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WeneedavenuefortheNAMforthenextfouryearsbeginningin2027.Ifyouthinkyour
universitymightbeinterestedinhostingtheNAM,wewouldliketohearfromyou.

Mr.HoraceRegnart.CanIjustmentionaletterIhavewrittentotheLeagueAgainst
CruelSportsofwhichIamamember?I’velistedastronomersasathreatenedspeciesand
havelaidout17reasonswhytheyshouldnotbeendangered.IintendtoinvitemylocalMP
tohavelunchwithmeandpropagandizeher!

ThePresident.OurfirstspeakerisDr.ChrisOsborneoftheUniversityofGlasgow.
ChrisOsborneisanRASNormanLockyerResearchFellowattheUniversityofGlasgow
developingtechniquestomergemodernnon-equilibriumradiativetransferformagnetohy-
drodynamicmodellingtostudytheformationandevolutionofcoolcondensationsinthe
solarcorona.ChrisobtainedaPhDfromtheUniversityofGlasgowin2021onradiative
transferinsolarflares,andhasalsoworkedasaresearchsoftwareengineer.

Dr.ChrisOsborne.ThanksforhavingmehereandtotheRASforfundingthiswork.
Spectroscopicobservationsprovideawealthofinformationonremoteobjectswherein-
situmeasurementsarenotfeasible.Ourobservationsaregovernedbythephysicsoflight
formationandpropagation:radiativetransfer.Inparticular,atomicspectrallines—electronic
transitionsbetweenboundlevelsofatomsandions—canprovideverypowerfuldiagnostics
fortheplasmawheretheyareemittedorabsorbed.Inthegeneralcase,itisnecessaryto
understandthedistributionoftheatomicpopulationthroughoutitsboundenergylevels.That
isdeterminedbothbycollisionalprocessesinthelocalenvironment,andalsobyabsorption
andscatteringofradiation.Inmanyregimes,thelatterisnegligible,andthematerialis
oftendescribedasbeinginlocalthermodynamicequilibrium(LTE);however,thegeneral
caseistermednon-LTE,andiskeytotheformationofmanystrongspectrallinesbetween
theultravioletandinfrared.Inthenon-LTEcase,theatomic-energydistributionisaglobal
functionoftheradiationfieldintheregionofinterest,butequallythatdistributionaffects
theradiationfield,leadingtostrongcouplingbetweenthosequantities.

Thetechniquescommonlyemployedinsolarradiativetransfertohandlethoseregimesneed
tobeefficientinordertohandlethelargenumbersofiterativesolutionsneededtoconverge
toaself-consistentsetofatomic-energydistributionsandradiationfield.Tothatend,the
short-characteristicsmethodhasbecometheworkhorseofthefield,duetoitsdeterministic
natureandefficientscaling.Thatmethod,however,isbuiltaroundtheimplicitrequirement
thatinmultipledimensions,theatmosphericmodelmustbesufficientlyscatteringtoprevent
theappearanceof‘rayeffects’,aclassofartefactswherestraightraysappearwithvoidsin
betweenthemduetothediscretenatureoftheangularquadrature.Fortheradiativemodelling
ofcomplexstructures,suchasthoseproducedbymodernrealisticmagnetohydrodynamic
models,structuresofhighopacitymaybeembeddedwithinopticallythinregions(suchas
thesolarcorona),andmodelsemployingshort-characteristicssolversmaybeplaguedwith
rayeffects.

Astronomyandphysicsarenottheonlyfieldsthatrequireaccurateandefficientsolutions
toradiative-transferproblems:thefieldofcomputergraphics,whichprovidesthetechniques
employedinrenderingmodernmoviesandvideogames,mustalsosolvethoseproblems
efficiently,andwithanincreasinglevelofphysicalaccuracytoprovidevisuallyrealistic
resultstoaudiences.Inparticular,wefocusontheradiance-cascadestechnique,firstintro-
ducedbyA.Sannikovin2023∗,andbroughttoastronomicalradiativetransferbyOsborne
andSannikov†.Thattechniquebuildsontheso-calledpenumbracriterion,whichallows
forthederivationofanecessarysetofscalinglawstorepresentpenumbras(partiallyoc-
cludedregions)correctlyindiscretizedmodels,andthusefficientlycomputetheradiation
fieldduetonestedshellsaroundsamplepoints.Underthatscheme,contributionsinmore
distantshellsaresampledwithhigherangularresolution,butlowerspatialresolution,whilst

∗https://github.com/Raikiri/RadianceCascadesPaper
†C.Osborne&A.Sannikov,RASTI,4,2025,rzae062,https://doi.org/10.1093/rasti/rzae062
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in the Geological Society Lecture Theatre, Burlington House

Mike Lockwood, President
in the Chair

The President. This is a hybrid meeting and if you are using Zoom then you should see a
little green shield in the corner meaning you are using an up-to-date version. Questions can
be put in the Q&A section of the website and they will be read out by Dr. Pam Rowell after
each talk.

It is my sad duty to announce the death of Mike Cruise, who passed away this week after
a long battle with cancer. He was my boss for a while and he was a great leader and mentor.
He has been a great servant of this Society and had served both as Treasurer and President. I
will miss his calm wisdom and his sense of humour. Unfortunately, that follows on from the
death of Allan Chapman. I remember his lectures here with great fondness. He would stand
up and talk about a famous astronomer with no lectern, no microphone, no notes or slides,
and just talk in the most beautiful prose and an hour would just fly by. He was one of the
most erudite people I ever heard. It is very sad that we have lost those two, so could I ask
you all please to stand and observe a short silence in their memory? Thank you.

You will have heard that there is a funding crisis. I did a quick set of calculations and this
one is really bad. As a shortfall on the total budget it was 10% in 2002, 12% in 2008, and I
estimate 20% this time. The Society has already mobilized a lot of people and I call upon
you to write to your MP as soon as possible. I recommend that at the top of the e-mail you
put your home address and a personal e-mail address if possible. It does have an impact. All
Friends and Fellows have been sent a form letter.

Council has decided to triple the number of fellowships that we offer. We feel it is a
powerful gesture and it says that we are fully supportive of our young scientists. We are also
going to rationalize the application process. You have a week left before the grant deadline,
and the summer-school bursaries are considered only in this round.

We have a new Head of Membership, Elaine Ellis, joining us from the Music Publishers
Association. We reckon if she can deal with rock stars, song writers, and friends, she can
deal with astronomers, geophysicists, and friends.

More good news. The Vale of Dedham in Suffolk has become a designated dark-sky
community. That is now the seventh in the UK but the first in England.

The Editor-in-Chief of Monthly Notices, David Flowers, is retiring after 15 outstanding
years of service. We will be interviewing candidates for his replacement this month. You may
have also noted that Monthly Notices and Monthly Notices Letters have amalgamated, but
that was not our decision. We have a new Deputy Editor-in-Chief for Geophysical Journal
International — Dr. Stefano Lorito of INGV, Italy.
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Fig.1
Mgiik-lineCOCOPlot.TheCOlourCOllapsedPlot(COCOPlot)encodesthewavelengthvariationacross

thespectrallineintothecolourchannel.Here,blueandredrepresenttheblueandredwingsofthespectral
line,whilstgreenrepresentsthecore.ThesearethenmergedfollowingtypicalRGBsynthesistocompressthe
3Ddatavisually.Bothaxesarespatial(essentiallypixels;edgelength≈4Mm)exceptfortheinsetattheright
wherethe𝑥-axisisinnanometres.

morenearbycontributionsaresampledwithlowerangularresolution,buthigherspatial
resolution.Thatisafairlyintuitiveobservationfordiscretizedmodels,asanyslightspa-
tialmovementmayengenderadramaticvariationinradiationduetonearbysources,but
thosewillbydefinitionhavealargeangularsize.Ontheotherhand,distantsourceswillbe
small,requiringhighangularresolution,butareminimallyaffectedbylateralmovement(in
essence,theirparallaxeffectissmall).Theradiance-cascadestechniquedefinesaprocess
forinterpolatingandmergingthedatastoredinthosecascadedshellssothatmanysamples
ofthedistantcascadescanbeefficientlyreused,whilstintroducingminimalartifacts.Inthat
way,radiancecascadesprovideanefficientsolutionformultidimensionalradiative-transfer
modellingwithintermixedopticallythickandthinmaterialwhereavoidingrayeffectsis
key.Thatisthecase,forinstance,withcoronalcondensations,suchasprominences—cool
structuresthatformintheouterlayerofthesolaratmosphere.

Theneedforefficiencyincomputergraphicshasalsoledtothedevelopmentofa
largenumberofaccurateandrapidapproximations.Ourradiative-transfercodebuildson
ideaspresentedbytheOpenVDBframework∗(atwo-timeAcademy-Award-winningsoft-
warelibraryforefficientlyhandlingandrenderinghigh-resolutionvolumetricdata),along
withtherecursivespatial-averagingtechniqueknownasmipmapping,toprovideanef-

∗https://www.openvdb.org/
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motionsof170–190metrespersecond,inagreementwiththeoreticalmodelsofvarious
instabilities.Incomparison,N2H+showslowerlevelsofnon-thermalbroadeningforIMLup,
indicatingaverticalgradientinturbulencethatagreeswithpriorconstraintsfrommm-sized
dustobservations.Alargersampleofdiscswithmodest-resolutionobservationsofN2H+is
alsoanalysedandwedetectnon-zeroupperlimitsonturbulentmotion,signallingthat—
asexpected—somediscsmayhaveconsiderablemixingandstirringofmaterialduring
theplanet-formationphase.Overall,theseresultspresentacomplexandchaoticviewof
theearlieststagesofplanetarysystemsandcompelustoconsiderallofthosesimultaneous
processesthatlikelyshapedourownSolarSysteminitsverybeginning.

ThePresident.Youdidn’tquantifytheluck.
Dr.Paneque-Carreño.Ididn’tquantifytheluck—thereareseverallayersofluck,oneof

whichisfindinganyofthosefeaturesandbeingabletotraceallofthat,andformeIthinkI
hadluckbecauseitismypersonalviewofplanetformation.Ithinkalotofthingshaveto
gorightormaybewearecomplicatingit.Itseemslikealotofthingshavetohappenthat
wedon’tyetfullyunderstandinordertocreatethenumberofsystemsthatweknowtoexist
includingourown,soit’salotoflittlepiecesthatwearetryingtoobservefromEarthbutwe
needlucktobeabletodetectthemandwealsoneedlucktobeinplaceforthemtohappen.

ThePresident.Youalsoneedlucktostudythecandidatesinthefirstplace.
Dr.PanequeCarreño.Alsotrue,butweneedotherastronomerstotrustinthatluck—

wecangotosystemswhereitislesslikelyandseehowcommontheyare.
ThePresident.Thankyouverymuch.[Applause.]
ThenextspeakerisDr.HannahWakefordfromtheUniversityofBristolwhoisgoing

totalkabout‘Theexoticnatureofexoplanetclouds’.HannahisanAssociateProfessorof
AstrophysicsattheUniversityofBristolwheresheleadsateaminvestigatingtheatmospheres
ofexoplanetsusingspace-basedtelescopes.Sheisanaccomplishedresearcherandtireless
communicator,havingwonthePhilipLeverhulmePrizeinPhysicsin2004.Shehaswritten
anine-billion-yearupdatetothebest-sellingpopularsciencebookBang!!withDrs.Brian
MayandChrisLintott.Shewastherecipientofthe2025RASFowlerAward.

Dr.HannahWakeford.Cloudsareeverywhere.EveryworldinourSolarSystemfrom
planetstomoonsanddwarfplanetswithanatmospherealsohasclouds.Whenwelookto
distantexoplanets,planetsorbitingstarsoutsideourSolarSystem,isitthensurprisingthat
cloudsaretheretoo?Well,yes,tosomeextent.Thedistantalienworldsareunlikeanyin
ourSolarSystemandtheircloudsareevenmorealienforustoimagine.

IamanAssociateProfessorinAstrophysicsattheUniversityofBristolwhereIstudy
theatmospheresofexoplanets,planetsorbitingstarsoutsideofourSolarSystem.Tostudy
thoseexoplanetatmospheres,Iusethetransitmethod,wheretheorbitingplanetpassesin
frontofthestarfromourpointofview,blockingoutasmallportionofthestar’slight—
proportionaltotheratiooftheareaoftheplanettothatofitshoststar.Duringthetransit
someofthestarlightisfilteredthroughtheatmosphereoftheplanet,imprintingscattering
andabsorptionsignaturesonthetransmittedlightbeforeitreachesourtelescopes.Each
atomandmoleculehasauniquespectralsignature—thewayitblocksthelight—andby
takingaspectrumofthelightfromthestarduringthetransiteventwecandisentanglewhat
isintheatmospheresurroundingtheplanet.WithoveradecadeofdatafromtheHubble
SpaceTelescopelookingattensofclose-ingiantplanetsknownashotJupiters—dueto
theirhydrogen-heliumdominatedatmosphereswiththeirradiiclosetoourgasgiantJupiter,
butsittingatorbitaldistances20timesclosertotheirstarthanweare,makingtheirsurfaces
over1000◦C—wehavemeasuredtheabsorptionofwater,sodium,andpotassiumintheir
atmospheres.Butwealsosawthattheamountthosematerialsabsorbedwasnotasstrongas
expected.Thatmutingorsometimescompleteobscurationofgaseousabsorptionisdueto
thepresenceofcloudsintheplanetaryatmosphere,whichblockorscatterthelightwhere
theysitathighaltitudesintheirhost’satmosphere.UsingMietheorywecanshowthat
smallcloudparticleswillpreferentiallyscatterthelightatshorterwavelengthswhilelarge
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fective adaptive-mesh-refinement technique optimized for traversal along rays integrating
the radiative-transfer equation. That provides a typical order-of-magnitude speedup over
the core-radiance-cascades method, at minimal additional memory cost. Combining those
methods with programming techniques for graphics-processing units (GPUs) enables com-
plex models of solar coronal condensations to be computed both more efficiently and on
scales that were not previously feasible. For instance, the prominence model shown in
Fig. 1 shows the Mg ii k spectral line in a very high-resolution magnetohydrodynamic model
(1024 × 768 × 384 grid cells), that would previously be a very significant undertaking with
existing radiative-transfer codes, but takes less than 30 hours on a single NVIDIA H100
GPU with our new software.

The goal of this talk is less to report on the existence of our code, and present the synthesis
of those models, but instead to encourage the astronomical community to look at other fields
and discuss with researchers working in those fields. That can be a very difficult process, as
different fields have slowly evolved both the same and novel solutions to problems, often with
different terms, and it can be challenging to develop a shared vocabulary. When successful,
however, it can bring about step changes in methods that are becoming increasingly hard to
achieve as the body of knowledge to contribute to the cutting edge of science ever increases.

The President. That is fascinating. We spent a lot of time thinking about how we could
use gaming computer graphics in science but it’s mainly in outreach and things like that. Do
we have any questions for Chris?

Dr. Quentin Stanley. Considering the CUDA cores you get in NVIDIA cards: the RTX
5000/4000 and I think 3000, actually use AI interpolation to increase the frame rate; are
you able to use that sort of technology on this sort of problem in the same way?

Dr. Osborne. Yes, there are a few ways in which we can use that sort of technology. One is
simply in terms of it acting as a smart interpolator in many ways, so for visualization work in
trying to figure out ‘what does this look like?’, we can take sparse samples through a model,
something that is efficient to compute, and fill it in with some scientifically valid science
data later on. There is also a lot of work going into small neural networks that approximate
expensive physical processes as part of a larger model. Those are difficult things to train but
it is something that we are just starting to play around with and we are really focussing on
something really small as opposed to the big networks that are common in physics, three
layers of 32 neurons, but they encode just enough physics that we can’t quite get otherwise.

Dr. Stanley. Could you give an idea of the computational cost?
Dr. Osborne. Yes, it ran on an NVIDIA H100 and it took a day and a bit, so feasible.
The President. Thank you very much. [Applause.]
The next speaker is Dr. Teresa Paneque-Carreño. She is a Chilean astronomer and obtained

her PhD in 2014 from Leiden University and ESO. She is currently a 51 Pegasi b and
Michigan Society Fellow at the University of Michigan and an Assistant Professor. She
combines observations and theoretical models to understand the physical and chemical
conditions of planet formation around young stars. As part of her scientific work she has a
deep commitment to science communication with an on-line community of over one million
people who follow her across various social-media platforms. She is an author of top-selling
books and she is recognized as the first female UNICEF ambassador in Chile where she
is recognized as a current female youth leader. The title of her talk is ‘A recipe for planet
formation, dust chemistry, and a bit of luck’.

Dr. Teresa Paneque-Carreño. A fundamental question that people who study planet
formation seek to understand is what processes lead to the creation of planetary systems
such as our own and how those differ from the forming conditions of the wide variety
of other planets that have been detected around various stars. We know that the process
starts with the collapse of a molecular cloud and the formation of a protostar. Around the
nascent protostar, the accreting material settles down to form a disc structure as a natural
consequence of conservation of angular momentum. That disc is labelled as a protoplanetary
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or planet-forming disc and my work focusses on studying it when it has become sufficiently
isolated from the surrounding cloud, at a stage where the star is labelled as a Class II Young
Stellar Object. Usually Class II systems are between one and five million years old and
we expect that ten million years after the molecular-cloud collapse, the disc will have been
completely dissipated, leaving behind only a debris disc and a planetary system.

Protoplanetary discs are made of dust and gas, with the bulk of the material being the
gaseous reservoir. They are three-dimensional structures that extend both radially and ver-
tically for tens, and even hundreds, of astronomical units. They have radial and vertical
gradients in temperature and density. The solid reservoir is distributed such that larger,
mm-sized pebbles and planetesimals settle towards the midplane of the disc, while smaller
micrometre-sized particles are suspended in more elevated layers, as they are well coupled
with the gas. Analysing each of those dust components and the distribution of the full gaseous
disc is fundamental for tracing the chemical and solid reservoir available for forming planets,
as well as interpreting the on-going physical processes that lead to planetary systems.

In this context, my work focusses on understanding the dynamical motions that mix and stir
molecules throughout the disc. Those random-velocity motions are called turbulence, and
they are essential not only for mixing the bulk gas, but also for driving disc evolution through
angular-momentum transport and triggering dust growth towards planetesimal formation. To
study turbulence, it is important first to understand that the disc material is rotating following
Keplerian motion around the central star. We can study distinct line profiles of rotating gas
using high-resolution spectral and spatial observations taken with instruments such as the
Atacama Large Millimeter/sub-millimeter Array (ALMA). For each observed molecular-line
emission, we are sensitive to the Doppler shift of material moving away from and towards
us as it rotates in the disc. That leads to a double-peaked feature, centred at the systemic
velocity, that varies depending on the observed inclination of each disc. Most importantly,
line profiles have a width that is largely attributed to the velocity dispersion caused by the
Doppler effect due to the thermal motion of the observed molecules. The total line-width
will be a combination of thermal, opacity, and non-thermal effects. Turbulence is amongst
the non-thermal-effect components, therefore lines that appear broader than expected when
accounting for thermal and opacity effects may be tracing turbulent motions in the disc.

