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HiranyaPeiris.HespentthefirstthreeyearsofhispostdoctoralpositionintheOskarKlein
CentreatStockholmUniversity,andrelocatedtoCambridgein2025September.From2018
to2022hewasaPhDstudentattheInstituteofAstronomy,Cambridge,workingwith
ProfessorKaiseyMandel.BeforethathestudiedphysicsattheUniversityofBirmingham.
Stephenhasbroadinterestsinstatisticsandmachinelearningappliedtoastronomyproblems,
particularlyinthefieldsofgalaxyevolution(whichhe’llbetalkingabouttoday),strongly
lensedtransients,andsupernovacosmology.Thetitleofhistalkis‘pop-cosmos:Machine-
learningthegalaxypopulationforlargecosmologicalsurveys’.

Dr.StephenThorp.Thankyouforhavingushere.WehavehadareallyniceSpecialist
DiscussionMeetingonMachineLearningAppliedtoAstronomyandIwillbepresentinga
broaderviewofsomeworkthatIpresentedearlier.

Thispresentationintroducesthe‘pop-cosmos’framework,agenerativemodelforthe
galaxypopulationprobedbylargecosmologicalsurveys.Wewilllookatwhatitmeans
tobuildagenerativemodel,howwecanbuildsuchamodelforthegalaxypopulation,
thechallengesinvolved,andhowwecanovercomethosechallenges.Wewillconcludeby
applyingthisframeworktodatafromtheCosmicEvolutionSurvey(COSMOS).

Ourmotivationiscosmologicalsurveys—particularlyphotometricones—thatseekto
mapthematterdistributionandlarge-scalestructure(LSS)intheUniversebyobserving
billionsofgalaxies.Thematter-densityfieldintheUniverse—andtheunderlyingcosmology
—istracedbytheclusteringofgalaxiesin3Dspace,and/ordistortionoftheirobserved
shapesduetoweakgravitationallensing.Thosetracersaretheprimarywaytoday’slarge
surveysprobethenatureofdarkenergy.

Twoofthelargestphotometricsurveyseverundertakenarenowinprogress:theVera
C.RubinObservatoryLegacySurveyofSpaceandTime(LSST),andtheEuropeanSpace
Agency’sEuclidmission.Thecosmologicaldatasetsproducedwillconsistoffour-band
(Euclid)orsix-band(LSST)photometry,andthemeasuredshapesandpositionsofbillions
ofgalaxiesoverthousandsofsquaredegrees.Wewillnothave3Dpositionsforallgalaxies
—onlyspectroscopycanprovidethatbymeasuringredshiftprecisely—soourcosmological
analyseswillbedoneviatomography.Thatmeanssortinggalaxiesintoredshiftbinsbased
ontheirphotometry;thatissufficientforcosmology,butreliesondetailedmodellingofthe
sortingprocess.Weneedtounderstandthetrueredshiftdistributionsofgalaxiessortedinto
eachofourtomographicbins.

Withthatcontextinmind,wewillswitchgearstotalkaboutgenerativemodelling.The
goalofanygenerativemodelistodesignanend-to-endsimulatorthatisabletoreplicate
atargetdataset.Wewillworkthroughwhatthatmeansconceptually,howwecanbuilda
modelforthegalaxypopulation,andwhythatwillhelpuswithtomographicbinning.The
accompanyingFig.1showsthreesketchesofthemodelbuildingprocess.

Thefirstpanel(a)showsthegeneralmodelstructurewewillfollow.Atthedeepestlayerof
themodel,wehaveapopulationdistribution.Theintrinsic(physical)propertiesofanyfinite
sampleofobjectswillbearandomdrawfromtheunderlyingpopulationdistribution.The
intrinsicpropertieswilloftennotbedirectlyobservable;aphysicalmodelorprocesswill
beneededtotranslatethoseintoobservablefeatures.Finally,togeneraterealisticsimulated
observations,wewillrequireamodelforthenoiseandselectioneffectsinourtargetdata
set.

To‘train’ourgenerativemodel,wewillneedtospecifysomemeasureofsimilarity
betweenoursimulatedobservationsandthetargetdataset.Wewillthensimultaneously
optimizeanydegreesoffreedomortuneableparametersinthelayersofourmodel,untilour
simulatedobservationsmatchthedata.Thelargestdegreeoffreedomwillbetheunderlying
populationdistribution;ifwecanlearnthat,wewillhavelearnedsomethingaboutthetrue
populationunderlyingourdata.

Toadaptthatgeneralmodelstructuretothegalaxypopulation,therewillbeseveral
challenges:
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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 those on Zoom should see a small green shield
which means you are using the most up-to-date version of Zoom. Please put questions in the
Q&A and they will be read out by Dr. Pam Rowell at the end of each talk.

I’m going to show one of the latest Christmas cards in history. It is a diagram produced
by Annie and Edward Maunder which first appeared in MN in 1904. It’s commonly called a
Butterfly diagram and it shows solar latitude versus time, and you can see sunspots moving to
lower latitude as each solar cycle progresses. If you extend it a few years and turn it through
90 degrees you get a Christmas tree. [Laughter.] That is to thank you for all the support that
you give to the RAS. Although it’s too late to wish you a happy Christmas it’s not too late
to hope that you have the very best of what is left in 2026.

