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MEETINGOFTHEROYALASTRONOMICALSOCIETY

Friday2025October10at16h00m

intheGeologicalSocietyLectureTheatre,BurlingtonHouse

MikeLockwood,President
intheChair

ThePresident.Thisisahybridmeeting.Questionscanbeaskedduringthelectureif
theyareputintheQ&A.PamRowellwillreadthemout.OurfirstspeakerisProfessor
DeboraSĳacki.Thetitleofhertalkis‘Theemergenceofblackholesatcosmicdawn’.She
isaProfessorattheInstituteofAstronomy,Cambridge,andDeputyDirectoroftheKavli
Institute,Cambridge.ShecompletedherPhDattheMaxPlanckInstituteforAstrophysicsin
Germany,graduatingsummacumlaude,andshewasawardedaprestigiousfellowshipatthe
InstituteofAstronomy,Cambridge,followedbyaHubblefellowshipattheCenterforAstro-
physics,Harvard.HerresearchaimstodeveloprealisticnumericalmodelsoftheUniverse
whichcapturetheformationandgrowthofcosmicstructureswithanunprecedentedlevelof
realism.Shepioneeredthefieldofsupermassiveblackholesincosmologicalsimulationsand
demonstratedthatblackholesmustbeunderstoodtoextractexactcosmologyfromdiverse
observationalmethods.Herworkhighlightstheroleofhigh-performancecomputing(HPC)
incosmologyandastrophysics.Shehasbeenawarded330millionCPU-corehoursonmajor
supercomputersintheUK,EU,andUSA.ShereceivedtheOttoHahnMedalandtheERC
startinggrantandin2019theAdaLovelaceAwardforheroutstandingcontributionstoand
impactonHPC.

ProfessorDeboraSĳacki.Iwouldliketotellyouaboutsupermassiveblackholesand
ourcurrentunderstandingofthem,withaparticularfocusontheveryearlyUniverse,and
todescribethenewfrontierweareenteringaswebegintodiscoverandstudytheseblack
holes.

Blackholesaresomeofthemostexcitingandenigmaticobjectsweknowof.Theylieat
theintersectionofmathematics,physics,andastronomy.TheimagefromNASAshowsthe
glowofmatterasitcirculatesaroundablackhole[seeFig.1].Whatweseeinthisinnermost
region,justbeforethedarknessattheverycentre,isthelastfewphotonsorbitingtheblack
holethatcanstillreachus.Youhaveprobablyheardthatblackholescanformattheend
oftheevolutionofmassivestars.Wethinkthatstarswithmassesgreaterthanabout25𝑀⊙
endtheirlivesasstellar-massblackholes.

Thereisahugerangeofblack-holemassesinourUniverse,andblackholesarelikely
themostcompactobjectsknown.Inadditiontostellar-massblackholes,weknowof
objectscalledsupermassiveblackholes,withmassesgreaterthan106𝑀

⊙.Thereisalso
anintriguingpopulationinbetween,theso-calledintermediate-massblackholes.Wehave
severalcandidatesandcompellingtheoreticalargumentsforwhytheyshouldexist,andI
willlaterexplainwhyaNobelPrizewasawardedforworkrelatedtothisarea.
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Thereareacoupleofmistakeswhichareprobablyjustcarelesserrorsandprobablymost
readerswon’tnoticethem.Ialmostalwaysquibbleaboutstyle,thoughherelesssothanis
usuallythecase,andtherearefewactualtypos.Therearesixteenpagesofcolour‘plates’near
themiddleofthebookaswellasseveralblack-and-whitefiguresscatteredthroughout.The
formerarefine,butthelattercouldusemoredetail.EvenseveralyearsagoIencountered
bookswithhigh-resolutioncolourfiguresprintedonregular(asopposedtoslick)paper,
soIwonderifprintingpricesreallystillplayarole.Threepagesofacknowledgements
mention,amongothers,FrankDrakeandCarlSagan,bothofwhomsheknewpersonally,
aswellasherhusband.Asistobeexpected,thefourpagesofimagecreditsoftenmention
NASA.Somewhatunusuallyforapopular-sciencebook,thereareeightpagesof‘Notes’
(allreferencesratherthanendnotes;neitherarethereanyfootnotes);theindexofsomewhat
morethantwentypagesisespeciallythorough.Thebookisnotaslongasitlookssince
itisessentiallydouble-spaced,withenoughroomforalineoftextbetweentwoothers(by
contrast,interlinespacinginthisMagazineislessthan19%oftheheightofaline;thefont
sizeisaboutthesame).

ThefactthattheFrenchbookisabest-sellerconfirmsmyimpressionthatthereshouldbea
widereadershipforsuchabook,fromsomewhatolderchildrentotheproverbial‘interested
layman’toprofessionalastronomers(atleastthosewhodon’tworkinplanetaryscience,
butmaybesomeofthemaswell).Eventhosewhohavereadmanybooksonthetopicwill
probablylearnsomethingnewfromthiswell-writtenup-to-datebook.—PhillipHelbig.

References
(1)D.Schulze-Makuch&W.Bains,TheCosmicZoo:ComplexLifeonManyWorlds(Springer),2017.
(2)P.Helbig,TheObservatory,138,174,2018.
(3)M.E.Tegmark,OurMathematicalUniverse(AllenLane,London),2014.
(4)T.Hertog,OntheOriginofTime:StephenHawking’sFinalTheory(Transworld),2023.
(5)P.Helbig,TheObservatory,134,150,2014.
(6)P.Helbig,TheObservatory,144,201,2024.
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howaboutplanetearth,forexample?
PlanetssmallerthanNeptunewithagaseousatmospheredon’texistinthesolarsystem,butthey’replentiful

aroundotherstars.—Sky&Telescope,February2026,p.11.

aluckyregion?
MARScanstillbeseenintheeveningsky,althoughthelengthoftimeduringwhichitisvisibleis

rapidlydecreasing.Afterthemiddleofthemonthitwillbedifficulttostillseetheredplanetwithout
binocularsoratelescope.InnorthernGermanyonewillsearchforitinvain.[Original:MARSkannnocham
Abendhimmelgesehenwerden,wenngleichseineSichtbarkeitszeitenrapideabnehmen.NachderMonatsmitte
wirdesschwierig,denrotenPlanetennochohneFernglasoderTeleskopzuerkennen.InNorddeutschland
wirdmanihnvergeblichsuchen.]—KosmosHimmelsjahr2025,p.156
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Fig. 1
Still from video at https://svs.gsfc.nasa.gov/13326/ showing the glow of matter as it circulates

around a black hole (see text). Credit: NASA’s Goddard Space Flight Center/Jeremy Schnittman.

I want to explain why I believe we are in the golden age of black-hole science. The story
begins with two Nobel Prizes. The first was awarded for the most precise measurement of
a black hole’s mass, specifically, the one at the centre of the Milky Way. Two independent
teams painstakingly measured the orbits of stars very close to our Galaxy’s central black
hole. From the stellar orbits, and using Kepler’s laws, one can deduce the mass of the central
object. The mass is so large, and the object so compact, that it can only be a black hole.

Another major breakthrough in the study of stellar-mass black holes comes from gra-
vitational-wave astronomy. The sensitivity of current detectors is high enough to detect
gravitational waves produced when two stellar-mass black holes orbit and merge. Remark-
ably, the remnants of some of these mergers lie in the intermediate-mass–black-hole regime.

There is also extremely puzzling evidence concerning supermassive black holes. We now
believe that they reside at the centres of most, if not all, galaxies. Moreover, there appears to
be a fundamental link between black-hole properties, such as their mass, and key properties
of their host galaxies, such as bulge mass or velocity dispersion. It is striking that although
supermassive black holes are extremely compact, they seem to ‘know’ about the properties of
the entire galaxies they inhabit. To understand how this link is established, we run large-scale
cosmological simulations that model the key physical processes governing galaxy formation
and evolution.

In the animation I am showing you, as the simulation of a representative sample of the
Universe progresses, black holes at the centres of galaxies accrete significant amounts of
matter, releasing copious energy and radiation. We believe this process regulates the supply
of gas onto the black holes and ultimately sets the fundamental relation between black holes
and their host galaxies.

To understand this process in more detail, we need to travel further back in time to study
how galaxies and black holes assembled in the very early Universe, where our theories can
be stress-tested. This is precisely where JWST comes in, allowing us to look much farther
back in time than previously possible. We hope that JWST will reveal how the first black
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tively involved in almanac calculations and production, I found this work highly rewarding.
— Steve Bell.

The Secret Life of the Universe: Searching for the Origins and Frontiers of Life, by
Nathalie A. Cabrol (Simon & Schuster), 2025 (originally published 2024; originally
published in French 2023 as À l’aube de nouveaux horizons). Pp. 315, 20 × 13 cm. Price
=C16·99 (about £14·89) (paperback; ISBN 978 1 3985 3132 1).

The hardback edition has the subtitle ‘An Astrobiologist’s Search for the Origins and
Frontiers of Life’. In any case, it was translated by the author from her own best-selling
book in French. I haven’t read the French book, but the English version is extremely good,
and based on the text alone I would not have suspected it of being a translation. (Lack of
knowledge of the topic is what usually indicates a translation, though occasionally insufficient
knowledge of one or both of the languages does so; neither is the case here.) Born, educated,
and initially working in France (Observatoire de Paris-Meudon and the Sorbonne), Cabrol
and her husband, Swiss-born hydraulic engineer (and after retirement and further studies
planetary scientist) Edmond A. Grin (1920–2022), moved to the US, worked for NASA,
and became US citizens. She later moved to the SETI institute, becoming the director of the
Carl Sagan Center in 2015. Cabrol has 426 entries (135 refereed) at ADS and has been the
PI of several NASA projects involving Solar System exploration (including life in extreme
environments on Earth).

The book is not just written in good English; some of it is almost poetic: “Rocks made
of solid water ice rolled and rounded by time in torrents of liquid methane.” “. . . a world
where everything looks familiar, yet nothing is really what it seems, and where we could be
given a chance to explore side-by-side life as we know it and life as we don’t.” Having said
that, the book is a down-to-Earth (and/or some other Solar System body) account of the one
known and many possible abodes of life, starting (after a brief autobiographical sketch) with
Earth and moving to Venus, Mars, the Jovian satellites, Titan and Enceladus, the outer Solar
System, extra-solar planets (after a chapter on six methods of detecting them). After that tour
in nine chapters, discussion turns to the Drake equation, the Fermi paradox, and whether
the solution to the latter is some sort of great filter∗; and the Kardashev scale, SETI, METI,
and UFOs/UAP. Cabrol is clearly someone who would like there to be extraterrestrial life,
thinks that it is probable, but, whether regarding microbes on other worlds or visiting aliens,
remains true to Sagan’s dictum that extraordinary claims require extraordinary evidence. The
final chapter is concerned with various attempts at a definition of life (perhaps it is easier
to explain the origin of life or to describe what it does than to define it) and related ethical
questions. While the earlier chapters give an up-to-date account of topics I was already
somewhat familiar with, much of the last chapter, while not always covering completely new
ground, introduced me to things such as xenobots. The epilogue is similar to two others 3,4

I’ve reviewed 5,6 in this Magazine, but without the complaint that it seems tacked on; rather,
it seems like a logical conclusion, the difference being that it is more related to the main text.

Most of the book is concerned with the Solar System, which is at the opposite end of the
scale from my main astronomical interest, cosmology. Nevertheless, I really enjoyed reading
the book, and it’s good to be brought up to date on topics such as planetary missions by
someone actually involved in them. We now know that many Solar System bodies contain
water, though not necessarily liquid and on the surface, and Ganymede has more than Earth.
Cabrol has a knack for including interesting details without losing sight of the overall picture.
I was reminded of many popular-science books which I read as a child and how they inspired
and reinforced my interest in science; this book is a fine addition to that illustrious collection.

∗See a somewhat complementary book 1 reviewed 2 in these pages for more on the concept of ‘filters’ as
bottlenecks of evolution.



2026AprilRoyalAstronomicalSociety55

Fig.2
Cosmologicalzoom-insimulationofadwarfgalaxyhostinganintermediate-massblackhole.Fromleftto

right,thepanelsshowthedark-matter–surface-densitymaponlargescales,thegas-temperaturemap(withthe
whitecircleindicatingthevirialradius),andtheVoronoi-meshdiscretizationaroundtheaccretingblackhole.
Thescaleunitiscomovingkpc/h.AdaptedfromOrtameetal.,inprep.

holesformedandgrew.
TheCambridgeteamhasalreadymadetwospectaculardiscoveriesregardingtheblack

holesdetectedbyJWST.Oneinvolvesaparticularlypeculiargalaxy,GN-z11,whichhosteda
massiveblackholewhentheUniversewasonlyabout3%ofitscurrentage.Thissurprising
discoveryhasforcedtheoriststorevisemodelsinanattempttoexplainit.Anotherintriguing
objectfromtheBlackThundercollaborationinCambridgeisamassiveblackholeinatiny,
compactgalaxy.Thisblackholeappearstobeasmassiveasitshostgalaxy,orpossiblyeven
moremassive.Thisisextremelypuzzling,becausewepreviouslyassumedthatgalaxies
formedfirst,yetnowitisunclearhowsuchblackholescouldassemblesoearlyinthe
Universe’shistory.

Wearenowfindingapopulationofverymassiveblackholesathighredshiftthatnolonger
appeartocorrelatewiththepropertiesoftheirhostgalaxies.Theyrepresentasignificant
fractionofthehostgalaxy’smass.Thisrepresentsaparadigmshift,andwedonotyet
understandhowtheseobjectsformed.

Oneofthepioneersofblack-holestudiesisLordMartinRees;amongmanyachievements,
heproducedafoundationaldiagramoutlininghowblackholesmayhaveformedintheearly
Universe,showingmanypossiblepathways.Westilldonotknowwhichofthesepathwaysis
mostlikelytoproducemassiveblackholes.Ourbesthopeistousenewtheoreticalmodels
togetherwithJWSTobservationstosolvethispuzzle.

Howcanwelearnthephysicsthatunderpinsthesehigh-redshiftblackholes?Wehave
severalon-goingprojects.IntheearlyUniverse,wearenowbeginningtoseelow-mass
galaxieshostingblackholes.MyPhDstudent,GiuliaOrtame,hasbeendevelopinganew
approach:sheisstudyingtheelusivepopulationofintermediate-massblackholesindwarf
galaxiesandexploringhowJWSTcanrevealhowtheseblackholesgrowovertime[see
Fig.2].

Warmgassurroundsthesedwarfgalaxies,andthisgasisheatedbythepowerfulenergy
releasefromthecentralblackholes.Giuliaisaccuratelymeasuringtheaccretionratesat
whichmatterfallsintotheblackholes,andherfindingsaretantalizing.Thereseemtobetwo
distinctevolutionarypathways.Inonepathway,theblackholedoesnotgrowverymuch,
andthegalaxyremainsinasteadystateforlongperiodsofcosmictime,formingstars
slowlyandcontinuously.Theotherpathwayismuchmoredramatic:theblackholegrows
rapidly,expellinglargeamountsofgasfromthetinygalaxyandcausingitsstarformationto
shutdownquickly[seeFig.3].Giuliahasshownthatthesetwopathwayslikelyleadtotwo
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goesbeyondthetitleofthemeeting/booktoincludenear-fieldcosmologyandmassesof
galaxiesoutsidetheLocalGroup.Adrawbackofusingthebookitselfisthefactthatall
theorangecircles,bluelines,pinkcontours,etc.arerenderedinmonochrome,exceptfor
onepaperwithfull-colourfigures.Also,thereviewcopyIreceivedwaspoorlyconstructed,
withthefirstfewandlastfewpagesdetachingfromthebindingoftherest.However,asthe
papersfromthemeetingarealreadyavailableonline,thathardlymatters.Giventheprice,
thoughthepapersthemselvesareinteresting,itishardtoseeanyonepurchasingthisvolume
beyondlibrarieswithsubscriptionstotheseries.—StevePhillipps.

SolarEclipses,byWilliamSheehan(Reaktion),2026.Pp.253,23×18cm.Price£25
(hardbound;ISBN9781836391692).

Withtwogeographically-closetotaleclipsesoftheSunanticipatedduringthenext18
monthsorso,asubstantialnumberofeclipsewatchersareexpectedtotraveltoIceland,
north-easternPortugal,Spain,andtheBalearicIslandsfortheeventon2026August12,as
wellastoGibraltar,southernmostSpain,northernmostMorocco,northernAlgeria,central
Tunisia,north-easternLibya,Egypt,andsouth-westernSaudiArabiaforthesubsequent
eclipseon2027August2.Inthiscontext,thereleaseofanewvolumeonsolareclipsesis
particularlytimely.SolarEclipses,publishedbyReaktionBooksandauthoredbyWilliam
Sheehan—awell-knownastronomicalhistorianandauthoroffourpreviousworksin
Reaktion’sKosmosseries—distinguishesitselfbyfocussingonthehistoricaldimension
ofeclipses,ratherthanmerelyofferingsummariesandmapsofforthcomingevents,asis
commoninrecentpublications.

Theopeningchapterexplorestheauthor’spersonalexperiencesobservingeclipses,pro-
vidingfoundationalinformationonthevarioustypesofsolareclipses.Chaptertwoplaces
eclipseswithinthecontextofancienthistory,examininghowsuchphenomenamayhave
appearedtonomadicpeoples,withdiscussionsspanningStonehenge,ancientChina,South
Korea,Egypt,andtheBabylonians,beforeshiftingtotheGreeksinchapterthree.Thefourth
chapteraddressesthecomplexitiesinvolvedincalculatingthepositionsofcelestialbodies
andthepredictionofeclipsesthroughouthistory.Chapterfivedelvesintothechallengesof
modellingthemotionoftheSunandMoonduringthe16thand17thCenturies,highlighting
figuressuchasJeremiahHorrocks—whofamouslydescribedtheSunas“TheImpudent
Star”—andEdmundHalley’spredictionforthe1715totaleclipse.Thesixthchaptertransi-
tionsintothe19thCentury,documentingtheevolutiontowardamorescientificapproachto
eclipseobservation,includingphenomenasuchasBaily’sBeadsandsolarprominences,as
wellasthesolarchromosphere.ChapterseveninvestigatesLeVerrier’sproposaloftheplanet
VulcanasasolutiontoanomaliesinMercury’sorbit,anditseventualdismissalwiththe
adventofGeneralRelativity.Theconcludingchapteroutlinesthe‘comingofage’ofeclipse
science,detailingtheadoptionofmodernobservationaltechniquesonexpeditionssuchas
Eddington’sexperimentduringthe‘EinsteinEclipse’of1919May29,whichpromptedthe
iconicNewYorkTimesheadline,“LightsallaskewintheHeavens”.Thisvolumealsosheds
lightonthepivotalroleeclipseshaveplayedinadvancingrelatedfieldssuchaschemistry
andphysics.Notably,thebookincludesseveralrarelyseenphotographs(atleasttome)of
influentialfiguresineclipsescience.