Turbulence in protoplanetary discs is expected to be an outcome of various instabil-
ities, with distinct theoretical predictions regarding its strength and variation across the
three-dimensional disc structure. Magneto-rotational or vertical-shear instabilities will cre-
ate turbulent motions with higher-velocity fluctuations in the upper layers compared to the
midplane, creating a vertical gradient. An inverse effect of the latter may be caused by any
perturbation produced by embedded (or forming) planets, where the midplane may become
more turbulent than the upper layers. On the contrary, gravitational instability, a scenario
that arises when the disc is massive and cold, may create strong turbulence throughout the
whole vertical extent.

It is clear, then, that to study both the strength and presence of turbulence, as well as
its launching mechanism, one must use molecular-line tracers that emit from constrained
and diverse vertical locations of the protoplanetary disc. To that end, CN and N2H+ are
selected as key tracers of the upper and midplane layers, respectively. CN is a well-studied
molecule that requires high-energy photons for its creation as it is a by-product of HCN
photodissociation or can be created if vibrationally excited H∗

2 molecules, created through
FUV pumping of H2, are present. Therefore, CN originates in the upper disc layers, where
radiation is higher. N2H+, on the other hand, is an ion that is readily destroyed by gas-phase
CO, therefore it can be used as a tracer of the CO snow-surface, which appears at low
(<20 K) temperatures, close to the planet-forming midplane.

Using high-resolution spectral ALMA observations and non-parametric modelling of the
line profile, I am able to measure non-thermal line broadening in CN emission from the
disc around the solar-mass star IM Lup. That non-thermal broadening is related to turbulent
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particleswillblocklightuniformlyatallwavelengths.Butwhatarethecloudsmadeofat
thosetemperatures?Forthatweneedtolookatthecondensationconditionsofdifferent
materialsandatwhattemperaturewouldthegasneedtobewhenitbecomessaturatedand
thusliquidorsolidparticlesofthatsubstanceform.OntheEarththechangingtemperature
ofouratmospherewithaltitudecrossesthewater-condensationline,consequentlywehave
cloudsmadeofwaterdroplets.AtthehightemperaturesofthehotJupiterstheyinstead
crossthecondensationlinesofmaterialmoreunusualtothinkofasclouds.Themaincloud-
formingspeciesforahotJupitershouldinfactbemagnesiumsilicates,orsandaswewould
callithereonEarth.Thosesilicatescondenseoutofthegastoformsolidparticlessuspended
intheatmospherewiththeirsizedictatedbythedynamics,chemistry,andtemperatureof
theatmospheretheysitin.Inmoreextremeatmospheresatover2000◦Cthecloudsare
expectedtobemadeofcorundum,thealuminiumoxidethatmakesupthebasisofrubies
andsapphires.Thebeautyofthosematerialsisthattheyalsointeractandabsorblightina
characteristicway.Forsolidmineralsthatabsorptionoccursinthemid-infrared(>5microns)
andiscausedbythevibrationbetweenthemaindiatomicspeciesthatmakesupthecloud
particle—inthecaseofmagnesiumsilicatesthesilicon–oxygenbondwhichabsorbsaround
ninemicrons.Fordecadeswehaveknownthatthosecloudsareinexoplanetatmospheres,
butonlysincethelaunchofJWSTonChristmasDay2021havewehadthemeanstotell
youwhattheyaremadeof.

JWSThasalreadymadebreakthroughmeasurementsofexoplanetatmosphereswiththe
firstdetectionsofcarbondioxideandmethaneinthegasphaseforahandfulofplanets.
Yettheobscuringqualityofcloudsisstillverymuchpresent.ExcitinglyJWST’sMIRI
instrumentcanmeasureexoplanetatmospheresovertheexpectedabsorptionbandsofthe
predictedsilicateclouds.Butsurpriseswerestillinstore.Myteamandcollaboratorsaspart
oftheJWSTTelescopeScientistTeamDREAMSprogrammeusedMIRItomeasurethe
atmosphereofthehotJupiterWASP-17basittransiteditsstar,pickinguptheabsorption
signaturesofmaterialinitsatmosphere.Thosemeasurementsrevealedatell-taleabsorption
spikearoundninemicronswhereweexpectoursandcloudstointeractwiththelight.But
thespikewasslightlynarrowerthanexpectedandshiftedto8·7microns,thatmeantitwas
notourmagnesiumsilicatebutinsteadsilica,themoreprimitiveform,SiO2,whichwe
callquartz.Thatdetectionofsilicainthemid-IRcombinedwithscatteringmeasuredwith
Hubbleintheopticalhelpedusconstraintheparticlesizeofthosecloudstojust10nm,
suspendedhighintheplanet’satmosphere.Whatwesawwasthefirstdefinitivedetection
ofanexoplanetcloudspeciesandwhatwelearntisthatthecloud-formationsequencefrom
corundumdowntomagnesiumsilicatesandevensalts(around700◦C)ismorecomplex
thanwethought.AdditionalmeasurementswehavemadeofWASP-17bhaveshownthat
thosecloudsareformingacrossthecoldsideoftheplanetandbeingtransportedbyfast
windstothedaysidewheretheyevaporateintotheirgasphaseandthenrecondenseontheir
nextjourneyacrossthenightside.Thatrevealsasilicatecycleverydifferentfromourown,
crystalsofquartzsmallerthanthewidthofahumanhairrainingthroughanatmosphere
over1000lightyearsawayattemperaturesofnearly2000◦Candwithsupersonic1000-mph
winds.Withstate-of-the-arttelescopeswecanbringthetruenatureofthatandotherexotic
atmospheresandtheircloudstolight.

ThePresident.Itisjustamazingtheprogressthathasbeenmade.Youweresayingthat
itis30yearssincethefirsthotJupiterwasdiscoveredandIrememberit.Weknowso
muchaboutitnow,it’sjustastonishing.ArethereanyquestionsforHannah?Ijustmake
anobservation.YouwerepointingoutthatEarth-likeplanetsaredifficultbecausetheir
atmosphereissocompactedbuttheirmagnetospheresarenotandtherearesomereally
interestingstudiesusingthosetechniquesonionizedspecies,separatingoutthestellarwind
fromtheplanetary-originstuffandtheylookjustlikeEarth’smagnetosphere.It’samazing.

Dr.Stanley.Youmentionedthe2%changeinatmospherewhichisquiteintriguing,
becausethatmeansthatyouhavealow-pressure/high-pressurearea.Thinkingoftherain
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Fig.4
Structureoftwosimulatedprominencesinintegrateddensity.Theleftpanelsshowtheviewingdirection

fromthefront(line-of-sightalongthe𝑦-axis)andtherightpanelsshowtheviewingdirectionfromtheside
(line-of-sightalongthe𝑥-axis),similartohowprominencescanbeobservedonthesolarlimb.

hotcoronalplasmathatcondenseontotheexistingcoolblobs.Thecondensationofthathot
plasma,alongwiththecontinuedinjectionofcoolplasmafromthechromosphere,feeds
theprominencestructure.Offsettingthatmassbuild-up,theprominencecanalsolosemass
throughplasmadrainingbacktothesurfacealongmagnetic-fieldlines(seeFig.3).That
masslosscanoccurtobothsidesandatthebottomoftheprominence.

Thesimulatedprominencesareclosetothesurfaceandhaveheightsof≈6–20Mm,
whichissimilartothesizeofprominencesinactiveregions.Theprominenceplasmais
dynamicandshowsaninterestingfinestructure.Thevisiblefinestructuresofthepromi-
nencescanvarydependingontheparameterschosenforthesetup(seeFig.4).Depending
onthestrengthandorientationofthemagneticfieldatthelocationoftheprominence,the
structuresasviewedfromtheside(rightpanelsofFig.4)canfeaturehorizontal,verti-
cal,andturbulent-lookingpatternsthatqualitativelyresembledifferenttypesofobserved
prominences.Furthermore,wecomparesimulationsinwhichtheatmosphereistreatedin
localthermodynamicequilibrium(LTE)everywherewithsimulationsthattakenon-LTE



232 2026 February 13 Meeting of the Vol. 146

which we are currently suffering, do you end up with one side where it’s always raining
quartz and the other side where it is nice and sunny?

Dr. Wakeford. The question of weather is something we are interested in and you aren’t
wrong. We would expect that one part of the planet would be very much inundated with
clouds and rain (or quartz) as it sinks down through vertical mixing. Those planets don’t
have a surface of any kind so it is not something you can stand on and feel as you would
on a beach in Wales, say. In essence, what you are saying is actually accurate. We have a
point in the atmosphere where we would expect clear skies and it’s just gas-phase chemistry
going on and we have got the formation of these solid particles suspended high up in the
atmosphere that are travelling very fast. Imagine that they are really shards of glass flying at
you at thousands of miles an hour. That is what is happening in that atmosphere and as they
go around to the day side they get evaporated but that mixing is happening. Deep within
the atmosphere we have other clouds that are warming being lofted up into the atmosphere
and it’s a big dynamical process when you have these spots of weather and we are getting
down to the scale where we can tell you not just about the climate of the planet but what the
weather is like in a particular location.

Dr. Stanley. So basically you are saying that I’m going to need a bigger umbrella?
Dr. Wakeford. You are going to need a much bigger umbrella and it will need to be very

heatproof — 700 to 1000 degrees at that point — and you will be under millibar pressure,
equivalent to about the stratosphere on Earth. You are going to need a really good spacesuit.

The President. Quentin, your thinking is close to mine. I think that it would be very good
if Earth were to manage that trick, burn off the clouds every midday and reappear at night?
Thank you very much, Hannah. [Applause.]

The last speaker is Lisa-Marie Zeßner from the Max Planck Institute for Solar System
Research in Göttingen. She began studying astrophysics in Heidelberg in 2014, completing
Bachelor’s and Master’s degrees there. During that time, she worked with cosmological
simulations and models to study galaxy evolution and cosmic structure formation. At the
end of 2020, she started a PhD at the Max Planck Institute for Solar System Research
(MPS) in Göttingen and began working with the MURaM code to set up simulations of
solar prominences. She finished her PhD thesis last year, and she is now staying at MPS as
a postdoc to keep working on new and more advanced setups for her prominence models.

Dr. Lisa-Marie Zeßner. Solar prominences have fascinated people for hundreds of years.
During solar eclipses, they can be seen as bright clouds at the edge of the obscured solar
disc, meaning they could be observed long before the invention of the telescope. At that
time, the nature of those features was unclear: people described them as ‘burning holes’,
‘red flames’, or even ‘mountains on the Moon’, as it was uncertain whether they belonged
to the Sun or the Moon. Now, hundreds of years later, we know that solar prominences are
plasma clouds that hover in the solar atmosphere, supported against gravity by the solar
magnetic field. They can be found all over the Sun and vary in size, structure, and dynamics.
Modern ground-based telescopes and satellites now allow us to study them in great detail.
Nevertheless, many aspects of their physics remain unclear because the prominence plasma
is highly dynamic and can exhibit complex properties. Therefore, theoretical models and
numerical simulations are important tools for interpreting observations and understanding
solar prominences.

During my PhD, I used the radiative-magnetohydrodynamic code MURaM to set up
simulations of prominences in the solar atmosphere. MURaM simulates the solar atmosphere
from the top of the convection zone up to the solar corona in a Cartesian box. In this talk, I
provide an overview about the formation and properties of the simulated prominences.

We start the simulations by providing a dipped magnetic arcade as the initial condition for
the magnetic field in the simulation box. We can vary the parameters of that initial condition
to study different versions of the setup. During the simulation runtime, the footpoints of the
magnetic arcade are fixed at the bottom boundary of the domain to stabilize the magnetic-field
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Fig. 2
3-D rendering of the plasma density for the convection zone, photosphere, and chromosphere of the simulated

domain before the prominence is formed. The opacity is adjusted such that the corona (𝜌 < 10−14 g cm−3) is
not visible. The corona spans the whole volume above the chromosphere. The visible chromospheric plasma
blobs show examples of the injections that can form and feed the prominence.

Fig. 3
3-D rendering of the prominence plasma during a draining event. The opacity is adjusted such that the

corona (𝜌 < 10−14 g cm−3) is not visible.

structure against the dynamic convective motions. After some time, a prominence structure
starts to form self-consistently by a combination of cool injections from the chromosphere
and the condensation of hot coronal material. At the beginning of the prominence-formation
process, cool and dense plasma blobs are ejected upwards from the dynamic chromosphere
into the hot solar corona (see Fig. 2). Some of those blobs settle in the dips of the magnetic-
field configuration, beginning to build up the prominence structure, while others fall back
down to the solar surface. If the blobs remain in the corona for long enough, they get
cooled by radiative losses, and the pressure at that location drops. That drives inflows of
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(NLTE)effectsinthechromosphereintoaccount,suchasscatteringofradiationandnon-
equilibriumhydrogenionization.IntheNLTEsimulations,theaveragetemperatureofthe
prominenceplasmaishigher,andthetemperaturestructurewithintheprominencebecomes
moreinhomogeneouscomparedtotheLTEcase.

Withthecurrentsetup,weplantoconductmoreextensiveparameterstudiesinordertogain
abetterunderstandingoftheoriginofthevisiblestructuresanddynamics.Inthefuture,we
intendtoexpandoursimulationsetuptoincludemoresophisticatedmagnetic-fieldconfigu-
rations,suchaslargershearedarcadesandmagnetic-fluxropes.Bycalculatingsynthesised
emissionatdifferentwavelengths,wewillbeabletomakemoredetailedcomparisonswith
observations.

ThePresident.QuestionsforLisa?I’mjustamazedatthedetailyouareabletosimulate.
Someofthesimulationslookmorelikethingsfromcomputergames.Iwasgoingtoask
aboutthebasisofthefieldmodel,butalsothepatternofmotions—aretheyprescribed
frominstrumentationoraretheyproducedbyothermodels?

Dr.Zeßner.Themovementingeneralisproducedbythemodels.Youstartoutwitha
simpleatmosphereandthenthemodelgetsheatedsoyouputenergyinwhichtriestomatch
whatenergycomesoutoftheSunandthenyounaturallygetthishot-plateeffectthatcreates
granulationcellsintheplasmawhenyouheatitfrombelow.Youhavetodefineaboundary
conditionbecausetheconvectivezoneisprettydeep—itmakesupabout30%ofthesolar
diameter.Wecannotsimulateallofthatandalsowehavetheproblemthatwedon’treally
knowexactlyhowtheconvectioncellslookdeep-down.Wesimulateonlytheverytoplayer
sowehavetomakeassumptions.

ThePresident.Myquestionwasbiassedbecausethemoviedidn’trun.Itlookedasthough
thefieldwassittingwithingranulationcells.ThatiswhyIwonderediftheywereprescribed.
I’mamazedatsomeofthethingsthatyouareabletosimulate.Someofthemlookmore
likecomputergames.

Dr.Zeßner.Thatfieldwasprescribedbecauseitwasputinbytheinitialmagnetic-field
configuration,butitsshapeisalsoaffectedbytheturbulentconvectivemotions.

ThePresident.Arethereanyotherquestions?Thankyouverymuch,thatwaslovely.
[Applause.]

Therearejusttwoannouncementsbeforeweclose.ThenextmeetingwillbeonFriday,
March13thandtherearedrinksnextdoorinthelibrary.RemembertowritetoyourMP.

MEETINGOFTHEROYALASTRONOMICALSOCIETY

Friday2026March13at16h00m

intheGeologicalSocietyLectureTheatre,BurlingtonHouse

MikeLockwood,President
intheChair

ThePresident.Welcometotoday’smeeting.Thisisahybridmeeting.Questionscanbe
putintheQ&AandtheywillbeaskedattheendofeachlecturebyDr.PamRowell.

IhaveanunhappyjobtodoandthatistoannouncethedeathofDameCaroleJordan.
[CarolewasanEditorofthisMagazine1968–1973.—Ed.]ShewasthefirstfemalePresident
oftheSocietyandservedinthatpostfrom1994to1996.IcantellyouthattheRASwas
incrediblyclosetoherheart.Wewouldoftentalkbothhereatthemeetingandafterwards
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carrysciencepayloadsandhavedifferentmagnetometersonboardcomparedtotheBlock-1
vehicles.Also,thefittingprocesshasbeenchangedfromtheWorldMagneticModelto
CHAOS8.1,andnowincorporatesanextrasphericalelementarycurrentstep.

InrealityyoucanseethattheIridiumsatellitetracksinthenorthernhemispherearemuch
moreconstrainedthantheyareinthesouthandyoueffectivelyendupwithachangein
coordinatesinthesouth.Thatfittingtriestocorrectforissueswiththesouthern-hemisphere
maps,andleadstonewmaps.

Theoldfittingmethodgivesaresultwhichwas21%asymmetricforBlock1and19%
forNEXTwhilstthenewfittingmethodappliedtoNEXTdatagivesanasymmetryof4%
whichisinterestingbecauseeveryotherdatasetgivesavaluebetween10%and12%.The
asymmetryhasseeminglygonefrombeingoverpredictedtounderpredicted.Thereisa
problembecauseitisreallyhardtodoconjugatestudiesofEarth,particularlyifyouwantto
doitfromtheground.TherearealotofdatainthenorthernhemispherebutintheAntarctic
itisreallyhardtoputmagnetometerstherebecauseyouhavefarlesslandmass.Ifyouuse
spacecraft,eventhosegiantconstellationsthatspantheEarth,youareatthemercyofthe
orbitalmechanicsandyouaregoingtohavetomakeassumptionsastohowtodoyourfitting
ineitherhemisphere.Thereisnoway,atEarth,ofmakingtrulyconjugatemeasurements
exceptforone.Weneedadual-hemisphereauroralimager.Ithasbeenabouttwodecades
sincethelasttimewehadanauroralimagertakingimagesoftheaurorafromspaceand
we’veneverhadadual-hemisphereauroralimager.Multiplemissionshavebeenproposed
andallhavefailed,whichisintenselyirritating.Weknowthehemispheresareasymmetrical
andwearefindingoutmoreandmorethattheasymmetrymanifestsitselfinmanyways.

I’dliketoendbythankingallthepeoplewhohavesupportedme.
ThePresident.Thankyou,John.Questions?IsPeterCargillhere?Peter,thestudentthat

welookedaftertogether,TimStubbs,lookedatpolar-hemispherework.
ProfessorPeterCargill.Idon’tthinkitwaseversubmitted.
ThePresident.AfterhelefthewentandjoinedGoddard.
AFellow.Averyintriguingpresentation,particularlysincemostofussimplypresent

saying“herearemyresults”.Thatnotonlygivestheresultsbutpresentsthefactsthatthere
arequestionsstilltobeanswered.Thatreallyleadsusallonfurther.Duringthepresentation
Ithought,becauseoftheasymmetry,coulditbethatthenorthernhemispherehasfarmore
surfacelandthanthesouth,thoughyouhavesuggestedthatitisthealtitudeofthatlandthat
playsarole.

