1/𝑠2 can result
in the magnification of small errors, rendering that ratio of limited use. Hadrava 14 describes
the flux factors in detail, and their relative values ensure that the observed line profile at
any phase is reconstructed correctly. Prior to computing the disentangling solutions, all
line-profile data were linearized using cubic-spline interpolation onto a radial-velocity scale
with a constant sampling interval.

Each disentangling iteration involves a nonlinear simplex minimization over the orbital
elements, including a linear least-squares solution for the Fourier components of the line
profiles. That is followed by a linear least-squares solution for the flux factors, and the
whole procedure is iterated until convergence. The disentangling-solution parameters used
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Fig. 16
The flux factors for the He i 667·8-nm region. Squares denote the primary, plus signs the secondary. Both

CCD and Reticon data were used.
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Themeasuredradial-velocityoffsetsintheO2telluricline.

inthispaperaresummarizedinTableIII.Thetelluricparameterswereusedonlyinthe
Hαsolution.Thefunctionbeingminimizedisthesumofsquaredresidualsbetweenthe

TableIII
Disentangling-solutionparameters.

ParameterUnitMeaning
𝐾1km/sPrimaryradial-velocitysemi-amplitude
𝐾2km/sSecondaryradial-velocitysemi-amplitude
𝑞=𝐾2/𝐾1Massratio(P/S)
𝑒Orbitaleccentricity
𝜔0degLongitudeofperiastron
¤𝜔deg/dApsidal-motionrate
𝑇periHJDTimeofperiastronpassage
𝐾3km/sTelluricradial-velocitysemi-amplitude
𝑒3Telluricorbitaleccentricity
𝜔3degTelluriclongitudeofperiastron
𝑇max,3HJDTimeofmaximumpositivevelocity(telluricorbit)

observedandcomputedline-profileFouriercomponents.Thatsumofsquaresisscaledto
beareducedchi-squared,sothatitsvalueis≈1·0.Thenonlinearminimizationallowsfor
theorbitalparameterstobefixedorvariedoveraspecifiedrange.Forthethree-component
Hαsolution,theheliocentric-radial-velocitycorrections𝑉⊙areusedasaconstraintonthe
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TherecoveredHei667·8-nmlineprofilesfortheprimary(bottom)andsecondary(top)usingbothCCD

andReticondata.
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Fig. 5
The measured CCF radial velocities (squares) and computed orbit (plus signs).

telluric parameters. That part of the fit is indicative of the solution quality for 𝐾3, 𝑇max,3 and
𝜔3. Also, 𝑇max,3 is used due to the small eccentricity of the Earth’s orbit, following Sterne’s
recommendation 15,16.

At the end of each disentangling iteration, the computed flux factors 𝑠1,2 are used in a
minimization to recover a value of the light ratio 14. The uncertainty in the light ratio may
be computed by measuring the noise levels in the recovered profiles and then using error
propagation.

After converging a disentangling solution, radial velocities were measured from the line-
profile data by sliding and scaling the recovered component line profiles to fit the observed
profiles. The computed flux factors were used for the scaling. Also, the mass ratio was used
as a constraint on the measured radial velocities.

The He i 667·8-nm line-profile data set is shown in Fig. 6. Certain very noisy profiles
were given zero weight in the disentangling solution. For that solution, the radial-velocity
sampling interval was 2·5 km/s. Weights were assigned to each profile according to its
signal-to-noise ratio.

The orbital period was fixed at 𝑃 = 15·27566 d, following Ahn 3 and Albrecht et al. 2 That
same value of the period was also used in the Hα solution.

The final orbital parameters derived from He i 667·8 nm are shown in Table IV. Errors in
the orbital parameters were computed by examining the variation in the sum of squares of
residuals as a function of each parameter independently. A parabolic fit to the minimum then
gave an estimate of the parameter error. Note that that method does not account for inter-
parameter correlations. That approach to error calculation was found to be more effective
than inverting the Hessian matrix at the solution point.
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Fig. 14
Telluric-line radial velocities from the Hα solution. Squares denote 𝑉⊙ values, plus signs denote computed

radial velocities, and crosses denote fit residuals.
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Fig.6
Theline-profiledataforHei667·8nminNYCep.Thespectraareorderedwiththeearliestatthebottom

andthemostrecentatthetopoftheplot.

ThefinalcomponentlineprofilesareshowninFig.7,themeasuredandcomputedradial
velocitiesinFig.8,andthefluxfactorsinFig.9.Ther.m.s.errorsforthemeasuredradial
velocitieswere±1·24km/sand±1·80km/sfortheprimaryandsecondary,respectively.

Themeasuredfluxfactorswereusedtorecoverthelightratio,indicating𝑙(P/S)=4·08±
0·10.

TableIV
OrbitalelementsfromHei667·8nm.