Additionally,twoappendicesaddresssafeeclipse-observationtechniquesandprovidea
synopsisofeclipsesoccurringbetween2026and2029,bothofwhicharehighlycom-
mendableandpractical.Thebookisfurtherenhancedbyaninformativereadinglistanda
comprehensivebibliography.Insummary,thisisavaluableandwell-illustratedadditionto
anyeclipseenthusiast’slibrary,particularlyforthoseinterestedinthehistoricalandscientific
contextofeclipses.However,itmaynotfullymeettherequirementsofindividualsseeking
detailedguidanceforplanningeclipseexpeditionsinthedistantfuture.Pricedat£25,this
hardboundeditionrepresentsexcellentvalue.Asanavideclipseobserverandsomeoneac-
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different outcomes, one producing black holes consistent with the local scaling relation, and
the other producing likely progenitors of the high-redshift black holes observed by JWST.

Fig. 3
The star-formation rate as a function of cosmic time for models in which the central black hole does not

grow rapidly, resulting in roughly constant star formation for 𝑧 < 3, as well as for models that allow efficient
black-hole growth, which leads to rapid star-formation shutdown and dwarf-galaxy quenching (blue and purple
curves). Adapted from Ortame et al., in prep.

Another way to study these issues is to take a representative volume of the Universe and
populate it with many black holes, an approach recently adopted by Sophie Koudmani. We
want to explore both different black-hole seed masses at early cosmic times and the various
ways in which these black holes may grow and influence their host galaxies. Excitingly,
Sophie has shown that if you start with light black-hole seeds (around a hundred 𝑀⊙), it is
impossible, even with very generous prescriptions for their growth, to reproduce the JWST
population of high-redshift black holes.

Furthermore, studying high-redshift quasars is extremely helpful for breaking the degener-
acy between black-hole seed masses and their accretion histories. These quasars are powered
by some of the most massive black holes known and provide some of the strongest constraints
on theoretical models of black-hole growth over cosmic time. At 𝑧 ∼ 6, roughly one billion
years after the Universe formed, the black-hole masses are already very large, between 109

and 1010 𝑀⊙ . The only way we have found in simulations to grow these ‘gargantuan’ black
holes is to seed them extremely early in the Universe, which is consistent with JWST findings,
and to allow them to grow very efficiently [see Fig. 4]. However, for this scenario to work,
they most likely need to exceed the Eddington limit, but only for brief periods of time [see
Fig. 5].

If we now believe that there is a population of very massive black holes at high redshifts, are
there any other ways to test these theories and check whether they make sense? One exciting
and complementary approach is to study the gravitational-wave background. This is another
remarkable discovery made within the last year or so: the detection of a gravitational-wave
background that we believe is most likely produced by mergers of supermassive black holes
throughout the history of the Universe. One of my PhD students, Stephanie Buttigieg, has
been analysing the data and finds that standard simulations are in rough agreement with
the signal, although slightly low. However, when the population of JWST black holes is
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zone”, a topic recently discussed in these pages 3. There are also articles about ML itself;
the contribution by Hložek highlights aspects important for astronomy, and the abstract is
a good summary of the aims of the entire book. A common theme is not just using ML
but understanding how it works, at least at some level of abstraction, though of course the
whole point is that ML very probably works differently from human thinking; in that respect
it differs from conventional uses of computers, which essentially carry out human-thinking
algorithms much faster and/or with much more data.

Apart from the contents, there is a preface, basic information about the editors and the
conference, a list of participants, and an author index. Presumably most of the black-and-
white figures are originally in colour; that and the fact that some are too small limits their
usefulness. The book is produced via LATEX and my hope is that the participants are using
BibTEX rather than wasting time; I was thus surprised to see a mismatch between an author
name in the text and in the reference list.

In such a fast-moving field, many details will be out of date four years after the meeting,
but nevertheless proceedings can provide interesting historical snapshots. However, for a
book to fulfill that role, it needs to be produced as a book, or at least in a format (such as
that of this Magazine) which works both on screen and on paper. All of the contributions
are available online, with colour figures, active HTML links, and so on, and that is clearly
the preferred format for these proceedings.∗ Especially considering the price, most buyers
of the book will probably be libraries with subscriptions — a common observation in many
recent book reviews of such proceedings.

I enjoy going to conferences and well-produced proceedings are both a good record for
those who attended an also useful for those who didn’t. I think that there are reasons to
continue to produce conference proceedings, even if there are fewer such reasons than in the
past (e.g., they are no longer practically the only way to get results in advance of publication
in the refereed literature — not just the proceedings, but the conferences themselves). Smaller
conferences might have to make do with on-line-only proceedings (ideally instead of or in
addition to just putting the presentations on the web), which are fine as long as they are
permanent. Bigger conferences can justify publishing a book (as well), but if so, it needs to
be able to stand on its own. Despite my qualms, I enjoyed reading the book and learned a lot,
but am annoyed by the fact that with not much more effort it could have been much better.
— Phillip Helbig.
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Dynamical Masses of Local Group Galaxies (IAUS 379), edited by Piercarlo Bonifacio
et al. (Cambridge University Press), 2025. Pp. 398, 25 × 17 cm. Price $155 (about £116)
(hardbound; ISBN 978 1 009 39911 1).

This is the proceedings of the IAU Symposium held in Potsdam in 2023 August. It contains
60 papers, each of reasonable length (no one-page précis), divided into five sections. There
are no specific review papers, though a few do cover some history of their topic, and there
is no conference overview or afterword, which might have been interesting. The topics are
at the same time niche (ostensibly covering just one physical property for a small number
of galaxies), yet wide ranging, across Gaia surveys, ΛCDM (and other) halos, theoretical
stellar dynamics, mergers, and chemical signatures, among others. The final section actually

∗However, only three are open access. Checking which three after I had written this review, I found that —
surely not coincidentally — they are the three the authors of which I mention by name.
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Fig.4
Cosmologicalzoom-insimulationofahigh-redshiftprotoclusterhostingabrightquasarshowingthegrowth

ofblack-holemassasafunctionofredshiftforthemostmassiveblackholeineachsimulation.Thinnerlines
indicatethemassgrowthofblackholesthatmergeintotheprimaryprogenitor.Individualpointsrepresent
observationalblack-holemeasurements.Allowingforsuper-Eddingtonaccretionenablesblack-holegrowth
thatmatchesboththehighest-redshiftobservedblackholessandthebrightestknownhigh-redshiftquasar.For
furtherdetailsontheFABLEsimulationprojectseehttps://www.kicc.cam.ac.uk/projects/fable.
AdaptedfromBennettetal.,MNRAS,527,1033,2024.

included,thesimulationscaneasilyreproducetheobservedsignal.
Anotherpromisingandindependentapproachcomesfromcosmologicalprobes.Weknow

thatgalaxygroupsandclustersarepowerfulcosmologicaltools.Recently,themajorX-ray
missioneROSITAfoundadeficitofgasingalaxygroups,whichishighlypuzzling.Itmay
indicatethatmassiveoutflowsdrivenbyaccretingblackholesinthesesystemscanpushgas
outofthegroups.SuchAGNjetscandisplacematternotonlywithingroupsandclusters
butalsomuchfartherout.Thishassignificantcosmologicalimplications,especiallyaswe
aimtoconstrainthematterdistributionintheUniverse.

Whatdoesthefutureholdforthisresearcharea?Wearefortunatetohavemanyobser-
vationalprogrammesonthehorizon.TheELTwillprobetheformationsitesofstarsin
thehigh-redshiftgalaxiesthatJWSTisnowrevealing.WealsohavetheSKA,whichwill
hopefullydetectnumerousAGNjetsandprovideanewperspectiveontheaccretionprocess
ontoblackholes.Andofcourse,wewillhaveLISA,aspace-bornemissiondesignedto
detectgravitationalwavesfrommergingblackholesouttoveryhighredshifts.Thesynergy
betweenthesedifferentprobes,combinedwiththelatesttheoreticaladvancements,promises
tobetrulytransformative.
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freshtakeonasubjectaboutwhichverymuchhasalreadybeenwritten.Thefewpersonal
anecdotesaddtothebookratherthandetractfromit.FrombiologytoGullstrand–Painlevé
coordinatestothepsychologyofdreams,thereissomethingforeveryonehere.—Phillip
Helbig.
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MachineLearninginAstronomy:PossibilitiesandPitfalls(IAUSymposium368,edited
byJ.McIver,A.Mahabal&C.Fluke(CambridgeUniversityPress),2025.Pp.147,25
×18cm.Price£98(hardbound;ISBN9781009345194).

Similartoabook1reviewed2awhilebackinthesepages,thisvolumeofproceedings
ofanIAUsymposiumisamostlybadrecordofwhatwasprobablyaninterestingmeeting.
Machinelearning(ML),amoreprosaicnameforartificialintelligence,isalltheragenow.
However,thesymposiumtookplacealmostfouryearsago,andasOferLahavpointsoutin
hisverygoodcontribution,itwasusedalreadyintheearly1990sforgalaxyclassification(at
leastbyLahavhimselfandhiscollaborators).Hiscontributionisperhapsthemostinteresting
forthosewhodon’tworkinthefield,givingagoodoverview,helpedbythefactthathe
hasabackgroundintraditionalastronomybutisuptodateonthelatestMLtechniques.
Othercontributionsaremorespecialized,whichistobeexpectedfromtheproceedingsof
aspecializedmeeting.Ihavenoqualmswiththatandamnotreallyamemberofthetarget
readership.However,startingwiththetoothinpaper(thetwocoversarealmostasthickas
allthepages)throughwhichtheprintontheothersideisvisible,otherproductionmistakes
suchasbadediting,lackofconsistentformatting,mentioningcoloursinabookinwhichall
figuresareinblackandwhite,andtoodetailedreferencesleadtoabookwhichisdistracting
toread,whichisunfortunatebecausethematerialisnewandinterestingandrelevantnot
justtoastronomy;Ifoundmanyofthecontributionsinteresting,eventhoughtheyarefar
frommyownwork.

Thetwenty-sevencontributionsrangefromtwotoseventeenpagesandcovertopicssuch
asexoplanets,spectra,stars,starclusters,galaxies,gravitationalwaves,galaxyclusters,and
cosmology.Thelongercontributionscanprovideagoodoverview,especiallythoseintended
assuch,suchasLahav’spieceonMLincosmologyor‘AnAstronomer’sGuidetoMachine
Learning’byWebb&Good;thetwopaneldiscussionsalsooffersomethingmoretypical
ofaconferencethanthenormalliterature.Mostoftheshortercontributions(presumably
originallyposters)aretooshorttobeofmuchuse:toobriefforthosenotfamiliarwith
thetopic,andunnecessaryforthosewhoare.(Whilemanyoftheitemsendwithamostly
blankpage,thefactthatmanyoftheshortcontributionsdosoleadstomuchwastedspace.)
Interestingtomewasthatthefirstcontribution,onusingMLinexoplanetsurveys,startsoff
bymentioningtheexquisiteprecisionofmodernspectroscopy,“approachingthatneededto
detectthemotionofaSun-likestartduetothegravityofanEarth-massplanetinitshabitable
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Fig. 5
The Eddington fraction (top row) and bolometric luminosity (bottom row) for the most massive black hole

and its largest progenitor. Faded lines denote values at every time-step while darker lines indicate a rolling
mean with a width of 100 time-steps. Observational data points are shown as open circles or gold hexagons
(the latter representing JWST data), with uncertainties where available. The dashed horizontal line marks the
Eddington limit. By modelling super-Eddington accretion, it is possible to explain the luminosities of very
bright, high-redshift quasars. Adapted from Bennett et al., MNRAS, 527, 1033, 2024.

The President. I have to say that is something rather comforting that even with all those
CPU hours available, when something gets difficult you go back to pen and paper. Do we
have any questions for Debora?

Reverend Garth Barber. Does this evidence for early supermassive black holes indicate
an age problem in the early Universe, in other words, are we getting the age at a certain
redshift wrong?

Professor Sĳacki. That is a very good question. Of course, it is very exciting — there
was a lot of buzz and excitement when these black holes started to be discovered at high 𝑧.
Fortunately, or unfortunately, we have sufficient astrophysical uncertainty in the formation
and assembly of these black holes that by Occam’s Razor there is currently no pressing need
to invoke alternative cosmological models before we understand the astrophysics.

Dr. Pamela Rowden. I have a question from Ian Robson who asks “How well can you
determine the mass of the JWST very high-𝑧 supermassive black holes?”

Professor Sĳacki. This is again another thing that is very much debated currently and
obviously these measurements are not easy. You have to be very careful. There are different
groups that made the measurements so they give some solidity in that there is independent
verification. One of the objects I showed you has a different type of measurement which
is much more direct, rather than entirely relying on interpreting broadened spectral lines,
which gives us more confidence about these black-hole masses. A consensus is growing that
at least a subset of the population should be black holes and should be quite massive, which
is really exciting.

Professor Richard Ellis. It has been suggested that some of the black holes are surrounded
by dense gas and the broadening that we use for the kinematics of black holes to estimate
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wasn’t directly inspired by the negative result of the Michelson–Morley experiment, perhaps
not even indirectly. Nor is inflation characterized by the Universe expanding faster than the
speed of light, nor has the Universe “been expanding at a steadily accelerating rate” ever
since. (At least he does clearly (and correctly) state that the Universe will expand forever
even though we don’t know whether it is exactly flat or even the sign of the curvature.)
“The fact that something is running down toward an end implies that it also must have had
a beginning.” No. See ref. 10 for a detailed historical study (which mentions the fact that
many believed such a claim) and ref. 11 for more recent thoughts on an eternally old cosmos
with ever-increasing entropy. There might be a lot of dark matter in the Universe, but its
average density is several orders of magnitude less than that corresponding to a small virus
in a typical living room as claimed in the book. Although stated just briefly, the text implies
that an infinite universe with stars distributed throughout would be infinitely bright and thus
that the darkness of the night sky suggests that the Universe has limits. The latter is true, but
the limits are temporal; the Universe is not infinitely old. As is the case with most issues in
cosmology about which people are confused, Edward Harrison clears them up nicely. 12,13∗

(I’m willing to put the comparison of the masses of two atoms of hydrogen to one of helium
in the context of stellar fusion down to an oversight.) “A tiny bump on a neutron star, roughly
as tall as a grain of sand, would result in a detectable signal in LIGO, provided the star is
spinning faster than 200 times per second anywhere within a few thousand trillion kilometers
of us.” Misleading at best: the spin rate is not unrealistic, and the distance is only somewhat
closer than the nearest known pulsar. A mountain of height 1 mm, say, might be just possible,
given what we know about the crust of neutron stars. But to be detectable by LIGO, its area
would have to be much, much larger than that of a grain of sand, which doesn’t seem very
realistic, again based on what we know about the crust of neutron stars.

On the other hand, it was a pleasure to learn some new things, such as Benjamin Franklin
showing how a spoonful of oil tossed into the water of Mount Pond in Clapham Common
could smooth wind-induced ripples of hundreds over square metres 14; Franklin was so
fascinated by that property of oil (which was known to Pliny the Elder) that he carried a
supply of oil in a chamber of his bamboo cane, so that he could demonstrate the effect
whenever desired. That was mentioned because the site is near where Cavendish conducted
his experiments to measure 𝐺 and thus the mass of the Earth. Cavendish used an improved
version of a pendulum developed by John Michell, usually (and in this book as well)
mentioned as probably the first person to come up with the idea of a black hole in the sense
of an object with an escape velocity exceeding the speed of light. (While the ‘Schwarzschild
radius’ turns out to be the same, one can move outward across the ‘event horizon’ of such a
‘Newtonian black hole’, just not escape to infinity ballistically even if moving at the speed
of light when leaving the surface; the event horizon in GR is much stricter.)

There are a few black-and-white figures scattered throughout the text, some due to his
daughters (who are also mentioned in the text, one also the subject of a photograph with her
head angled down by six degrees to simulate some of the effects of space flight on humans).
There are no footnotes; their function is covered by the endnotes, most of which, however, are
references (including titles of articles). A couple of pages of ‘Further Reading’ contain short
descriptions of eight books. Sadly, I’ve read only one completely, parts of another three, and
an earlier version of a fifth; the other three are on my (very long) list of books to read before
I die. (One of the ones which I’ve read partly is Newton’s Principia: “A challenging read
due to dated language [not to mention the original Latin], long-winded explanations, and
roundabout derivations. Still, it’s worth looking over the law of universal gravitation in the
words of the genius who revolutionized physics.”) A seven-page index ends the book.

Despite my complaints above, I enjoyed reading the book. It is well written and offers a

∗I’m aware of almost a dozen articles as well in which Harrison makes his point, published in a variety of
places, including very well-known journals.
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massesisonlypartoftheexplanationandthescatteringofradiationcanmakequiteabig
contribution,sodoyoubelievesomeofthepopulationofblack-holemasseshavebeen
overestimatedbecauseit’sassumedit’sallkinematics?

ProfessorSĳacki.Ithinkthatwithsomeoftheearlierresultsonehastobequitecareful
aboutthem.Again,Idonotthinkthatyourevisealltheresults.Therehavebeenacouple
ofpapersthatshowthatthescatteringcannotexplainallJWSTresults—youcannotget
awaywithremovingablackholeentirely,andinsomecasesblack-holemassesseemrobust.
TherewillbemoreobservationsanddeeperdatafromJWST.Thereisalottodeliver,so
thesethingswillbeironedout.

ThePresident.Thankyouverymuch.Thatwasabsolutelyfascinating.[Applause.]
OurnextspeakerisDr.RobEyles-Ferris.RobisaResearchAssociateattheUniversity

ofLeicesterwhoworksonhigh-energytransientstounderstandthelargestexplosionsin
theUniverse.Hisparticularresearchinterestsincludetidal-disruptionevents,fastX-ray
transients,andgamma-raybursts.