Dr.Coxon.It’spossible—it’snotthefavouredinterpretationbutitissomethingthatI
wanttolookat.MeasuringneutralwindisverydifficultandIhaven’tworkedouthowtodo
ityet.Ithankyouforyourkindwords.Idon’twantanyonetothinkthatwehavesolvedthe
problem,partlybecausewehaven’tbutpartlybecauseIwouldlikemoremoneytoworkon
this!

ThePresident.Onethingthatyoupointedoutwasthatthepoleshadadifferentoffset.
Thatmeansthatourmagneticfieldisnotgeocentric.ItreallyimposesabigUTvariationon
everythingwedoandIthinkthatisveryrelatedtoallthatyousay.LetusthankJohnagain.
[Applause.]InmyPresidentialaddressintwomonthsIamgoingtobeproducingevidence
fortheDungeycycleonanexoplanet.

ThenextspeakerisMarkLesterwhoisourSeniorSecretary.Thetitleofhistalkis‘Chance
observationswithameteor-scatterradar’.

ProfessorMarkLester.JustacommentonJohn’stalk—therewillsoonbeanewauroral
imagerflyinginspace,atleastprovidingthatthelaunchofSMILEgoestoplannextmonth.

I’mgoingtotalkaboutsomeobservationstakenwithameteor-scatterradar.Thisisabout
workthatmycolleaguesAlexanderKozlovsky(SodankyläGeophysicalObservatory)and
GunterStoberattheUniversityofBernehavedoneinthisrespect.Theseareobservations
thatwesawbutcouldnothavepredictedinanygrantproposal.TheinstrumentthatI
willtalkabout,SLICE[Sodankylä–LeicesterIonosphericCouplingExperiment],hasbeen
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on the train to Oxford, and she would always ask about the Society. She was a genuine
trailblazer in making her own way in what was a male-dominated field at the time. She made
her name in particular in spectral studies of in the UV from the IUE mission and in X-rays.
She analysed the spectra in terms of states of ionization and followed through that with work
on cool stars. I was asked to talk about her for Last Words on Radio 4 and I was looking
for a suitable anecdote. Fortunately Roger Davies came up with the perfect example: At a
reception at Oxford, she was introduced as Professor Dame Carole Jordan and her response
was “Dame Commander — I like the Commander bit”. Can I ask you to take a few moments
to remember her? Thank you.

The bad news comes from STFC. There is a major funding crisis with 30% cuts to
astronomy-grants projects and teams have been told to plan for 60% cuts. I want to tell
you what the Society has been doing and my sincere thanks to Robert Massey, Marieta
Lefort, Sam Tonkin, and Jess Shaper who have contributed enormously as has Jim Wild (our
President-Elect), and Ian Russell.

They have been trying to improve the situation and I know we have made a definite impact.
As soon as the announcement was put out in a press statement we talked to several national
media outlets and Jim Wild and I spoke to a large number of journalists. We have created a
template letter for Fellows to write to their MP, and if you haven’t already done so, please do
help to keep the pressure on. I wrote to Lord Vallance the Science Minister for a meeting and
we briefed ministers at the Science and Technology Committee. We hosted an emergency
astronomy forum where STFC staff were in attendance. We have also talked to Michele
Dougherty, Catherine Heymans, Peter Fortune MP, and the Shadow Science Minister. Ian,
Robert, and I attended other sessions at advisory Town Hall meetings and the IoP Heads of
Physics meeting.

The Society has tabled FOI requests on certain aspects on how this crisis came about
and also what the plans are to end it. I’m pleased to say that MPs are now asking those
same questions. We have also had an open letter from physics teachers with 120 signatures.
They understand the aspirational value of astronomy and getting people into science and
technology. RAS Council is doing what it can to help and I remind you that we have tripled
the number of fellowships that we offer.

Max Alexander is presenting his ‘Fragile Earth’ exhibition on the growing threat of space
debris. The exhibition started at Lloyd’s of London and has been to the United Nations, the
European Parliament, and is now being hosted by us in the BH courtyard from March 19 to
May 16.

The first speaker today is John Coxon who is an STFC Ernest Rutherford Fellow at
Northumbria University and who won the Fowler Award in 2025. His research interests
are primarily in terrestrial electrodynamics: he studies electric-current systems that flow at
Earth, including the Birkeland currents. He has also contributed to the question of substorm
physics, including work in how energy and currents are distributed before and after substorm
onset. The title of his talk is ‘Hemispheric asymmetry in terrestrial electrodynamics’.

Dr. John Coxon. Kristian Birkeland produced an instrument called the terrella consisting
of a giant magnetized metal ball and he fired electrons at it. He was occupied with the question
of how the aurora occurs. It was located under one of the lecture theatres at the University of
Oslo, and in 1899 he built an observatory in Norway to make studies of geomagnetic storms.

In 1908 he wrote in a paper “the knowledge gained in radioactivity since 1896 has favoured
the view to which I give in that year namely the magnetic disturbances on the Earth and the
aurora borealis are due to corpuscular rays emitted by the Sun.”

He built the terrella to test the theory that the aurora borealis was being caused by some
sort of emanation of charged particles coming from the Sun. His idea was widely pilloried
in Britain and he did not get anywhere near the recognition he deserved during his lifetime.

Birkeland discovered that current flows along the magnetic-field lines at Earth, and he
found that by firing electrons at the terrella. The morphology of the Birkeland currents was
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first established by Iĳima and Potemra in 1978, 70 years later.
I would like to introduce to you the Dungey cycle. The magnetic-field lines are trapped

in the solar wind. Effectively there is a circulation of field lines with reconnection and the
solar wind drags the field lines around to the night side where reconnection occurs again
and the Earth’s magnetic-field lines go back to the dayside thus completing the cycle. There
are large plasma flows because the plasma is trapped on the field lines and as the field lines
move, the plasma moves with them. You have a mass movement of plasma in the Earth’s
magnetic field, so you end up getting an electric field as a result. If you have a vortex in the
plasma flow you get the electric field pointing into the middle of one vortex and out of the
middle of the other vortex. Because you have electric fields pointing inwards and electric
fields pointing outwards, that implies you have some large-scale current flowing and the
magnetic line currents are the currents that Birkeland hypothesized.

We can take snapshots of the current system using a megaconstellation of satellites called
Iridium, a telecommunications satellite network. There are 66 satellites in six orbital planes
and we get data in a ten-minute-long sliding window, evaluated every two minutes. We have
16 years of data at a resolution of 1200 spatial data per time-stamp. We pay the satellite
operators for magnetic data and we can get the currents from that.

It turns out that if you look at the total current in the northern hemisphere and subtract
the total current in the southern hemisphere you get a sinusoid. In the northern summer,
currents are stronger in the north, and stronger in the south in the southern summer, because
of the differences in insolation caused by seasons. We expected that the current flowing in
each hemisphere during equinox would be equal. What we find is that at the equinox they
are absolutely not equal in the two hemispheres. The northern current dominates at all times
except during the southern summer and the northern-hemisphere currents are larger than
those in the south. We had to decide if that difference was an artefact or was real. Other
teams found the same difference in Swarm and DMSP [the U.S. Defense Meteorological
Satellite Program] data which was very encouraging.

However, in my 2016 paper, I found that the northern-hemisphere currents were 27%
stronger than the southern-hemisphere currents, whereas the asymmetry reported by Swarm
was 12%, which are inconsistent with one another. In other data sets, Poynting flux and
ionospheric conductivity are also asymmetrical whereas neutral winds do not seem to be.
Asymmmetrical neutral winds might cause an asymmetry in the current because plasma
vortices drive vortices in the neutrals which end up counteracting the current you get. If
you think about Antarctica and the ocean around it versus the Arctic circle, the northern-
hemisphere magnetic pole is in the sea, surrounded by land, and in the south it is in a land
mass surrounded by sea. A recent paper by Silva et al. in 2020 does not find a significant
difference between the neutral winds in other hemispheres but that is a difficult observation
to make. As such the leading theory for why we see asymmetries in the electrodynamics is
that the Earth’s dipole itself is asymmetrical.

We recently looked at a solar cycle’s worth of data, plotting data versus the FACER
model∗ parameterized by a simple consideration — if the plasma vortex results in currents
I described earlier and is being driven by magnetic reconnection, you can parameterize the
model of the vorticity with magnetic reconnection and estimate the current you should get.
The model includes conductance and so it knows about seasons, because the zenith angle is
part of the model and it changes with season.

The modelled currents vary with season and so are centred on zero as there is no systematic
asymmetry in the model. Another important thing to note is that in 2018 the Iridium satellites
were replaced. Older Block-1 satellites were replaced with Iridium NEXT satellites, which

∗The Field-Aligned Currents Estimated from Reconnection (FACER) model is a model of Birkeland current
based on a few simple assumptions; the full model description is at https://github.com/johncoxon/
facer-model.
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operationalsince2008.It’snotreallyanionosphericexperimentbutameteor-scatterradar
whichtendstomakeobservationsbetween80and100km—thatiswheremeteorstendto
leavethebulkoftheirionizationtrailastheyfallintotheatmosphere.Inthatregionwetend
togetconstantmeasuresofneutralwinds.

ThefirstobservationIwilltalkaboutwastriggeredbyoneofthelargestvolcaniceruptions
sinceKrakatoa.IthappenedonthevolcanoofHungaTongaHungaHa’apuiinthesouth
PacificandobservationsweremadeinScandinaviawheretherearefourradarsatTromsø,
Andøya,Kiruna,andSodankylä,andCONDOR(ChileanObservationNetworkDeMeteor
Radars)inPeru.Wegotfivedaysofdataandwehaveusedadata-assimilationalgorithm.
Weseeaneastwardgravity-wavearrival,followed48hourslaterbyawestwardone.In
theNordicclusteryouseethearrivalofeastwardandwestwardgravitywavesatthesame
time.Wecanthenusethefivesetsofobservationsinmoredetailandincludeaworldwide
networkofradars.Thewestwardwavemovedat165metrespersecondandtheeastward
componentat240metrespersecond.Thattellsusthatthesystemisactinginawaythatwas
notanticipated.I’mfascinatedbythefactthattheNordicarraycanseebothgravitywaves.
Previously,suchsouthernvolcaniceventscouldbeseenonlyinthesouthern-hemisphere
sector.

ThesecondstudyrelatestofromaneffectwhichisknownastheTromsøspiral.Itwas
causedbythecontrolleddestructionofaRussianmilitarymissilein2009December.We
knowfromotherstudiessuchaslaunchesoftheSpaceShuttlethatsome350metrictons
ofwatervapourcanbeinjectedbetween100and115kmoneachascent.Wedidnothave
ahandleontheneutralwindsinthataltituderange.Youwouldnotnormallyexpecttosee
anythingintheSodankyläregionbutfrom0900UTthereareextensiveclustersofapparent
meteorscatter,unusualinitself,butafterabout30minutes,theoccurrenceratedropsright
downforabout2·5hours.InthesporadicE-layerthereareeventsat15MHz.Webelievethat
thatisnotassociatedjustwithneutralwindsontheirown.Weexpecttoseescatteringfrom
thedebrisofthemissilelaunch.Ameteorscatterhasadelayofabout1second.Arocket
launchismuchmorelong-lived,sowedon’tthinkit’saurora.

Insummary,thiseventoccurredinaperiodofextremelylowsolarandmagneticactivity,
sowedon’tthinkit’saurora.It’sunlikelythatthescatterhasbeenmovedbyelectricfields
andtheobservedhorizontaltransportbyneutralwindscan’texplainthiseither.Therewere
somesuggestionsfromtheShuttlelaunchesthatturbulencecouldplaysomeroleinthisand
thetheoreticalestimationsuggeststhatthiscouldbethecase,butformethequenchingof
thescatterisarealunknownthatwestillhavetoresolve.

So,twoverydifferentchanceevents,whichwewouldnothaveseenwerewenotoperating
thissystemonacontinuousbasis.Inonecase,theresponsetotherocketexplosion,the
instrumentisnotwellsuitedtothestudyduetothelimitedamountofdatathathasbeen
savedforeachecho,suchthatwehavenoideaofthefulllifehistoryofthescattering
bodies.Theviolentvolcaniceruptioncausedwaveactivityacrosstheglobeindifferent
local-timesectorsandhemispheres,sosomethingofthatnature,a1-in-100-yearevent,does
havesignificantimpactelsewhere.Onelastpoint,Johnmentionedconstellations—oneof
theproblemswiththatisthatthesatelliteshavetode-orbitandwhentheydotheyleavestuff
inthemid-andupperatmosphere.Thatissomethingthathastobelookedatinagreatdeal
moredetail.

ThePresident.AnyquestionsforMark?
ProfessorKathyWhaler.GoingbacktotheHungaTongaeruption—didyouseeany

evidenceforthearrivalofasecondwave?Wasthereanyevidence,therefore,inyour
observationsfordispersion?

ProfessorLester.Wedidn’tseeanyevidenceforthesecondarrival,andthereisaquestion
overthedispersionofthesignal.Thethingiswedidastraightlineandthereprobablyisa
dispersionofthesignal.
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Wehavefoundsomemoreofthem.InGaiaBH2thestarisevolvingoffthemainsequence.
Theblackholemassis9𝑀⊙,theperiodis3·5yearsandtheseparationis5AU.Thoseare
theonlytwoblackholesinGaiaDR3butthereisanother,GaiaBH3,whichhasaperiodof
11yearsanditwasfoundduringpreparationsforDR4.Theblackholehasamassof33𝑀⊙
andthestarisverymetal-poor.Wethinkthatthestarandtheblackholeformedatthesame
timeandwecanseethecompositionofthestarfromitsspectrumsowecanseewhatsort
ofstarformedtheblackhole(BH).WearelookingformoreblackholesintheGaiadata
butwecanalsofindBHbinariesfromtheX-raybinarysystems.MostoftheX-raybinaries
haveabundancesclosetosolarandmassesaround9to10𝑀⊙,althoughCygX-1has20𝑀⊙.

CouldwehavetwoBHsinabinarysystem?Weknowthattheyexistfromgravitational-
waveobservations.MystudentPranavNagarajanhasmodelledasystemwithastaranda
pairofBHsbutthemotionisnotstrictlyKeplerianandorbitalprecessionisinvolved.We
haveusedverypreciseradialvelocitiesfromKeckandVLTtotestthatmodelbutevenwith
themostprecisevelocitieswefindnoevidencefornon-Keplerianmotionsoitlookslike
asingleBH.WecannotstrictlyruleoutthatBH-binarymodelasthetwoobjectscouldbe
veryclosebuttheywouldmergeiftheperiodwere<1·5days.Radial-velocityworkisthe
onlywaytodetectBHbinaries.

ThethreeGaiaBHsarethethreeclosestBHsystemsthatweknowabout.Weinferthat
thenon-accreting,non-interactingwidebinariesareabouttento100timesmorecommon
thanthewideX-raybinaries.WeexpecttoseetenX-ray-brightredgiantsinbinariesand
wearenowlookingatredgiantsassociatedwitharadiosourcebutmostdonothaveablack
holeassociatedwiththem.

Inthecaseofneutronstars(NS)wehave30nightsofdatatoyieldsomeorbits.We
startedwith50candidatesandin21casesweconfirmtheGaiavelocityandconfirmthat
thecompanionisaneutronstarbasedonitsmass.Theorbitsareeccentricandtheperiods
rangefromtento100days.Wehavefoundthatthecompanionstarsareoftenenhancedin
lithium(Li)andfromthatlinewecanmeasuretheabsoluteabundancesofLi.Wedon’t
knowwhatproducestheLibutitmustberelatedtotheneutronstar.Thestarsmusthave
formedco-evally.Inthecaseofthewidestar–NSbinarieswethinkthatthestarwillbecome
aredgiantandbecomeX-raybrightandwecomparedthenumberofthosesystemswith
thenumberofX-ray-brightbinaries.FromtheclosebrightX-raysystems2kpcawaywe
caninferaspacedensityandaformationrateandwefindthatthebirthratesofthetwo
populationsareconsistent.WhenweplotthemassdistributionofNSsandBHswefind
massesbetween1·3and2𝑀⊙,acoupleofBHsat9𝑀⊙,oneat33𝑀⊙,andnothingin
between.WearelearningthatthosebinarysystemsprefertomakeNSsof1–2𝑀⊙oraBH
whichismuchmoremassive.IfwecomparetootherkindsofNSthatweseesuchasradio
pulsarsandBHstowhatweseeinX-raybinariesthenwefindamassbi-modalitybetween
BHsandNSs.

InDecemberwewillhaveGaiaDR4.Weexpectthenumberofbinariestoincreaseandto
havelongerorbitalperiods.InDR4wewillbeabletofitperiodsupto2000days.Theorbit
isconsequentlybiggerandthebinariescanbeseenfurtheraway.InDR4wesimulatethat
wewillget30BHsmostlyatlongerorbitalperiods.Wearenowwritingproposalstoget
observingtimeinDecembermostlyforhigh-resolutionspectroscopyandhopefullywe’ll
havelotsofspectraofBHsystemsinDR4.

ThereisamissioncalledRomanwhichlaunchesinSeptemberthisyearandalsowill
begoodatfindingBHs.ItisdoingaGalactic-bulgesurveyandwillfindstarsthatare
gravitationallylensedbyBHspassinginfrontofthem.Thestargetsbrighteranddeviates
inpositiononthesky.Itwillalsolookatotherpartsoftheskyandwewilluseittoextend
theGaiabaseline.WethinkthatcombiningRomanastrometrywithGaiaastrometrywill
doubletheknownnumberofBHbinaries.

ThePresident.Thankyouverymuch.Questions?
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The President. Kathy has stolen my question! We saw the tropospheric wave at Reading
three times.

Professor Whaler. Yes, we saw that in some of the pressure observations.
Mr. Horace Regnart. A little bit of prehistory from my childhood. The Krakatoa explosion

is said to have knocked people unconscious on top of a cliff where they were standing 30
miles away and the sound waves being detectable going three times around the world. A
rather unsophisticated precedent to your sophisticated work.

Professor Lester. Kathy just made that comment about the pressure waves that you saw. I
should say that we have evidence for a land wave as well but that is a different story.

Rev. Garth Barber. You mentioned the effect of exploding missiles and the Space Shuttle
— could you comment on Elon Musk’s plan to launch a million satellites to process his AI?

Professor Lester. Apart from the fact that I know all my astronomical colleagues will be
very unhappy, I am genuinely concerned about the impact of such a proposal. I also take
John’s point that if there is a scientific instrument in there we would have a fantastic data set
to work with, but it’s the de-orbiting from a long-term perspective of the atmosphere; the
impact on the atmosphere is still troubling and that needs to be studied in detail.

The President. I think that we can take some comfort in Musk’s promise that one of his
automatic cars was going coast to coast, and that we are going to have a city on Mars. Neither
has happened.∗

Dr. Quentin Stanley. You’ll find in Max Alexander’s photos some photos of debris that
has landed and the impact of that is quite an eye-opener.