ParameterValue
𝐾1(km/s)113·9±0·5
𝑞1·241±0·069
𝐾2(km/s)141·4±0·5
𝑒0·4391±0·0008
𝜔0(deg)57·5±1·1
𝑇peri−240000(HJD)55116·751±0·067

Thefluxfactorsindicatequiteclearlythepresenceoftheprimaryeclipsenearphase0·63.
Also,nearphase0·05,thereisahintofasecondaryeclipse.However,thatcouldalsobe
interpretedastherotation(Rossiter–McLaughlin)effect.
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TheHα-line-profiledataforNYCep.Thespectraareorderedwiththeearliestatthebottomandthemost

recentatthetopoftheplot.

Ahn3,wefindthefollowingabsolutemassesandradii:

𝑀1=12·1±0·3𝑀⊙
𝑀2=9·4±0·3𝑀⊙
𝑅1=6·8±0·5𝑅⊙
𝑅2=5·7±0·5𝑅⊙

ThosearequitesimilartotheresultsfoundbyHolmgrenetal.4andslightlylargerthan
thosefromAlbrechtetal.2

Fromtheestimatedprojectedrotationalvelocities,orbitalperiod,andinclination,wefind
thattheprimaryandsecondarycomponentsrotatefasterthantheKeplerianrateatperiastron
byfactorsof3·6and5·4respectively.

Usingtheabsolutedimensions,theorbitaleccentricityfromthecombineddisentangling
solution,andinternalstructureconstantslog10𝑘2fromClaret19,atheoreticalapsidalperiod
of4445yrisfound.FromClaret’s19tables,fortheprimarylog10𝑘2=−2·193andforthe
secondarylog10𝑘2=−2·234.Thecorrespondingsystemageis≈107yr.

Theclassicalandrelativisticcontributionsto𝑃/𝑈are17:

[𝑃/𝑈]cl=7·044×10−6

[𝑃/𝑈]rel=2·364×10−6

Thoseshowthattherelativisticcontributionisaboutafactorofthreesmallerthanthe
classicalpart.
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Fig. 7
The primary (bottom) and secondary (top) line profiles for He i 667·8 nm in NY Cep. The secondary profile

has been displaced upward for clarity.

The solution for the Hα-profile data is shown in Table V and Fig. 10, Fig. 11, & Fig. 12.
That solution converged in 80 iterations. The line-profile data used in that solution are

shown in Fig. 13. Once again, weights proportional to the signal-to-noise for each spectrum
were used. The r.m.s. errors of the radial velocities measured from the Hα profiles were
±0·73 km/s for the primary and ±0·90 km/s for the secondary.

A radial-velocity sampling interval of 6 km/s was used for the Hα solution. The eccentricity
and period for the telluric orbit were held fixed at 0·0167301 and 365·2422 d, respectively.
Once again, the flux factors show the presence of the primary eclipse and possible secondary
eclipse or rotation effect. However, the noise level in those is much greater than that in the
solution of the He I 667·8-nm data set.

The heliocentric velocity corrections 𝑉⊙ were used to constrain the telluric parameters.
That part of the fit is shown in Fig. 14.

Due to the high declination of NY Cep, the telluric radial velocities cover a range of
only about ±15 km/s, which is slightly larger than two radial-velocity sampling bins. That
and unavoidable small rectification errors limited the solution quality for the telluric line
profile. To some extent, it is possible to fix that using band-pass filtering once the Fourier
components of the line profiles have converged.

The telluric line profile shows the rotational lines of the H2O molecule.
The light ratio (P/S) measured from the depths of the recovered primary and secondary

line profiles is 𝑙 = 3·74 ± 0·10.
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Fig. 12
Flux factors for Hα in NY Cep. Squares denote the primary, plus signs the secondary.

Table VII
Comparison of minimum masses and projected semi-major axes.

Method 𝑀1 sin3 𝑖 (𝑀⊙ ) 𝑀2 sin3 𝑖 (𝑀⊙ ) 𝑎1 sin 𝑖 (𝑅⊙ ) 𝑎2 sin 𝑖 (𝑅⊙ )
CCF 11·3 ± 0·3 8·8 ± 0·3 30·9 ± 0·4 39·6 ± 0·5

He i 6678 10·6 ± 0·7 8·5 ± 0·7 30·9 ± 0·1 38·4 ± 2·1
Hα 10·2 ± 1·4 7·6 ± 1·2 29·0 ± 1·5 38·7 ± 3·6

Combined soln. 11·7 ± 0·3 8·7 ± 0·2 30·23 ± 0·03 40·5 ± 0·8
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Fig.8
ThemeasuredandcomputedradialvelocitiesforHei667·8nminNYCep.

TableV
OrbitalelementsfromHα.

ParameterValue
𝐾1(km/s)106·4±4·6
𝑞=𝐾2/𝐾11·33±0·10
𝐾2(km/s)141·9±12·8
𝑒0·430±0·024
𝜔0(deg)51·8±3·1
𝑇peri−240000(HJD)55116·725±0·059
𝐾3(km/s)14·89
𝜔3(deg)166·74
𝑇max,3−240000(HJD)55034·5
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Fig.11
ThemeasuredandcomputedradialvelocitiesforHαinNYCep.