Now for the best job that the President gets to do and that is to announce the annual awards.
I’d like to thank the members of the Education Outreach panel, the Agnes Mary Clerke Medal
panel, the Astronomy panel and the Geophysics panel, and also Nush Cole who managed
much of the administrative support for us. Thanks also to those who put in nominations. The
James Dungey Lecture will be given by Professor Andy Hillier (Exeter), the Harold Jeffreys
Lecture by Professor Andy Biggin (Liverpool), the George Darwin Lecture by Professor
Suzanne Aigrain (Oxford), and the Gerald Whitrow Lecture by Professor Richard Battye
(Manchester). Early Career Awards go to Dr. Ke Zhu (Bristol, Geophysics) and Dr. Deaglan
Bartlett (Oxford, Astronomy). The Fowler Award for Geophysics goes to Professor Paula
Koelemeĳer (Oxford) and that for Astronomy is awarded to Dr. Ingrid Pelisoli (Warwick).
The Service Award (G) goes to Professor Mark Burchell (Kent). The Ian Robson Lifetime
Achievement Award goes to Professor Raman Prinja (UCL). The Higher Education Award
goes to Dr. Kurt Froebrich (Kent), whilst the Secondary Education Award goes to Mrs. Vicky
Dean (The King’s Academy, Middlesborough). The Agnes Mary Clerke Medal is awarded
to Dr. Edward Gomez (Cardiff), the Jackson–Gwilt Medal to Professor Alistair Glasse
(Edinburgh), the Chapman Medal is awarded to Professor Matthew Owen (Reading), and
the Eddington Medal goes to Professor Debora Šĳački (Cambridge). The Herschel Medal is
awarded to Professor Andrew Bunker (Oxford). The Gold Medal for Geophysics is awarded
to Professor Andrew Jackson (ETH, Zurich) and the Gold Medal for Astronomy goes to
Professor Shrinivas Kulkarni (California Institute of Technology).

Our first speaker is Dr. Stephen Thorp. He is a postdoctoral researcher at the Institute of
Astronomy and Kavli Institute for Cosmology, Cambridge, where he works with Professor
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1.Whatsetofphysicalpropertiesissufficienttoparametrizeagalaxy,andhowdowe
mapthosetoobservables(photometricfluxes)?

2.Willourmodelbecomputationallyscaleableforbillion-galaxydatasets?

3.Whatisasufficientlyflexibleformforthepopulationdistribution?

4.Canwerealisticallyreplicateanyrelevantobservationaleffects?

Totacklethefirstchallenge,wewillusestellar-populationsynthesis(SPS).Pioneered
byBeatriceTinsley,thatisadetailedframeworkforsynthesizinggalaxyspectral-energy
distributions(SEDs).SPSmodelsassembleSEDsfromcomponentstellarpopulations,
incorporatingeffectssuchasdust,chemicalevolution,nebularemission,andactivegalactic
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(a) Conceptual diagram of a generative model

(b) Diagram of a  
generative model for the  
galaxy population probed by 
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maximising similarity between simulated 
fluxes and a real photometric catalogue
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Fig.1
Diagramssketchingagenerativemodelforthegalaxypopulation.Thetoppanel(a)showsaproblem-

agnosticconceptualdiagram.Thesecondpanel(b)showsourmodeldesignforphotometricgalaxysurvey
data.Thefinalpanel(c)showspossibleuses.
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applyadvancedtechniquesformicroseismicitydetection,alsousingfibre-opticsensorsfor
seismicmonitoring.Thetitleofhistalkis‘Frombackgroundseismicitytoseismiccrises:
Whatcanwelearnfrommachine-learning-enhancedcatalogues?’

Dr.FrancescoScottodiUccio.Microseismicitycontinuouslyoccursalongtheseismo-
genicstructuresthatcanalsohostlarger,destructiveearthquakes.Therefore,itscharacteriza-
tioncanpotentiallyprovidecrucialinformationonthegeometryandmechanicalstateofthe
underlyingfaults,beforetheoccurrenceofnotableevents.However,conventionalcatalogues
arelimitedinsize,sincemanysmalleventsarehiddeninthenoise.Therefore,discover-
ingsucheventscallsforadvancesinbothearthquake-detectiontechniquesandmonitoring
infrastructures.

Weshowcasehowtheintegrationofmachinelearningandsimilarity-baseddetectiontech-
niquescanincreasethecontentofseismiccataloguesbothforbackgroundseismicityand
seismicsequences,uptooneorderofmagnitudeascomparedtoconventionalmanualcata-
loguesinSouthernItaly.Inthatframework,machine-learningmodelsprovideanenhanced
setofeventsascomparedtothestandardcatalogue,whichcanbeusedastemplatestodetect
effectivelylower-magnitude,colocatedevents,alsowithashortintereventtime.Following
thatstrategy,seismiccataloguescanalsobeenrichedbynearlyoneorderofmagnitude.The
locationoftheearthquakesintheenhancedcataloguerevealedtheactivatedfaultpatches,
whilethedeterminationofsourcepropertiesenabledthedefinitionofevolutivemodels
fortheseismicsequences.Inthecaseofseismicsequences,relocatedseismicityclearly
identifieslocalpatchesonkilometre-scalestructures,featuringanorientationcoherentwith
themainfaultsofthearea.Tomonitorbackgroundseismicity,weintegratedthestandard
seismicnetworkwith200stationsdeployedindensearraysforoneyear,demonstrating
thepossibilityofconsistentlydetectingsmall-magnitudeearthquakeswiththeuseofshort-
termdensearraysandestablishedmachine-learningmodels.Moreover,thatconfiguration
enablesthedownscalingoftheseismicitycharacteristicstosmall,decametre-sizeevents,
achievingresolutionasfrommultipleyearsofconventionalmonitoring.Weestimatedfocal
mechanismsusingaCNN[convolutionalneuralnetwork]forevaluatingP-wavepolarities
andweinvertedthedatasetoffaultplanesfordeterminingthecharacteristicofthestress
field.Theorientationofthestressfieldresultingfromtheinversionofthefaultplanes
agreeswithpreviousestimates,basedonsixyearsofmicroseismicevents.Thestressfield
obtainedhasaverticalmostcompressivestress𝜎1andhorizontalintermediateandleast
compressivestresses,𝜎2and𝜎3,respectively,thelatterazimuthlyinginthedirectionofthe
anti-Apenninicextensionalstress,featuringcoherentvaluesoftherelativestressmagnitude
ascomparedtoformerstudies.Fromaspatio-temporalanalysis,weobservedaspatialho-
mogeneityofstressfieldintheareaon≈20-kmscale,whilethetimedistributionofthestress
ratioreportslowervaluesobserveduptotheendofJanuaryandhighervaluesuptoJune,
modulatedbytheoccurrenceoftheobliquefaulting.Thatresultcorrelateswithseasonal
variationsintheregionalstrain.