Dr.RobEyles-Ferris.TheEinsteinProbe(EP)isanewandtrulyinnovativemission
dedicatedtohigh-energyastrophysicaltransientsandisredefiningthelandscapeofitsfield.
ItsrevolutionaryWide-fieldX-rayTelescope(WXT)takesinspirationfromnature,specifically
theeyesoflobstersandcertainothercrustaceanswhichusetinyporesintheirsurfaceto
focuslightontotheretina.WXTusessimilarmicropore(ormicrochannel)opticstofocusX-
rayphotonsintoacross-shapedPSF.Whilesuch‘lobster-eye’instrumentsarelesssensitive
thantraditionalWolterX-raytelescopes,theyoffertwoadvantages:amuchlowermassand,
mostimportantly,afarwiderfieldofview.Withtwelveindividualmodules,WXThasan
unprecedentedfieldofviewof3600squaredegreesinthesoft(0·5–4keV)regimeandhas
thelargestgrasp(sensitivity×FoV)ofanyX-raytelescope.

EP/WXTistransformingourviewofX-raytransients,inparticular,fastX-raytransients
(FXTs).TheseareshortburstsofX-rayslastinghundredstothousandsofseconds,previously
identifiableonlyinarchivaldatalongafterthetransient.However,WXTisnowfindingthese
sourcesinrealtimeand,forthefirsttime,allowingpromptfollow-upandidentificationofthe
systemsthatpowertheseobjects.Whilesomehavebeenlinkedtopreviouslyknownclasses
oftransient,suchaslonggamma-raybursts(LGRBs),manyhavemoreuniqueorigins.

EP250108a,detectedin2025January,isonesuchFXT.TheinitialburstofX-rayslasted
2·5ksecbeforerapidlyfadingbeyondthereachofeventhemostsensitiveX-raytelescopes.
However,Iusedthe2-mLiverpoolTelescopetofinditsmuchlonger-livedopticalcounterpart.
Thissourceexhibitedunusualproperties,beingmuchbluer(hotter)thanexpectedforan
LGRBcounterpart,forinstance.Thecounterpartfadedandcooledquicklybeforerising
againasatype-Icbroad-lined(Ic-BL)supernova.Thesesupernovaearecausedbythe
collapseofmassivestarsandareoftenobservedfollowingLGRBs,suggestingacommon
originbetweenthesetransientsandEP250108a.Ourextensiveobservingcampaign,which
includedground-andspace-basedtelescopesfromtheVeryLargeTelescopeinChileto
JWST,producedawealthofdataacrosstheelectromagneticspectrumthroughwhichwe
couldunravelthemysteriousnatureofEP250108a.[SeeFig.6].

TherearetwowaysacollapsingstarcouldproducetheX-raysseeninEP250108a,through
aconvectiveengineorthroughlaunchinganarrowjetofejecta.Bothenginesaccelerate
materialtospeedsclosetothespeedoflightbutthemassrequiredtoproducetheobserved
luminositydifferssignificantlywithconvectiveenginesrequiringsignificantlygreatermass.
ThefirstphaseofEP250108a’sopticalcounterpart,whichwedubbedthe‘fast-cooling
phase’,isconsistentwithexplosiveejectaexpandingatspeedsafewtenthsthespeedof
light,andthatprovidesaclueastohowtheFXTispowered.Forthematerialtohaveslowed
tothemeasuredspeedsbythetimeoftheopticaldetection,arelativelylowmassisrequired
pointingtowardsthejetengine.However,thesejets,whichalsopowerLGRBs,normally
producemuchredder‘afterglow’emissionandlong-livedX-rayandradiocounterparts,none
ofwhichisseeninEP250108a.Instead,wesuggestthejetwastrappedeitherwithinthe
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whatdarkmatteris,orwhetherourlackofknowledgeofgravitationonthelargestscales
hasfooledus.”Inotherwords,Rubinherselfwasn’tsurewhethershehaddiscovereddark
matter.(Shealsocitedherpredecessorsinthefieldofflatrotationcurves.)Othermethodsof
findingevidencefordarkmatterarecovered,suchas‘direct’detectioninthelab(viaarare
interactionbetweenadark-matterparticleandanatomicnucleus),observingradiationfrom
thedecayorannihilationofdark-matter(anti)particles,andcreatingsuchparticlesinan
accelerator.(Thosemethodsareoftendubbed‘shakeit’,‘breakit’,and‘makeit’;ifmodified
gravityratherthandarkmatterisresponsible,thenthatwouldbe‘fakeit’.)Thediscussion
ofdarkenergyisbrief,butthattopicisonlymildlyrelevanttothemainsubjectofthebook.

ThenextchaptercoversmorespeculativeaspectsofGR:whiteholes,wormholes,naked
singularities,timemachines,andwarpdrives,andpointsouttheimpossibilityofanti-gravity
devices.Othercutting-edgetopicssuchas‘darkstars’(notdark,butratherpoweredbythe
annihilationordecayofdarkmatterasopposedtofusion),theMultiverse,andtheoriesof
everything(“theMobyDickofgravity”)arebrieflymentioned.

Thelastchapteronastrophysicsconcernstheoriginoftheelements.Whileofcoursemany
elementsaremadeinstarsandgravityplaysanimportantroleinstellarstructure,gravity
playsamoredirectrolethanwasassumeduntilrecentlyasseveralheavyelementsappear
tobeformedinthecollisionofneutronstars.Oneofthoseisiodine,whichisessentialfor
lifeasweknowit.Keepingwiththethemeofthebroadspectrumofthebook,thenext
chapterexplorestheroleofgravity,orthelackofit,indreams,andthefinalchaptertiesthe
fallingsensationcommonindreamstoEinstein’s‘happiestthought’,namelyrealizingthat
apersoninfreefallfeelsnogravity.Thepreviouslymentionedappendixprovesthatthis
bookcontainseverything,includingthekitchensink.Anotherappendixcontainstheonly
realmathsinthebook,usingtheflowing-spaceinterpretationtoderivecommonformulae
inGR.I’msurprisedthatthatinterpretationisnotbetterknown,especiallysincetomostit
isprobablyeasiertounderstandthantheconceptofspacetimecurvature.(Itisfarfromnew,
havingbeenproposedindependentlybyPainlevéin1922(amathematicianwhowasalso
primeministerofFrance)andGullstrand(aSwedish∗ophthamologist)in1925.)

Thebreadthoftopicscoveredisalsodemonstratedbythefactsthatforthesecondtime
inrecentbookreviewsofpopular-sciencebooks(whichnormallydon’tcitethetechnical
literatureatall),papersonthelong-termfutureoftheSun1,2†arecited—theotherbook3

wasreviewed4inthe2026FebruaryissueofthisMagazine—aswellasthreeworkson
lifeonotherplanetswrittenbyDirkSchulze-Makuch5–7(seethereview8ofanotherofhis
works9inthesepages).Unusualforabookongravity,therearealsoreferencestopapers
inDevelopmentalPsychology,ClinicalPsychologyReview,WesternJournalofEmergency
Medicine,andBrainResearchReviews.

Ofcourse,mostbooksIreviewhaveafewmistakes,andanhonestreviewmustmention
them.Kepler’sLaws,numbered,arestated,butthesecondisnottheusualone,butrather
the(correct)claimthat“theSunisn’tatthecenteroftheSolarSystem,butinsteadmoves
onitsown,smallellipticalorbit”.Animageofadistantbluegalaxygravitationallylensed
intoanalmostperfectEinsteinringwouldofcoursebemoreimpressiveifincolour,butthe
captionmentionsthosecolourswithrespecttotheblack-and-whiteimage.Thetextatleast
impliesthatHulseandTaylorwerebothatPrincetonwhentheydiscoveredthebinarypulsar;
theyweren’t.(Similarly,AdamRiessisnowatJohnsHopkins,butwasn’twhenhedidthe
workleadingtohisshareinthe2011NobelPrize.)Incontrasttoclaimsinthetext,Einstein

∗ThebookmakeshimSwiss,remindingmeofmyfriendfromViennawhousedtowearasweaterwith‘There
arenokangaroosinAustria’onthefront.Ironically,Gullstrandthoughtthatrelativityiswrongandused
hisinfluenceontheNobelcommitteetopreventEinsteinfromreceivingtheprizeforrelativity.Evenmore
ironically,Gullstrandwasknownforhishighlymathematicalwriting,muchofwhichconcernedthebending
oflight—butwithintheeye.
†IheardlecturesfromthefirstauthorwhenhewasanassistantprofessorandIwasastudentinHamburg;the
secondisafrequentcontributortoandformerEditorofthisMagazine.



60 2025 October 10 Meeting of the Vol. 146

Fig. 6
The light-curve of EP250108a’s counterpart across UV, optical, and infrared bands (bottom to top). The

dashed vertical line indicates the cutoff between the fast-cooling phase and the rising Ic-BL supernova. The
black vertical lines indicate our spectroscopic observations.

outer layers of the star or in the dense environment surrounding it to form a cocoon. These
rarely observed cocoons produce blue optical emission as they rapidly expand, exactly as we
saw in EP250108a. [see Fig. 7].

The later supernova provides further clues as to EP250108a’s nature. It closely resembles
Ic-BLs associated with LGRBs and other FXTs suggesting the same type of star powers
all these transients. This is consistent with our progenitor analysis which points towards
a Wolf–Rayet star 15 to 30 times the mass of the Sun. Our detailed spectra reveal further
hints as to the environment of the star. In particular, we see both evidence of hydrogen and
helium in the spectra. One particular hydrogen feature only briefly appears suggesting it
could be evidence of an extended shell, while helium is detected by JWST but not in optical
spectra. Together, these point towards a complex environment with significant earlier mass
loss from the star, possibly through stellar winds or common-envelope ejection, and implies
EP250108a’s progenitor probably resided in a binary or possibly even triple system.

There are still a number of open questions in the case of EP250108a. The exact reason the jet
failed to break out is still unknown — was the jet inherently weaker than typical for this type
of stellar collapse or was it trapped due to an exceptionally dense and complex environment?
The picture has been further complicated by EP’s detection of three more FXTs linked to
Ic-BLs. In one case, EP240414a, a third red component was observed pointing towards a
jet that just breaks out, while the other two sources display their own unique properties.
Together this suggests there is a spectrum to the jet behaviour that we are only just starting
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probably find Rick Riordon, author of The Trials of Apollo, who has written many books
for children which adapt ancient Greek and other mythologies for a modern readership.)
This is a book about gravity, but, compared to the books about General Relativity (GR) I’ve
reviewed in these pages, it takes a very broad view of its topic.

It starts off familiar enough, with a short zeroth chapter on Newton. The next two chapters
discuss the effects of gravity on humans and other animals. (The position of the heart in a
snake depends on whether it lives mostly underwater, crawls on land, or climbs trees; the
different positions are adaptations to the different effects of gravity on blood circulation.)
While its effects on humans are of course familiar to me, there is much fascinating information
on various experiments involving animals and their relation to gravity (mice suspended
by their tails, leaping nematodes, etc.). The fourth chapter (Chapter 3) brings us back to
astronomy, discussing the effect of gravity on the properties of planets. The next three
chapters are a more-or-less standard overview of the history of gravity in physics, but with
many details on Maupertuis, Cassini, and measuring the shape of the Earth. Special Relativity
and GR are introduced, and there is a good discussion on measurements of the gravitational
constant 𝐺, which is still the physical constant with the least-precise value.

We are then introduced to the flowing-space interpretation of GR.∗ That is a simple
example of the otherwise rather technical idea of ‘analog gravity’, and for many might
provide a more intuitive understanding of GR. There is also an appendix describing concrete
experiments one can do in a kitchen sink, with flowing water standing in for flowing space.

We are back in more-standard territory with the discussion of gravitational waves, which
starts with a quote from Joseph Weber: “They’ll put a bullet in my head.” That is from
one of the first interviews in the author’s science-journalism career; it was also the last
interview ever with Weber, who was willing to talk but only after being promised strict
confidence as long as he was alive. (Weber died not long after the interview, but from
lymphoma†, rather than a bullet from the National Science Foundation or anywhere else.)
When an undergraduate at the University of Maryland, Riordon knew Weber, who features
prominently in the acknowledgements, as one of his professors. Riordon notes, though,
that “Joe Weber may not have detected gravitational waves” and that his Lunar Surface
Gravimeter, placed on the Moon by the Apollo 17 astronauts, never worked either.

Chapter 9 gives an overview of various ideas for quantum gravity, and the next one of dark
matter and dark energy. Those are familiar topics for myself and presumably many readers
of this Magazine. Like the rest of the book, it is well written and essentially correct (see
below for a few common mistakes in other areas). However, despite mentioning Milgrom
and Finzi and their ideas of modified gravity — rarely mentioned in popular-science books
— , the dark-matter story is essentially limited to Rubin (and — also rare — her long-time
collaborator Ford) and Zwicky; Babcock, Bosma, and Roberts should at least be mentioned.
There is the familiar trope of Rubin not getting enough credit for her work and even being
overlooked for a Nobel Prize (though the common claim that that was due to sexism is
not repeated).‡ Interesting, though, is a quotation from Rubin: “Only the future will tell us

∗In contrast to various interpretations of Quantum Mechanics, different ways of looking at GR, such as the
standard way involving curvature, the flowing-space interpretation, the membrane paradigm, etc., do not differ
in their claims about the underlying physical reality, but rather are just different approaches, with a certain
approach more mathematically convenient for certain problems.
†I survived lymphoma twice; the first time in 2004. At least for my type of lymphoma, much progressed had
been made in the few years immediately before, in particular the introduction of rituximab.
‡No Nobel Prize has been awarded for the discovery of dark matter; had one been awarded while she was still
alive, my guess is that she would have been one of three recipients, though which of the three still alive then
would have been a difficult decision — but the difficulty of such a decision is almost certainly not the reason
for not awarding a Prize at all. Ford died in 2023, Roberts in 2024; of the obervational pioneers, only Bosma
is still alive. To some extent, the award to Peebles recognized his theoretical work on the role of dark matter in
astrophysics and cosmology.
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Fig.7
ThedifferencebetweenLGRBsandFXTswithcocoonslikeEP250108a.Ontheleft,thejetefficientlybreaks

outtoproducetheLGRBandanafterglow.Therighthand-sideshowsthesituationinEP250108awherethe
jetisunabletobreakoutandinsteadformsthebluethermalcocoon.

touncoverthankstoEP.Futuredetectionswillbevitalforansweringthesequestionsand
determiningexactlyhowthedeathsofmassivestarspowertheseextremeevents.

ThePresident.Thankyouverymuch.Wehaveaquestionon-line.
Dr.Rowell.Aquestionfromananonymousattendee:“Whatpercentageofthemass–

energyaccretingontoBHsgetsejectedinthejets?(Ipresumealljetsareequalandopposite
toconservemomentum.)”

Dr.Eyles-Ferris.Jetphysicsisverycomplicated.Wearestillnotentirelysurehow
theyworkandIverymuchsimplifiedthepicturehere.Youdon’talwaysgetjustjets,you
sometimesgetoutflowswhicharemovingmuchmoreslowlybutatmuchwiderangles.
Againwearenotreallysurehowtheyhappenorwhethertheyoccurinacore-collapse
supernova.Thereisquitealotofdebateastoexactlywhatisgoingon.Wedon’tknowfor
surehowmuchmassisejected.Itismostofit,Ithink.

ProfessorPaulCrowther.Canyousayanythingaboutthesizeoftheprogenitor—wasit
acompactWRthingoragiant?

Dr.Eyles-Ferris.WepresumeitwasaWolf–Rayetprobablywithitsatmospherestripped.
ItseemsafairlytypicalsupernovaprogenitorforaGRB.

ProfessorCrowther.Yes,alongthelinesofatypicalSNIc,broad-linedwithacompact,
hot,WR-likeHe-richenvelope.

Dr.Eyles-Ferris.Yes.
ThePresident.Thankyouverymuch.[Applause.]BeforeIintroducethenextspeakerI

musttellyouastory.WhenChatGPTfirstarrived,mycolleagueChrisScottdecidedtotake
mymagnetohydrodynamicslecturesandaskthemtobere-writteninthestyleofMonty
Python.[Laughter.]Unfortunately,hedidn’tnoticeanydifference,sohethenaskedthemto
bewritteninthestyleoftheGoons.Whatisinterestingisthatitwasidentifiablymynotes,it
wasidentifiablytheGoonShow,butafteryougotovertheamusementofBluebottletalking
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readerofftothebroaderliteraturetocomeupwiththeirownhypothesesandanalyses.Such
explorationswouldcertainlyberewarding,but,inaworldwherestudentsincreasinglyuse
LargeLanguageModelstoanswersuchhomeworkquestions,theymaybelessusefulina
formalteachingenvironment.Thegoalofthebook,tocoverthefieldofastrobiologyinits
truebreadth,fromstars(andevenfrombeforestarsform)tolife,isfullyachieved,andthere
willalmostcertainlybesomethingnewhereforanybodyinvolvedinastrobiology.Highly
recommended,andalreadyaddedtothereadinglistsofrelevantcoursesthatIteach.—
DaveClements.

TheBlueStragglerMystery,byMartinBeech(WorldScientific),2026.Pp.271,23·5×
15·5cm.Price£55(hardbound;ISBN9789819820085).

Bluestragglersarestarsthatlieinthevicinityofthemainsequenceinaclustercolour–
magnitude(orHR)diagram,butbluewardsoftheclusterturn-off.The‘mystery’is,orrather,
was,howtheycometobetherewhen,inthesimplestscenarios,theyshould’veevolvedaway
tothered.Thisnicelyproducedlittlehardback(alsoavailableasane-book)pursuesthat
question,usingthedeviceofallusiontodetectivefiction(particularlySherlockHolmes)to
framethechase.

Thisismoreascholarlybookthana‘popular’one,thoughwritteninarelaxednarrative
style.Thefirsttwochapters—roughlyhalfthepagecount—presentaprimerinbasicstellar
astrophysics(‘Themeasureofthestars’,‘Howthestarswork’),withthethird(‘Makingblue
stragglers’)reviewingthehistoricaldevelopmentofsolutionstothe‘mystery’.Afinal50-
pagechapter(‘Andfinally...’)isaspeculativerambletouchingontopicsasdiverseasalien
civilizations,blackholes,artificiallyengineeredstars,andmuchelsethatseemedtometobe
onlytenuouslylinked,atbest,tobluestragglers.Simpleequationsaresprinkledthroughout
thetext(minimalcalculusandnoderivations),asaregraphsandotherdiagrams,alongwith
afewastronomicalimages.Colourisusedtogoodeffect,andeachchapterissupportedby
apageortwoofreferences.Thereisnoindex.