SyntheticspectrafromthePOLLUXdatabase18wereusedtoestimatetheprojected
rotationalvelocitiesofthecomponents.UsingtheHei667·8-nmline,aNLTEmodelwith
𝑇eff=28000Kandlog𝑔=4·0,whenconvolvedwitharotationallineprofilehaving𝑣sin𝑖=
80km/s,producedasatisfactoryfitfortheprimary.Similarly,amodelwith𝑇eff=23000K,
log𝑔=4·0,and𝑣sin𝑖=100km/sgaveasatisfactoryfitforthesecondary.Thosefitsalso
includeaGaussianinstrumentalprofilehavingaFWHMof12km/s,estimatedfromthe
widthsofrelativelyunblendedtelluricO2lines.Noattemptwasmadetofitthoseprofiles
inaleast-squaressenseduetothecoarsenatureofthemodel-atmospheregrid.Priortothe
fitting,eachprofilewascorrectedaccordingtothelightratio.Thoseresultsfortheprojected
rotationalvelocitiesareinagreementwiththosefromHolmgrenetal.4andAlbrechtetal.2

Absolutedimensions

Theminimummassesandprojectedsemi-majoraxescomputedusingthedifferentorbital
solutionsarecomparedinTableVII.Notethatthelastlineinthattablereferstothecombined
solutionusedtosearchforapsidalmotion.

Theminimummassesandprojectedsemi-majoraxesfromthedifferentsolutionsarein
goodagreement.However,theerrorsfortheHαlinearelargerthanthosefortheother
solutions.Inparticular,thedisentanglingsolutionforthecombineddatasetsandtheorbit
basedontheCCFradialvelocitiesareinexcellentagreement.Wethereforeadopttheresults
fromthecombineddisentanglingsolution,whichareingoodagreementwiththosefrom
Albrechtetal.2

Usingtheminimummasses,projectedsemi-majoraxes,andthemeanfractionalradiifrom
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Flux factors for He i 667·8 nm in NY Cep. Squares denote the primary, plus signs the secondary.

Search for apsidal motion

A search for apsidal motion was done by computing a disentangling solution which
combined the new He i 667·8-nm data with the older He I 447·1-nm–Mg II 448·1-nm
Reticon data from Holmgren et al.4 As with the other disentangling solutions, the Reticon
data were given weights proportional to the signal-to-noise of each spectrum. Also, since
the Reticon data were obtained at a resolution approximately half of that of the CCD data,
they were given half the weight in the disentangling solution for the combined data set.

The computed solution is shown in Table VI. Note that the apsidal-motion rate ¤𝜔 is
included, and that it has a large uncertainty due to the relatively short time interval used to
estimate it.

Table VI
Orbital elements from the combined solution.

Parameter Value
𝐾1 (km/s) 111·70± 0·1
𝑞 = 𝐾2/𝐾1 1·29± 0·02
𝐾2 (km/s) 144·1± 0·1
𝑒 0·4435± 0·0006
𝜔0 (deg) 60·9± 0·2
𝑇peri − 240000 (HJD) 55116·853± 0·049
¤𝜔 (rad/d) 1·28 × 10−6

𝑈 (yr) 13500
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Fig. 10
The primary (bottom) and secondary (middle) and telluric (top) line profiles for Hα in NY Cep. The

secondary and telluric profiles have been displaced upward for clarity.

The theoretical apsidal-motion period 16,17, including both classical and relativistic contri-
butions, is 4445 yr. That is discussed in more detail in the section on absolute dimensions.
The difference between the observed and theoretical rates is not unexpected given the rel-
atively short time-base used to estimate the former. Future observations should allow that
observed apsidal period to be refined.

The recovered He i 667·8-nm profiles are shown in Fig. 15, and the flux factors in Fig. 16.
The profiles show good agreement with those obtained from the solution of the CCD data
alone.

The recovered He i 447·1-nm and Mg II 448·1-nm profiles are shown in Fig. 17, and the
flux factors for that region in Fig. 18. The flux factors for that region indicate the presence
of the primary eclipse, and a possible secondary eclipse or rotation effect. We note the good
inter-agreement between the two sets of flux factors.

The computed light ratio (P/S) for the He i 667·8-nm region was 4·43 ± 0·07 and that for
the He i 447·1-nm–Mg II 448·1-nm region was 2·38 ± 0·07. The former light ratio shows
good agreement with that found from the measured equivalent widths.

Spectrophotometry

The disentangled He i 667·8-nm line profiles from the combined solution were measured
for equivalent width. Integration of the profiles gave 𝐸𝑊𝑝 = 0·0549 nm and 𝐸𝑊𝑠 =
0·0115 nm. Those then give a light ratio (P/S) of 𝑙 = 4·76.