Wefinallyfocussedonthecharacterizationofthe2025Santoriniseismicsequence,
revealingtheintenselevelofseismicactivityduringthecrisisanddemonstratinghowdeep-
learningapproachescansupportnear-real-timetrackingoftheevolutionanddynamicsof
thesequence.Advanceddetectiontechniquescanincreasestandardcataloguesby≈12×
(≈48kevents),identifyingfivestagesofthecrisisaccordingtohourlyrate(≈70earthquakes
perhour)onFebruary6whenanemergencywasdeclared.Deepcataloguesenablethe
investigationofmomenttensorsandtomographicmodels,potentiallyidentifyingmagmatic
sources.

Dr.PamRowell.ThisquestionhascomeinfromKathyWhaler.“Doyouthinkthereis
scopetousemachinelearninginattemptstoinfertemporalchangesintomographicmodels,
e.g.,associatedwithmagmamovement?”

Dr.ScottodiUccio.Thattomographicmodelwasnotoneofmymainactivitiesinthis
workbutactuallywearestillnotsomuchinvolvedinthetomographicmodelsinthatway,
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nuclei. Modern SPS models represent a diversity of galaxy SEDs with a handful of parameters
such as stellar mass, metallicity, star-formation rate (SFR), redshift, and dust optical depth.
We will use a 16-parameter SPS model.

We now face a computational challenge. Detailed SPS models are inherently complicated,
including many components, slow underlying calculations, and time-consuming I/O oper-
ations (e.g., loading spectral templates). Additionally, many ‘industry standard’ SPS codes
are not optimally suited for GPU-based high-performance computing (HPC) systems. To
scale SPS to billion-galaxy data sets, we can use ‘neural emulation’. That involves training
an artificial neural network to learn the mapping between parameters and SEDs (or photo-
metric fluxes) that is provided by SPS. A neural emulator will be able to replicate the output
of an SPS code to very high accuracy (fluxes approximated within 1%), with a fraction
of the computational cost (≈10 000× faster). Our emulator code, ‘speculator’, is publicly
available on-line.∗

Our third challenge is to find a sufficiently flexible way of representing the underlying
population distribution over our 16 SPS parameters. Two possible routes are: (i) to take a
classical hierarchical Bayesian approach and make assumptions to write down an explicit
form; or (ii) to use a flexible density estimator as in generative artificial intelligence (AI).
We will take the second route here, using a class of models called ‘diffusion models’. Those
represent a complex ‘target’ distribution as a continuous deformation of a simple ‘base’
distribution (often an isotropic Gaussian). Rather than explicitly learning a functional form
for the target distribution, one instead learns the transformation. Those kinds of models
have been workhorses for tasks such as AI image generation. We have a lightweight code,
‘flowfusion’, available for building diffusion models.†

Our final challenge is applying realistic observational effects: transforming our intrinsic
model fluxes or SEDs into simulated observations by adding appropriate noise and selection
effects. Adding realistic noise can be framed as another density-estimation task — learning
the distribution of flux errors conditional on true fluxes — which can be solved using a
diffusion model (or similar). Sample selection criteria (e.g., magnitude limits) will usually
be known from the survey design, but can in principle be represented probabilistically and
learned during training.

The second panel (b) of Fig. 1 shows our full generative model design. That is the recipe we
implement in the ‘pop-cosmos’ framework.‡ We train the model — optimizing the diffusion
model that represents the underlying population distribution — by maximizing the similarity
between simulated noisy fluxes and a deep photometric galaxy catalogue.

The final panel (c) of Fig. 1 shows two possible uses of our trained model. For example,
we can simulate realistic photometric galaxy catalogues for wide-area surveys (e.g., LSST
or Euclid), and can subsequently apply a tomographic redshift-binning algorithm to our
simulated photometry. That lets us infer the underlying redshift distribution in each tomo-
graphic bin, necessary for accurate cosmology. Estimating those distributions via generative
modelling sidesteps challenges associated with stacking per-galaxy redshift estimates, or
using unrepresentative spectroscopic calibration samples. The second use-case we highlight
is the inference of galaxy-evolution relationships. Since the learned population distribution
will encompass the evolution of galaxy properties across cosmic history, we can ‘slice’
it in different ways — by projecting or marginalizing over parameters — to extract key
relationships.

We have trained the pop-cosmos model on data from the ≈2 deg2 COSMOS field; specif-
ically the COSMOS2020 catalogue’s 26-band ultraviolet–infrared photometry. We have in
our training set ≈420 000 COSMOS2020 galaxies brighter than ≈26 mag in Spitzer IRAC

∗https://github.com/Cosmo-Pop/speculator
†https://github.com/Cosmo-Pop/flowfusion
‡https://github.com/Cosmo-Pop/pop-cosmos
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[Infrared Array Camera] Channel 1 (≈3·6 µm). We validate the trained model by comparing
simulated colours and magnitudes to the real catalogue, and by comparing the learned galaxy
evolution relations to literature results from other surveys or tracers. Some key results we
extract include:

• colour–redshift relations;

• the redshift distribution of galaxies with 𝑟 < 25 mag;

• the SFR vs. stellar-mass relation (star-forming sequence);

• the cosmic SFR density; and

• the stellar-mass and redshift-dependent fraction of quiescent galaxies.

To conclude, we have designed a recipe for interpretable generative models, combining
machine-learning tools with a physically motivated parameterization. We have applied that
approach to building a generative model for the galaxy population probed by wide and deep
surveys, and have examined the galaxy evolution results one can extract from the model
(detailed fully by Thorp et al. in ApJ, 993, 240).

Professor Ofer Lahav. Experience from surveys shows that it really depends on what you
do with it rather than the application. Specifically, some groups just use point estimation of
the redshifts and others use the whole PDF or distribution function. I just wonder about the
application of your method.

Dr. Thorp. This is attempting to be a third way of getting redshift distributions, rather
than stacking or averaging point estimates or per-galaxy posteriors — which we know isn’t
strictly speaking correct in a Bayesian sense. We’re trying to get the redshift distributions
in tomographic bins in a third way by building a forward simulator and applying our real-
observations noise model and observational selection effects along with whatever point
estimator is being used to do the target on the real galaxies. When we apply that to the model
galaxies we obviously know their true underlying 𝑧 so we can see what was the redshift
distribution of the galaxies that made it into our ‘top-hat’ bins as it were.