The President. 120 bits of debris a year fall out of space at the moment.
Professor Lester. And that could change as there is a variation in the number of bits that

come in depending on the solar cycle and sunspot maximum.
The President. Strangely, the thing that is working in our favour is climate change. It’s

cooling the upper atmosphere and and reducing the drag so they don’t come down quite as
quickly.

The President. The Eddington Lecturer today is Dr. Kareem El-Badry. He is an Assistant
Professor of Astronomy at the California Institute of Technology. His research focusses on
binary stars, black holes, and unusual outcomes of stellar evolution, combining large-scale
surveys, targeted observations, and stellar modelling to understand how stars and compact
objects form and evolve. He earned his PhD in astrophysics from UC Berkeley in 2021
and was a Junior Fellow at the Harvard/Smithsonian Center for Astrophysics before joining
Caltech in 2023. He also holds an adjunct appointment at the Max Planck Institute for
Astronomy in Heidelberg, where he has been a frequent visitor since 2016. The title of his
talk is ‘Black holes and revelations: unseen companions in stellar binaries’.

Dr. Kareem El-Badry. I’m going to talk about astrometry — the small motion of stars on
the plane of the sky — and binary stars. William Herschel, along with his sister Caroline,
at the end of the 18th Century made many observations of various types of objects and
often made sketches. He particularly liked double stars and compiled a catalogue of new
companions to single stars mostly of the 8th to 10th magnitude, and he also noticed the
motion on the plane of the sky. He assumed that the pairs of stars were chance alignments of
a distant star and a nearby foreground star, and he was searching for that in order to measure a
parallactic shift which he argued they should exhibit if they were at different distances. Over
25 years he re-observed some of the pairs but found that many of the pairs were physical
binaries and had the same parallax. He did discover that some companions moved in curved
paths around the primary star.

∗[Though not coast to coast, while editing the first version of this talk for publication, I read that astrophysicist
Lawrence Krauss had recently completed his “[s]econd trip up the west coast 1k miles without touching steering
wheel”. I remain sceptical about the latter in the near future, though; see my review of A City on Mars in these
pages: 144, 210, 2024. — Ed.]
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In the 1830s Friedrich Bessel used a heliometer to measure small angles and he observed 61
Cygni. He knew that both components were at the same distance, and he measured both stars
with respect to two distant field stars. That was a difficult observation for several reasons,
including the effect of a turbulent atmosphere, so he increased the number of observations to
beat down the measurement error. He measured a parallax of 0′′·31 with an error of 0′′·02,
which corresponds to a distance of ten light years which is within 1·5𝜎 of the result obtained
by Hipparcos. Bessel noted that the position angle increased two-thirds of a degree per year
and calculated that the period of the star was 540 years. Today’s figure is around 700 years.

Bessel then looked at Sirius, and when he examined the positions over 50 years he found
that the motion was not linear and the same was happening with Procyon. Bessel came up
with the bold prediction that the motion was due to an invisible binary companion. Sirius
and Procyon are both accompanied by white dwarfs that are much fainter than their bright
companions; the latter, however, have masses comparable to the primaries.

Modern application of the method is carried out by Gaia, an astrometric satellite located
at the L2 Lagrangian Point which has two cameras that scan the sky every six hours. The
rotation axis precesses every two months so Gaia scans the whole sky. Gaia measures every
star very precisely once a month and over a period of time the linear motion of the stars
can be seen. The parallaxes are also measured along with gravitational effects from any
companion. The precision of Gaia is 0·01 mas which is the angle subtended by a human hair
at a distance of 1500 km, and is also four times smaller than the image of the event horizon
of the supermassive black hole in M 87.

Bessel had uncertainties of a fraction of an arcsecond and could measure positions in
binary-star orbits a few parsecs away. Gaia can measure the distances to stars a few tens of
kpc away so essentially it can measure orbits across the Milky Way galaxy.

Gaia finished operations last year but over its 11-year working life it measured each star
about 120 times, but so far only the first three years of data has been published. The DR4
catalogue will appear in December and will contain six years of data.

The current data release, DR3, was the first to include astrometric orbits, 200 000 of them.
The colour–magnitude diagram shows that most stars are like the Sun and also close to its
mass. We found 5000 cases where the companion was most likely a white dwarf like Sirius,
about 50 with a neutron star, and about five with a black hole. In the last five years we have
been following up on those objects and trying to characterize them in more detail. We do
that via radial velocity using telescopes with high-resolution spectrographs. The astrometry
and radial velocities can be combined to produce a Keplerian orbit.

One object which we get excited about is an object called Gaia BH1. The visible star is
similar to the Sun and the period is half a year and it lies at a distance of about 500 parsecs.
The radial-velocity measures confirm the astrometry and we find that the star has a mass
0·9𝑀⊙ but the companion has a mass of 9·3𝑀⊙ — we think that it is a black hole. Black
holes come from massive stars and this object originally had 40𝑀⊙ . When it evolved into
a red supergiant it became too large to fit inside the current orbit without interacting with
the companion star. We suppose that the separation between the stars was greater and the
progenitor black hole expands and spirals in, releasing gravitational potential energy which
could be used to eject the envelope of the massive star. All the envelope gets blown away
and the companion star survives next to the core of the progenitor black hole. That, however,
works only if the star gets really close to the black hole and in that case the spiral has stalled
so it is difficult to explain the current situation.

Several theories have been proposed. Perhaps the massive star remained compact but the
mass transfer was stable. Another possibility includes a third star — there is a massive pair
of stars which run into each other and there is no expansion which would save the distant
star, or maybe the black hole formed on its own and later gathered up the star gravitationally,
perhaps in a cluster.
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ProfessorRichardEllis.Themassgapbetweentheneutronstarsandblackholes:I
presumethatweunderstanditatsomelevelbutrecentlythereweresomeclaimsthatthere
wasanobjectwithinthegap.Ithinkitisaneutronstar.Doweunderstandthatobject?

Dr.El-Badry.It’sdebatablewhetherweunderstandthegapbuttherearesomereasons
whyweshouldgetagap.Attheendofthestar’slifeyouhaveacorecollapseandthenyou
haveasupernova,oryoursupernovafailsandabitofmaterialfallsonthestarandthatis
whyyougetagap.Thereareobjectsthatare2–3𝑀⊙stellarobjectsinaglobularcluster
andwehaveradiotimingofthecompanion.Itcouldbeamassiveneutronstaroritcould
bealow-massblackhole.Iguessit’samassiveneutronstar.Fromthegravitationalwaves
wehaveabetter-sampledmassfunctionsotheanswerisprobablynotthatthereisnothing
inthegapbutjustanorderofmagnitudefewerobjectsinthegapthanthereareoneither
side.Natureusuallyfindsawaytomakeobjectsinallareasofparameterspace,it’sjustthat
somepartsworkbetterthanothers.

ProfessorPhilCharles.IwasmostintriguedbytheenhancedLiinsomeofyourneutron
stars.ThathappenstoberelatedtotheformationfromtheSNeventbuttheLiwillactuallybe
absorbedanddecaywithtimewhichimpliesthatthoseareyoungobjects.Haveyoulooked
forradioSNremnantsorfaintexamplesofthattosupporttheideaoftherecentproduction?

Dr.El-Badry.Wehavelookedintheradioandnotseenanything.Wethinkthatthoseare
prettyoldstarsbecausetheyaremetal-poorandwedidn’tfindanyyoungstarswiththose
values.Becausetheyaremetal-poortheyhaveverythinconvectiveenvelopessoanything
youdumponthesurfaceeffectivelystaysonthesurface,itdoesn’tgetmixedin,andwe
thinktheLiwillsurviveforalongtime.YoucanproduceLiinaSNinasuperAGBstar.
YoungNSsproducehigh-energyparticleswhichwillbombardthesurfaceofthecompanion
andthosehigh-energyparticlescanmakecarbonandoxygenbyspallation.

ThePresident.Thankyouagainforawonderfullecture.[Applause.]Toclose,nobodyin
Washingtonismeasuringhowthickyourhairis![Laughter.]

IgivenoticethattheAGMwillbehereonMay8andthenextA&Gmeetingwillbeon
April10thinBristol.Thankyouagainforthewonderfultalks.

REDISCUSSIONOFECLIPSINGBINARIES.PAPER32:
THEECCENTRICF-TYPESYSTEMEYCEPHEI

ByJohnSouthworth

AstrophysicsGroup,KeeleUniversity,Staffordshire,ST55BG,UK

EYCepisadetachedeclipsingbinarycontainingtwoF0Vstarsinanorbit
withaperiodof7·97dandaneccentricityof0·440.Wedeterminethephysical
propertiesofthesystemusinglight-curvesfromtheTransitingExoplanet
SurveySatelliteandpublishedspectroscopicmeasurements.Wefindmasses
of1·523±0·008𝑀⊙and1·494±0·014𝑀⊙,radiiof1·491±0·004𝑅⊙and
1·446±0·004𝑅⊙,andtemperaturesof7070±170Kand6990±150K.We
calculatethesystem’sdistancetobe300·3±3·8pc,inexcellentagreement
withtheGaiaDR3parallax,andestimateitsagetobe220Myr.Wefindno
evidenceforpulsations,buttherearehintsofvariationintheeclipsetimes
potentiallyattributabletoathirdbodyonalonger-periodeccentricorbit.
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Fig.1
Light-curvesofEYCepfromalleightTESSsectors.Thefluxmeasurementshavebeenconvertedto

magnitudeunitsandthemediansubtracted.

forthedatafromsector19isshowninFig.2;othersectorsaresimilar.Thefittedparameters
aregiveninTableIIandaretheunweightedmeanoftheindividualvaluesforeachparameter.

Wedeterminedthreesetsofuncertaintiesforthefittedandderivedparameters.Thefirst
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Introduction

Eclipsing binary star systems (EBs) are of fundamental importance to astrophysics as a
direct source of mass and radius measurements of normal stars. Detached eclipsing binaries
(dEBs) are particularly useful as their components have evolved as single stars so can be
used to check and calibrate theoretical models of single-star evolution 1,2. The current work
is part of a series of papers 3 in which primarily space-based light-curves4 are used to refine
the properties of known dEBs. The properties of those objects are collected in the Detached
Eclipsing Binary Catalogue 5 (DEBCat∗).

In this work we present an analysis of EY Cephei (see Table I), which contains two F0 V
stars on an eccentric orbit. The target was originally chosen as possibly containing pulsating
stars, although that was not confirmed. We summarize the observational history of the system,
present the new observational material, analyse the available light- and radial-velocity (RV)
curves, and determine the physical properties and age of the component stars.

EY Cephei

Eclipses in the EY Cep system were reported in 1958 by Strohmeier 6. Strohmeier 7 gave
an orbital period of 5·51672 d, which has turned out to be incorrect. Lacy 8,9 reported the
discovery of double lines in the spectrum of EY Cep, with the lines from the two stars having
approximately equal widths and depths. Lacy 10 measured its 𝑉 magnitude, and 𝐵 − 𝑉 and
𝑈 − 𝐵 colour indices outside eclipse. Lacy 11 provided magnitudes and colour indices in the
𝑢𝑣𝑏𝑦𝛽 system.

Lacy et al. 12 (hereafter L06) presented the only detailed analysis of EY Cep published
so far, including a revision and confirmation of the orbital period of 7·971 d. Their spectro-
graphic material comprised five spectra from the 2·1-m telescope and coudé spectrometer
at the Kitt Peak National Observatory (KPNO), and 47 from the 1·5-m Tillinghast reflec-
tor, échelle spectrograph, and Reticon detector at the Fred Lawrence Whipple Observatory
(FLWO). Each yielded RV measurements for both stars. The projected rotational velocities
were found to be 10 ± 1 km s−1 for both stars. From the 𝑈𝐵𝑉 and 𝑢𝑣𝑏𝑦𝛽 photometry L06
deduced spectral types of F0 V for both components, a temperature of 𝑇eff,A = 7090± 150 K
for star A (the star eclipsed at phase zero), and a temperature of 𝑇eff,B = 6970 ± 150 K for
star B (its companion).

L06 obtained light-curves comprising 6907 measurements in the 𝑉-band using a 28-
cm telescope and modelled using the ebop code 18,19. They found night-to-night magnitude
offsets in those data, concluded that they were likely of instrumental origin, and removed
them before analysis. They determined the physical properties of the component stars and
found them to be consistent with theoretical predictions for a solar metallicity and a young
age (40 Myr but with a large uncertainty). Finally, they suspected δ Scuti pulsations in star A
due to the night-to-night offsets and its much larger scatter in the RVs compared to those for
star B.

EY Cep has been mentioned in several other works, and additional times of mid-eclipse
have been published. However, L06 remains the only detailed analysis of the system prior to
the current work.

Photometric observations

EY Cep was observed by the Transiting Exoplanet Survey Satellite (TESS 20) mission
during eight sectors. Light-curves from the TESS Science Processing Center (SPOC 21) at a
cadence of 120 s are available for seven of the sectors (19, 25, 53, 59, 60, 73, and 79). Quick
Look Pipeline (qlp 22) data at 200-s cadence are available for the last sector (86).

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

2026 October John Southworth 245

Table I
Basic information on EY Cephei. The 𝐵𝑉 magnitudes are each the mean of 115 individual

measurements 13 distributed approximately randomly in orbital phase. The 𝐽𝐻𝐾𝑠 magnitudes from
2MASS 14 were obtained at an orbital phase of 0·947, which is close to but confidently before the

beginning of primary eclipse.

Property Value Reference
Right ascension (J2000) 03h40m04s ·07 15
Declination (J2000) +81◦1′9′′ ·0 15
Gaia DR3 designation 568183560050534016 16
Gaia DR3 parallax (mas) 3·3202 ± 0·0135 16
TESS Input Catalog designation TIC 297899564 17
𝑈 magnitude 10·126 ± 0·010 10
𝐵 magnitude 10·162 ± 0·009 10
𝑉 magnitude 9·795 ± 0·007 10
𝐽 magnitude 9·035 ± 0·030 14
𝐻 magnitude 8·977 ± 0·031 14
𝐾𝑠 magnitude 8·841 ± 0·020 14
Spectral type F0 V + F0 V 12

We downloaded those data from the Mikulski Archive for Space Telescopes (MAST∗)
using the lightkurve package 23, with the ‘hard’ flag to reject data of lower quality. The
light-curve from each sector was then converted into differential magnitudes and the median
magnitude was subtracted to normalize the data to zero outside eclipse. The light-curves are
shown in Fig. 1.

We queried the Gaia DR3 database† for sources within 2 arcmin of EY Cep, finding 41
including the dEB itself. The brightest of those is 5·3 mag fainter than EY Cep in the 𝐺RP
band, suggesting that contamination of the TESS light-curve by nearby stars is negligible.

Light-curve analysis

The TESS light-curves for each sector all have full coverage of at least two primary and
two secondary eclipses, with the exception of sector 73 for which there are two primary
but only one secondary eclipse. We therefore modelled the light-curves from each sector
independently. Prior to that, we extracted the data for each fully-observed eclipse from
the TESS light-curves in order to reject data which were not useful but would still incur
computational overhead. We included an additional 0·2 d of data before the start and after
the end of each eclipse, to which we fitted a straight line. That fit was then subtracted from
the data to normalize each eclipse to zero differential magnitude.

The light-curve for each sector was then modelled using version 45 of the jktebop‡

code 24,25. We fitted for the orbital period (𝑃), a reference time of primary minimum (𝑇0)
selected as the primary eclipse closest to the midpoint of the sector, the sum and ratio of the
fractional radii (𝑟A + 𝑟B and 𝑘 = 𝑟B/𝑟A), the central-surface-brightness ratio (𝐽), third light
(𝐿3), and orbital inclination (𝑖). We included orbital eccentricity (𝑒) by fitting for 𝑒 cos𝜔
and 𝑒 sin𝜔, where 𝜔 is the argument of periastron.

Limb darkening (LD) was incorporated using the power-2 law 26–28. The two stars have
very similar properties so we used the same LD coefficients for both. We fitted for the linear
coefficient (𝑐) and fixed the nonlinear coefficient (𝛼) at a theoretical value 29,30. The best fit

∗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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Fig.2
jktebopbestfittothelight-curveofEYCepfromTESSsector19fortheprimaryeclipse(leftpanels)and

secondaryeclipse(rightpanels).Thedataareshownasfilledredcirclesandthebestfitasalight-bluesolid
line.Theresidualsareshownonanenlargedscaleinthelowerpanels.

TableII
PhotometricparametersofEYCepmeasuredusingjktebopfromtheTESSlight-curves.Theerrorbars

are1𝜎andarethelargestofthreeoptionscalculatedforeachparameter.ValuesfromL06(their
table6)areshownforcomparison;thetwobracketedquantitiescameinsteadfromtheirtable5.

ParameterThisworkL06
Fittedparameters:
Orbitalinclination(◦)89·903±0·01389·89±0·03
Sumofthefractionalradii0·12102±0·00008
Ratiooftheradii0·9701±0·00171·005±0·012
Central-surface-brightnessratio−0·9577±0·00100·931±0·005
Thirdlight−0·0001±0·0149
𝑒cos𝜔−0·15291±0·00028−0·14897±0·00013
𝑒sin𝜔0·41275±0·000370·4224±0·0017
LDcoefficient𝑐0·597±0·014
LDcoefficient𝛼0·4555(fixed)
Derivedparameters:
FractionalradiusofstarA0·06143±0·000060·0603±0·0004
FractionalradiusofstarB0·05959±0·00008
LightratioℓB/ℓA0·9013±0·00280·961±0·026
Orbitaleccentricity0·44017±0·00035(0·4415±0·012)
Argumentofperiastron(◦)110·328±0·041(109·78±0·07)
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increasedby√15·3toaccountforthatexcessscatter.Furthermeasurementsarerequiredto
investigatethepossiblelight-timeeffect.

Wetestedincludingeclipsetimingsfromtheliteraturetoseeifthosemightsupportthe
third-bodyhypothesis.Themeasurementerrorsfromthesevenindividualtimingsgivenby
L06aretoolargetoconstrainthesolution,giventhehighqualityoftheTESSdata.The
timesystemusedforthosetimingsisalsonotclear:theyarelabelledasHJDbutwithout
indicationofwhethertheyareUTCorTDB∗.Thedifferencebetweenthosetwotimesystems
ismuchlargerthanthesizeoftheprospectivelight-timeeffect.Fivemoretimingsexistin
theliterature33–37butallareforsecondaryeclipsesandhavealargermeasurementerror
thantheL06timings.Wethusleaveconfirmationorrefutationofthateffecttofuturework.