Theacknowledgementsdon’tincludeanodtoanyoneforproof-readingthemanuscript,
whichmayexplainthesmatteringofinfelicitiesandoddities.Prettymuchallareharmless
(e.g.,areradioastronomersreallynotobservers[p.34]?Wasawide-field,shallowimage
ofthePleiadesreallyobtainedwithHST[p.57]?)orevenamusing(stars“slimingdown”
[p.88]),althoughthenaïvereadermaywronglyinferthatneutron-starmagneticfieldsare
aproximateconsequenceofconvection[p.137].Aforcefuleditormay’vealsoreinedinthe
author’sratherintrusivepredilectionfortheword‘indeed’.

RegardlessofthesetrivialquibblesIfoundthebooktobeanengagingandpleasantenough
read,evenifthecontentofthelastchapterwasn’tmuchtomytaste.Therealmysteryfor
mewas:forwhomisthebookintended?It’stootechnicalforageneralreadership;didactic,
butnotsuitableforuseasatextbook;andtheprincipaltopicissonarrowthattheinterested
researcherislikelytogodirectlytotheprimaryliterature.IthereforeturnedtotheWorld
Scientificwebsite,whereIlearnedthat,apparently,the“targetaudienceforthisbookis
theundergraduatesciencestudent,andtheinformed,general-readerontopicsrelatingto
astronomyandphysics.”Elementary.—IanD.Howarth.

Crush:CloseEncounterswithGravity,byJamesRiordon(TheMITPress),2025.Pp.287,
23×15cm.Price$29·95(about£22)(hardbound;ISBN9780262050982).

Thismightbetheonlybooktodiscussbotheventhorizonsandtheanatomyofsnakes.
ThenameJamesRiordonseemedfamiliartome,butprobablybecauseIwasthinking

ofJamesRiordan,whoplayedaroleintheApollo13mission.OrperhapsbecauseIhad
comeacrosssomethingelsebytheauthor,NASA-affiliatedsciencewriterJamesRiordon.
Confusingly,theauthor’sfather(alsoJamesRiordon)alsoworkedforNASA,ontheApollo
andSpaceShuttleprogrammes.(Finally,aninternetsearchfor‘Riordon’and‘Apollo’will
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about magnetic reconnection, it was profoundly unfunny. Our next speaker is Niall Jeffrey
from University College London. The reason I told you that story is because the title of his
talk is ‘What has AI ever done for us: learning about dark energy from dark matter’. Niall
did his PhD at UCL in 2019 and then went to Paris at the École Normale Supérieure and he
is currently a Senior Research Fellow back at UCL.

Dr. Niall Jeffrey. Understanding the cosmological model and the nature of the dark sector
— dark matter and dark energy — remains one of the central challenges in fundamental
physics. About 95% of the mass–energy content of the Universe is attributed to these
components, yet their properties and physical origin are unknown.

Recent results from the DESI experiment suggest that dark energy could be a dynamic
and exotic form of matter–energy rather than Einstein’s cosmological constant, as previously
thought.

The European Space Agency’s Euclid mission, launched in 2023, and the Rubin Obser-
vatory Legacy Survey of Space and Time (LSST) are upcoming cosmological experiments
designed to produce decisive constraints on dark-energy models. Among their primary probes
is weak gravitational lensing, which traces the distribution of dark matter and provides a
powerful test of dark-energy physics through its effect on cosmic structure.

Using new techniques from Artificial Intelligence (AI) within a rigorous statistical frame-
work, we can unlock new signatures of dark energy in these data. This will allow us to
discover or rule out different models of dark energy that would otherwise remain indistin-
guishable.

In advance of data from this new generation of cosmological experiments, current surveys
have taken the lead in developing these methods. One such experiment is the Dark Energy
Survey (DES) — an international collaboration to map hundreds of millions of galaxies.
Using the gravitational-lensing effect, these data are used to trace the dark-matter distribution
in the Universe.

Our team in DES has developed and applied a new AI framework, simulation-based
inference (SBI), to analyse weak-lensing data and to measure dark energy with unprecedented
precision. SBI is a novel technique that answers scientifically rigorous statistical questions,
using AI as a mathematical tool to do so. In this sense, the results are both testable and
interpretable — this is not ‘black-box’ AI.

In DES, SBI uses realistic simulations of the Universe to perform statistical inference
directly on the data, without relying on statistical approximations (regarding the ‘likelihood’
of data) or relying on simplified summary statistics (e.g., power spectra). Instead, with SBI
we learn from simulated data that include observational realism, enabling information from
the full lensing maps to be used in the inference. In this way, we use SBI to provide realism,
so that we trust our results, which then means we can reliably extract more information from
our data directly from the dark-matter maps.

This ‘map-level’ inference substantially improved the constraining power of DES. Applied
to gravitational-lensing data, SBI has delivered the most precise dark-energy analysis to date,
improving dark-energy constraints by more than a factor of two — equivalent to quadrupling
the effective DES data volume.

These analyses were enabled by the Gower Street simulation suite, comprising nearly
5000 large-volume cosmological simulations spanning three dark-energy models. These
simulations were produced using the UK’s scientific supercomputing infrastructure, DiRAC.
Developed for DES and extended for Euclid, this suite incorporates noise, masks, redshift
uncertainties, and galaxy alignments. SBI then connects these simulated data and the ‘true’
cosmological model (used in the simulated universe) using techniques from probabilistic
AI. Introducing the actual observed data to these learned statistical models leads to posterior
probabilities on the cosmological parameters of our Universe.

The techniques established with DES are now being extended to Euclid, whose imaging
data and survey volume will far exceed those of DES. By integrating SBI with Euclid
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background to understand it, but readers should get their overview of cosmology from
elsewhere. — Phillip Helbig.
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From Stars to Life: A Quantitative Approach to Astrobiology, by Manasvi Lingam
& Amedeo Balbi (Cambridge University Press), 2024. Pp. 400, 26 × 21 cm. Price
£59·99/$79·99 (hardbound; ISBN 978 1 009 41121 9).

Astrobiology is perhaps the most multidisciplinary science that can be imagined. Every-
thing, from cosmology to biology, planetary science to astrophysics, is involved at some
level, and a detailed understanding of the history of life on Earth is also necessary since we
have but one place where the emergence and evolution of life can be studied. In fact, if we
go so far as to include the search for extraterrestrial intelligence, we must add human history
and sociology to the mix. This extreme multidisciplinarity means that many textbooks that
cover astrobiology take separate chapters written by multiple authors and edit them together
to produce the final work. That is not the approach taken here as the authors bravely take
on the vast epic that is the story of life in the Universe from the Big Bang to the present
day and beyond. And in doing that they are largely successful, maintaining a coherent voice
and approach throughout. The book starts with the large-scale boundary conditions provided
by cosmology and then moves to the astrophysics of stars and planet formation. The Earth
is then studied in detail, including its early conditions, then looking at the possible routes
through which life might have originated here, and how life both affects and is affected
by the terrestrial environment. The lens then zooms out to look at broader questions of
habitability elsewhere, before potential astrobiological targets, inside and outside the Solar
System, are discussed. The astrophysical techniques for detecting life elsewhere, including
intelligent life, are then examined. The book’s subtitle is ‘a quantitative approach’ and there
is indeed a decent amount of quantitative analysis both in the text and in the included prob-
lems. However, the squishy and at times speculative nature of the field makes it inevitable
that a fair fraction of the problems are more wordy than quantitative, and try to send the



2026AprilRoyalAstronomicalSociety63

analyses,wewillobtainthemostaccurateandpreciseinferenceofdarkenergyfromweak
gravitationallensing.

Ifwewanttoexploittheseground-breakingdatasetsevenfurther,wecanusemoreofthe
Eucliddatathatproberelativelysmallcosmologicalscales(separationsofroughly5Mpc).

Thiscanintroducenewchallenges,asitrequiressimulationsatincreasinglysmallscales,
wheretheybecomecomputationallyexpensive.However,newstatisticalmachine-learning
techniquesmotivatedbythiscosmologicalchallengearealreadybeingdeveloped—and
theypromisetotransformhowwelearnthephysicsofthedarkUniverse.

ThePresident.Thankyouverymuch,Niall.Dowehaveanyquestions?
ReverendBarber.YoustartedbysayingthatusingAIyoubuildtrust.Howcanyoube

surethatyouarenotbakinginprejudiceinyourassumptionswhenyouaretrainingtheAI?
Dr.Jeffrey.Therearetwodifferentanswerstothat,oneofwhichisintheAIsystem.Is

itfindingtheoptimalsolutionthatwethinkitis?Hasitconverged?Wehaveastatistical
testtodothat.Ithinkthatmaybewhatyourquestionwasaboutiswhetherthemodelsthat
youarefeedingthesimulationaresomehowwrong:thereareassumptionsgoinginthatthe
AIsystemisusingandaresomehowwrong.Igetthisquestionafteralmosteverytalkand
theansweristhesameforallofscience.EverytimetheDarkEnergySurveyortheLarge
HadronColliderdoesananalysiswehavesolutionsandweareexpectedtobemoreclear
aboutourassumptions.Wedolaythemoutbetterthanotheranalystsdo.Thereistheusual
problemofknownunknownsandwecantryandcheckiftherearesourcesofsystematic
errorthere.ThereisaproblemwithunknownunknownsbutthatisnotaproblemforAIor
thiskindofanalysis—thatisaproblemforanyonewhohaseverdoneascientificanalysis.
Actually,becauseofthespeedofthiskindofthingweareabletodoteststhatpeoplewho
arenotusingthesetestsarenotabletodo—goodness-of-fits—soitactuallyaddsanextra
layeroftrustattheendaswell.

ThePresident.ActuallyIhadasimilarquestion.Iwaswonderingiftherewasanyadvantage
ingoingbacktowhatweknewbeforeAIdiscoveryandthenfeedingitallthroughandseeing
whatitmakeswhenweknowwehavemissedsomethingout.

Dr.Jeffrey.Whenthesesimulation-basedinferencetechniquesfirstcameout,peopledid
exactlythat.TheyranthepipelinethroughSNdata,forexample,toseeiftheyrecoveredthe
discoveryofdarkenergyandtheygotexactlythesameerrorbars.Forolderresults,noone
truststhisatthemoment,soforanyanalysiswehavetore-doitonoldtheoriesandevery
singletimeitworks.

ThePresident.ItisalwaystheworrywhatwouldAIdowhenfacedwithsomethingthat
wedidnotknowabout.

Dr.Jeffrey.Thatistrueofallscience.Plotsbeforescatterplotsandthenthereisanoutlier.
Itisthescientificmethodthatistheproblemthere.

ProfessorEllis.Thereisthefigureontheleftwiththetwo-pointcorrelationfunctionand
thenyousaidthegreatadvantagewiththenewmethodisthatyoucandoitverymuchfaster.
Itisequivalenttohavingbetterdata.I’msurethatthecontourshaveshrunkbuttheanswer
isdifferentsowhyisthat?

Dr.Jeffrey.Doyouknowtheanswer?[Laughter.]
ProfessorEllis.It’soffset.
Dr.Jeffrey.It’soffset,yes.Youarelookingatdifferentdata,ineffect.Whenyoumeasure

thepowerspectrumyouaretakingafractionoftheDESdata.Ifyoudidanyexperiment
twicetherewouldbeanoffsetbecauseitsarandomprocesssothereisnoisethatisinthe
maplevelthatisnotinthepower-spectrumanalysis.Theyarenotthesamedata,justwitha
differentmodel,itisactuallynewdata.

ProfessorEllis.Thatiskindofworrying,though?
Dr.Jeffrey.No.Ifwedidanexperimentandthenpublishedourresults,weshouldn’tget

theerrorbarsinthesameplace,theyshouldbeoffsetbecausewebothhavedifferentdata.
Whatishappeninghereisthatthemap-levelstuffisactuallyseeingdifferentdatathanwhat
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hasmadethatjournaloneofthemostfamousincosmology!(Itwasalsonotasobscureat
thetimeasissometimesclaimed.)Whileitistruethathispaperonrelativisticcosmology8

hadlittleimpactatthetime,thatisalsotrueofFriedmann’spapers9,10,eventhoughthey
werepublishedinGerman,aswasmuchoftheastronomicalliteratureatthetime,andin
ZeitschriftfürPhysik,aleadingjournal.(BaggottdoesnotethatFriedmannoverlookedthe
flat𝑘=0case,firstdiscussedbyRobertson11.∗)BaggottgivesLemaîtrecreditforfirst
calculatingwhatwouldlaterbeknownastheHubbleconstant†,butmissestheimportant
detailthathis“ofnoactualinterest”isalmostcertainlyatooliteraltranslationofactuel,
whichmeans‘current’inFrench12.

IfoundthediscussionofthedeSitteruniverse(auniversewithnomatterandacosm-
ologicalconstant;theexpansionisexponentialandtheHubbleconstantconstantintime‡)
somewhatconfusing,asitispresentedasauniversewithpositivespatialcurvature,whereas
mostmoderncosmologybooksdescribeitasbeingflat.Eitheriscorrect,dependingonthe
coordinateschosen.However,theexplanationistoocomplicated(e.g.,ref.13)tobeexplained
insuchabook;theslightlyahistoricalmoderndescriptionmightbemoreappropriate.§

TheepiloguebrieflydiscussesafewideaswhichhavebeeninspiredbytheHubble
tensionand/orpossibleexplanationsforit.Itisnotintendedtobeathoroughdiscussionbut
rathertoputtheHubbletensionincontext.Threeappendicescoversymbolsandacronyms,
cosmologicaldistances,andlookbacktimeasafunctionofredshift.Thereareseveralblack-
and-whiteillustrationsscatteredthroughoutthetext.Apageofacknowledgementsandmore
thanthreeoffigureandphotocreditsindicatewhatavastundertakingsuchabookis,even
moresobecausethesubjectisverycurrent.Somewhatunusualisthatphotos(ofpeople)
andotherfiguresarenumberedseparately(thoughofcourseimagesofgalaxiestakenwith
photographicplatesarecertainlyphotosinthenormalsenseoftheword).Thereareno
footnotesbutabitmorethanseventeenpagesofendnotes,mostofwhicharereferences.The
bibliographyofabouttwo-and-one-halfpagesisalistofbooksforfurtherreadingand/or
backgroundmaterialusedbytheauthor(asopposedtotheexplicitreferencesinthenotes).
Athirteen-and-one-half-pageindexendsthebook.

Iwouldliketohavelikedthisbookmore.Theintroductorychapterson(thehistoryof)
astronomyandcosmologyareinterestingandusefuland,thoughtailoredtothethemeof
thebook,oftenpresentmorethanjustthestandardmaterial.Thematerialonrelatively
newobservationalcosmology(CMB,baryonacousticoscillations,andtheHubbletension
itself)isgood.Thebookiswellwrittenatanappropriatelevelanditisusefultohave
suchbooksoncurrenttopics.However,anyrecommendationhastobetemperedbyseveral
atbestmisleadingstatementsaboutcosmology,mostofwhichI’veseenelsewhere.That
ispartoftheproblem:Idoubtthatmostauthorsmakethesamemistakesindependently.
Rather,mistakesinthesourcematerialliveoninnewerworks,anditwouldbeashame
ifanotherwisegoodbookbyawell-knownpopularizerofsciencekeepsthattrendalive.
ItprovidesagoodoverviewoftheHubbletension,whyitisimportant,andthenecessary

∗AlthoughthatmodelwaslaterdiscussedbyRobertsonandothers,hisdoctoralthesisiscertainlymoreobscure
thanLemaître’spaperinFrench.
†WhiletheIAUvotedtorenametheHubblelawtheHubble–Lemaîtrelaw,theconstantisstilljusttheHubble
constant.
‡Ingeneral,theHubbleconstantisnotconstantintime.However,thatisnotamisnomer;itistheconstantinthe
equation𝑣=𝐻𝐷.ThusIdisagreewithBaggottwhoclaimsthatitshouldbecalledthe‘Hubbleparameter’for
thatreason.Bycontrast,thecosmologicalconstantisconstantintime.ThedeSittermodelhasotherfeatures
whicharenottrueingeneral,e.g.,theHubbleradiusisalsotheradiusoftheeventhorizon.
§ReadersofGermanmightwanttoconsultadoctoralthesis14bythesameauthorasthatofref.13formore
backgroundondeSitter’sroleintheearlydaysofrelativityandrelativisticcosmology.AlthoughEddington
iswellknownasachampionandpopularizerofGeneralRelativity,deSitterwasaswell,e.g.,verysoon
aftertheinitialpaperbyEinstein15,hewrotea‘popular’summaryinthesepages16aswellasmoredetailed
explications17–19.
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is in the two-point, so if this was in the same place that is the worrying thing because it
means we have cheated.

Professor Ellis. So the original paper is wrong?
Dr. Jeffrey. No. It is a fact that the map level is seeing information data in some way that

the two-point is not seeing, so you expect there to be a shift because it is stochastic.
Dr. Patrick Leahy. I’m not a total expert on this but I know that you don’t have to stop

at two-point. If you go to three-point, four-point, etc., do you end up summarizing all the
information that is in the data?

Dr. Jeffrey. Technically not. Practically, if we do it in three-point, it improves it by 20%,
not a factor of two. The reason why is because you can characterize a statistical process by a
sum of 𝑛-point functions only if it is somehow perturbative. As soon as you have non-linear
structure formation, in this case of dark matter crossing over each other, it became more
non-perturbative so you are not guaranteed that that particular expansion would converge to
all the information.

Dr. Quentin Stanley. There is an interesting thing that was pointed out to me recently
and this is the danger of training data that is diagnosing on cancerous moles where a lot of
training data was taken from images taken over many years and grew a data set. The trouble
was that the final result was determined whether or not the rule that was used to measure
the mole was present in those images. Metadata is one of those unknown unknowns which
is present and you do not realize it has been there. We had a presentation last year when
it was looking at lots of data from datasets and trying to get the same data from datasets
to match is very difficult and therefore you have this added problem of making sure your
simulations match the type of data you’ve got. It is a huge problem and it is a magical thing
to get anywhere close to it.