The President. You glossed over random selection of the stuff when you were showing that
iteration in the training; do you do the selection every time or is it for that random selection?

Dr. Thorp. When you are matching the real data you just want to draw enough model
galaxies from the underlying distribution that it’s capturing the whole structure.

The President. Are you using the same selection through the whole of that process?
Dr. Thorp. We are using the same magnitude limit because we are trying to model a

survey with one magnitude limit although, in principle, if you have reason to believe that
there is some varying depth across the sky you could fold that in.

The President. For the computer time that you are using you probably don’t want to be
doing a sensitivity study to check that your selection is random enough and large enough.

Dr. Thorp. Most of that is done with stochastic optimization. There is a degree of
randomness anyway. Every time you adjust something in your population model you take a
fresh draw and push it through the whole thing and there is a stochasticity there anyway.

The President. Any other questions? Thank you very much, Stephen. [Applause.]
The next speaker, Dr. Francesco Scotto di Uccio, is currently a postdoctoral researcher at

the Department of Physics of the University of Naples Federico II, where he obtained his
Master’s and Bachelor’s degrees in Physics, followed by a PhD in Structural, Geotechnical,
and Seismic-Risk Engineering (awarded on 2025 February 21), with a thesis entitled ‘De-
tection and characterization of microseismicity using advanced techniques’ (supervisors:
Prof. Gaetano Festa and Prof. Matteo Picozzi). During his PhD programme, he carried
out research periods as a Visiting Student at Stanford University and at the GFZ German
Research Centre for Geosciences in Potsdam, where he had the opportunity to develop and



2026AugustRoyalAstronomicalSociety187

butgiventhehugeseismicactivitythatwewereabletorecognizebymachinelearningwe
canusemoretraditionalapproachestotryandgetsomevariationinthevelocityinthevents
inthearea.

Dr.QuentinStanley.Thatwasabsolutelyfascinating.Itputsmeinmindofadiscussion
thatwehadsomeyearsagoinaDiscussionMeetinglookingatthedifficultyofunderstanding
earthquakes.Twocomments:areyouabletouseyourmachinelearningtoputitonedge
computesothatyourseismicstationsareabletosaywhatisgoingonratherthanpost
analysis?Wouldthatbeapossibilityinthefuture?

Dr.ScottodiUccio.Simpletechniquesasalgorithmsthatidentifyearthquakesbasedon
theenergyevaluationoftheseismicsignalsarerunning,inreal-time,ondedicatedservers
thatreceivethecollecteddata,withalatencylowerthanonesecond.Intheirstandard
configuration,machine-learningmodelsforearthquakedetectionarebasedonmoreextended
windows(e.g.,30s),thereforearenotfullyapplicabletoreal-timemonitoring.Inthefuture,
wecaneventuallyretrainthemodelwithshorterwindows.

Dr.Stanley.Thatwouldbeatremendousadvantagegoingforwardandtheotherlittlebit
isbecauseyouhavethatamountofdatacomingthroughareyouabletoanalyzeitorisit
comingthroughtoofast?

Dr.ScottodiUccio.Togetinformationweintegratedresultsfromseismicmodelling
butalsofromGNSstationsand,ofcourse,seismicinformationcanprovidethetoolsfor
understandingtheloading.

ProfessorMarkLester.Thankyou,Francesco.CouldIjustask:intheSantorinidata
towardstheendofthatperiodinthefinalphase,thedistributionofthemagnitudesseems
tostarttobecomequitebandedsoyouhavevaluesatthehighestlevelandthenattwoother
levels.Isthereaphysicalreasonforthatcomparedwiththedistributionthatyouseeearlier?

Dr.ScottodiUccio.Actuallyitdoesnotreportthemagnitudebutthatisthedistancealong
aprofile,e.g.,thelowerbandsareclosertoSantorini’sareaandthehigherbandsclosertothe
Amalficoast.Thathasaphysicalmeaningbecause,typically,afteranearthquakeweexpect
lower-magnitudeeventstobemorefrequentthanlarger-magnitudeeventsassociatedwith
thesameearthquake.Hereeverythingwasquitecomplexbecausewehadlargeearthquakes,
hundredsofevents.Itwasdifficulttodisentanglewhichwasthedecayrateforwhich
earthquakeinthecaseofSantorini;itisveryoverlapping.Itmeansthattheseismicityis
occurringinsomeparticularspotsonthebasin.

ThePresident.I’dliketoaskyouaboutthesituationaftertheFlorenceearthquakebut
weshouldcarryonwiththenextspeaker.ZahraZaliisapostdoctoralresearcherinseis-
mologyatGFZHelmholtzCentreforGeosciences.Herresearchfocussesontheanalysis
ofcontinuousseismicandstraindatatostudytransientprocessesinfaultsandvolcanoes,
withanemphasisondevelopingmachine-basedmethods.Shehasworkedonvolcanicerup-
tions,slowdeformation,andearthquake-relatedsignalsacrossarangeoftectonicsettings.
Hercurrentresearchaimstodetectandcharacterizethepreparatoryprocessespreceding
earthquakesandvolcaniceruptions.

Dr.ZahraZali.TheEarthisconstantlyactive,evenwhennothingdramaticappears
tobehappening.Subtlegroundmotions,slowdeformation,andweakvibrationscarry
informationabouthowvolcanoesandfaultsevolveovertime.Moderngeophysicalnetworks
aredesignedtomonitorthatactivitycontinuously,recordingtheplanet’sbehaviourday
andnightwithincreasingsensitivityandcoverage.Seismometers,strainmeters,andother
geophysicalsensorsthereforeproducevaststreamsofdata.Yetmuchofourtraditional
analysisstilltreatstheEarthasifitonlyspeaksinshort,discreteevents:earthquakes,
explosions,eruptions.Anythingslower,weaker,ormoreambiguousisoftenfilteredout,
averagedaway,orsimplyignored.