Radial-velocityanalysis

L06tabulatedRVsforbothcomponentsofEYCepfromtheirfiveKPNOspectraand47
FLWOspectra.WereanalysedtheRVsusingjktebop,fixingthevaluesof𝑃,𝑇0,𝑒cos𝜔,
and𝑒sin𝜔tothoseinTableII.Wefittedforthevelocityamplitudes(𝐾Aand𝐾B)andthe
systemicvelocities(𝑉𝛾,Aand𝑉𝛾,B)ofthetwostars.Wealsoallowedforanorbital-phase
offset,whichinallcaseswasverysmallandconsistentwiththedifferencebetweenthe
TDBtime-scaleusedinthecurrentworkandtheUTCtime-scaleprobablyusedbyL06.We
calculatedorbitsbasedononlytheFLWORVs,andonallRVsassumingthetwosourcesare
onaconsistentvelocityscale.TheresultsaregiveninTableIVandarepresentativeorbitis
plottedinFig.5

AllspectroscopicorbitsinTableIVagreewithintheiruncertainties,makingitunimportant
whichisadoptedfortherestoftheanalysis.Wechosetousetheorbitsbasedononlythe
FLWOdata—toavoidexposuretoanyvelocityoffsetsbetweenthetwospectrographs—
andwithseparatesystemicvelocitiesforthetwostars.Ourresultsconfirmtheobservation
ofL06thatthescatteroftheRVsforstarAismuchlargerthanthatforstarB.

PhysicalpropertiesanddistancetoEYCep

WecalculatedthephysicalpropertiesofEYCepusingourusualmethod:thejktabs-
dimcode38fedwiththeresultsofthephotometricandspectroscopicanalysesabove.The
propertiesarecollectedinTableV.Themassesofthetwostarsaremeasuredto0·5%and
0·9%precision,respectively,andagreeverywellwiththevaluesfromL06(asexpected).
Theradiiaremeasuredto0·3%precisionanddonotagreewiththosefromL06becausewe
foundasmaller𝑘(asdiscussedabove).

L06foundameaneffectivetemperatureofthesystemof7030±150K.Wedetermined
individualtemperaturesfromthat,theradiusandsurface-brightnessratios,andtheequations
derivedinourstudyofV454Aur39.ThevaluesarealsogiveninTableII.

TableValsoreportsthesynchronousandpseudo-synchronousrotationalvelocitiesofthe
stars.Theformeristherotationalvelocitygivingonestellarrotationperorbitalperiod.The
latteristherotationalvelocityresultinginsynchronousrotationatperiastron,calculated
usingequation(44)fromHut41.Becausetidaleffectsarestrongestatperiastron(asthatis
whenthestarsareclosest),itisexpectedthatthestarsarerotatingpseudo-synchronously.
However,theirmeasuredrotationalvelocitiesareconsistentwithsynchronousratherthan
pseudo-synchronousrotation.Thereasonforthatisunclear.Theageofthesystem(seebelow)
putsitmucholderthantherotationalsynchronizationtime-scale(40Myr)butmuchyounger
thantheorbitalcircularizationtime-scale(20Gyr)accordingtothetheoryofZahn42.

Wedeterminedthedistancetothesystemusingthe𝑈𝐵𝑉magnitudesfromLacy10,the
𝐽𝐻𝐾𝑠magnitudesfrom2MASS14transformedontotheJohnsonsystem,andthebolometric
correctionsfromGirardietal.43.Asmallinterstellarreddeningof𝐸(𝐵−𝑉)=0·025±0·015

∗TDBstandsforTempsDynamiqueBarycentrique,BarycentricDynamicalTime.
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Fig. 3
Quality of the fit, 𝜒 2

𝜈 , to the TESS sector 79 light-curve of EY Cep as a function of ratio of the radii, 𝑘 (red
lines and filled circles). The blue solid lines indicate the value and its uncertainty from the current work (based
on all eight TESS sectors, not just sector 79), and the green dotted lines show the best value and uncertainty
found by L06.

set is the r.m.s. scatter of the fitted values from the different sectors, the second set was
obtained by running 1000 Monte Carlo simulations for each sector, and the third set was
from running residual-permutation simulations for each sector 31. We took the largest of the
three options for each parameter, which in most cases was from the scatter of the fitted
values. Those are also given in Table II. We did not divide by

√
8 to obtain the standard error

because that led to error bars which are smaller than the limits to which our modelling code
has been proven 32.

The parameter values we measured are significantly different from those of L06. The latter
are collected in Table II for convenience, along with our own. The most obvious discrepancies
are for 𝑘 and the light ratio, which of course are physically related. We investigated that by
running a set of jktebop fits to the data from TESS sector 79, with 𝑘 fixed at a grid of values
between 0·6 and 1·5. The quality of the fit is shown in Fig. 3, together with the 𝑘 found in
this work and by L06 (Table II). It can be seen that our 𝑘 measurement is much more precise
and also significantly different from that of L06, driven primarily by the much better quality
of the TESS data.

The light ratio we find (0·901±0·003) does not match either of the spectroscopic light ratios
measured by L06 (1·06 ± 0·06 from their KPNO spectra and 1·32 ± 0·02 from their FLWO
spectra). It is also moderately different from L06’s photometric value (0·96 ± 0·03), which
can be attributed to the different 𝑘 we obtain as discussed above. The two spectroscopic light
ratios are inconsistent with each other and with the photometric values, as noted by L06. A
plausible explanation would be that one component is a metallic-lined star, thus the ratio of
spectral-line strengths differs from the continuum light ratio, but that is ruled out by L06’s
observation that the two stars are chemically normal. The discrepancy remains unexplained.
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Table III
Times of mid-eclipse for EY Cep and their residuals versus the fitted ephemeris.

Orbital Eclipse time Uncertainty Residual TESS
cycle (BJDTDB) (d) (d) sector
−139·0 2458836·367724 0·000012 0·000057 19
−118·0 2459003·768820 0·000014 −0·000003 25
−23·0 2459761·059727 0·000012 −0·000039 53
−2·0 2459928·460878 0·000007 −0·000043 59

0·0 2459944·403874 0·000012 −0·000015 60
44·0 2460295·149249 0·000012 0·000082 73
66·0 2460470·521820 0·000007 0·000013 79
89·0 2460653·865933 0·000010 0·000003 86

Fig. 4
Residuals of the times of minimum light from Table III versus the best-fitting ephemeris. Red open circles

indicate the values calculated from TESS data in the current work. The blue solid line indicates a residual of
zero.

Orbital ephemeris

We determined a new orbital ephemeris for EY Cep using the times of effective primary
eclipse found in the fits to the individual TESS sectors above. A straight line fitted to these
data gives the ephemeris

Min I = BJDTDB 2459944·403889(14) + 7·97148361(20)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 digits of the previous number. The times of
minimum and residuals of the fit are reported in Table III.

The residuals of the fit are plotted in Fig. 4 and show a scatter which is small in absolute
terms (the r.m.s. is 3·6 s) but bigger than the error bars. The reduced 𝜒2 of the fit is 15·3 and
there are hints of a periodic variation which could be explained by the light-time effect due
to a third body on an eccentric orbit. The uncertainties in the ephemeris above have been
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Fig. 5
RVs of EY Cep from L06 compared to the best fit from jktebop (solid blue lines). The RVs for star A are

shown with filled symbols, and for star B with open symbols. The RVs from the FLWO spectra are shown as
red circles, and from the KPNO spectra as green stars. The residuals are given in the lower panels separately
for the two components.

was needed to bring the optical distances into agreement with the infrared ones. Our final
distance measurement is from the 𝐾-band and is 300·3 ± 3·8 pc, which is in excellent
agreement with the distance of 301·2 ± 1·2 pc from inverting the Gaia DR3 parallax.

We compared the masses, radii, and temperatures of the components of EY Cep to the
predictions of the parsec 1·2 evolutionary models44. The mass–radius relation defined by
the two stars is steeper than that predicted by the models, but agreement within 1𝜎 can be
obtained for a metal abundance fraction by mass of 𝑍 = 0·020 and an age of 220 Myr. The
predicted temperatures for that age and 𝑍 are approximately 50 K higher than observed, so
are well within the error bars. Our results here differ from those of L06, who required the
system to be on or around the zero-age main sequence in order to explain their measurement
of a larger radius and lower surface gravity for star B versus star A.

Summary and conclusions

EY Cep is a dEB containing two F0 V stars in an orbit of period 7·97 d and eccentricity
0·44. We have determined the physical properties of the component stars using light-curves
from eight TESS sectors and the RVs from L06. The masses are measured to 1% and the
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Table V
Physical properties of EY Cep defined using the nominal solar units given by IAU 2015 Resolution B3

(ref. 40).

Parameter Star A Star B
Mass ratio 𝑀B/𝑀A 0·9811 ± 0·0047
Semimajor axis of relative orbit (RN

⊙ ) 24·265 ± 0·058
Mass (MN

⊙ ) 1·523± 0·008 1·494± 0·014
Radius (RN

⊙ ) 1·4906± 0·0039 1·4460± 0·0040
Surface gravity (log[cgs]) 4·2740± 0·0011 4·2921± 0·0023
Density (𝜌⊙) 0·4600± 0·0017 0·4942± 0·0023
Synchronous rotational velocity (km/s) 9·461± 0·025 9·177± 0·025
Pseudo-synchronous rotational velocity (kms/s) 27·104± 0·073 26·293± 0·076
Effective temperature (K) 7070± 150 6990± 150
Luminosity log(𝐿/LN

⊙ ) 0·699± 0·037 0·653± 0·037
𝑀bol (mag) 2·99± 0·09 3·11± 0·09
Interstellar reddening 𝐸 (𝐵 − 𝑉 ) (mag) 0·025 ± 0·015
Distance (pc) 300·3 ± 3·8

radii to 0·3%. We find the less massive star to have a smaller radius than its companion,
as expected from stellar-evolution theory, resolving a discrepancy found in previous work.
Our measured distance to the system agrees well with that from the Gaia DR3 parallax. The
properties of the stars are consistent with theoretical predictions for a slightly super-solar
metallicity and an age of 220 Myr. There is a hint of periodic variation in the times of
minimum light suggestive of the light-time effect from a third component on an eccentric
orbit.

Our original interest in this object was piqued by the possibility of pulsations in its light-
curve. We investigated that by fitting the most suitable dataset, TESS sectors 59 and 60,
with jktebop and calculating a periodogram of the residuals. The highest frequency in the
amplitude spectrum was at 0·546 d−1 and had an amplitude of 0·26 mmag and a signal-to-
noise ratio of 4·4. That signal-to-noise ratio is below that required for the detection to be
significant45. We therefore analysed the data from sectors 79 and 86 as well to see if they
could confirm the detection. We did not find the signal present in either sector. We conclude
that pulsations are not detectable in the currently available data of EY Cep.
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TheabandonmentoftheAmericanmerchantbrigantineMaryCelestein
1872Novemberremainsthemostcelebratedunsolvedmysteryinmaritime
history.FoundadriftandcrewlessintheNorthAtlanticwithhercargoundis-
turbedandherampleprovisionsintact,MaryCelestehasresistedexplanation
for150years.Everytheoryadvancedsofarfailsononegroundoranother.
Mostrequireustoimaginethathercaptain,BenjaminBriggs,anexperienced
andhighlyregardedmariner,behavedirrationallyorincompetently.

ThispapersolvesthemysteryandrestoresCaptainBriggs’sreputation.It
identifies,forthefirsttime,thesingularessentialclueconcerningthemost
probabledateofMaryCeleste’sabandonment.Foracenturyandahalf,
investigatorshaveoverlookedthefactthatanatmosphericphenomenonof
stupendousscalewasobservedanddocumentedworldwideonthatexactsame
date.Drawingonmodernscientificknowledgeandreviewingtheevidence
inthelightofthisfact,thepaperexplainswhatmayhavehappenedtoMary
Celeste.

‘Thegameisafoot’:Astar-crossedencounter

Onthemorningof1872December4,BritishbrigantineDeiGratiaencounteredavessel
behavingstrangelysome600mileswestofPortugal.Theslowlyrotatingmysteryshipwas
MaryCeleste,anAmericanmerchantbrigantineonemonthoutofNewYork,boundfor
Genoawithacargoof1701barrelsofindustrialalcohol.

DeiGratia’scaptain,DavidMorehouse,knewMaryCeleste’scaptainpersonallyandwas
immediatelyalarmed.Hesentaboardingparty.Whattheyfoundhaspuzzledtheworld
eversince.MaryCelestewasintactandseaworthy.Hercargo,undisturbed.Food,water,and
provisionswereample.Thecrew’spersonalbelongingswerethere—clothing,pipes,the
captain’spocketwatch—buttheshipwasutterlydeserted.CaptainBenjaminBriggs,his
wifeSarah,theirtwo-year-olddaughterSophia,andsevencrewmenhadsimplyvanished
withoutatrace.Nobodieswereeverfound.2–5

Thecluestheyleftbehindweremaddeninglycontradictory.Theship’sonelifeboatwas
gone,andthemarinechronometerandsextantweremissing—suggestingdeliberate,cau-
tiouspreparationtoleave.Yetpersonalvaluablesremained—suggestingsudden,urgent
departure.AlengthofropetrailedinthewaterbehindMaryCeleste,whichtoinvestigators
meantonlyonething:thelifeboatmusthavebeentetheredtotheship.Thebinnacle—
thehousingfortheship’scompass—hadbeenknockedfromitsmounting,compassglass
shattered.Waterhadfounditswaythroughouttheship;everythinginthecabinswaswet,
theskylightopentotheseaair.3Yetsheremainedentirelyseaworthy.Theship’slogslate—
thechalkboardonwhichBriggsmadehisnavigationalnotations—showedMaryCeleste’s
lastrecordedpositionassixnauticalmilesnortheastofSaintMary’sIslandintheAzores
onNovember25th.Shewasdiscoveredoneweeklater.6

MaryCelestehaddrifted,crewless,forsomenumberofthedaysinbetween.Howmany
isnotknownprecisely.Butifshehadcontinuedeastwardundersailforadayortwoafter
pausingnearSaintMary’s,andthendriftedwiththecurrentsforaboutaweek,thatwould
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ground.Itslammedintothepressurebuiltupbytheloweratmosphereandexplodedasif
ithadstruckanimpenetrablewall,atanaltitudeofabout18miles.Theexplosionreleased
energyequivalenttothirtytimestheforceoftheatomicbombdroppedonHiroshima.The
flashwasbrighterthantheSun.Windowsshatteredacrosssixcities.Nearly1500people
wereinjured,mostbyflyingglass.Theshockwavehadarrivedsilently—travellingfaster
thansound—wellbeforetheroarofthethunderousdetonationthatrattledbuildingsacross
thousandsofsquaremiles.10

AndChelyabinskwasnotevenalargeeventbycosmicstandards!In1908June,something
farmorepowerfuldetonatedabovetheremoteTunguskariverbasininSiberia—flattening
approximately2000squarekilometresofforest,scorchingtreesformilesineverydirection,
andgeneratingashockwavefelthundredsofmilesaway.Eyewitnessesreportedablinding
columnoffire,searingheat,andablastthatknockedpeoplefromtheirfeet.Tothisday,no
impactcraterhasbeenfound.Whateveritwas,itneverreachedtheground.11

Pultusk,Chelyabinsk,andTunguskawerevisitorsfromouterspace—meteoroidsthat
enteredouratmospherewithoutwarning,withoutprecedentinhumanrecords.Allproduced,
ineverypracticalrespect,theflash,theconcussion,andthesustainedcannonadeofwarthat
noearthlynaturalphenomenoncanreplicate.

Andanotherthingweknowtodaythatnobodycouldhaveimaginedin1872ishowfre-
quentlysucheventsoccur.Satellitemonitoringinrecentdecadeshasrevealedthatmeteoric
airburstsofsignificantenergyoccurroughlythirtytimeseachyear,onaverage.12,13The
greatmajoritypassentirelyunwitnessedoverthevastoceansanduninhabitedwilderness
thatcovermostofourplanet.Butbackinthe19thCentury,theideathatevenasinglelarge
extraterrestrialbody,letalonemanyofthemeachyear,coulddetonateintheatmosphere
withtheforceofanavalbombardmentandleavenotracewassofaroutsidetheexperience
ofanyinvestigator—maritime,legal,orscientific—thatitsimplycouldnotoccurtothem
tolookforit.

ButdidsuchanairburstoccurovertheAtlanticOceaneastoftheAzoresin1872November?
Letusnowlookmoreclosely.

Andromeda’stears:Thecometthatdied

Iinviteyounowtotravelbackwithmeintimeandplaceagain—nottotheNorthAtlantic
in1872,butmuchfurtherback,intime,andvery,verymuchfurther,inspace—tomeeta
comet,andtounderstandwhatbecameofit.

In1772,FrenchastronomersJacquesMontaigneandCharlesMessierindependentlydis-
coveredafaintsmudgeoflightmovingslowlyagainstthestars.Itwasunremarkableatfirst,
justoneofmanycometsthatwerecataloguedinthatgoldeneraofcelestialinventory.Itwas
laternamedforWilhelmvonBiela,anAustrianarmyofficerwhoobserveditin1826and
wasthefirsttorecognizethatitwasaperiodicvisitor,onethatreturnedtotheinnerSolar
Systemeverysix-and-one-halfyears.Astronomersimmediatelybegantolookforwardtoits
nextappearance.Itwas,inthelanguageoftheobservatory,aknownquantity.14–16

Butitmadeastronomersuneasy.Thecomet’spathwasknowntointersectEarth’spath,
andin1832thatfactwasenoughtosendthepopularpressintohysteria.Rumoursflewthat
aworld-endingcollisionwasimminent.AParisianplayofthetimefeaturedacharacter
announcingthattheworldwasabouttobeturnedtoashes.Astronomerscalmlyreassured
thepublicthatEarthandcometwouldmisseachotherthatyearbyafullmonth.17,18The
pathsdidcross.But,atleastforthereturnof1832,theEarthwasstillsafe.

However,in1846,theknownquantitydidsomethingquiteunexpected,somethingno
comethadeverbeforebeenobservedtodo.Itsplitintwo.14–16Itwasnowapairoflarge
observablechunks,quiteunimaginativelydesignated‘CometA’and‘CometB.’

Astronomerswatchingthroughtheirtelescopesthatwintersawthepairofglowingfrag-
mentstravellingsidebysidethroughspace,likecompanionsonalongjourney.Thecouple
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Fig. 1
An engraving of Mary Celeste as she was found abandoned. Artist unknown.

easily account for her position when she was spotted by Captain Morehouse. 6 So, a tragedy
may likely have occurred on or about the evening of 27 November. I ask you now to make
careful note of that date: 1872 November 27. It is historically significant — and in a directly
relevant way.

Every explanation that has been suggested — piracy, mutiny, waterspout, cargo explosion,
insurance fraud — fails on one ground or another, and usually on several grounds. Most
require us to imagine Captain Briggs behaving incompetently, even irrationally. That is an
assumption his professional record does not support. He was experienced, respected, and
devout — a man who by all accounts kept a steady head. He brought his wife and daughter
aboard, which tells us something about his confidence in his own seamanship.