Dr. Jeffrey. Simulating things is hard. If we don’t include something in our simulation
of the active data then these contours would be in the wrong place. There is a whole other
aspect of this which is standard statistics, which is goodness-of-fit testing. If I have my data,
what are my parameters which have been learned, but there is also an aspect which ‘is do the
simulations in our case look like the observations?’ and there is significant work being done
on that front as well. It is things that people are not doing in the standard analysis — people
don’t do these goodness-of-fit things like posterior-predicted distributions, prior-predicted
distributions. We are forced to do it because of questions like this. Nobody else is doing it
so we are actually going significantly beyond those goodness-of-fit-metrics.

Dr. Stanley. Could you define the phrase ‘looks like’?
Dr. Jeffrey. No. It’s mathematically well defined. It’s just difficult to convert that state-

ment into words. Every time you have a statistical process then there is some probability
distribution which is millions of dimensions. This is a higher-dimension space of images
that we expect and images that we don’t expect, so if we can somehow change that higher-
dimension probability space you can say, given the actual data I have got, whether it was
high probability.

Dr. Stanley. I know that in the world there is a huge examination of the type of statistics
you can use. It can differ and again, this is part of the learning process. In 100 years it will
be a totally different scene.

The President. The problem is not a new one. When neural networks were first introduced
they tried to use it on aircraft identification and it was getting Russian and US aircraft right
every time, until they gave it a colour photo of a Russian plane. Any other questions?

A Fellow. It seems to me that in the last ten years there have been few occasions when
theoreticians have told observers that their observations are wrong. Is that anybody else’s
experience? ΛCDM has proved itself to be extremely flexible — there are a couple of
parameters in there which can be adjusted until the theory fits the facts. Can you design
experiments with your AI which will actually test the theory, but a real scientific method
which is to try and invalidate the theorem.
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for a universe with no cosmological constant as if that applied in general (it doesn’t, and
in particular doesn’t appy to our Universe) and by implying that the recession velocity of
galaxies cannot exceed the speed of light 𝑐. The latter is especially strange in a book on the
Hubble constant: 𝑣 = 𝐻𝐷 where 𝑣 is the recession velocity and 𝐷 is the distance; if D is
large enough, 𝑣 can exceed 𝑐 4,5. He mentions that, trivially of course, a change in the rate of
expansion would show up as a deviation from a straight line in a plot of the scale factor as a
function or time, but also that that would lead to deviations from a straight line in “the plot
of redshift vs magnitude or distance”; in the latter case, one would expect deviations from a
straight line for other reasons as well. A few pages later is the huge mistake of claiming that
the relativistic Doppler formula is somehow relevant for cosmology “as recession speeds
approach the speed of light”. While it is true that 𝑣 ≈ 𝑐𝑧 is no longer valid at high redshift,
that doesn’t mean that the relativistic Doppler formula is, and it most certainly isn’t. An easy
way to see that is that the relativistic Doppler formula contains no cosmological parameters,
not even the Hubble constant. Are we expected to believe that recession velocity as a function
of redshift is independent of the cosmological parameters? (To be sure, the non-relativistic
Doppler formula doesn’t contain any cosmological parameters either, but it is valid because
things are linear to first order.) If I were granted one wish, it might be that everyone interested
in cosmology read and understand refs. 4 and 5. I give credit to Baggott for quoting from
Dicke’s Jayne lecture, but the discussion of the flatness problem ignores the literature on
that topic after 1979, even though several well known cosmologists have questioned the
standard interpretation (e.g., ref. 6 for a review). Also annoying is the claim that inflation,
dark matter, and dark energy were all introduced as ad hoc solutions to various problems.
While the evidence for them might not be as strong as for other things, the truth is more
complex. Other strange statements occur, such as that one can calculate the 𝑚–𝑧 relation
for a flat universe with different values of the density parameter ΩM (clearly labelled on the
example figure from the literature) “with no assumptions about the value of ΩΛ”; for a flat
universe, ΩΛ = 1 −ΩM.

On the other hand, it is refreshing to see a discussion of flat galaxy rotation curves start
with the work of Babcock. (But crediting Zwicky as the discoverer of dark matter makes
sense only if that is qualified (which Baggott doesn’t do): Zwicky was the first to suggest that
there could be much more dark than luminous matter, though the importance of that was not
appreciated until it was realized that most cosmological dark matter cannot be baryonic.)
The discussion on CMB cosmology in Chapter 9 is very good. And Chapter 10, the one
actually about the Hubble tension, gives a good overview.

Familiar is the story of Hubble finding a Cepheid in what is now known as the Andromeda
galaxy and thus discovering that it is far enough away to be outside the Milky Way and
be a galaxy (even larger than the Milky Way) in its own right. Baggott mentions that not
only had that Cepheid been discovered by Humason, but that Humason had approached
Shapley, suggesting that it could be used to measure the distance to Andromeda. However,
before leaving for Harvard, Shapley erased Humason’s marks from the plate. That story is
also told by Christianson 7, but I had forgotten it, probably because Christianson recounts
many episodes in which Hubble took more than his share of the credit. Other material is
more familiar, such as Lemaître publishing in French in the “obscure journal” Annales de
la Societé Scientifique de Bruxelles, a fact that has been mentioned so many times that it

one which is flat or negatively curved will expand forever. One might thus grant some poetic licence in referring
to a universe which will collapse as ‘closed’ — perhaps closed in time, whatever its spatial curvature. However,
describing the Einstein–de Sitter universe, which is spatially flat and thus infinite in extent but with a rate of
expansion which asymptotically approaches zero as having “just enough density of matter to halt the expansion
and close the universe after an infinite amount of time” is going too far. On another page, it is claimed that
in the Einstein–de Sitter universe, not only will expansion stop, but the scale factor will go back to zero after
an infinite time; there is no interpretation in which that make sense. Interestingly, there is a long history of
referring to such borderline cases as closed. 3
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Dr.Jeffrey.WhenIsayinformation-extraction,whatitisdoingisdesigninganexperiment.
Itissayingthattwo-pointstatisticsasanexperimentarelessgood.Canyoudesignsomeother
summaryofthedata?Intermsofquestionslike‘Canyouinvalidate...?’,Ithinkitcomes
backtothisquestionofgoodness-of-fit,andobviouslyasascientistthatiswhatwewould
like,whichisadditionally‘Canourmodelnotineverywaydescribeourdata?’Isupposethat
isalmostalwaystrueandthenyougetridofallsourcesofsystematicerrorandhopefullyfind
thatitstilldoesn’tmatch.Ithinkthatislikegoodness-of-fitbutIdon’tthinkthatdesignis
necessarilythewaytogo,partlybecausewearenotlimitedbyourdataanymore.Cosmology
isnotadata-limitedexercise,itisamethodology,atheoreticalstatistics-limitedproblem.At
themomentallthedark-energyresultscombinegalaxyobservations,CMB,andSN.With
Euclidweaklensingalonewillbeabletobeatdowntheerrorbaronsomethings.Rather
thantryingtothinkwhatthenextstepiswewillhaveourworkcutoutjusttryingtousethat
datasetalone.

ThePresident.Thankyouverymuch.[Applause.]I’mnotsurewhatIhavelearned.
[Laughter.]I’mactuallywonderingifIshouldgiveatalkonwhatdifferentialcalculuscan
doforus.Abigthankyoutoourspeakersthisevening,ithasbeenabsolutelywonderful.
ThenextHighlightsmeetingwillbeonFriday,November14th.Weareunabletoofferdrinks
atBurlingtonHousetodayduetoamixtureoflicensinglawsandfire-regulationproblems.
Wearelookingatitandwillfindanalternativesolution.Thanksforcomingandthankyou
againtoourspeakersandwe’llseeyouinamonth.

MEETINGOFTHEROYALASTRONOMICALSOCIETY

Friday2025November14at16h00m

intheGeologicalSocietyLectureTheatre,BurlingtonHouse

MikeLockwood,President
intheChair

ThePresident.Acoupleofspeakerswereunabletomakeittodaysowehavetwotalks
on-lineandoneinperson.ThefirstspeakerisNigelMeredith.NigelstartedatUCLin
1984andmovedtothedownlandoutstationatMullardSpaceScienceLaboratoryin1996.
Since2004hehasworkedattheBritishAntarcticSurveyinCambridgeandhisworkon
theradiationbeltswonhimtheRASChapmanMedalthisyear.Hewillbetalkingabout
‘ExtremerelativisticelectronfluxesintheEarth’souterradiationbelt’.

Dr.NigelMeredith.Relativisticelectrons(𝐸>0·5MeV)areamajorsourceofradiation
damagetosatellites.These,so-called‘killerelectrons’,canpenetratesatellitesurfacesand
embedthemselvesininsulatingmaterialsandungroundedconductors.Here,thecharge
accumulatesovertime,resultinginthebuild-upofhighelectricfieldswhichmayeventually
exceedbreakdownlevels.Thesubsequentdischargemayleadtophantomcommands,logic
errors,lossoffunctionalityand,inrarecases,seriousharmtoasatellite.

Relativisticelectronsinnear-Earthspacenormallyoccupytwodistinctzones.Theinner
radiationbelt,whichtypicallyoccursintheregion1·2<𝐿<2·0,isrelativelystable.Here
𝐿isthedistancefromthecentreoftheEarthtothemagneticequatorialcrossingofagiven
geomagneticfieldlinemeasuredinEarthradii.Furtherout,theouterradiationbelttypically
liesinregion3<𝐿<8andishighlydynamic.

Ourcriticalinfrastructureextendsto6·6Earthradii.Asof2023therewereover7500
operationalsatellitesinEarthorbit,including6800inlowEarthorbit,143inmediumEarth
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ofthefutureimpactofhigh-techground-basedobservatoriessuchasRubinandtheE-ELT
thatarecomingon-streaminthepresentdecade.

ThewritershavealsobetweenthemauthoredotherbooksintheKosmosseriescovering
thetopicsofMercury,Venus,Asteroids,Jupiter,andSaturn.BillSheehanparticularlyhas
beenaprolificlife-longwriterandhispassionforSolarSystemstudiesisplaintosee.It’s
notsosurprisingthatthismostrecentpublicationisoneoftheverybesttohavebeenwritten
withrespecttotheSolarSystem.—RichardMiles.

Discordance:TheTroubledHistoryoftheHubbleConstant,byJimBaggott(Oxford
UniversityPress),2025.Pp.328,24×15cm.Price£20(hardbound;ISBN978019
2864062).

Recently,IreviewedabookinthesepagesbyBaggott&Heilbron1;thisbookisdedicated
toJohnHeilbron,whodiedaroundthetimetheirjointbookwascompleted.Inabout1975,I
readoneofthemanybooksI’vereadbyIsaacAsimov2;despitebeingthetitleofthebook,
theneutrinodoesn’tappearuntilabouthalf-waythrough.Asimovspentthefirsthalfofthe
bookonthehistoryofconservationlaws,whichofcourseareessentialforunderstanding
whytheneutrinowasoriginallypostulated,andwhyitwasacceptedlongbeforeitwas
actuallydiscovered.Baggottfollowsasimilarbutmoreextemeapproach,withtheHubble
tensionappearingonlyinthetenthandfinalchapter.TheHubbletensionreferstothefact
that‘local’measurementsoftheHubbleconstant𝐻(¤𝑅/𝑅,where𝑅isthescalefactorof
theUniverse;often,𝐻0isdiscussed,where,aswithothercosmologicalparameters,0refers
tothevaluetoday)tendtogiveahighervalue(≈73km/s/Mpcintheusualunits)whereas
deriving𝐻0frommeasurementsofthecosmicmicrowavebackground(CMB)tendstogive
alowervalue(≈67).Olderreadersmightrememberwhenthetensionwasbetween50
and100.Thesituationtodayisdifferent,though.TheHubbletensionofafewdecadesago
wasprimarilybetweendifferentgroups(withAllanSandageandhisfollowersfavouring
lowvalues,sometimesevenlowerthan50,andGérarddeVaucouleursandcollaborators
preferringhighvalues),whatevermethodstheyused.Today,itisprimarilybetweendifferent
methods,thesizeoftheerrorbarshasdecreasedproportionallybymorethanthedifference
betweenthetwovalues(resultinginastatisticallysignificanttension),thecauseofthetension
isnotasclear,anditismorecommontoseeitaspossibleevidenceofnewphysics.There
isalsotensionwithinthehigh-valuecamp,withAdamRiessandcollaboratorspreferringa
somewhathighervaluewhileWendyFreedmanandherteamadvocatealowervaluewith
ofcourselesstensionwiththeCMBvaluebutperhapsevenwithoutasignificantstatistical
discrepancy.

I’mnotsurewhythezerothchapterisaprologueratherthanaproperchapter(at15pages,
itisonlyslightlyshorterthantheotherchapters,whichaverageabout25);itintroduces
thebasicsofstellarastrophysics.Fromthere,wegetninechapterswhichintroduceenough
cosmology(oftenintheformofahistoricalnarrative,andincludingmanyquotations)to
placetheHubbletensionintheproperperspective:Leavitt’slaw;thescaleoftheUniverse;
theHubbleconstant;Lemaître’scosmology,stellarpopulations,BigBangnucleosynthesis,
andthecosmicmicrowavebackground;cosmologicalparameters;themuchlargerHubble
tensionofafewdecadesagoandthedebatebetweenthelowvalueofSandageandthe
highvalueofdeVaucouleurs;inflation;darkenergyandtheacceleratingUniverse;andthe
standardorconcordancemodelofcosmology.Ofcourse,manybookshavebeenwritten
abouteachofthosetopics;thestillratherlongsummaryhereisintendedtosetthebackground
fortheHubbletension,butisagoodsummaryinitself.

Baggottgetssomethingsrightwhichmanyauthorsgetwrong,suchastheexplanationof
thecosmologicalredshift.Buthemakescommonmistakes(aboutwhichI’vecomplainedin
manyreviewsinthesepages)byrecountingtherelationshipbetweengeometryanddestiny∗

∗Ifthereisnocosmologicalconstant,aspatiallycloseduniversewillcollapseafterinitialexpansion,whereas
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orbit, and 590 in geostationary orbit. Most are exposed to relativistic electrons in the Earth’s
radiation belts at some or all points in their orbits.

To determine the highest fluxes that may potentially be encountered in any given orbit we
use a branch of statistics known as extreme-value analysis. For consistency with an earlier
study of relativistic electrons at geostationary orbit, we use the excess-over-high-threshold
method. For this approach the appropriate distribution function is the Generalized Pareto
Distribution.

In 2014, we conducted an extreme-value analysis of the daily averaged 𝐸 > 2 MeV
electron fluxes from the GOES satellites in geostationary orbit during the 19·5 year period
from 1995 January 1 to 2014 June 30. We found the 1-in-10, 1-in-50, and 1-in-100-years
daily averaged 𝐸 > 2 MeV electron fluxes at GOES West to be 1·8 × 105, 5·0 × 105,
and 7·7 × 105 cm−2 s−1 sr−1, respectively. The largest event seen during this period was a
particularly extreme event, which the extreme-value analysis suggests was a 1-in-50-years
event.

More recently, we conducted an extreme-value analysis of the daily averaged electron
fluxes in GPS orbit as a function of energy and 𝐿 using data from the US GPS NS41
satellite during the 19·5 year period from 2000 December 10 to 2020 July 25. We found
that the 1-in-10-years flux at 𝐿 = 4·5, in the heart of the outer radiation belt, decreases
with increasing energy ranging from 8·2 × 106 cm−2 s−1 sr−1 MeV−1 at 𝐸 = 0·6 MeV to
33 cm−2 s−1 sr−1 MeV−1 at 𝐸 = 8·0 MeV. In this region, the 1-in-100-years event is a factor
of 1·1–1·7 times larger than the corresponding 1-in-10-years event. Further out, the 1-in-
10-years flux at 𝐿 = 6·5, on field lines which map to the vicinity of geostationary orbit,
decreases with increasing energy ranging from 6·25 cm−2 s−1 sr−1 MeV−1 at 𝐸 = 0·6 MeV
to 0·48 cm−2 s−1 sr−1 MeV−1 at 𝐸 = 8·0 MeV. Here, the 1-in-100-years event is a factor of
1·1–13 times larger than the corresponding 1-in-10-years event, with the value of the factor
increasing with increasing energy.

The determination of the 1-in-10 and 1-in-100-years extreme fluxes of 𝐸 > 2 MeV electrons
in geostationary orbit had immediate impact. They have been used by the Met Office to
update the UK Cabinet Office National Security Risk Assessment and included the US
‘Space Weather Phase 1 Benchmarks’ report. They have also been used by SES Global,
a major satellite operator, to improve the definition of spacecraft requirements and in the
evaluation of satellite proposals, and by Atrium Space Insurance Consortium, a consortium
of ten Lloyd’s of London insurance syndicates, in dialogues with clients.

Having discussed some of my recent research, I will now spend the remainder of my talk
discussing my outreach activities with the ‘sounds of space’. Space is a near-perfect vacuum
and utterly silent. However, space is full of a rich variety of electromagnetic and gravitational
waves. Converting these waves to sound reveals series of weird and wonderful noises, known
as the ‘sounds of space’.

In 2017 we set up a multi-disciplinary art–science collaboration, the Sounds of Space
Project, comprising musician/composer Kim Cunio, multimedia artist Diana Scarborough,
and myself, to exploit these amazing natural ‘sounds’ and make them more accessible to
wider audiences. We have since used the space ‘sounds’ in talks, performances (including
animations, soundscapes, and contemporary dance), short films, and music.

In 2018 we started work on an album, combining ‘sounds’ from the VLF receiver at
the Halley Research Station in the Antarctic with original music. The resulting album,
Aurora Musicalis, was released in 2020 May. It is partly a soundscape drawn from our most
mysterious continent and partly a response to the natural radio ‘sounds’ of our planet. It
invites us to relax and enjoy the ‘sounds of space’ set to ambient music on the grand piano.

Our second album, Celestial Incantations, released in 2021 June, builds on the first album
by introducing a whole new spectrum of space ‘sounds’ and a huge musical palette —
including orchestral instruments, traditional instruments, and electronics. This album invites
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Annual Review of Astronomy and Astrophysics, Volume 63, 2025, edited by E. van
Dishoeck & Robert C. Kennicutt (Annual Reviews), 2025. Pp. 523, 24 × 19 cm. Price
from $481 (print and on-line for institutions; about £360) (hardbound; ISBN 978 0 8243
0963 3).

Sadly, the latest volume of Annual Review does not start with the traditional autobiograph-
ical account by one of astronomy’s grandees, but is nonetheless full of beautifully presented
accounts of the hot topics in the field.