Inthistalk,Iexplorehowmachinelearning,particularlyunsupervisedmethods,canhelp
uslistendifferently.Insteadofaskingonlywhenaneventhappened,wecanaskhowsignals
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discretizationwillbecomeincreasinglyimportant.Usedcarefully,machinelearningallows
ustohearpartsoftheEarth’sstorythatwerepreviouslylostinthenoise.

ThePresident.QuestionsforZahra?
Dr.Rowell.ThisquestionisalsofromKathyWhalerwhoasks“Youmentionedin

theintroductionalsothelargequantitiesofgeodeticdatathatarenowavailable.Areyou
currentlyanalyzingthemorhaveplanstoanalyzethemwithMLmethods?”

Dr.Zali.I’mnotcurrentlyworkingonthat.I’mcurrentlyworkingonstraindata.Imight
workinthatdirectiontotryanddevelopanalgorithmforautomaticanalysisofGNSdataas
well.

ThePresident.Anymorequestions?Quentin?
Dr.Stanley.Withtheclusteringthatyouhavedonewhichhasrevealedalotofthat,how

sensistiveisthisanalysistotheclusteringifyoudoitinaslightlydifferentway?
Dr.Zali.Themodelisverysensitiveintermsofsmallchangestothesignal.Wehope

thatwhatthemodelwilldowillbetofindeverythinginthedata.Intermsofsensitivity
tothedatathemodelisseeing,itisverypowerful.Ifyouthinkaboutunseendata,thatis
achallengeandandwearetryingtodevelopanalgorithmforclusteringdoneclosetoreal
time.Wehavenotdonethatyetbutwearehopingto.

Dr.Stanley.Welookforwardtothenextexcitingepisode!
ThePresident.Thankyouverymuch,Zahra.[Applause.]Aswehavehadalatespeaker

cancellationIhavepreparedatalkonthetrainonthewayheretoday.Icanpromisethat
thereisnomachinelearninginvolvedinthistalk.HereMLstandsforMikeLockwood.
[Laughter.]Thetitleofmytalkis‘Semi-annualvariationandtheRussell–McPherroneffect
ingeomagneticactivity’.

Geomagneticactivitypeaksatthetwoequinoxes:weseeitinallgeomagneticindices,we
seeitinauroraeandspaceweather.IamgoingtotalkabouttheRussell–McPherroneffect.
Wecanbreakitdownbylookingatthetimeofcalendaryearversusthetimeofdaybecause
theEarth’smagneticfieldisspinningandweseeaUTvariation.Thepatternisintheshape
ofanhourglasswhichweseeinallglobalgeomagneticindices.

Therehavebeenthreeproposalsforexplainingthesemi-annualvariation.Oneisthe
so-calledaxialeffectwhichwasfirstsuggestedbackin1912,theequinoctialeffectwas
firstsuggestedbyBartels,alsocalledtheMcIntosheffect,andthenthereistheRussell–
McPherroneffect.Thesolarmagneticequatorisinclinedtotheeclipticplanebyseven
degreessothattheEarthtravelsupanddowninheliographiclatitudeandsothepattern
dependsonthetimeofyear.

Ulysseshasplottedthemagneticfieldandthevelocityofthesolarwindandyoucansee
thatthevelocityislargeroverthepolesatsunspotminimumbutrelativelyslowdownthe
streamerbeltwhichisclosetotheeclipticbutactuallyorientatedtothemagneticequatorof
theSun.Atsolarminimumwecangoupanddownintermsofsolar-windspeed—thatis
averysharpgradient.AsEarthgoesupanddowninheliographiclatitudewemightseean
effectthatisknownastheaxialeffect.

TheMcIntosheffect,firstproposedbyBartels,saysthattheEarth’smagneticaxisis
rotatingaroundtherotationalaxesbecausethepolesareoffset.Ourmagneticfieldisnot
actuallygeocentricwhichisusedinalmostallmodels.Itdoesnotpassthroughthecentre
oftheEarthsothataddsacomplication.McIntoshandBartelsproposedthattheangle𝜓
betweenthedirectiontowardstheSunandourmagneticaxiswhichhasbothatime-of-year
andtime-of-dayvariationgivesapatternwhichisnamedafterMcIntosh.

ThelastoneiscalledtheRussell–McPherroneffectandwehavearotatingEarthanda
rotatingmagneticaxiswhichvaries.Thatworksontheideathatthemagneticfieldwereceive
fromtheSunisjustaboutinthesolarmagneticequatorialplane—anynorthorsouthfield
asitlefttheSuniscompletelywipedoutbythetimeitreachesus.Weareinterestedinwhat
componentofEarth’smagneticfieldpointssouthwardsinEarth’smagneticframe,because
wemaygetmagneticreconnectionandenergycouplingwithinthemagnetospherewhenit
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evolve through time, and whether systematic patterns emerge before major changes in the
system.

The challenge is not a lack of data. Modern seismic and geodetic networks generate
terabytes of continuous recordings. The difficulty is that those signals are noisy, overlapping,
and non-stationary. Important processes, such as magma migration or slow fault slip, may
unfold gradually and leave only subtle fingerprints. Event-based approaches, by design, are
not well suited to capturing such behaviour.

Machine learning offers a way forward, not as a replacement for physical understanding,
but as a tool for organizing complexity. In particular, unsupervised learning allows us to
explore continuous data without predefined labels or templates, something that is often
unavailable in volcanic or tectonic settings.

A central idea in my work is to transform continuous signals into a form where patterns can
be compared objectively. Seismic or strain data are first converted into frequency representa-
tions, using wavelet transforms or spectrograms. Those representations are high-dimensional
and difficult to analyze directly. Autoencoders, a class of neural networks, address that prob-
lem by learning compact, nonlinear representations of the data. In effect, they learn how
to describe complex signals using a small number of latent variables. Once the data are
mapped into that latent space, clustering becomes meaningful. Similar signal patterns group
together, and their temporal evolution can be tracked. That process is automated and does
not rely on human-defined signal categories.

I first illustrated that approach using volcanic data from the 2021 Geldingadalir eruption
in Iceland, a well-monitored event that produced a rich mixture of earthquakes, continuous
tremor, episodic tremor, and changes in eruptive style. Fig. 2 shows the evolution of clustered
seismic signals during that eruption. Each point represents a short window of continuous
seismic data, mapped into a low-dimensional space using an autoencoder and then grouped
according to signal similarity.