The question, then, is not merely what happened, but what on Earth could possibly have
been terrifying enough to justify the captain’s decision to abandon ship?

‘When you have eliminated the impossible’: The last extremity

No experienced mariner abandons a seaworthy ship for a small open boat in the Atlantic
without overwhelming reason. A ship not sinking, a ship not engulfed in uncontrollable
fire, a ship that is trim and navigable, is shelter, stability, and survival. The lifeboat is a last
resort. Whatever drove Benjamin Briggs off Mary Celeste and into that small boat with his
family and crew, it was something he judged to be far more dangerous than the expanse
of ocean around them. On-board calamities would have been confronted and remedied on
board. External threats such as typhoons or seaquakes would have been far more threatening
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in a lifeboat.
There is only one circumstance in which abandoning such a seaworthy ship into a small

open boat on a vast ocean becomes obviously the only rational choice — and that is if the
seaworthy ship herself has become the target of an attack. What might an attack have looked
like? Flashes in the darkness or fog. The crack and boom of naval guns. The splash of shot
in the water nearby. And the terrible uncertainty. Is this aimed at us? Will the next salvo
rupture the top deck or hull? Are we sitting on 1700 barrels of combustible cargo that is
about to become our funeral pyre?

This is at first glance a very plausible scenario. The waters Captain Briggs was crossing
were not without menace. Spain was in a civil war in 1872, and the routes sailed may
well have served arms smugglers supplying one faction or another. A merchant brigantine
running in the dark might conceivably have attracted the attention of vessels enforcing an
arms blockade.

But the scenario fails for one insurmountable reason: no record of any such attack exists.
No naval warship ever reported such an engagement. No government acknowledged one. At
the lengthy and meticulous salvage hearings in Gibraltar, no whisper of a military explanation
for Mary Celeste’s abandonment ever surfaced. 3

And so, we are forced to look elsewhere. But if a naval attack is the one thing that would
drive a competent captain to order his people off a seaworthy ship, and no such attack by
human hands occurred, then we must ask: could there be some natural phenomenon that has,
in every practical respect, the same impact on human observers? Does something natural
replicate so precisely the flash, the concussion, the sustained thunder of naval gunfire as
to be, for every purpose that mattered to Benjamin Briggs, indistinguishable from a naval
attack?

Volcanism will not do. Briggs would have known of volcanoes, and he would not have
thought for a moment that some distant reverberation or crimson glow imperilled his ship.
A seaquake will not do either. There is simply no phenomenon known to occur on this
Earth that produces such terrifying war-like flashes, blast, turbulence and prolonged, rolling
cannonade. We are at an end. Or . . . are we? Perhaps the phenomenon we are looking for is
not of this Earth.

‘Whatever remains, however improbable, must be the truth’: Fire from the heavens

Nearly five years before the fateful voyage of Mary Celeste — or, to be precise, at 7:00 pm
local time on the evening of 1868 January 30 — residents of a quiet Polish village saw the
sky suddenly aglow. 7 Neighbours’ houses, people thought, must be aflame. Then came the
sound — a sustained, rolling thunder, like cannon fire, that went on and on, boom after
boom, long after any single explosion should have faded into silence. People ran out into the
streets. What was happening? Who was firing cannon? Where were the flames?

Then, stones fell. Thousands of them. Descending across the snow-covered countryside
were tiny fragments of iron and rock from beyond the atmosphere, an estimated 68 780 of
what have come to be known as ‘Pultusk peas,’ the largest number of meteorite fragments
ever recorded. 7–9 These were the shattered remnants of a meteoroid that had screamed
through the sky and detonated in the air above Poland. Residents of Pultusk had witnessed
what we now call a meteoric airburst. They had mistaken the flash for fire and the rolling echo,
sonic booms, and secondary explosions for artillery. They simply had no other framework,
no other word for what they were seeing, and no prior experience of anything like what they
had witnessed.

Neither did anyone else in 1868. Nor, for that matter, in 1872.
But today, we know all about these phenomena. On 2013 February 15, a super bolide —

a meteoroid estimated at twenty metres across and half a million tons — entered the skies
over Chelyabinsk, Russia. Travelling at nearly 40 000 miles per hour, it did not reach the
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Fig.2
ShowerofAndromedids,1872November27th,asobservedoverFrance.FromAmedéeGuillemin,LeCiel,

Paris,1877.

returnedtogetherin1852,justalittlefurtherapartandstillvisible.Andthen,theydid
notreturnatall.Neitherfragmentcouldbefoundontheirpredictedreturnin1859—an
unfavourableyearforobservationinanycase.Thereturnof1866waseagerlyanticipated
andcarefullywatchedfromobservatoriesacrossEurope.Theskywasempty.14–16,19As-
tronomers,withoneexception,gaveupindespair.Biela’sComet—bothpartsofit—had
simplyceasedtoexistasacoherentbody.Ithad,astronomersconcluded,disintegratedinto
avastdispersingcloudoffragments,dust,anddebrisstretchingalongitsformerorbital
path.Ittookonthenewofficialdesignation3D/Biela—the‘D’standingfordisappeared,
the‘3’markingitasonlythethirdperiodiccometeveridentified.Itwasthefirsttovanish
entirely.14–16

Whatnooneyetknewwaswhereitsdebrishadgone,orwhatwouldhappenwhenthe
EarthcrossedthepathwhereBiela’sComethadoncetravelled.

Then,intheFallof1872,everyonefoundout.
Thesky,asonecontemporaryobserverdescribedit,appearedtobeonfire.FromNew

YorktoLondontoParistoPeking,astronomersandordinarycitizensalikesteppedoutside
andstaredupwardindisbelief.Meteors—notdozens,nothundreds,butthousandsupon
thousands—streakedacrosstheheavensinadisplaythatdefieddescription.Estimatesof
theratevariedwildly,butarenownedEnglishastronomer,EdwardJosephLowe,reported
that58600ofthesemeteoric‘shootingstars’fellinunderfivehoursatthestorm’speak.20

Itwas,andremains,oneofthemostspectacularandintensemeteorstormseverrecorded
inhumanhistory—thedyingsignatureofBiela’sshatteredcomet,itsdispersedremains
burningupinEarth’satmosphereinamagnificentfarewell.14–16,20

ThemeteorsofthatnightradiatedfromthedirectionofAndromeda,theconstellation
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Shewasfoundninedayslater,crewlessandintact,driftinginthelightofacoldDecember
morning—hercargoundisturbed,herprovisionsuntouched,herlog-slatecarryingitslast
notationinadoomedman’shand.

BenjaminBriggshadnotpanicked.Hehadnotlosthismind.Hehadnotconspiredinany
crime,norsufferedanymutiny,normadeanyfoolisherror.Hehaddoneexactlywhatany
sane,sober,experiencedcaptainwouldhavedone.

Unavoidablethoughitwas,hehadsimplymadethewrongchoice.
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OutofThisWorld,byPeterBond(Reaktion),2026.Pp.376,24·5×16·5cm.Price£25
(hardbound;ISBN9781836391999).

Isthereaneedforanotherbookabouthumans’adventuresinspace?AstheauthorPeter
Bondrecognizesintheacknowledgements,manybookshavebeenwrittenabouttheSpace
Age,andindeedashesaysthosehaveprovidedmuchofthebackgroundinformationfor
thisbook.Bond’sbookisabitdifferent:althoughitcoversmuchofthesamegroundas
manyothers,itdealswiththesubjectmatterthematicallyratherthandirectlyhistoricallyas
isusual.Inninereadablechapters,hedealswiththeparticularissuesandconcernsthatmust
beansweredinordertoenablehumanstoliveandworkinspace.
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named for the princess of Greek mythology who was sacrificially chained to a rock at the
ocean’s edge while the sea monster, Cetus, bore down upon her. Astronomers thus named
the storm ‘the Andromedids’. “Stars fell like rain” 20 was the way a contemporary Chinese
scholar described the equally Olympian scale when the Andromedids returned as predicted
in 1885.

Lovers of mythology might well have been deeply moved, seeing in that evening’s streaks
of fire the tears of Andromeda — or perhaps even the fury of Cetus. As for the astronomers,
they were deeply moved as well, and equally as awestruck. And more, they were thrilled.
They had long suspected meteor showers were associated with cometary debris — and now
the Andromedids had solidified that theory beyond doubt. Papers were written. Journals
filled. The event was meticulously documented around the globe.

Have you surmised the significance of the date that I asked you to take note of and
remember? I said that it was a historically significant date. And so, it was. 1872 November
27, just two days after Captain Briggs’ final log entry aboard Mary Celeste, was the very
peak of the first great Andromedids meteor storm, the most spectacular display of celestial
fireworks ever before witnessed in human history.

‘Elementary’: The solution

Meteor showers are not typically associated with airbursts or with meteorite falls. The
luminous streaks that delight us are almost without exception vanishingly small fragments
— grains of dust and grit shed by comets long since dead. They burn away completely high
in the atmosphere.

But Biela’s Comet was not long since dead. It was very recently alive, fully intact. No
other comet in the history of human observation had ever been observed to break apart as
Biela’s did in the early 1840s. Its fragments were not ancient dust ground fine by millennia
of solar radiation. They were substantial enough to be observed for years. The debris field
that Earth sailed through on the night of 1872 November 27 was the wreckage of a comet
that had been whole within living memory. Solid fragments capable of penetrating to the
lower atmosphere were present in that stream and may still be out there even today.

On the deck of his merchant brigantine carrying 1701 barrels of industrial alcohol, Captain
Benjamin Briggs would have watched the same sky as the enthralled observers in New York
and in Paris. He had no scientific papers. No journals. No framework of understanding that
might have told him what he was witnessing. He knew only what his senses reported —
and what they reported, on that extraordinary night, was unlike anything his considerable
maritime experience had prepared him for. The storm sent fragments deep enough into the
atmosphere to produce sounds that may have seemed quite alarming to Briggs and to his
crew. An English observer on land that same evening confirmed this as he carefully noted
hearing what he described as distant gunshots, several times, to the north-west. 20 And so
certain was the German astronomer Klinkerfues that Biela’s debris had made contact with the
Earth and still likely contained substantial fragments that within three days he telegraphed an
observatory in Madras: “Biela touched Earth on 27th. Search near Theta Centauri.” 14–16,20

He was directing southern-hemisphere observers to search the sky for surviving segments
of the shattered comet. No one connected his telegram to the empty, drifting hulk of Mary
Celeste. No one could have. The two facts lay in separate worlds — the maritime and the
astronomical — each waiting for the other.

Until now.
And so, here we are. I can now explain what may have happened.
The evening of 1872 November 27 began like any other at sea. Mary Celeste was making

progress, her cargo secure, her crew at their stations. Captain Briggs had every reason to
be satisfied. The Azores were behind him. Genoa lay ahead. The North Atlantic in late
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November could be brutal, but Briggs had sailed worse waters in worse weather. He was, by
all accounts, exactly where he wanted to be.

But that night the sky above Mary Celeste was alive with shooting stars — dozens, then
hundreds of luminous trails streaking across the heavens in every direction. Briggs had seen
meteor showers before, though nothing like this. And then, from somewhere to the south,
came faint sounds like distant gunfire. How very odd. Briggs would have frowned. Gunfire?
Fireworks? Heard way out here? How very, very odd.

Then the sky to the south began to brighten.
It was not the slow brightening of a distant ship’s lantern, nor the familiar arc of a shooting

star. This was something else — a growing, pulsing luminescence that turned the night sky
the colour of dawn, then brighter than dawn, then brighter than anything Briggs or any man
aboard had ever seen. There was no sound. Not yet. Only light — savage, sourceless light,
filling the sky.

Then came the heat wave. Blistering heat. Were they to burn alive? There was only a split
second of such terror before their world came apart.

The pressure shockwave then struck Mary Celeste silently. The wall of compressed air
moving faster than sound lifted the ship, heeled her savagely, and swept the deck with a
torrent of white water drenching every cabin, every corner, every crevice below. Men were
thrown from their feet. The binnacle — that sturdy, familiar housing of the ship’s compass
— was knocked from its mounting and crashed to the deck, glass shattered, compass ruined.
Sails tore at their lashings. Lines ran free.

And then — silence again! A few seconds of terrible, ringing silence.
And, at last, the sound came. It came at them from everywhere and nowhere — a rolling,

concussive thunder unlike anything produced by storm or sea or any natural force they
had ever encountered. Not one explosion but many, boom following boom following boom,
like the broadside of a man-of-war, then another, then another, going on and on and on in a
sustained cannonade that simply refused to end. The night sky above was alive with streaking
fire — hundreds, thousands of luminous trails burning across the heavens in every direction,
the dying fragments of a comet that had begun to break apart 30 years before, millions of
miles away.

Benjamin Briggs did not know about comets. He knew only what his senses told him.
His ship had been struck by something of incomprehensible violence. His compass was

destroyed. Beneath his feet lay 1701 barrels of industrial alcohol. Whatever monstrous power
had just hit them was still happening — the booming went on, and on, and the sky continued
to burn. Was his ship a target? Would another blow rupture the hull? Would his cargo ignite?

He made his decision. It was the decision any competent, rational, experienced captain
would have made with the information available to him in that moment. He ordered his
family and crew into the lifeboat. He ordered a line made fast between the boat and the ship
— he was not abandoning Mary Celeste, not yet, not permanently. He was buying distance.
He was keeping his people alive until whatever was happening had passed, and then he
would go back aboard.

The crew worked fast and efficiently — not in panic, but with the focussed urgency of
trained sailors following a captain they trusted. The lifeboat was freed. The tether was
secured. Briggs helped his wife and his two-year-old daughter into the boat. The crew
followed. They pushed off from the hull of Mary Celeste and rowed clear, watching her,
waiting.

We will never know how long they waited. We will never know what they said to one
another in that small boat on that enormous sea, or what Sarah Briggs thought as she held
her daughter and watched the sky burn. We know only that at some point — in a swell, in
the darkness, in the confusion of that impossible night — the tether line parted.

And Mary Celeste sailed on without them.
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Therearechapterscoveringsuchtopicsasthedevelopmentofsuitablerockets,astronaut
selectionandtraining,crewhealthandhappiness,andoneemphaticallydealingwiththerisks
involved.Withineachchapteraparticulartopiciscoveredsemi-historically,illustratedwith
exampleschosenfromallofthenationseithercurrentlyinvolvedorwhohavepreviously
contributedtotheprojectofhumanity’seffortsinspace.Thatisaninterestingapproach
whichallowsforawide-rangingappreciationofeachcountry’sambitionsandconcerns,toact
almostasaglimpseofnationalphilosophiesaswellasbuildingamuchmoreglobaloverview
ofhumanachievementsinspace.Somelightasidesfromthatinternationalapproachinvolve
thefoodchoicesavailabletothoseearlyspacepioneers—in1982theFrenchastronaut
Jean-LoupChrétienbroughtFrenchcuisinetotheRussianthree-manSoyuzspacecraft;that
includedjuggedhare,crabsoup,andlobsterpilafandmusthavebeenaninterestingzero-g
eatingexperience.TwoyearslaterthefirstIndiantoflyinspace,RakeshSharma,provided
curry,RaviShankarmusic,andBollywoodfilms,anotheratmosphericexperience.Bond
doesnotrecordanymenuitemssuppliedbyBritain’sfirstastronaut,HelenSharman,who
spentaweekontheMirspacestationin1991—maybeacoupleofthosedense,calorie-rich
chocolatebarsmanufacturedbyMars,heremployeratthetime?

PeterBondtellsusthatatthetimeofwritingthisbook,in2025,637peoplehaveorbited
aroundtheEarth,andanother119havetakensuborbitalflightsbeyondthe80-kmaltitude
recognizedbytheUSastheboundarytospace,withmanyofthoseabovethehigher
internationallyrecognised100-kmKármánline.Thosepeoplecamefrommostvarieties
ofhumanity,ranginginagefrom18to90andfromalmostallwalksoflife—artists,pop
singers,politicians,aswellastheexpectedcohortoftestpilots,scientists,andengineers.The
oneexcludedexceptionwouldseemtobethepoor—althoughasBondremindsus,fortheir
initialflightstheRussiansusedthehomelessastestsubjects:thestraydogLaikabecamethe
firstlivingcreaturetoorbittheEarth,andwithinafewhours,thefirsttodietherefromshock
andheatexhaustion.Spaceflight,aswellasbeingdangerous,isanexpensivebusiness,so
thosewithoutgovernmentfunding,orwhoarenottheCEOsorfriendsofoneoftheworld’s
techgiants,mustspendvastsumsofmoneytobuyaseatasatourist.$20millionisreported
astheticketpriceDennisTito,aninvestmentmanager,paidforStarCitytrainingandatrip
inaSoyuzcrafttospendeightdaysonboardtheISSin2001.Atthegovernment-employee
endofthebusiness,USastronautsdotheirworkonasalaryofupto$152258peryear.

Outsidetherelativesafetyoftheirspacecraft,astronautshavemade483spacewalks,in
spacejargonEVA(ExtraVehicularActivity),intotheraw,unforgiving,vastvacuumof
space;277ofthosespacewalkswererelatedtotheassemblyandmaintenanceoftheISS
whichtotalledthousandsofhoursinthatunimaginablychallengingimmensity.Therehave
alsomemorablybeen12menwhowalkedonthesurfaceoftheMoon,inatotalof14
excursions,somelastingmorethansevenhours.InBryanBurrough’sbookaboutworking
intheMirspacestation,Dragonfly,oneastronautdescribesthefirstmomentsofparalysing
fearonsteppingoutfromthespacecraftintotheconstantfallingnothingnessoforbitandthe
extremeeffortofwillrequiredtoovercomethatbrain-numbingeffect.Someverydangerous
EVAsaredescribedbyBond—forexampletheGeminiastronautsgettingtogripswith
dockingproceduresinpreparationfortheApolloMoon-landingmissions.Thoseexercises
involvedpractisinglinkingwiththeseeminglyunreliableAgenarocketupperstage.Onone
occasion,NASAastronautRichardGordonhadtograsptheAgenaandbringitundercontrol
bymountingitmuchasacowboyonawildbronco.Severaltimesastronautshaverescued
strickensatellites,includingonoccasionsthoseinwhichaliverocketmotorhasfailedto
fire.Didthoseguysneverreadtheinstructionsonthebackofapacketoffireworksabout
neverreturningtoafailedfirework?

Foralloftheseeminglyeveryday,run-of-the-millnatureofspaceflightwhichseemsto
existinthecurrenteraofthespacestation,Bond’sbookconstantlyremindsusjusthow
dangerousthatendeavouractuallyhasbeenandindeedstillis.Thelasttwochapterson
goingtotheMoonandtherisksinvolvedinhumanspaceflightareengrossingreadsfullof
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isthat,althoughhedoesoccasionallymentionthepowerneededtomakeandsendsuch
probes,hedoesnotdiscussthefactthatitiswellbeyondcurrentworldpowerusage.But
thatwouldbestrayingintopolitics,sohe’sprobablywisetoavoidthat.Thebookisreally
ananswertothequestion:ifwewanttosendoutprobesintospaceat0·1𝑐,whatarethe
physicalrequirements?Thiswouldbeausefulbookforanyonethinkingaboutacareerin
astronautics,andisalsoofgeneralinterest.—RobertConnonSmith.