Planetary science looms large this year with the formation of giant planets discussed
by Ikoma & Kobayashi, be they local or around more distant stars. With observations
from ground-based and space telescopes, we can now examine the spectra of exoplanet
atmospheres, as revealed by Snellen, while Vidotto models the interactions those exoplanets
may have with their host stars. A further article on exoplanet research is that by Kenworthy
& Haffert showing how high-contrast coronagraphy can now be used to probe such systems.

Moving on to stars, their formation processes, for both high- and low-mass objects, are
compared and contrasted in the leading paper by Beuther et al. Perhaps the most interesting
topic for me was the discussion of ‘Blue Stragglers & Friends’ by Mathieu & Pols, in which
the results of binary interaction during evolution is now seen to produce not only blue
stragglers — a field in which I once wandered — but also yellow stragglers.

Edging on to more massive objects still, a comprehensive study of how galaxies come
together — entitled ‘Extragalactic Archaeology’ — is described by van de Ven et al., while
the kinematics of the Local Group is considered by Strigari. Coming on to high-energy
matters, the impact of ionizing radiation from galaxies on the intergalactic medium is
outlined by Jaskot; X-rays from AGN due to super-massive black holes are considered by
Kara & García; energy production by relativistic magnetic reconnection sparked by black
holes and neutron stars is described by Sironi et al.; and the nature and origin of ultrahigh-
energy cosmic rays are whimsically portrayed by Globus & Blandford. — David Stickland.

The Solar System, by William Sheehan & Clifford J. Cunningham (Reaktion), 2025.
Pp. 407, 22 × 18 cm. Price £25·00 (hardbound; ISBN 978 1 83639 064 0).

This work published by Reaktion Books, one of thirteen volumes in a series edited by Peter
Morris entitled Kosmos, investigates historical, contemporary and future developments in
Solar System astronomy. Both authors are accomplished writers and researchers, uncovering
many new insights into what could be considered a well-worn subject. They have created
both a fine literary work and an accurate and authoritative account that has been a pleasure
to read. Their commanding use of the English language is impressive. Be prepared both to
be entertained by their prose and to learn some deeper truths about stories from the past.
Evidence of their in-depth knowledge is provided by way of 19 pages of references covering
the ten chapters of text and splendid illustrations.

In many places, they write to put the historical record straight given that 2025 provides the
truest perspective yet of observational astronomy over the centuries leading up to the Space
Age, and the almost seven decades of space-probe exploration of the Solar System since —
a privileged vantage point indeed! A nice touch used throughout the book, which makes it
very readable, is the wealth of apposite quotations and extracts from the literature, not only
scientific but also many of literary merit. Some are verbal quotes — well-founded views of
astronomers currently working in the relevant field.

I would have liked more detail in the last chapter, ‘The Outer Solar System’, in that it
covers a diverse range of topics, including interstellar objects, yet occupies only one-eighth
of the main text. The style is necessarily more concise there than in the rest of the volume.
Illustrations and new findings made possible thanks to the James Webb Space Telescope are
included, as are many fine HST and space-probe images, but more could have been made
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ustoconsiderthevastnessofspace,andembarkonaspectacularjourneyof‘sound’from
EarthtobeyondtheGalaxy.

Wehavesincereleasedadditionalalbums,exploringdifferentthemes.Sunconscious,
releasedin2022,featuresmusicinspiredbyandincluding‘sounds’oftheSun.These
eclectic‘sounds’areaccompaniedbythehurdy-gurdy,thetheremin,anelectronickeyboard,
andharmonicchantingintoawell.Morerecently,Moontopia,releasedin2025,features
musicinspiredbyandincludingspace‘sounds’recordedbyspacecraftinthevicinityof
moonsofJupiterandSaturn.These‘sounds’areaccompaniedbyavarietyofinstruments
includingthepiano,percussion,keyboards,thedaegum,andadidjeridoo.

Inaseparateventurethe’soundsofspace’fromHalleywereincorporatedintoanupdate
ofthespacesimulationvideogameEliteDangerousin2018December.Inthiscollaboration
IworkedwithFrontierDevelopments,thecreatorsofEliteDangerous,toincorporatethe
eeriesoundsintothenewgameplay.

ThePresident.Thankyouverymuch.Dowehaveanyquestions?
Mr.HoraceRegnart.Itisworthrememberingthatabout20%oftheworld’seconomy

dependsonnear-Earthspaceactivity.
Dr.Meredith.That’sright.
ThePresident.CouldIaskyouaquestion?Youmentionedinsuranceissues.Inoticethat

myhomeinsuranceisinvalidatedifIdon’tlockthefrontdoorwhenIgoout.Isthesame
sortofthinghappeninginspaceifpeople,forexample,powerdownandthenleavethe
spacecraft.Istheinsuranceinvalidatedoristhatnotyetonthecards?

Dr.Meredith.Idon’thaveaccesstoanyprecisedetailsonhowourfindingshavebeen
usedbytheinsuranceindustry.However,Idoknowthattheyhavebeenusedbyspacecraft
insurerstohelpthemmakesurethatsatellitemanufacturersandoperatorsaredoingallthey
cantoensurethatsatelliteshavesufficientdesignmargins.

ThePresident.ThereasonIaskitisbecauseitraisestheleveloftrustintheforecast.
Dr.Meredith.Spaceweather,likeweatheronEarth,canbehighlyvariableanddifficult

toforecastaccuratelyallofthetime.Weprovideourbestforecaststoourstakeholdersand
theyusethemaspartoftheiranalysisofon-goingrisks.Asourforecastsdevelopandtheir
useincreasesourstakeholderswillbeabletogetabetterassessmentoftheutilityofthe
forecasts.

Dr.PamelaRowden.JohnFairweathercomments“ThoseofuswhorememberJourney
intoSpacethesesoundswillremindusofthatprogramme”.

Mr.JerryStone.Ihaveanothercomment.Whenyouplayedthefirstsoundsitimmediately
remindedmeoftheCassini–Huygensmissionthattherewasatransmissionshowingsounds
whenCassinipassedthroughtheplaneofSaturn’srings.Therewasaquiteremarkable
sounddifferencewhenthathappened.

Dr.Meredith.I’venotheardthosesounds.Iexpecttheyareamazing.
Mr.Stone.IhavebeenontoYouTubetoseeclipsofAuroraMusicalisandotherthings

andIamlookingtogetsomecopies.
Dr.Meredith.Thealbums,togetherwithextensivelinernotes,areavailableonbandcamp

(https://soundsofspaceproject.bandcamp.com).Aselectionofouralbumsarealso
availableontheusualstreamingplatforms(Amazonmusic,Spotify,YouTubemusicetc.).

ThePresident.IhavetoadmitthatIfoundsomeofthemquiterelaxingbutIwasworried
that,asChairman,Iwouldfallasleep.

Dr.Meredith.IthinkAuroraMusicalisisespeciallyrelaxing.Itcovers24hoursofactivity
atHalleyBasesoyoucansitdownandlisten,andimaginethatyouareatHalleylistening
tothesounds.The‘sounds’changesasthedaygoesby,addinganextradimensiontothe
album

Dr.PaulDaniels.IamontheRASMegaconstellationcommittee.Overthenextdecadeto
15yearsorsothereareestimatedtobe100000to250000satelliteslaunchedintolowEarth
orbitwhichwillverylikelymeanveryseriousconsequencesforground-basedastronomy
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WomenintheHistoryofQuantumPhysics:BeyondKnabenphysik,editedbyPatrick
Charbonneau,MichelleFrank,MargrietvanderHeĳden&DanielMonaldi(Cambridge
UniversityPress),2025.Pp.470,25×18cm.Price£37·99(hardbound;ISBN9781009
535830).

Thiswell-writtenandrigorouslyresearchedvolumedocumentsthecareerhistoriesof16
womenwhocarriedoutcriticalexperimentalresearchforquantumphysicsduringthe20th
Century.Itdoesmorethandescribetheirachievements(andoccasionalfrustrations)inthis
buddingdiscipline;sciencehadalreadybeengraspingattherealityofquantumphysicsin
counterpositiontoclassicalphysics,andneededbuthigh-qualityexperimentalprooftoverify
theoriesthatwerebeingsuggested.ItwasactuallyWilliaminaFleming(anastronomer,no
less)whosettheballrollingherebyrecognizingthatthespectrumofsinglyionizedHe
inhotstarsmimicksthepatternofahydrogenicsequence,therebycontributingverification
forBohr’smodeloftheatom.Othersthenbuiltuponherresultfromnumerousstandpoints
thatparticularlyincludedlaboratoryexperiments—aprofessionalactivityinwhichwomen
definitelyexcelled.

These16womenrepresentafairlybroadgeographicalspectrum,thoughwithagreater
emphasisonSpain,Portugal,andLatinAmericathanwasthecaseforthe40female
astronomerswhoemergedsuccessfulaccordingtoTheSkyisforEveryone1.Despitethe
positivevignettesportrayedinastronomybythatpublication,itsreviewinTheObservatory2

concludedthatconcentratingontheminoritywhowereeitherfortunateorfavoureddida
disservicetothedisciplineasawhole,sincethemajorityofthoseinitiallyaspiringtocareers
inastronomyresearchleftthefieldforwhateverreason,andthatthe‘leakypipeline’3had
notbeenclosed.Thesamebiasseshavestillseemedtoprevailinquantumphysics,regardless
ofethnicityorbackground.

Sowhatwentwrong?Whytheneedforabooklikethisone?Thesadevidenceis
thatthedisadvantages,discriminations,andnegativityofgender-basedinstancesinfluenced
progressinthisfieldeverybitasmuchastheyhavedoneinastronomy.Whatischronicled
hereshouldthereforebegivenaplaceineverylibrarythatfeaturesthehistoryofscience.
Eventhoughitspecificallytriestoavoidselectingonlythosewhomadeittothe‘top’,we
seeacommontrend.Mostofitssubjectswerehigh-fliersatschoolanduniversity,butall
tooquicklydiscoveredthat,whetherthroughthepettinessoflocalpolitics,theconstraintsof
motherhood,orthecommonassumptionsthatthemalepartnerinatwo-bodycooperationis
theprimeauthor,forthemthecareerladderhadalreadybecomethecareerculdesac,and
fornootherclearreasonthantheirgender.

Inquantumphysicsasinastronomy,beneficialchangesmaynowbeinsightbutata
relativelyglacialpace,anditwillprobablytakemanymorebookslikethispresentoneto
painttheaccuratepictureastowhereandwhyhalfoftheincipientworkforceandhigh-
qualitybrainpowersilentlydisappearsfromsight.Insomecases,theachievementsofthe
womenwhoseworkprovedsofundamentaltotheprogressrealizedbyquantumphysicsin
the20thCenturyarepreservedinthenameofthemalepartneralone,thusdenyingthem
duerecognitionevenasresearchersintheirownright.

Willweneverlearn?—ElizabethGriffin.
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across all wavelengths. I have heard that Space-X are planning to expand their three LEO
[low-earth-orbit] satellites to include data centres distributed around the Earth in low Earth
orbit. I’m concerned that there could be a serious effect on satellites raising the risk of
collision by so many of them becoming non-responsive. On the other hand if we start to
place too much of our computing infrastructure into orbit then it becomes vulnerable to
natural events, not counting malicious actors, we may find ourselves running into problems
in the future. Would you agree that that is a reasonable summary?

Dr. Meredith. I think that is a very reasonable summary. During space-weather events we
get beautiful and stunning displays of the aurora which contain huge electrical currents that
heat the atmosphere and cause it to expand upwards. The expansion slows down satellites
and space junk and increases the risk of collision. At BAS we use radars to measure and
model the effects of space weather on satellites and space junk. Putting more satellites up
increases the risk of collisions as well.

The President. Thank you very much, Nigel. [Applause.] We should say that space is a
very hostile place and some people would do well to remember that. Our next speaker is also
on-line, Steven Cunnington, from the University of Manchester. Steven started at Jodrell
Bank and then for a while he was the Stephen Hawking Fellow at the Institute of Cosmology
and Gravitation at the University of Portsmouth. He is now back at Jodrell Bank, particularly
because of SKAO. He specializes in optical- and radio-survey synergies, particularly looking
for large-scale structure. The title of his talk is ‘A new way to map the Universe with radio
intensity maps of neutral hydrogen’.

Dr. Steven Cunnington. I am going to a new approach to studying the large-scale structure
of the Universe using intensity of neutral hydrogen (H i). This method, currently being
developed with the MeerKAT radio array in South Africa, measures the combined 21-cm
emission from extragalactic H i without resolving individual galaxies, allowing cosmologists
to chart the cosmic web more efficiently across much greater volumes.

I will begin by setting the cosmological context. While the CDM model successfully
accounts for much of what is observed, it leaves open major questions concerning the nature
of dark matter and dark energy, the origin of cosmic inflation, and the validity of general
relativity on the largest scales. Persistent tensions between independent measurements, most
notably of the Hubble constant, also continue to attract scepticism over the completeness of
CDM.

Traditional optical surveys map structure by cataloguing millions of galaxies individually,
but this approach is both observationally expensive and increasingly limited at high redshift.
Intensity mapping offers an alternative: by measuring the total, unresolved 21-cm emission
from neutral hydrogen across the sky and frequency, one obtains a three-dimensional map
that traces the matter-density fluctuations. The technique can reach higher redshifts than
optical surveys, and the radio telescopes provide an independent probe of cosmology with
different systematics. Furthermore, the capability to cover vast volumes spanning billions of
light-years unlocks unexplored fluctuations across ultra-large scales, where evidence for new
physics may be revealed. These scales are sensitive to the physics of inflation and provide
unique tests of Einstein’s theory of gravity.

Whilst offering great promise, the 21-cm signal from the cosmic web is, however, extremely
faint compared with bright foregrounds from Galactic synchrotron emission, extragalactic
radio sources, and radio-frequency interference (RFI). These challenges can be mitigated
through careful calibration and statistical cross-correlation with optical galaxy surveys,
which help isolate the cosmological component.

The MeerKAT telescope, comprising 64 dishes in the Karoo Desert, serves as a world-class
observatory and a precursor to the forthcoming SKA-Mid array of the Square Kilometre Array
Observatory (SKAO). Its key cosmological programme, MeerKAT’s Large Area Synoptic
Survey (MeerKLASS), will map roughly 10 000 square degrees over the redshift range
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(23) C. Ibanoǧlu et al., IBVS, 1100, 1, 1976.
(24) N. Güdür et al., A&AS, 36, 65, 1979.
(25) G. Russo et al., Ap&SS, 79, 359, 1981.
(26) D. Chis et al., IBVS, 1794, 1, 1980.
(27) C. Cristeson et al., AcA, 31, 505, 1981.
(28) Lightkurve Collaboration, ‘Lightkurve: Kepler and TESS time series analysis in Python’, Astrophysics

Source Code Library, 2018.
(29) J. M. Jenkins et al., in Proc. SPIE, Society of Photo-Optical Instrumentation Engineers (SPIE) Conference

Series, 9913, 2016, p. 99133E.
(30) J. Southworth, P. F. L. Maxted & B. Smalley, MNRAS, 351, 1277, 2004.
(31) J. Southworth, A&A, 557, A119, 2013.
(32) J. Southworth, The Observatory, 145, 201, 2025.
(33) D. Hestroffer, A&A, 327, 199, 1997.
(34) P. F. L. Maxted, A&A, 616, A39, 2018.
(35) J. Southworth, The Observatory, 143, 71, 2023.
(36) A. Claret & J. Southworth, A&A, 664, A128, 2022.
(37) A. Claret & J. Southworth, A&A, 674, A63, 2023.
(38) J. Southworth, MNRAS, 417, 2166, 2011.
(39) J. Southworth, MNRAS, 386, 1644, 2008.
(40) J. Southworth, The Observatory, 141, 234, 2021.
(41) R. W. Hilditch, An Introduction to Close Binary Stars (Cambridge University Press), 2001.
(42) J. Southworth, P. F. L. Maxted & B. Smalley, A&A, 429, 645, 2005.
(43) A. Prša et al., AJ, 152, 41, 2016.
(44) J. M. Carpenter, AJ, 121, 2851, 2001.
(45) P. Kervella et al., A&A, 426, 297, 2004.
(46) A. Bressan et al., MNRAS, 427, 127, 2012.
(47) F. Allard et al., ApJ, 556, 357, 2001.
(48) F. Allard, D. Homeier & B. Freytag, Phil. Trans. R. Soc. Lond. A, 370, 2765, 2012.
(49) J. Southworth et al., MNRAS, 497, 4416, 2020.
(50) C. von Essen et al., AJ, 160, 34, 2020.
(51) H. Rauer et al., Experimental Astronomy, 59, 26, 2025.
(52) J. Southworth & T. Van Reeth, MNRAS, 515, 2755, 2022.
(53) J. Southworth & D. Bowman, ARA&A, in press, arXiv:2509.08426, 2026.
(54) P. Lenz & M. Breger, Communications in Asteroseismology, 146, 53, 2005.



2026AprilRoyalAstronomicalSociety69

0·4<𝑧<1·45.Severalpilotsurveysinboththe𝐿-bandand𝑈𝐻𝐹-bandhavealreadybeen
completed.

Theuniqueobservationalstrategyiscrucialforaccessingthelargestscales.Thefield
ofviewfromconventionalinterferometricimaging,wheresignalsfrompairsofdishesare
correlated,islimitedbythearray’sminimumbaselineandthereforelosessensitivityto
verybroadangularmodes.MeerKLASSinsteadoperatestheMeerKATarrayinsingle-dish
mode,usingeachantennaindependentlytomeasuretotalpower,withtheresultscombined
statistically.Thisenablessensitivitytolargecosmologicalscales.

Recentworkhasdemonstratedthesuccessofthisapproach.FromaMeerKLASSpilot
survey,Cunningtonetal.achieveda7·7-𝜎detectionofclusteringthroughcross-correlation
ofMeerKATintensitymapswithoverlappingopticalgalaxysurveys,thefirstdetectionof
cosmologicallarge-scalestructureusingamulti-dishradiotelescope[seeFig.1].Thismarked
animportantmilestonefor21-cmcosmologyandconfirmsthatthesingle-dishtechnique
canrecoverthedesiredsignal.