Several distinct regimes emerge naturally from the data. Before the eruption onset, the
signal space is dominated by earthquake-related activity. After the eruption begins, a cluster
associated with continuous tremor becomes prominent. That is followed by a separate cluster
linked to episodic tremor during phases of lava fountaining, and later by another form of
continuous tremor accompanying sustained lava outflow.

What is particularly striking is that a coherent tremor cluster appears several days before the
eruption starts. Those signals are subtle and are often missed by classical analyses. By using
a deep-based representation of the data, subtle changes and recurring patterns in the signals
can be captured and tracked more systematically through time. The timing of that transition
is consistent with independent geodetic evidence for shallow magma emplacement prior
to eruption onset. Later in the eruption, the same clustering framework captures a distinct
change in signal behaviour in late April, before the onset of lava fountaining on May 2.
In other words, the machine-learning model identifies a weak but coherent pattern in the
seismic data that precedes the observable transition in eruptive style.

The same philosophy can be applied to tectonic systems. I next showed results from the
2023 7·8-Mw Kahramanmaraş earthquake in Turkey, where months of elevated, tremor-like
activity were observed before the main shock. Clustering reveals episodes dominated by
low-frequency signals that increase about six months prior to failure. Those episodes consist
of many small, repetitive pulses.

Source locations show a spatial association with industrial sites, indicating that that activity
is related to anthropogenic processes. That observation is important from several perspec-
tives. First, it demonstrates that such activities can generate tremor-like signals that are
recorded by seismometers. Second, it raises questions about the potential influence of those
processes on the local stress state of the region. Third, it serves as a reminder that patterns
identified by machine-learning methods require careful physical analysis and independent
investigation before being interpreted.
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Fig. 2
Evolution of clustered continuous seismic signals during the 2021 Geldingadalir eruption, Iceland. The

central panel shows a low-dimensional representation of continuous seismic data produced by an autoencoder,
with colours indicating distinct clusters. Those clusters correspond to different eruptive regimes, including pre-
eruptive seismicity, continuous tremor, episodic tremor during lava fountaining, and a later phase of sustained
lava outflow. Photographs and dates above illustrate the close correspondence between cluster transitions and
observed changes in eruptive behaviour.

The final part of the talk focusses on fault-slip processes at Parkfield on the San Andreas
Fault, a long-studied transition zone between creeping and locked fault segments. Here,
dense borehole strainmeter networks allow us to observe deformation with extremely high
sensitivity. Using a deep-learning workflow adapted for strain data, we can automatically
detect transient strain signals associated with short-duration slow-slip events.

Those slow-slip events are subtle, often lasting only minutes, and are easily masked by
tides, atmospheric-pressure changes, and instrumental effects. After careful preprocessing,
the machine-learning model identifies coherent strain transients that appear consistently
across multiple stations. Their scaling behaviour extends known earthquake relationships
into the aseismic domain, suggesting that slow-slip and earthquakes may be governed by
related physical principles. Moreover, these slow-slip events modulate nearby low-frequency
seismicity, possibly transferring stress along the fault. That highlights an important point:
continuous deformation processes can actively shape the seismic cycle.

Across both volcanic and tectonic examples, a common picture emerges. Machine learning
provides a unifying framework to detect, organize, and track transient processes in continuous
Earth data. It excels at revealing structure where human intuition struggles, especially in high-
dimensional, noisy signals. But interpretation remains essential. The clusters themselves are
not explanations; they are tools for asking sharper physical questions.

In closing, listening to the Earth requires both sensitive instruments and flexible analysis
methods. As our data sets continue to grow, approaches that embrace continuity rather than
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pointssouthwardsinamagneticframeandthatgivesasemi-annualvariationpattern,but
theUTofthetwopeaksisquitedifferent.

Lookingatthethreepatternsthatweobserveappearequinoctial,thebigsurpriseisthat,
althoughthereisanequinoctialeffect,themostimportantfactoristheRussell–McPherron
[RM]effect.Thathascausedyearsofmisunderstanding.Howdoweknowitisthemost
important?LookingfromtheSunattheEarththefieldisnormallyinthisequatorialplane
andattheSeptemberequinoxthemagneticaxisoftheEarthistiltedoversoweactually
requirenegativeB𝑧andtogetthatwerequirepositiveB𝑦andGSEQ[geocentricsolar
equatorialcoordinatesystem],whilstinMarchitistheotherwayround.IsthesolarfieldE
orW?Thebigsurpriseisthatthatreallymatters.

WecanseethattheRMeffectreallymattersifwelookatthesouthwardfieldinthemagnetic
frameagainstthesouthwardfieldinthesolarframe.Whatgivesthelargesouthwardfield
intheEarth’smagneticframeisthelargesouthwardfieldinGSEQ.It’sactuallythelarge
southwardfieldfromtheSunandcoronalmassejectionthatisgivingusthesouthwardfield
inEarth’sframeandtheRMeffectisverysmallcomparedtotheeffectofthetransient
events.

Whyhasthatledtoconfusion?ThereareindicessuchastheDST[disturbancestormtime]
indexthatshowanaxialeffecttoaddtotheconfusion.Whatthatisaboutistime-scale,
takingtheRMpatternoverone-hourdataandaveragingoversixhoursitstilllooksRM-like.
Averageover12hoursanditturnsintoanaxialpattern;DSThasaresponsetimeofmorethan
12hoursandthatiswhytheaxialeffectsometimescropsup.It’sjustamatterofaveraging
thedatamakesitlookaxial,youhaveaveragedouttheUTvariation.