TheMultiverse:WhenOneUniverseIsn’tEnough:UncoveringaUniversalMystery,
byBrianClegg(IconBooks),2025.Pp.190,20×13cm.Price£10·99(paperback;ISBN
9781837732367).

BrianCleggisawell-knownpopular-sciencewriterandI’vereviewed1,2acoupleofhis
previousbooks3,4inthesepages.TheMultiverseisthesubjectofseveralbooks5–10re-
viewed11–16inthisMagazine,sothisbookwasanobviouschoiceforoneofthedozenbooks
IboughtatanEnglish-languagebookstoreafterattendingathesisdefenceinAmsterdama
fewweeksago.Alreadyintheacknowledgements(whichismostlyapreface),Cleggmen-
tionshisscepticalstanceontheMultiverse.Perhapsbecauseheisnottryingtoconvincethe
readeroftherealityoftheMultiverse,thechaptersilluminatevariousideasrelatedtothe
Multiverseratherthanworkingtogethertowardssomegoal.Wegetbriefdescriptionsofa
motleycollectionoftopics:theideaoftheMultiverse,ourUniverse(onedefinitionofthe
Multiverseisthesumofobservableuniverses—thesumbeingTegmark’sLevelIMul-
tiverse—,eachofwhichissmallerthanthe(possiblyinfinite)ensemble,thoughusually
asusedbyotherauthors‘Universe’referstoTegmark’sLevelIMultiverse),thesimula-
tionhypothesis,imaginarynumbersandquaternions,fine-tuning,inflation,themany-worlds
interpretationofquantummechanics,stringtheory,theekpyroticmodel,theholographic
principle,Tegmark’smathematicaluniverse,andpop-scienceYouTubepersonalitySabine
Hossenfelder.SometimesIagreewithClegg’sscepticaltake,e.g.,whendiscussinginflation
(thoughheomitsthestrongestargumentforinflation:amechanismfortheoriginofprimor-
dialdensityfluctuations).Moreoften,though,hisscepticismseemstobeduemostlytoa
matteroftaste(intheacknowledgements/preface,hementionshissadnesswhentheSteady
Statemodelwasruledout,possiblybecausehewasafanofHoyle’ssciencefiction).

Thebookiswell-writtenwithfewtypos;Cleggknowshistrade.Onthewhole,thebook
isagood(butverybrief)introductiontothetopicsmentionedabove.However,whether
intentionallyornot,thecombinationofthetriviallytrue,veryspeculative,andeverything
inbetweentendstocastatooscepticallightonthingswhicharealmostconsensus;maybe
Clegghopesthatthereaderwillcometodislikethesamethingshedoesoncethey’vebecome
taintedbyassociationwiththeMultiverse.Therearealsoafewcommonmisconceptions,
suchastheideasthatdarkenergycausestheexpansionoftheUniverse(anditseemstobe
impliedthatanegativecosmologicalconstantwouldleadtocontraction)andthatinflation
isbasicallyfaster-than-lightexpansion.ThediscussionoftheStrongAnthropicPrincipleis
confusingatbest.Hisdiscussionoftheinversegambler’sfallacyissomewhatunorthodox,
perhapstoaidhiscomparisonofittotheideaoftheMultiverse(whileatthesametimenot
evenmentioningotherreasonsforbelievinginsomesortofMultiverse).Thatdiscussionis
inspiredbyPhilipGoff,whoisknownprimarilyforhisbeliefinpanpsychism.Whilepeople
canberightaboutsomethingsandwrongaboutothers,Goffseemslikeastrangebedfellow
forsomeonelikeCleggpushingalessspeculativeandmoredown-to-Earthview.

Thereareafewfootnotes,nophotos,andthemaintextisfollowedbythreepagesof
suggestionsforfurtherreading(manybyClegg,butalsomanypresentingdifferentpoints
ofviewontheideaoftheMultiverse)andafour-pagesmall-printindex.

InareviewofanotherbookbyClegg,Iwrote“Iwouldliketogivethebookabetter
recommendation,sinceitisgenerallywellwrittenandmanagestogiveagoodoverview”.
Mydesirewithregardtothisbookissomewhatless,becauseinadditiontomistakesIdetect
anagenda.It’snotaproblemthatIdisagreewithhisopinion;rather,myimpressionisthat
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additional detail about Apollo, and other more current programmes, and it has to be said
some rather ghoulish accident information.

After over 60 years of human excursions beyond the atmosphere of our planet, perhaps it is
time to make an evaluation of what we have learned; what benefits have accrued to those left
on the ground, and to make a judgement on whether it has all been worth the vast outlay of
earthly resources and to answer the question; is the project worth continuing? With his wide
experience in communicating space science, Peter Bond is perhaps a well-placed writer to
do that. I lost count of the number of times he reports astronauts taking part in experiments
to do with human physiology, or making use of various furnaces and electron guns to study
metallurgy or crystallography, although rather few results are described. Experiments to test
antibacterial and antiviral materials are apparently useful for application in the design of
lift buttons. However, other than those examples and some generic statements about the
development of high-tech industry and associated jobs and of course the few satellite-repair
missions, this book does not address any major developments that have resulted from people
doing science in microgravity.

Space research is currently being funded by national governments and the four wealthiest
private-enterprise organizations the world has ever seen. This book does not tell us how
any of those organizations suggest putting people into space will assist in solving the major
problem currently facing humanity: the relentlessly warming planet. In the 65 years since
Gagarin’s flight the world annual CO2 emissions from fossil fuels have increased from
around eight billion tonnes to 38 billion tonnes and the average global temperature during
the summer months has increased from 15·6 ◦C to 16·8 ◦C and with each decade that increase
is accelerating. Space research has certainly been absolutely central to our knowledge of
those numbers but almost exclusively by the use of sophisticated unmanned satellites. There
is a very good case to be made that humanity has gained enormous benefits from the use
of unmanned satellites through all sorts of remote sensing: Earth observation, astronomy,
telecommunications, navigation, etc., etc. — it is less clear that such obvious returns can be
seen from manned spaceflight.

The case is not made in this book, which does not claim to be a book of analysis but a very
thorough compilation of historical facts arranged in thematic chapters and as such it is a very
good and often surprising resource. One must admire the research involved in assembling
this detailed listing of components, processes, and interactions; there is, however, no attempt
at understanding of purpose other than getting done the job of putting humans into space
— there is no ‘why’. It is a book of comprehensive listing and description of salient facts
without addressing the current overarching purpose, and perhaps that is a true reflection
of the space agencies’ and private-enterprise ambitions. To use the coarse language of our
times: is manned spaceflight any more than expensive ‘willy wagging’?

In a book so full of facts I spotted just a few errors, and really only one worthy of
comment. Unfortunately, it is on the first page of the first chapter, where we read that rocket
propulsion is based on the principle of “Sir Isaac Newton’s third law of thermodynamics”
[my emphasis]. I guess an autofill-suggested word had slipped in, unnoticed by the author,
it was then missed by the copy editor, and also missed again at the pre-publication proof
stage. Maybe it is churlish to complain that in a book overflowing with facts I found only a
few that bothered me —- but but but, “Newton’s third law of thermodynamics”. Mr. Bond, I
was “shaken and not stirred”. Hopefully it will be corrected for the paperback edition of this
thoroughly enjoyable, excellent compendium of the whole range of human space adventures.
— Barry Kent.

The Physics of Interstellar Travel, by Coryn A. L. Bailer-Jones (Cambridge University
Press), 2026. Pp. 358, 26 × 21 cm. Price £55 (hardbound; ISBN 978 1 009 68392 8).

For many years now, unmanned space probes have been traversing the Solar System. Some
have landed on, or gone into orbit around, some of the planets and their satellites. The very
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earliest, Voyager 1, is already (since 2012) moving into the interstellar medium (ISM) but
will take some 77 000 years to get to the distance of our nearest star. Manned spaceflight
is currently largely confined to the Moon, although there are ambitions to build a base on
Mars.

Interstellar travel is still a dream, despite Voyager 1, but of course if humans are ever to
emulate science fiction and journey to other stars then we should be thinking about what
it would involve. That’s precisely what Bailer-Jones’s book addresses. The author makes a
systematic study of the physics of the medium through which any space probe would pass
and the hazards that it would encounter. The treatment is mathematical and is suitable for a
reader with a good understanding of physics at the level of an undergraduate degree.

There is a short introductory chapter, setting the scene and outlining the contents of all
17 chapters, before moving on to Chapter 2, which considers motivations for interstellar
exploration, gives essential background information, and talks briefly about the nearest stars
and time-scales. It becomes clear that any chance of reaching other stars in a reasonable time
requires interstellar probes to be moving at some fraction of the speed of light, say 0·1 𝑐.

Chapters 3 and 4 cover the theory of rockets and discuss orbital mechanics while chapters
5, 6, and 8 discuss various types of rocket engine, from thermal- and ion- to nuclear-
powered, with relativistic effects on motion (with a clear discussion of the twin paradox)
and on their effects on what we see (aberration and the Doppler effect) covered in chapters
7 and 9. Chapter 10 introduces the concept of solar sails, with a clear discussion of the
practical difficulties. The next chapter considers using a laser rather than the Sun as a driving
mechanism for the sails.

Of course, that kind of probe is light and easily affected by the ISM so the author here
inserts a chapter on the ISM, considering the effects of impacts and the resultant drag and
explaining the principle of the ramjet, which he regards as very speculative at this stage.
Chapter 13 covers more exotic forms of sails, involving magnetic and electric fields.

The next question that arises is how to make sure the interstellar probe goes in the right
direction and knows where it is in some inertial frame. Bailer-Jones spends Chapter 14
discussing navigation in general. Within the Solar System, where light-travel times are
relatively short, it is a solved problem, with an agreed reference frame (ICRF — the In-
ternational Celestial Reference Frame) based on the Solar System barycentre (SSB), using
radar ranging. Out in the ISM ranging becomes impractical and the probe must do its own
navigation. Instead of ranging, the probe must use other reference points, such as bright stars
with precisely known positions and velocities in the ICRF. Alternatively, it is possible to use
pulsars, but that is more complicated, as he explains.

Back on Earth, meanwhile, we would like to know what the probe is finding, so the final
problem is getting the information back. Once the probe is well out into the ISM, two-way
communication is unrealistic and even getting data back is slow — it may take months or
years to send the information back at a low bit rate because the probe doesn’t have the power
to transmit faster. Chapter 15 discusses all the ramifications. Chapter 16 discusses possible
payloads, including what instruments might be used. The mass of those instruments would
have to be small, especially for sail-driven probes, so one option might be to send out swarms
of probes, each with a different instrument, and some redundancy built in to avoid losing
everything if a probe is lost.

Finally, Chapter 17, ‘Outlook’, starts by considering very briefly (and dismissing) wilder
ideas such as wormholes before going on to real-life challenges and possible solutions. Bailer-
Jones then considers broader issues: Should we undertake interstellar travel? Is it ethical? Is
it dangerous? And — where do we go from here? None of the technology required currently
exists, but some is within reach in the next half-century or so.

This book is clearly written, with useful summaries at the end of each chapter. The
mathematics is deliberately simplified to enable the basic principles to be explained without
obscuring them by the detail that would be needed in a realistic description. One comment
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theaccountisintentionallysomewhatbiased.Ontheotherhand,it’saneasyintroductionto
somecomplicatedtopicsandsometimesitisgoodtobeexposedtoadifferentpointofview.
—PhillipHelbig.
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GravitationforTheorists,byPiljinYi(CambridgeUniversityPress),2026.Pp.338,24·4
×17cm.Price£70(hardbound;ISBN9781009575645).

Thisbookgrewoutofasingle-semestergraduatecoursetaughtbytheauthoratSeoul
NationalUniversityandattheKoreaAdvancedInstituteofScienceandTechnology(the
author’saffiliationistheKoreaInstituteforAdvancedStudy).Toallowcomparisonwithother
booksonGeneralRelativity(GR)whichI’vereviewedinthesepages,Iassignitarelativity-
booksignatureof000+++.∗Assuch,itisgoodforsomeonewhowantstoworkthroughthe
mathematicaldetailsatafairlyhighlevel.ItisatypicalforGRbooksinthatPartIII(three
chapters)isabout‘CanonicalFieldTheorieswithGravity’(includingachapterontheADM
formalism)andthereisanappendixon‘FiberBundles’;muchmorethanmostbroadlysimilar
books,ithighlightsconnectionsbetweenGeneralRelativityandotherbranchesofphysics.
(PartsIandIIare‘RelativityandGeometry’and‘GeneralRelativity’,fiveandsixchapters,
respectively.)ExceptforsomebackgroundonSpecialRelativityandMaxwell’sequations,
thebookhaspracticallynothingonthehistoryofGeneralRelativity.†Ican’timproveonthe
author’ssummary:“Thisbookisintendedasaself-containedhandbookonthefoundation
ofGeneralRelativity.Thecontentshiesawayfromacomprehensivetreatisethatwould
coverallthenooksandcranniesofgravitationalphenomena.Theemphasisisinsteadgiven
toincrementaldevelopmentsoftheunderlyingmathematics,explicitderivationsofkey
formulae,and,inparticular,examplesandsidetracksthataremeanttosolidifytheconcepts
andtopreparethereadersforfurtherapplications.”

Although,asexpected,Chapter7on‘CosmologyinBrief’isindeedbrief,thereisnothing
misleadingorwronginit.Non-flatcosmologicalmodelsarealsodiscussed,andeventhe
Multiversegetsafewparagraphs.Thediscussionoftheflatnessproblem(thoughrestricted
tothefine-tuningproblem,i.e.,whywastheUniverseextremelyflatimmediatelyafterthe

∗Thecharactersindicatemaths-firstorphysics-first,breadth,depth,level,difficultyofmaths,mathematical
detailshown.(+indicatesmaths-firstormorethanaverage,−physics-firstorlessthanaverage;0neitheror
aboutaverage.)
†Forthat,seeanotherbook1reviewed2inthesepages.
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strictersense.)Somearecommonmisconceptions,e.g.,SpecialRelativity(SR)cannotdeal
withacceleration(p.157)—themaindifferenceisthatSRisrestrictedto(flat)Minkowski
spaceandGeneralRelativity(GR)allowsforcurvedspace–time(tobesure,gravitycurves
space–time,andtheEquivalencePrinciplerelatesaccelerationandgravity,butnonetheless
SRcandescribeacceleration).ItisatleastimpliedthatSchwarzschilddiedonthebattlefield;
hediedinhospital,awayfromthefront,andofanauto-immunedisease,notwarwounds
(p.160).(Shedoesgetthehistoryoftheterm‘blackhole’correct,creditingDickeandnot
Wheeler,p.160.)Bellwasn’tyetBellBurnellwhenshediscoveredpulsars(p.172).Thelast
sentenceinthefirstparagraphofthelastsectioninthechapteronneutronstars(p.182)states
“Sadly,BellBurnellislessknownforherscientificbreakthroughthanforthecontroversy
thatsurroundsit.”Thatmightwellbetrue,butIwonderifdevotingeightparagraphstosaid
controversywillimprovethesituation.Attheriskofdoingthesame,Inotethattheactual
discussionagreeswithmyassessmentandcorrectlydifferentiatesthequestionofwhether
sheshouldhavereceivedashareoftheNobelPrize(includingplacingthedecisioninthe
contextofthetimeandBellBurnell’sowntakeonthematter)fromthesillyreportingby
manyjournalistsatthetime.WhileGRindeeddescribeschangesinthegravitationalfield
propagatingatthespeedoflight,notallsuchchangescorrespondtogravitationalwavesas
usuallythoughtof(p.189).SincethisisthethirdbookinwhichIhavenoticedit,theideathat
astronomerscansomehowmeasuretheradialvelocityofextragalacticobjectsisbecoming
acommonmisconception(p.248).

Othersaremorebizarre:Drake’schoiceof1679pixelsforhisArecibomessagewasdue
toitbeingtheproductofthetwoprimes23and73,butofcourse1679itselfisnotprime
(p.235).ThedescriptionoftheHubblelawisatbestconfused(p.247).Itisatleaststrongly
impliedthatEinsteinwasawareofFriedmann’swork(whichwasdonesomeyearslater)
whentheformeraddedthecosmologicalconstantinordertohaveastaticuniverse(p.248).
Thehistoryofdarkmatterisatbesttoobrief.P.263:“Darkenergywasproposedinthe
1990s,whenobservationsofdistantsupernovaerevealedthattheexpansionoftheUniverse
isnotslowingdownasexpected,butaccelerating.”Thatisliterallytrue,butitwasnotfirst
proposed(whichseemstobeimplied)then,andthoughtheterm‘darkenergy’wasproposed
thentheideaisolder.(Sometimes‘darkenergy’isusedtocontrastitwithacosmological
constant,theformerhavinganequationofstateotherthan𝑝=−𝜌and/orthevalueoreven
theequationofstatechangingwithtime,thoughnoneofthosewereneededinthe1990s
andprobablynoneisneededtoday.)Furtherdiscussionofsupernovacosmologyisatbest
muddled(pp.278–279).

However,mostofthemistakesarerelatedtocosmology,withwhichonlyasmallpart
ofthebookisconcerned,andarerathercommon,bothofwhicharetrueofmanybooks
reviewedinthesepages.Ithinkthatitisimportanttomentionthem,butatthesametimethe
spacedevotedtotheminthisreviewexaggeratestheirimportance.Therestofthebookis
notonly(asfarasIcantell)technicallycorrect,butiswellwrittenandconveystheauthor’s
loveofradioastronomy,atopicwhichshouldgetmuchmoreattentioninbooksatthislevel;
perhapsthisbookcanbeastepinthatdirection.Icertainlyenjoyedreadingitand,despite
beinganhonoraryradioastronomer,learnedmanynewthings.—PhillipHelbig.

OnTime:ThePhysicsThatMakestheUniverseTick,byJimAl-Khalili(Princeton
UniversityPress),2026.Pp.359,24×16cm.Price£28/$32(hardbound;ISBN9780
691267036).

Al-Khaliliisawell-knownpopular-sciencewriterandpresenteronradioandtelevision
withabackgroundintheoreticalnuclearphysics;heisaprofessorofphysicsattheUniversity
ofSurrey,wherehealsoholdsachairinthepublicengagementofscience.Thisisthefirst
bookbyhimthatIhaveread.I’vereadmanybooksonthenatureoftimeandreviewed
someinthesepages,thoughtheywereusuallymoretechnicaland/oreditedvolumeswith
severalauthors.Inparticular,thisbook—withanimportantexceptionmentionedbelow—
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Big Bang) and the effects of inflation is good (though I disagree that the flatness problem
is actually a problem (e.g., ref. 3 and references therein)). In my review4 of a cosmology
textbook 5, I praised the author for explicitly introducing various forms of the Robertson–
Walker metric. Something similar is done in this book for various representations of 𝑆3

in the chapter on the Maurer–Cartan description (and the connection to the RW metric in
cosmology is mentioned). The author is also aware that it is the Lorenz gauge (though
there is no such entry in the six-page small-print index, though there are three Lorentz-
related entries.) Apart from the usual topics and those already mentioned, the discussion
of black holes (Schwarzschild, Reissner–Nordström, Kerr, Kerr–Newman) also includes the
cosmological constant, and there is an entire chapter on the Maurer–Cartan description.