Steve Cunnington [steve.cunnington@port.ac.uk]

Detecting cosmological clustering with 
MeerKLASS pilot intensity mapping survey

•Positive correlation (7.7σ) between galaxy survey 
and array of dishes in single-dish mode


•The first detection of its kind


•Important milestone for doing LSS cosmology 
with SKA intensity mapping

Cunnington+23 [arXiv:2206.01579] J.Wang+21 [arXiv:2011.13789]
MeerKLASS Pilot Survey (~10hrs observations)

Public data releases here: meerklass.org/data
SC+2023 [arXiv:2206.01579 ]

Fig.1
7·7-𝜎spatial-power-spectrum-detectionbetweentheMeerKATpilot21-cmintensitymapandWiggleZ

galaxiesat𝑧≈0·43(https://arxiv.org/abs/2206.01579[MNRAS,518,6262,2023]),demonstrating
asharedclusteringsignaturebetweenthetwotracerfields(21-cmandgalaxies).Thisvalidatesthe21-cm
intensity-mappingmethodonwhichMeerKLASSisbuilding.Hollowmarkersindicatenegativepower.The
dashedlineisatheoreticalmodel.

Deeperfollow-upobservations,witharoundfourtimesmoreobservinghours,further
improvedsensitivityandcontrolofsystematics.Consistentdetectionsofacosmological
powerspectrumwithMeerKLASSarenowbeingmade,plusdirectdetectionsofanHiprofile
bystackingthemapsontopositionsofoverlappinggalaxieshasalsobeendemonstrated.

Owingtothesesuccessfuldetections,MeerKLASSisnowreceivingincreasedsupportand
hasgrowntobecomethelargestprojectconductedwithinMeerKATintermsofobservational
resources.Newobservationsarenowunderway,withaplanned2500hoursofobservingtime
overseveralyears.Thesurveyhasnowreachednearly3000squaredegrees,alreadymaking
MeerKLASSthelargest-volumespectroscopicsurveyinthesouthernhemisphere,andwill
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Summaryandconclusions

WehavepresentedananalysisofthedEBBSDra,whichcontainstwoalmostidentical
F3starsinacircularorbitofperiod3·36d.Wehavedeterminedthemassesofthestarsto
1·3%andtheirradiito0·4%,usingnewlight-curvesfrom40sectorsoftheTESSmission
andpublishedspectroscopicresults.Forthefirsttimeweclearlydetectadifferenceindepth
betweentheprimaryandsecondaryeclipses,allowingadefinitiveassignationofwhichisthe
primarystar.Weshowedthatitisslightlybutsignificantlyhotter,larger,andmoremassive
thanitscompanion.ThedistancewefoundtothesystemagreeswiththeGaiaDR3parallax.

Theeclipsesaredeepandtriangularinshape,amorphologythatisoptimalformeasuring
preciseeclipsetimes.WedeterminedoneoveralltimeofprimaryeclipseperTESSsector,
fromallprimaryandsecondaryeclipsesinthatsector.Themeasurementshavearemarkably
lowscatterof0·37saroundthebest-fittinglinearephemeris,indicatingthatBSDramaybe
usefulincheckingthetimingsoffuturedatasets.ThishasalreadybeendoneforTESSby
vonEssenetal.50,whofoundthesatellite’stimingstobe5·8±2·5searlierthanground-
basedobservationsof26binariesshowingdeepeclipses.SimilardEBsmaybeusefulin
cross-checkingtimingsoftheTESSandforthcomingPLATO51missions.

BycomparingthephysicalpropertiesofBSDratotheoreticalmodelswededucedan
ageof1600±300Myrandaslightlysub-solarmetallicity.Moreprecise𝑇effmeasurements
wouldbehelpinginrefiningtheage;aspectroscopicmetallicitymeasurementwouldalso
permitthereliabilityofthemodelstobeassessed.

ThestarsarehotenoughtoshowδScutiorγDoraduspulsations,andsuchadiscovery
wouldbescientificallyvaluable52,53.Wethuscheckedforanypulsationsinthesystemby
calculatingthefrequencyspectrumoftheresidualsofthejktebopfittosectors47–60,using
version1·2·0oftheperiod04code54.Nonewerefoundinthefrequencyinterval0–100d−1

toalimitof10−5mag.
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ultimately extend to 10 000 square degrees in the pre-SKAO era. Early analyses indicate that
even as the survey approaches the bright Galactic plane, foreground contamination remains
well controlled, reinforcing the potential for ultra-wide radio surveys with both MeerKLASS
and the future SKAO.

In conclusion, it is clear that radio intensity mapping of neutral hydrogen is emerging as a
powerful new tool for large-scale cosmology. The continuing MeerKLASS observations will
refine methods and demonstrate the feasibility of precision cosmology in the radio domain,
paving the way for the transformative surveys to be carried out with the SKAO.

The President. Thank you very much. When you mentioned using more telescopes to
get more done presumably if you were using different combinations of interferometers to
improve the resolution you can still get things done when you have the full array — is that
true?

Dr. Cunnington. We always use the full array, but crucially do not primarily use it as
an interferometer. We instead use it in single-dish mode, i.e., we take the autocorrelations
from each dish as it rapidly scans to give low-resolution maps but over vast sky areas very
quickly. However, we are now demonstrating an ‘On The Fly’ technique whereby images
can be constructed from the cross-correlations between antennas, despite the constantly
moving dishes. This effectively provides a high-angular-resolution interferometric survey at
no additional cost.

Professor Richard Ellis. Very exciting. In the frequency range that MeerKat can cover is
there any possibility of intensity mapping in other spectrum lines or not?

Dr. Cunnington. Not in the region that MeerKat is sensitive to. MeerKat is pretty well
centred on 21 cm. This can be seen as an advantage. Given the highly isolated 21-cm emission
feature, the probability of line confusion or interlopers is very low, which is a problem for
other line experiments.

The President. Thank you very much indeed. [Applause.] Now we come to the George
Darwin Lecture from Dr. Dimitri Veras of the University of Warwick. Dimitri started off with
his PhD at the University of Colorado, Boulder. He has worked in Florida and Cambridge, and
for the past 12 years he has been at Warwick. He is going to tell us about what is a gloriously
multi-science activity: looking at white-dwarf planetary systems. His talk is entitled ‘The
growing, interdisciplinary field of post-main-sequence planetary-system science’.

Dr. Dimitri Veras. I would like to thank the RAS for the George Darwin Lecture. I am
honoured to win it and I hope that my talk reflects that today.

The fate of planetary systems represents a growing field of study which draws from
different disciplines, including stellar science, planetary science, and geophysics. Related
observational campaigns and theoretical pursuits vary significantly, accommodating a wide
range of expertise, and different communities are invited to contribute to this research area.

The future evolutionary path of our Sun qualitatively mirrors that of the vast majority
of stars in the Milky Way, passing through giant-branch phases before becoming a white
dwarf. During the giant-branch phases, the star’s resulting radius expansion, mass loss,
and luminosity changes significantly alter the architecture of the orbiting planets, asteroids,
comets, and dust. The radius expansion will envelope all material within a few astronomical
units, the mass loss stretches out the orbits of the survivors while altering their stability
boundaries, and the luminosity increase is sufficient to spin up asteroids to rotational fission
on a system-wide scale.

Observations indicate that the resulting planetary system is far from quiescent. As the
star becomes a white dwarf and cools down for its remaining lifetime, a combination of the
gravitational interactions between planets and asteroids, the influences of stellar fly-bys and
Galactic tides on exo-Oort-cloud comets, and the drag from dimming stellar radiation draw
in material into the immediate vicinity of the star. This planetary material breaks up close to
the white dwarf, yielding debris discs. These debris discs then accrete onto the white dwarf,
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with the parallax distance of 195·34 ± 0·50 pc from Gaia DR3 11.
We estimated the age of the system by comparing the measured masses, radii, and 𝑇effs to

theoretical predictions from the parsec 1·2 evolutionary models46. The best fit occurs for
an age of 1600±150 Myr and a fractional metal abundance by mass of 𝑍 = 0·014. An age of
1700± 150 Myr matches the masses and radii for 𝑍 = 0·017, but the predicted 𝑇effvalues are
slightly low. No solution can be found that matches the radii and 𝑇effs of the components, for
their measured masses, for 𝑍 = 0·020 or 𝑍 = 0·010. These results agree with the suggestion
by M05 that BS Dra is mildly metal-poor.

Stellar activity

Fig. 6
Observed spectrum of BS Dra around the Ca ii H and K lines (blue line with points) compared to a

synthetic spectrum for a star with 𝑇eff = 6630 K, log 𝑔 = 4·0, and solar metallicity from the BT-Settl model
atmospheres 47,48 (orange line). The H and K line central wavelengths are shown with dotted lines. The
spectrum of BS Dra has been shifted to zero velocity and normalized to approximately unit flux.

We obtained one spectrum of the Ca ii H and K lines of BS Dra on the night of 2022
June 7 to search for emission lines due to chromospheric activity. We used the Isaac Newton
Telescope (INT) and Intermediate Dispersion Spectrograph (IDS), with the 235-mm camera,
H2400B grating, EEV10 CCD, a 1-arcsec slit, and an exposure time of 300 s. The data
were reduced using a pipeline currently being written by the author49, which performs bias
subtraction, division by a flat-field from a tungsten lamp, aperture extraction, and wavelength
calibration using copper–argon and copper–neon arc-lamp spectra. The spectrum has a
resolution of approximately 0·05 nm, a reciprocal dispersion of 0·023 nm px−1, a coverage
of 373–438 nm, and a signal-to-noise ratio of 45.

The observation was obtained at an orbital phase of 0·905, when the RV separation of
the stars was 109km s−1 (0·144 nm). Fig. 6 shows the spectrum compared to a synthetic
spectrum of the same atmospheric parameters from the BT-Settl model atmospheres47,48.
The Ca ii H and K lines show some infilling as expected from chromospheric emission, but
no variations due to starspots are seen in the TESS light-curves. This suggests that BS Dra
has chromospheric activity but negligible starspot activity.
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whosecrushinglyhighdensitybreaksapartthecompoundsandmoleculesinthedebrisinto
constituentelements.

Thedebris,thediscs,andthephotosphericmetalsareallobservable,andhaverepresented
theprimarydriversforstudyofthefieldofwhite-dwarfplanetarysystemsfordecades.
Therelativeabundancesoftheobservedmetalsareusedtoreconstructthecompositions
andextentofdifferentiationofthebroken-upasteroidsandcomets,providingadirect
glimpseintothebulkchemicalcompositionofexo-planetesimals.Thediscsareeccentric,
wispy,andlargelytransient,unlikemanyotherastrophysicaldiscs,andinparticularunlike
protoplanetarydiscs.Someminorplanetsareobservedintheprocessofbreakingupinto
debris,asevidencedbytheirdustyeffluencesandhowthecorrespondingphotometriclight
curvesvaryontime-scalesofweeksorevendays.

Muchhardertoobservearethemajorplanetsthemselves,despitethelikelypivotalrole
theyplayinshapingthesesystems.Thesmallnumberofplanetsfoundsofarhavebeen
discoveredthroughawidevarietyoftechniques,andthecommunityisactivelypursuing
additionaldiscoveriesthroughcurrentandfuturefacilities.

Theoreticaleffortstounderstandtheformation,evolution,anddestructionofthesesystems
aswellastheindividualobjectswithinthemhavevariedfrompurelyanalyticaltopurely
numericalinvestigations.Thesestudieshavetackledawiderangeofrelevantquestions,
including:Howcangravitationalinstabilitybetriggeredlateinthelifeofawhitedwarf?
Howdotheorbitsofminorplanetscircularizewhenreachingtheclosevicinityofthewhite
dwarf?Howdothewhite-dwarfdiscsevolveandwhatistheirlifetime?Dothechemical
constituentsofexo-asteroidsdifferfundamentallyfromourknowledgeandthinkingofSolar
Systemobjects?

Thesequestionsrepresentoneofseveralreasonswhytheresearchfieldofplanetary-system
fateshasgarneredinterestintheastrophysicsandgeophysicscommunities.Anotherreason
isthattheobservationsareenticingandusuallysurprisinginsomemanner,keepingthefield
freshandwellsuitedforbothexploratoryandfollow-upinvestigations.

ProfessorEllis.Trulyamazing,allthatdataisabsolutelyfantastic.Whitedwarfsare
spanningthewholeageoftheMilkyWay.Ifyougototheverybottomofthecoolingcurve
youareseeingobjectsthatformedwhentheMilkyWaywasinitsinfancyandtheprotostellar
gascloudswouldpresumablybechemicallypristine.Iwouldimaginethatyoudon’thave
planetsatthatstage.Doyouhavematerialthatischemicallypristine?

Dr.Veras.Theolderthewhitedwarfis,thecooleritis,themoredifficultitistoobserve,
butwehaveactuallyfoundmetalenrichmentaroundwhitedwarfsthathavecoolingagesof
tenbillionyears.Thatistheextremecase,thepaperwaspublishedonlyin2022,butthere
isonewhitedwarfwithacoolingageofaboutninebillionyearsandonewithtenbillion
yearsandwehaveseenmetalenrichmentthere.Unfortunatelywithasamplesizeoftwoit
ishardtoobtaintoomanycorrelationsbuttheydoshowsomeunusualtraits,sowehopeto
findmoreespeciallywithallthisunpublisheddata.

Mr.StewartCoulter.Yousaidthatthefirstexoplanettobediscoveredwasaroundapulsar?
Dr.Veras.Itwasthefirstdiscoveredandconfirmedexoplanet.
Mr.Coulter.Thatisaveryraresortofplanet.Wasitobservationalbiasthatrevealedthat?
Dr.Veras.IthinkthatAleksanderWolszczanandDaleFrailfoundthoseplanets.Alex

toldmethathefoundthemusingArecibowhichwasundergoingmaintenancesoheasked
theDirectorifhecouldusethetelescopeandhewasabletogetalotofdata.Therewasa
bitofgoodfortunethereandalsowedoknowthattheyaregenerallyquiterare:therehave
beendedicatedstudiestolookformillisecondpulsarsandtherehavebeenonlyahandful
ofdetectionssincethen.Thoseplanetsarealsosecond-generationplanets—anyexisting
planetsdidnotsurvivethesupernovasowethinkthatthoseplanetsre-formedfromthe
fallbackfromthesupernova.Thefirstknownplanetarysystemwasdetectedaroundawhite
dwarfin1917byAdriaanvanMaanen.Heactuallysawcalciumlinesinthephotosphereof
thewhitedwarf.Hedidnotunderstandwhathewasseeingandneitherdidweuntil100years

82RediscussionofEclipsingBinaries29Vol.146

Fig.5
RVsofBSDrafromM05comparedtothebestfitfromjktebop(solidbluelines).TheRVsforstarAare

shownwithfilledcircles,andforstarBwithopencircles.Theresidualsaregiveninthelowerpanelsseparately
forthetwocomponents.

TableV
PhysicalpropertiesofBSDradefinedusingthenominalsolarunitsgivenbyIAU2015ResolutionB3

(ref.43).

ParameterStarAStarB
Massratio𝑀B/𝑀A0·9837±0·0077
Semimajoraxisofrelativeorbit(RN

⊙)12·974±0·051
Mass(MN

⊙)1·305±0·0151·284±0·017
Radius(RN

⊙)1·4092±0·00561·4001±0·0055
Surfacegravity(log[cgs])4·2559±0·00224·2544±0·0027
Density(𝜌⊙)0·4665±0·00200·4679±0·0021
Synchronousrotationalvelocity(kms−1)21·19±0·0821·06±0·08
Effectivetemperature(K)6630±1506620±150
Luminositylog(𝐿/LN

⊙)0·539±0·0390·530±0·040
𝑀bol(mag)3·39±0·103·41±0·10
Interstellarreddening𝐸(𝐵−𝑉)(mag)0·05±0·02
Distance(pc)191·3±2·9
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later and in terms of firsts that is actually the first planetary system found. For completeness,
before 1992, there were hints of radial-velocity exoplanets by Bruce Campbell in 1988 but he
could not confirm at the time because the curves did not look very robust. That was γ Cep B
and it turns out there is a planet there but it was not confirmed until much later. [The planet
is γ Cep Ab, orbiting the primary. — Ed.]

The President. You are going to have everyone scurrying back to look at old journals!
Dr. Veras. I actually asked Aleksander Wolszczan about the first newspaper article report-

ing that so I had to do some digging myself to find that.
Miss Maria Kuznetsova. I wanted to ask you what kind of metal core do the white dwarfs

have? Is it diamagnetic metals or magnetic metals such as nickel or iron? That would be an
important point.

Dr. Veras. Most white dwarfs have a core of oxygen and carbon but the more massive
ones can have a neon/oxygen core and in terms of the origin of the magnetic fields it could
be relics but some of the white dwarfs are spinning fast enough that they generate magnetic
fields.

Miss Sabiya Tamadar. When you mentioned the detection of calcium I was interested in
how it was differentiated. Do you have any insights about that?

Dr. Veras. When the white dwarf is so dense it will crush any minor planet at the Roche
radius. The minor planets are composed of many different metals. Calcium as a spectral line
shows up very brightly in the photospheres so that is why we are able to see so much calcium
there. We might be missing those other metals that are harder to see.

The President. Thank you very much Dimitri. [Applause.] We can welcome you back to
Burlington House for tea. See you next month.

REDISCUSSION OF ECLIPSING BINARIES. PAPER 29:
THE F-TYPE TWIN SYSTEM BS DRACONIS

By John Southworth

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

We present an analysis of BS Dra, a detached eclipsing binary containing
two almost-identical F3 V stars in a 3·36-d circular orbit, based on 40 sectors
of observations from the Transiting Exoplanet Survey Satellite (TESS) and
published spectroscopic results. We measure masses of 1·305 ± 0·015𝑀⊙
and 1·284 ± 0·017𝑀⊙ , and radii of 1·409 ± 0·006 𝑅⊙ and 1·400 ± 0·006 𝑅⊙ ,
for the two components. The high quality of the TESS data allow — for
the first time — a definitive identification of the primary eclipse, which is
0·007 mag deeper than the secondary. The primary star is the hotter, larger,
and more massive of the two: the ratios of the radii and surface brightnesses
are both slightly but significantly below unity. We find a distance concordant
with the Gaia DR3 parallax and, by comparison to theoretical models, an age
of 1600± 300 Myr and a slightly sub-solar chemical composition. Our mean
times of primary eclipse, each representing all eclipses in one sector, have a
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Fig. 4
Residuals of the times of minimum light from Table III (red circles) versus the best-fitting ephemerides.