Wheredoestheequinoctialpatterncomefrom?Ifwetakethepressureofthesolarwind
andwelookattheequinoctialpatterninourgeomagneticdata,wefindthatitemergesas
thepressureofthesolarwindgoesup;thepatternamplitudeisafunctionofpressure.It
issomethingtodowithsqueezingthemagnetosphereandwhatwethinkhappensisthe
componentofthesolar-windpressurewhichsqueezesthenear-Earthtailandyousqueezeit
moreifthesolar-winddynamicalpressureishigher.Thatgivesusaclueaboutwherethat
equinoctialpatterniscomingfrom.Itistodowiththetail.Whatwefindfrommodelsis
thatifwegetabendingofthetailinthenorthernsummer,itaffectsthestabilityofthetail
andthatiswheretheequinoctialpathiscomingfrom.It’snothingtodowithtransferof
energyintothemagnetosphere—thatisallRM.Themodulationthatconfusedusishow
thatenergywhichisstoredasthemagneticfieldinthetailandhowthatisreleasedand
deposited—thatiswheretheequinoctialpatterncomesfromandweknowthatbecauseof
theeffectofsqueezing.

RecentlyIhavebeenworkingonthedensityofthethermosphereatasatellitealtitudeof
400kmputtogetherfromatimeseriesoforbitaldecaymeasurementsfromspacecraftsuch
asSWARM.Lookingattheannualvariationsinthatdensity,youseetheequinoctialpeaks
andatthetimesyouexpectfortheRMeffect.Thereisanannualvariationbecauseitdepends
onUVillumination,soifIsubtracttheannualvariationout,Istarttoseeanequinoctial
peakwhichhasnothingtodowiththesenseofB𝑦soit’snotRMbutthereisanadditional
RMeffectontopofit.Thebendingofthetailaffectsthestabilityofthetailandthatisreally
wheretheequinoctialpatterniscomingfrom.IfItakethethresholdforsortingtheIMF
B𝑦componentyouseethatthatdifferencestartstogrowsoitdependsonthestrengthof
theIMF.Peoplehaveproposedallsortsofreasonsfortheequinoctialpeaksinphotospheric
densitiesandtheyhavenotreallylookedatthespace-weatherelementwhichmightbemore
importantthanwethought.[Applause.]

ThePresident.ImeanttosayatthebeginningthatweweretheonlySocietynottohavea
licencebutGeologicalSocietyhasonesowewillhaveadrinksreceptionanditwillbenext
door.ThenextmeetingwillbeonFriday,February13.Whatcanpossiblygowrong?
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determinenewspectroscopicorbitsandphysicalpropertiesofthestars.∗Theyfoundthe
secondarystar(hereafterstarB)torotatefasterthantheprimary(starA):𝑣Asin𝑖=31±
2kms−1and𝑣Bsin𝑖=19±1kms−1.Theyalsofoundbothstarstoshowline-profile
variations(strongerinstarBthanstarA),withperiodsveryuncertainbutclosetotheorbital
period.ThephysicalpropertiesofbothstarsareconsistentwiththoseofSPBstars.They
foundeffectivetemperaturesof19000±500Kandchemicalabundancesclosetosolar.

Finally,Albrechtetal.33obtainedspectraofCVVelduringbotheclipsestostudythe
Rossiter–McLaughlineffectinthesystem34,35.TheyfoundstarAtobemisalignedwith
theorbit(sky-projectedorbitalobliquity𝛽=−52◦±6◦)andstarBtobepossiblyaligned
(𝛽=3◦±7◦).InthatmodeltheprecessionofthespinaxisofstarAcausesits𝑉sin𝑖tovary
withaperiodofapproximately140yr.Theobservedchangeintherotationalbroadeningof
starBsuggestsittoohasasignificanttrueorbitalobliquity,andthatthemeasurementof𝛽
happenedatatimewhenthesky-projectionoftheobliquitywaslow.

Photometricobservations

CVVelhasbeenobservedbytheTransitingExoplanetSurveySatellite(TESS36)mission
ineightsectorssofar,witharangeofcadences.Sectors8and9wereobservedat1800-s
cadence;35,36,89,and90at600-scadence;and62and63at200-scadence.Weused
thelightkurvepackage37todownloadthelight-curvesforallsectorsfromtheMikulski
ArchiveforSpaceTelescopes(MAST†).Light-curvesfromtheTESSScienceProcessing
Center(SPOC38)areavailableforsectors62and63,whereasonlyquicklookpipeline
(qlp39)dataareavailablefortheothersectors.

Weconvertedthelight-curvesfromfluxintodifferentialmagnitudes,specifiedthe‘hard’
optiontorejectdataoflowerquality,andsubtractedthemedianmagnitudefromeachsector.
TheresultsareplottedinFig.1,whereeclipsesandpulsationsarebothvisible.Webased
mostofouranalysisonsectors62and63becauseofthehighertimeresolutionofthedata.

CVVelisclosetotheGalacticplanesoisinarelativelyrichstarfield.AqueryoftheGaia
DR3database‡returnsatotalof405sourceswithin2arcminofCVVelandthuspotential
contaminantsoftheTESSlight-curve.ThebrightestofthoseintheGaia𝐺RPband,ared
passbandtolerablywellmatchedtotheTESSresponsefunction,isfainterby4·46mag.The
fainterstarsarerelativelyevenlyspreadsowillberemovedbythesky-subtractionstepin
thereductionoftheTESSdata.Wethereforeexpecttheamountofcontaminatinglightin
theTESSlight-curveofCVVeltobesmallbutnotzero.

Light-curveanalysis

Weconcentratedouranalysisonthelight-curveformedbycombiningTESSsectors62and
63,totalling21746datapoints,whichhaveahighertimeresolutionthantherestofthedata.
Thetwostarsarewell-detachedsoaresuitableforanalysiswiththejktebop§code40,41,for
whichweusedversion45.Wefittedfortheorbitalperiod(𝑃),areferencetimeofprimary
minimum(𝑇0;whenstarAiseclipsedbystarB)closetothemidpointofthedata,thesum
(𝑟A+𝑟B)andratio(𝑘=𝑟B/𝑟A)ofthefractionalradii,thecentral-surface-brightnessratio
(𝐽),thirdlight(𝐿3),andorbitalinclination(𝑖).