The book is a good introduction at a reasonably high level for someone who wants the
work shown and is happy to forego the history of the topic. However, I found the book rather
difficult to read, primarily because of the lack of definite and indefinite articles when they
should be there and vice versa. In general, the book could have benefitted from editing by a
native (or otherwise very good) speaker of English. There is also one instance (p. 223) where
some text has obviously been left out. Similarly to the previous book on General Relativity 6

I reviewed 7 in these pages (also from Cambridge University Press), the wider margins are
always on the left; more practical is to have them always on the outside. Several pages of
my copy also became unattached; hopefully that is a one-off problem and doesn’t affect the
entire print run.

There are only a few black-and-white diagrams, scattered throughout the text. There are
neither footnotes nor endnotes nor any sort of bibliography; only preface, main text (including
appendix), and index. This is a no-frills detailed introduction to General Relativity and good
for those who want to learn the subject by following worked-out derivations — Phillip
Helbig.
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Radio Universe: How to Explore Space Without Leaving Earth, by Emma Chapman
(John Murray), 2026. Pp. 242, 23·5 × 15 cm. Price £18·99 (paperback; ISBN 978 1 529
39899 1).

I’ve read many popular-science books on astronomy, but this is probably the first which
is mainly about radio astronomy. The author is a Royal Society Dorothy Hodgkin Research
Fellow at the University of Nottingham and recipient of several awards; this is her second
popular-science book about astronomy (thus only two books so far; there is another author
named Emma Chapman; to add to the confusion, in the US this book is entitled Echoing
Universe). Chapman was raised on radio, but in the BBC sense; she became interested in
radio astronomy as a result of her PhD project, which involved radio observations from
the Netherlands. An introduction mentions that project, tells a very brief history of radio
astronomy, describes how radio telescopes work, and offers a somewhat longer exposition of
the electromagnetic spectrum (including an obsolete reference to the colour indigo on p. 7).
There is little about radio astronomy in the technical sense in the book; rather, it discusses
the science which can be done via radio astronomy, sometimes containing asides about other
radio-related topics.
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The first six chapters are confined to the Solar System: the Moon (Apollo programme,
radar, radio communications), the Sun (sunspots, James Stanley Hey, coronal mass-ejection
events), Mercury (detailed discussions of its rotation, the presence of ice, why there have
been only three missions), Venus (temperature, rotation, vulcanism, craters, lack of plate
tectonics, high-resolution mapping), Mars (extraterrestrial life, orbital mechanics, the ill-
fated Beagle 2 lander), and the asteroid belt (introduced via Saturn’s rings, Saturn being
the current limit of radar astronomy), detecting potentially dangerous asteroids, and some
history involving (later Sir) Bernard Lovell at Jodrell Bank. We then move further away
to the Milky Way (the Voyager probes, Grote Reber, the 21-cm line, the structure of the
Milky Way, astrophysical masers, Meerkat), black holes (detection, gravitational waves,
Special and General Relativity, Schwarzschild’s life (and death) and work, the Event Hori-
zon Telescope, stellar-mass black holes), neutron stars (discovery of pulsars, neutron-star
physics, pulsar astronomy, controversy around Jocelyn Bell (Burnell)), gravitational waves
(the Hulse–Taylor binary pulsar, LIGO, the Pulsar Timing Array, kilonovae), exoplanets
(formation, T Tauri stars, ALMA, molecular clouds), contact with extraterrestrial intelli-
gence (SETI, TRAPPIST 1e, the Drake equation, the Allen Telescope Array, funding, Sagan,
Tartar, METI), the high-redshift Universe (discovery of the CMB, 20th-Century astronomy
including some wrong turns and dead ends, radio-source counts, physics of the CMB, first
stars, the Square Kilometre Array), dark matter (cosmology, history of dark matter, Purcell
& Ewen, modern structure-formation simulations), dark energy (more cosmology, baryon
acoustic oscillations, intensity mapping), and the ‘dark’ side of the Moon (putting a radio
telescope on the far side of the Moon). Finally we get a tourist’s guide to radio telescopes,
with brief descriptions of eleven such potential travel destinations. There are no figures and
a few footnotes. The back matter includes extensive acknowledgements, notes (which are
actually numbered references corresponding to numbered citations in the text, about eight
per chapter), suggestions for further reading (both in general and a few suggestions for most
chapters; I noted five which I intend to read; some should be updated to reflect more recent
editions), and a ten-page small-print index.

While the topics are chosen because of the role played by radio astronomy in them, that
is a jumping-off point for more general descriptions, such as a detailed account of the
determination of the rotation of Mercury and Venus and the mapping of the latter.∗ While
much of the material was familiar, I was happy to get more details on Hey and Purcell &
Ewen. It is also good to have a nice overview of SETI and related topics; Chapman notes
that some authors shy away from such discussions for no good reason. (Recently, SETI has
become more respectable, and Michael Garrett, a prominent SETI advocate, has been the
Sir Bernard Lovell Professor of Astrophysics and Director of the Jodrell Bank Centre for
Astrophysics since 2016, after having been Director of the Joint Institute for VLBI in Europe
and the General & Scientific Director at ASTRON.) Considering the large number of diverse
topics, balance might be hard to achieve, but she does a good job, usually going into more
depth only when mentioning less common (but important) details. A minor point is that I
found there to be a bit too much detail on the physics behind the CMB (and to some extent
on the history of the topic), but too little on why it is so important for cosmology today, i.e.,
what one can learn from the power spectrum, though arguably that is too much physics and
too little radio astronomy.

I noticed only a few mistakes. Some are easy to explain. For instance (p. 40), “Six missions
carried a total of twenty-four American men to lunar orbit between 1969 and 1972, and of
those, twelve set foot on the surface.” There were eight, not six missions, but only six included
a Moon landing. (The ill-fated Apollo 13 went around the Moon, but didn’t orbit it in the

∗The most recent space-probe mapping is from the Magellan mission 1990–1994, with a resolution of 100 m.
In 1978, the Pioneer Venus Orbiter had achieved one of 2 km. Amazingly, only ten years later, technology at
the Arecibo Telescope was able to achieve that from Earth.
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couldbeseenassomethinglikeapopular-scienceversionofabook1reviewed2inthe2026
AugustissueofthisMagazine.It’smorethanjustatypicalpopular-sciencebook,though,
assomeofitscontentsreflectresearchdonebyAl-Khaliliandcolleaguesinthecontext
ofalargeresearchgrant,inanarea(thephilosophyoftime)somewhatremovedfromhis
earlierspecialization.Whiletherearemanypopular-sciencebooksontimeitself(including
anexcellentone3reviewedinthesepages4),therearefewonthephilosophyoftime.

Theprefacenotesthatthebookisconcernedwithphysicaltime,not“mysticorpoetic
notions”.Thatdoesnotexcludeourperceptionoftime,‘manifesttime’.Thatandbasic
questionsarediscussedintheintroduction,suchaswhethertimeisanillusion,whether
(andifsohow)itflows,whetheritiscontinuous,whyithasadirection,andsoon.The
twophilosophicalproblemsoftimearewhyweperceiveittoflowandwhyweperceivethe
pasttobedifferentfromthefuture,giventhatthosefactsaren’tobviousfromtheequations
ofphysics.Thetwophysicalproblemsaretheconnectionbetweenthecoordinatetime
ofclassicalorquantumphysicsandthetimewhichispartofspace–timeinrelativity,and
reconcilingtime-symmetricdynamicalequationswiththeirreversibilityofthermodynamics.

Therearesomanyconceptsinvolving(thephilosophyof)timethatsomestructureis
needed.Thefourpartsofthebookprovidesomeofthat,reflectingtimeasalabel,asa
dimension,asanarrow,andtherealityoftime.Thefirst,withfourchapters,discussesthe
basicconceptoftimeasacoordinatewhichindicateswhensomethinghappened,asin
Newtonianorquantummechanics,andhowitismeasured.Thephilosophyoftimebecomes
importantwhenpsychologicaltimeandthequestionoffreewillversusdeterminismare
discussed.Thesecond,withfivechapters,coversSpecialandGeneralRelativity,including
cosmologicaltime,theideaoftheblockUniverse,andthefactthat‘now’isnotclearly
definedinarelativisticcontext.Thethird(fourchapters)discussesvariousarrowsoftime:
psychological,entropy,causal,cosmological,quantum,etc.Al-Khaliliseesstatisticalme-
chanicsonanequalfootingwithQuantumMechanics(ordynamicalphysicalequationsin
general)andRelativitywithrespecttoitsroleinthefoundationsofphysics,andthereisa
gooddiscussionofvarioustypesofentropy,Loschmidt’sparadox,andsoon.

Theclosestthingtoaconsensusonthetopicofthearrowoftimeisthatallarrowsoftime
areultimatelyderivedfromthecosmologicalarrowoftime,whichisduetotheUniverse
havingstartedinastateofverylowentropy,whichisdifficulttoexplain.(Onemightthink
thatradiationwouldhaveahighentropy;thatistrueintheabsenceofgravity,butwithgravity
thehigh-entropystateiswitheverythinginblackholes.)Thus,theimportanceofthePast
Hypothesis,whichisjustastatementofthatfact,withoutexplanation.Mostdiscussions,at
leastmostIamfamiliarwith,areconcernedwith‘traditional’entropy(e.g.,thatofparticlesof
matterorradiation)orgravitationalentropy.Al-Khaliliemphasizestheimportanceofathird
typeofentropy,namelythatconnectedwithnuclearfusion.Itistheincreaseofentropyas
theresultoffusionwhichultimatelyresponsibleformostentropy-relatedphenomena.Since
thepossibilityofsuchfusionismerelyoneofmanyaspectsdependentonthefine-tuningof
ourUniverse(e.g.,ref.5andreferencestherein,reviewed7inthesepages),Al-Khalilialso
introducestheinterestingtwistthatnoextraPastHypothesisisactuallyneeded;itismerely
oneaspectofthefine-tuningofourUniverseforlife,whichishardtodispute,thoughthereis
disagreementaboutitsexplanation(e.g.,refs.5,6).Consideringthatmanyhavedeemedthe
problemoftheoriginofthelow-entropyBigBangthemostimportantoutstandingproblem
inphysics,suchasimpleexplanation—whichIhaven’tseenanywhereelse—isatleast
veryinteresting.∗Withthebeginningoutoftheway,thereaderisthenpresentedwithvarious
ideasaboutapossibleendoftime.Contemplatingextremelylongperiodsoftimeleadstothe
ideaof‘Boltzmannbrains’,consciousobserverswhichariseduetofluctuations.Whatever
onethinksofthem(theauthorapparentlydoesn’tthinkmuchoftheidea),asaseriousarea

∗Al-Khalilidoespointoutwhataretheauthor’sownideasandwhatishissummaryofthefield,always
somethingworthdoingwhenapopular-sciencebookincludestheformeraswellasthelatter.
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of research I would have liked to have had a bit more discussion than the short shrift they
are given here.

The fourth part is intended to convince the reader that time is real, with one chapter
discussing the idea of time as an emergent concept within the context of quantum gravity,
and the other introducing Al-Khalili’s concept of entanglement entropy. The interrelated
concepts of quantum measurement, entanglement, and decoherence are discussed. It is,
correctly, pointed out that entanglement is not limited to the special cases we read about in
laboratory experiments, but is actually the rule, and that decoherence is extremely important.
The two chestnuts that the laws of physics are time-symmetric and that entropy almost always
increases both apply only to isolated systems. Of course, no system in the Universe is truly
isolated, but that is not appreciated enough. I remember John Barrow’s example of aiming
a cue ball at the other 15 balls at the start of a game of pool with the maximum precision
allowed by the uncertainty principle; after just 15 collisions the uncertainty in the balls’
positions would be larger than the size of the table. We are reminded of a similar but
more impressive argument due to Michael Berry already mentioned in Chapter 4: Take
the classic molecules-in-a-box thought experiment from a typical discussion of statistical
physics, which is alone in the Universe except for one electron at the limit of the observable
Universe — but we don’t know in which direction. Even if we could measure the position
and momentum of each molecule in the box exactly, after 50 collisions, i.e., within a tiny
fraction of a microsecond, we would lose predictability due to our lack of knowledge of the
position of the electron. With the smallest imaginable perturbation having such an effect
so quickly, no system can be described as even approximately isolated, thus giving great
importance to decoherence. The irreversibility of quantum decoherence, together with an
initially non-entangled Universe is thus the ultimate source of arrows of time. The fly in
the ointment is that a new Past Hypothesis regarding a non-entangled Big Bang seems to be
needed, since fine-tuning doesn’t seem to explain it as it does the traditional Past Hypothesis.
(After such heavy going, the bonus chapter on time travel after the afterword is almost light
relief! There is nothing novel here, but it is included because it seems to belong in a book
on time.)

As with many books I’ve reviewed, there are a few blunders relating to cosmology, but
fewer and more harmless than is usually the case and not important for the main narrative.
There are a few black-and-white drawings scattered throughout the book and a few footnotes;
the nine pages of small-print endnotes after the acknowledgements are references — unusual
for a popular-science book, but appreciated. The two pages (also in small print) of about 50
suggestions for further reading are particularly interesting: I’ve reviewed some of the books,
just read others, some were already on my ever-growing list of books to read, others I’ve
added to it. A nine-page small-print index and a note on the type end the book. The book
is a nice combination of the familiar and the new, well researched, and thought-provoking;
anyone interested in time should find the time to read it. — Phillip Helbig.

References
(1) C. López & O. Lombardi (eds.), The Arrow of Time: From Local Systems to the Whole Universe (Cambridge

University Press), 2025.
(2) P. Helbig, The Observatory, 213, 146, 2026.
(3) C. Orzel, A Brief History of Timekeeping: The Science of Marking Time, from Stonehenge to Atomic Clocks

(One World), 2022.
(4) P. Helbig, The Observatory, 142, 288, 2022.
(5) G. F. Lewis & L. A. Barnes, A Fortunate Universe: Life in a Finely Tuned Cosmos (Cambridge University

Press, Cambridge), 2017.
(6) P. Helbig, Found. Phys., 16, 93, 2023.
(7) P. Helbig, The Observatory, 137, 243,

Advice to Contributors
The Observatory magazine is an independent, on-line only, journal, owned and managed by its Editors

(although the views expressed in published contributions are not necessarily shared by them). The Editors are
therefore free to accept, at their discretion, original material of general interest to astronomers which might
be difficult to accommodate within the more restricted remit of most other journals. Published contributions
usually take one of the following forms: summaries of meetings; papers and short contributions (sometimes
printed as Notes from Observatories); correspondence; reviews; or thesis abstracts.

All papers and Notes are subject to peer review by the normal refereeing process. Other material may be
reviewed solely by the Editors, in order to expedite processing. The nominal publication date is the first day
of the month shown on the cover of a given issue, which will normally contain material accepted no later than
three months before that date. The journal is ‘diamond open access’: there are no page charges and all material
is freely available at the website https://www.obsmag.org.
LAYOUT: The general format evident in this issue should be followed. Unnecessary vertical spreading of
mathematical material should be avoided (e.g., by use of the solidus or negative exponents). Tables should be
numbered with roman numerals, and be provided with brief titles. Diagrams should be numbered with arabic
numerals, and have captions which should, if possible, be intelligible without reference to the main body of the
text. Lettering should be large enough to remain clear after reduction to the page width of the Magazine. For
electronic submissions, all that and more is taken into account automatically when using the LATEX templates
available at https://www.obsmag.org/templates/.
REFERENCES: Authors are requested to pay particular attention to the reference style of the Magazine.
References are quoted in the text by superscript numbers, starting at 1 and running sequentially in order of first
appearance; at the end of the text the references are identified in the bibliography by the number, in parentheses.
The format for journals is:
(No.) Authors, journal, volume, page, year.
and for books:
(No.) Authors, [in Editors (eds.),] Title (Publisher, Place), year[, page].
where the items in square brackets are required only when citing an article in a book. Authors are listed with
initials followed by surname; where there are four or more authors only the first author et al. is listed. For
example:
(1) G. H. Darwin, The Observatory, 1, 13, 1877.
(2) D. Mihalas, Stellar Atmospheres (2nd Edn.) (Freeman, San Francisco), 1978.
(3) R. Kudritzki et al., in C. Leitherer et al. (eds.), Massive Stars in Starbursts (Cambridge University Press),

1991, p. 59.
All that and more is taken into account automatically when using BibTEX and the bibliography style file
obsmag.bst; that and LATEX templates are available at https://www.obsmag.org/templates/. Authors
might also find the natbib package useful.

Journals are identified with the system of terse abbreviations used (with minor modifications) in this Magazine
for many years, and adopted in the other major journals by 1993 (see recent issues or, e.g., MNRAS, 206, 1, 1993;
ApJ, 402, i, 1993; A&A, 267, A5, 1993; A&A Abstracts, §001). Authors are encoraged to use BibTEX along
with the file journals.bib available at https://www.obsmag.org/templates/. (That file contains: the
acronyms and short abbreviations mentioned in MNRAS (see above), marked with asterisks; acronyms and short
abbreviations for other common astronomy journals; longer abbreviations (or occasionally full names) for less
common journals; and other abbreviations useful for reference lists. For journals not in that file, please use the
abbreviation from the extensive lists at https://adsabs.harvard.edu/abs_doc/journal_abbr.html.)
UNITS & NOMENCLATURE: Authors may use whichever units they wish, within reason, but the Editors
encourage the use of SI where appropriate. They also endorse IAU recommendations in respect of nomenclature
of astronomical objects (see A&AS, 52, no. 4, 1983; 64, 329, 1986; and 68, 75, 1987).
SUBMISSION: Material may be submitted by electronic mail to submissions@obsmag.org. Authors are
encouraged to follow the instructions and use the templates at https://www.obsmag.org/templates/.
See https://www.obsmag.org/contributors/ for an HTML version of the information on this inside
back cover. The Editors welcome contributions to the Here and There column. Only conventially published
(i.e., on paper) material is considered, and should normally be submitted in the form of a single legible
photocopy or scan of the original and a full reference to the publication, to facilitate verification and citation.
COPYRIGHT AND COPYING: © The Editors of The Observatory. Authorization to copy items for internal
or personal use is granted by the Editors. This consent does not extend to copying for general distribution, for
advertising or promotional purposes, for creating new collective works, or for any commercial use. Contributors
are granted non-exclusive rights of re-publication.