The blue solid line indicates a residual of zero. The ordinate axis does indeed show only ±1·5 seconds.

and more precise than either photographic study, we adopt our fit to the M05 RVs (with
separate systemic velocities) as the spectroscopic orbit of BS Dra in the following analysis.
A plot of the RVs against our fits is in Fig. 5. If we had instead taken the weighted mean of
all three 𝐾A and 𝐾B values we would have obtained 97·9 ± 0·7 and 98·8 ± 0·6km s−1. In the
near future new RVs from Gaia DR4 will be available for checking the 𝐾A and 𝐾B values
for this system.

Physical properties and distance to BS Dra

We used the 𝑟A, 𝑟B, and 𝑖 values from Table II, the orbital period from the ephemeris given
above, and the 𝐾A and 𝐾B values from Table IV to determine the physical properties of the
BS Dra system. The calculations were performed using standard formulae41 implemented
in the jktabsdim code42, which propagates uncertainties from the input to the output
parameters by perturbation. The results are given in Table V.

M05 gave the effective temperature (𝑇eff) of our star A (which is their secondary star) as
6626 ± 153 K from spectral fitting. Our 𝐽 from Table II corresponds to a 𝑇eff difference of
11 K. Putting these measurements together and rounding to 10 K gives the values we adopted
(Table V).

Our mass and radius measurements have precisions of 1·3% and 0·4%, respectively, which
is significantly better than previous analyses have given 17,24,25 and the first time all values
have been obtained to 2% precision. We note, however, that adopting the weighted-mean
velocity amplitudes from the end of the previous section would increase the values of the
masses by 2·1% for star A and 2·8% for star B.

To estimate the distance to the system we used the 𝐵𝑉 magnitudes from Tycho 9, the
𝐽𝐻𝐾s magnitudes from 2MASS 10 (corrected to the Johnson system using transformations
from Carpenter44), the stars’ physical properties from Table V, and calibrations of surface
brightness versus𝑇eff from Kervella et al.45 The optical and infrared distance estimates agree
with the inclusion of an interstellar reddening of 𝐸 (𝐵 − 𝑉) = 0·05 ± 0·02 mag. The best
distance estimate is 191·3 ± 2·9 pc based on the 𝐾s band, which is in acceptable agreement
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scatterofonly0·37saroundalinearephemeris:BSDramaybeusefulasa
celestialclock.

Introduction

Detachedeclipsingbinaries(dEBs)areafoundationalsourceofmeasurementsofthe
physicalpropertiesofnormalstars1,2.Theirpropertiescanbedeterminedusingonlyob-
servationaldata,geometricmodels,andcelestialmechanics.Photometricandspectroscopic
dataofhighqualitypermitthemeasurementofmassandradiusin‘well-behaved’dEBs
toprecisionsofbetterthan0·2%3.TheDetachedEclipsingBinaryCatalogue4(DEBCat∗)
currentlylists367dEBswithmassandradiusmeasurementstoapproximately2%orbetter,
andthecurrentseriesofpapers5aimstoincreasethisnumberusingnewphotometryfrom
spacemissions6suchasTESS7andKepler8.

InthisworkwepresentananalysisofBSDraconis(TableI),whichconsistsoftwoF3V
starssosimilarthatpreviousworkhasbeenunabletodefinitivelyestablishwhichisthe
primarycomponent.ItissitedinthenortherncontinuousviewingzoneofTESSsohasbeen
extensivelyobservedthroughoutitsmission.Belowweareabletoidentifywithcertainty
whichistheprimaryeclipse,asitis0·007magdeeperthanthesecondaryeclipse.Werefer
totheprimarycomponent(eclipsedatprimaryeclipse)asstarAanditscompanionasstarB.

BSDraconis

TableI
BasicinformationonBSDraconis.The𝐵𝑉magnitudesareeachthemeanof91individual

measurements9distributedapproximatelyrandomlyinorbitalphase.The𝐽𝐻𝐾smagnitudesfrom
2MASS10wereobtainedatanorbitalphaseof0·885.

PropertyValueReference
Rightascension(J2000)14h22m49s·69811
Declination(J2000)+14◦56′20′′·1411
HenryDraperdesignationHD19002012
HipparcosdesignationHIP9811813
TychodesignationTYC4457-2347-19
GaiaDR3designation228796282413950822414
GaiaDR3parallax(mas)5·1193±0·013114
TESSInputCatalogdesignationTIC23727776015
𝐵magnitude9·638±0·0239
𝑉magnitude9·183±0·0229
𝐽magnitude8·268±0·02310
𝐻magnitude8·070±0·01710
𝐾smagnitude8·027±0·02210
SpectraltypeF3V+F3V16,17

BSDrawasfoundtobeeclipsingbyStrohmeierin195918,19withaperiodof1·682danda
nameofBV241.Fitzgerald20obtained19photographicspectrawithareciprocaldispersion
of33Åmm−1,measuredradialvelocities(RVs),anddeterminedminimummassesforthe
stars.Hefoundthespectrallinesofthetwocomponentstobeofapproximatelyequal
strength,andtheorbitalperiodtobedoublethatgivenbyStrohmeierbecausetheprimary
andsecondaryeclipseswerepracticallyindistinguishable.

Popper16obtained17photographicspectraofBSDraat16·1Åmm−1,usingtheLick
120-inch(3·1-m)telescopeandcoudéspectrograph.Popperalsogaveminimummasses,but

∗https://www.astro.keele.ac.uk/jkt/debcat/
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not the physical properties of the system because no light-curve was available.
A good𝑉-band light-curve of BS Dra was obtained by Popper & Dumont 21 and analysed by

Popper & Etzel 22. They found the stars to have almost identical radii and surface brightnesses,
and that ratios of the radii between 0·95 and 1·05 gave nearly indistinguishable fits to the
data.

Light-curves containing 476 points in each of the 𝐵 and 𝑉 bands, and covering most of
the eclipse phases, were published by Ibanoǧlu et al. 23 and analysed by Güdür et al. 24 They
combined their analysis of those data with the spectroscopic results of Popper 16 to determine
the properties of BS Dra for the first time. Russo et al. 25 reanalysed the same data with a
different approach, and obtained similar results. A comparable dataset was obtained by Chis
et al. 26, and normal points and an analysis were published by Christesen et al. 27

Milone et al. 17 (hereafter M05) presented a measurement of the properties of the system
based on light-curves in the 𝐻P, 𝐵T, and𝑉T bands from the Hipparcos satellite and medium-
resolution (resolving power 𝑅 = 20 000) spectroscopy from the Asiago 1·82-m telescope in
the region of the near-infrared calcium triplet. They estimated a spectral type of F3 V and a
sub-solar metallicity of [Fe/H] ≈ −0·4 from comparisons with spectral atlases. The 𝐵T and
𝑉T light-curves were highly scattered, and the 𝐻P photometry included only 12 data points
during eclipse, so their measurements of the radii of the stars were imprecise. To the author’s
knowledge, no further analysis of this system has been published.

Photometric observations

BS Dra is the subject of an abundance of data from the TESS mission, which has been used
to observe it in a total of 40 sectors. Thirty-eight of these were observed at the best (120-s)
cadence, sector 41 was observed at 600-s cadence, and sector 59 at 200-s cadence. We used
the lightkurve package 28 to download the SPOC (Science Processing Center 29) light-
curves for all 40 sectors from the NASA Mikulski Archive for Space Telescopes (MAST∗),
specifying the “hard” option to reject data flagged as lower quality.

The data were converted from flux into differential magnitudes and the median magnitude
was subtracted from each sector. We then visually inspected all sectors to reject stretches of
data away from fully-observed transits, ending with a total of 603 334 datapoints from the
original 667 710(!) points. A representative plot from sector 83 is shown in Fig. 1.

We queried the Gaia DR3 database† for a list of all sources within 2 arcmin of BS Dra. This
search returned 44 sources in addition to the target itself, the brightest two being 3·4 mag
and 3·9 mag fainter in the 𝐺RP band than BS Dra itself. We thus expect the amount of third
light in the TESS data of our target to be small.

Light-curve analysis

The profusion of TESS data available for BS Dra demands the use of a fast modelling
code for its interpretation. As the two stars are well separated, we used version 44 of the
jktebop‡ code 30,31. Our analysis followed that for UZ Dra in Paper 27 32. We fitted each
TESS sector separately, to allow for changes in parameters such as third light. For each
sector we fitted for the orbital period (𝑃), a reference time of primary minimum (𝑇0) close
to the midpoint of that sector, the sum (𝑟A + 𝑟B) and ratio (𝑘 = 𝑟B/𝑟A) of the fractional radii,
the central-surface-brightness ratio (𝐽), third light (𝐿3), and orbital inclination (𝑖).

Limb darkening (LD) was allowed for using the power-2 law 33–35. As the two stars are
almost identical, we adopted the same LD coefficients for both, fitted for the linear coefficient
(𝑐) and fixed the non-linear coefficient (𝛼) at a theoretical value 36,37. We also fitted for

∗https://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
†https://vizier.cds.unistra.fr/viz-bin/VizieR-3?-source=I/355/gaiadr3
‡http://www.astro.keele.ac.uk/jkt/codes/jktebop.html
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Orbital Eclipse time Uncertainty Residual TESS
cycle (BJD𝑇𝐷𝐵) (d) (d) sector

49·0 2459892·848112 0·000003 0·000001 58
57·0 2459919·760204 0·000004 −0·000005 59
65·0 2459946·672303 0·000003 −0·000004 60

169·0 2460296·529590 0·000003 0·000007 73
178·0 2460326·805698 0·000002 0·000004 74
185·0 2460350·353776 0·000002 −0·000004 75
194·0 2460380·629888 0·000003 −0·000002 76
201·0 2460404·177971 0·000003 −0·000005 77
219·0 2460464·730197 0·000003 −0·000000 79
226·0 2460488·278293 0·000003 0·000010 80
251·0 2460572·378596 0·000002 0·000006 83
259·0 2460599·290683 0·000002 −0·000005 84
266·0 2460622·838778 0·000003 0·000004 85
273·0 2460646·386858 0·000005 −0·000002 86

We also fitted quadratic and cubic functions of time to compare to the linear ephemeris,
finding that they do not give an improved fit. We set a 3 − 𝜎 upper limit of 9·6 × 10−11 s s−1

(2·0 ms yr−1) on the rate of change of orbital period. This limit could be improved if published
times of minimum light were added to the analysis, but this is outside the scope of the current
work.

Radial-velocity analysis

Three previous studies of BS Dra have presented RVs: Fitzgerald 20 obtained 19 coudé
photographic spectra; Popper 16 observed 17 coudé photographic spectra with twice the
dispersion; and M05 presented RVs from 27 échelle spectra obtained with a CCD. We
have copied all the RVs from these works and refitted them using jktebop to check the
results (Table IV), adopting a circular orbit. The 𝑃 was fixed to 3·364012273 d, and 𝑇0
and the velocity amplitudes 𝐾A and 𝐾B were the fitted parameters. We used 1000 Monte
Carlo simulations each to obtain uncertainties40. Transformation to a standard scale is not
accounted for in the values or uncertainties of the systemic velocities.

The Fitzgerald RVs are provided with weights. We converted these into uncertainties and
scaled them to obtain 𝜒 2

𝜈 = 1·0 for the RVs for each star individually. We then obtained two
fits to the RVs for the two stars: with one systemic velocity for the system (𝑉𝛾) and with
separate systemic velocities for the two stars (𝑉𝛾,A and𝑉𝛾,B). Our results agree with those of
Fitzgerald’s to within the error bars. We find a larger r.m.s. scatter, partly because we quote
the value for all RVs whereas Fitzgerald’s value was for RVs with unit weight.

The Popper RVs are not provided with weights so we assumed an equal uncertainty for
each star: that which gave 𝜒 2

𝜈 = 1·0 (see Table IV). Our identification of which is the primary
star differs from Popper’s so we swapped the RV data files for the two stars. Our results are in
good agreement with those of Popper, including the finding of a slightly different systemic
velocity for the two stars (with a significance of 1·8𝜎).

The RVs from M05 were not provided with individual uncertainties so we again assigned
the same uncertainty to all RVs per star in order to obtain 𝜒 2

𝜈 = 1·0. Our finding of 2·3 and
2·1km s−1, for star A and star B, respectively, is much greater than the 0·19 and 0·15km s−1

quoted by M05 (their table 4). M05 also did not fit spectroscopic orbits but instead included
their RVs with the Hipparcos light-curve in a global fit which directly yielded mass and
radius measurements. We have calculated the equivalent 𝐾A and 𝐾B values and inserted
them in Table IV.

The two photographic RV datasets both give values of 𝐾A and 𝐾B which are larger than
the modern equivalents (M05 RVs) and have slight discrepancies between the systemic
velocities for the two stars. Because of this, and that the M05 RVs are both more numerous
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Fig.1
Light-curveofBSDrafromTESSsector83,chosenasithasveryfewdatagaps.Thefluxmeasurements

havebeenconvertedtomagnitudeunitsandthemediansubtracted.

severalnuisanceparameters:thecoefficientsofastraightlinerepresentingtheout-of-eclipse
brightnessofthesystemforeachsubsetofdata,andthecoefficientsofthereflectioneffect
forbothstars.Weassumedtheorbittobecircularasthereisnoindicationofeccentricityin
theavailabledata.AnexamplefitcanbefoundinFig.2.

Asanexperiment,weinitiallytreatedsector41,whichhasacadenceof600s,identically
totheothersectors.Theresultsshowedgoodagreementwiththeothersectorswiththe
exceptionoftheorbitalinclination,whichwaslowerby0·05◦(5𝜎).Wethenaccountedfor
thelowercadencebynumericallyintegratingthemodelinthefittingprocess38andfound
thattheresultsshiftedtocompleteagreementwithothersectors.Sector59wasobservedat
200-scadence:thefittedparametersareinfullagreementwithothersectorsevenwithout
accountingfortheslightlylowersamplingrate.

Thefinalphotometricparameterswerecalculatedbytakingtheunweightedmeanand
standarddeviationofthevaluesfromtheindividualsectors,andaregiveninTableII.We
refrainedfromadoptingthestandarderrorsoftheparametersbecausetheyaretoosmall—
theagreementbetweensectorsissogoodthatthestandarderrorsaresignificantlysmaller
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TableII
PhotometricparametersmeasuredusingjktebopfromtheTESSlight-curvesofBSDra.Theerrorbars

arethestandarddeviationoftheresultsforindividualsectors.

ParameterValue
Fittedparameters:
Orbitalinclination(◦)89·487±0·010
Sumofthefractionalradii0·21652±0·00008
Ratiooftheradii0·9934±0·0010
Central-surface-brightnessratio0·9935±0·0008
Thirdlight0·0099±0·0036
LDcoefficient𝑐0·602±0·010
LDcoefficient𝛼0·4984(fixed)
Derivedparameters:
FractionalradiusofstarA0·10861±0·00007
FractionalradiusofstarB0·10791±0·00007
LightratioℓB/ℓA0·9808±0·0017

intheephemerishavebeenmultipliedby√︁𝜒2
𝜈toaccountforthis.Ther.m.s.scatterisa

remarkable0·37s:BSDrahasdeepV-shapedeclipseswhichareoptimalfortheprecise
determinationofthetimeofmidpoint.TheindividualtimingsaregiveninTableIIIandthe
residualsareplottedinFig.4.

TableIII
Timesofmid-eclipseforBSDraandtheirresidualsversusthefittedephemeris.

OrbitalEclipsetimeUncertaintyResidualTESS
cycle(BJD𝑇𝐷𝐵)(d)(d)sector
−307·02458695·2597460·0000030·00000514
−299·02458722·1718400·0000030·00000015
−290·02458752·4479530·0000030·00000316
−282·02458779·3600480·000003−0·00000017
−274·02458806·2721360·000004−0·00001018
−267·02458829·8202310·000003−0·00000119
−259·02458856·7323340·0000030·00000420
−251·02458883·6444330·0000030·00000421
−243·02458910·5565250·000003−0·00000222
−232·02458947·5606660·0000050·00000423
−226·02458967·7447290·000004−0·00000624
−218·02458994·6568340·0000040·00000025
−210·02459021·5689330·0000030·00000126
−95·02459408·4303440·0000030·00000140
−88·02459431·9784330·0000030·00000441
−41·02459590·0870080·0000030·00000247
−32·02459620·3631200·0000030·00000448
−24·02459647·2752090·000003−0·00000649
−15·02459677·5513310·0000030·00000650
−7·02459704·4634250·0000030·00000251

0·02459728·0115040·000003−0·00000552
8·02459754·9236050·000003−0·00000253

16·02459781·8357030·000003−0·00000354
25·02459812·1118140·000002−0·00000255
33·02459839·0239090·000002−0·00000556
42·02459869·3000240·000002−0·00000157

(continuedonnextpage)
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Fig. 2
jktebop best fit to the light-curves of BS Dra from TESS sector 83 for the primary eclipse (left panels) and

secondary eclipse (right panels). The data are shown as filled red circles and the best fit as a light-blue solid
line. The residuals are shown on an enlarged scale in the lower panels.

than the limit to which we trust our modelling code (see ref. 3 for further information). We
also calculated uncertainties for each sector using Monte Carlo (MC) simulations 39 (after
scaling the data errors to give a reduced 𝜒 2 of 𝜒 2

𝜈 = 1), finding that the MC error bars
slightly underpredict the scatter between the parameter values for different sectors.

Fig. 3 shows the values of some of photometric parameters for each TESS sector. We see
the same story as for UZ Dra: that the astrophysical parameters are very stable with time but
third light varies slightly. This is expected because TESS has a coarse pixel scale and the
satellite’s orientation changes each sector, so background stars may drift in and out of the
pixel mask used to generate the photometry of our target star. We also see that the light ratio
is definitively less than unity which, combined with the small but clear difference in depth
of the two eclipses in Fig. 2, means our identification of the hotter star (star A) is certain.

Orbital ephemeris

The analysis above returned a measurement of the mean time of primary eclipse for each
TESS sector. We fitted a linear ephemeris to these times, obtaining

Min I = BJDTDB 2459728·011509(2) + 3·364012273(4)𝐸, (1)

where 𝐸 is the number of cycles since the reference time of minimum and the bracketed
quantities indicate the uncertainty in the final digit of the previous number. The scatter
around the best fit is larger than the error bars suggest, with 𝜒 2

𝜈 = 2·2, so the uncertainties
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Fig. 3
The best fit to selected photometric parameters of BS Dra from all TESS sectors. The times used on the

abscissae are given in Table III. The error bars are from the MC simulations.