Weincludedlimbdarkening(LD)usingthepower-2law42–44,usingthesamecoefficients
forbothstarsduetotheirextremesimilarity.Thelinearcoefficient(𝑐)wasfittedandthe
nonlinearcoefficient(𝛼)wasfixedatatheoreticalvalue45,46.Wetestedforthepresence

∗NotethatYakutetal.32switchedtheidentitiesofthetwostars33.Theirresultsquotedinthecurrentwork
havebeenupdatedtoaccountforthat.
†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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REDISCUSSION OF ECLIPSING BINARIES. PAPER 31:
THE SLOWLY-PULSATING B-STAR SYSTEM CV VELORUM

IN THE PLATO SOUTHERN FIELD

By John Southworth

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

CV Vel is a detached eclipsing binary containing two B2·5 V stars in a cir-
cular orbit of period 6·889 d. Both stars show line-profile variations arising
from g-mode oscillations, characteristic of slowly-pulsating B (SPB) stars,
and rotational axes misaligned with the orbital axis. We present the first pho-
tometric analysis of the system based on light-curves from a space telescope.
By combining our results with published spectroscopic observations we de-
termine the stars’ masses to be 6·065 ± 0·015𝑀⊙ and 5·950 ± 0·012𝑀⊙ ,
and their radii to be 4·094 ± 0·056 𝑅⊙ and 3·978 ± 0·049 𝑅⊙ . The precision
of the radius measurements is limited by the pulsations in the light-curves.
We identify two confirmed (0·4886 d−1 and 0·3695 d−1) and two candidate
(0·7468 d−1 and 0·7048 d−1) pulsation frequencies but cannot reliably iden-
tify further frequencies due to the short duration of the available light-curves
(approximately 50 d). CV Vel is in the first field to be observed by the PLATO
satellite so in future may become the first EB containing an SPB star for which
we have a light-curve with a high photometric precision and a duration of
over one year.

Introduction

Eclipsing binaries (EBs) are our primary source of directly measured properties of normal
stars 1,2 because their masses and radii can be measured to high precision and accuracy
using only light- and radial-velocity (RV) curves 3. Detached eclipsing binaries (dEBs) are
of particular value as benchmarks against which the predictions of single-star evolutionary
theory can be tested. The current work is part of a project4 to reanalyse known dEBs using
published spectroscopy and new space-based light-curves 5, for inclusion in the Detached
Eclipsing Binary Catalog 6 (DEBCat∗).

In this work we present an analysis of CV Velorum (Table I), which consists of two B2·5 V
stars in an orbit of period 6·889 d. A rare — possibly unique — feature of CV Vel is that both
stars belong to the class of slowly pulsating B stars. SPB stars are gravity-mode pulsators
with masses of approximately 3𝑀⊙ to 8𝑀⊙ lying within the main-sequence band 7,8. They
show multi-periodic g-mode pulsations of high radial order and frequencies normally from
0·25 d−1 to 1 d−1, excited by the heat-engine mechanism 9. SPB pulsations can be used
to constrain interior properties such as the efficiencies of mixing and angular-momentum
transport 10,11.

Only a few SPB stars are known in dEBs: that list includes V539 Ara 12, μ Eri 13, AR Cas,
and AS Cam (papers in preparation), and a few others found in surveys 14,15. The combination
of pulsations and eclipses is expected to lead to new insights into the physics governing the
evolution of massive stars 16, but light-curves of sufficient duration (several years) to study
SPB stars in EBs remain unavailable. That may soon change, because CV Vel is in the
southern field of the forthcoming PLATO mission 17. Here we present a photometric study

∗https://www.astro.keele.ac.uk/jkt/debcat/
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Table I
Basic information on CV Velorum. The 𝐵𝑉 magnitudes are each the mean of 151 individual

measurements 18 distributed approximately randomly in orbital phase. The 𝐽𝐻𝐾s magnitudes from
2MASS 19 were obtained at an orbital phase of 0·76.

Property Value Reference
Right ascension (J2000) 09h00m37s ·99 20
Declination (J2000) −51◦33′20′′ ·1 20
Henry Draper designation HD 77464 21
Tycho designation TYC 8177-1750-1 18
Gaia DR3 designation 5323799125200766592 22
Gaia DR3 parallax (mas) 1·7652 ± 0·0333 22
TESS Input Catalog designation TIC 401238440 23
𝐵 magnitude 6·507 ± 0·012 18
𝑉 magnitude 6·679 ± 0·012 18
𝐽 magnitude 6·963 ± 0·024 19
𝐻 magnitude 7·016 ± 0·033 19
𝐾s magnitude 7·061 ± 0·020 19
Spectral type B2·5 V + B2·5 V 24

of CV Vel using space-based photometry, measuring pulsation frequencies in this object for
the first time.

CV Velorum

CV Vel was discovered to be eclipsing by van Houten in 1950 25 in the course of a search
for new variable stars using 18 photographic plates and a blink comparator. He found a period
of 3·445 d and reported its spectral type to be B3.

Feast 26 discovered CV Vel to be a double-lined spectroscopic binary. He obtained the
first spectroscopic orbit, based on 34 photographic spectra with reciprocal dispersions of 49
or 29 Å mm−1, with a period of 6·892 d. That doubling of the orbital period is due to the
primary and secondary eclipses being of very similar depth.

Gaposchkin 27 presented a photographic light-curve. He confirmed Feast’s period mea-
surement and, using Feast’s RVs, provided the first determination of the masses and radii of
the component stars.

Andersen 24 presented a spectroscopic study of CV Vel based on 32 photographic spectra 28

covering 3700–4700 Å with a reciprocal dispersion of 12·3 Å mm−1. He found that “the two
components appear virtually indistinguishable in both spectral type and luminosity” and
adopted spectral types of B2·5 V for both. The lines were ideal for RV measurement due to
their strength and low rotational broadening (given as 28 km s−1±10% for both components).
Andersen measured RVs from 31 different absorption lines and demonstrated that line-
blending causes an underestimation of the RVs of the stars measured from H and diffuse
He lines. His final spectroscopic orbit rested on RVs from a set of ten strong and unblended
lines arising from C, Ca, Si, Mg, and sharp He lines.

Clausen & Grønbech 29 observed CV Vel using the 50-cm Copenhagen telescope at ESO
La Silla 30, obtaining complete coverage of the eclipses in the Strömgren 𝑢, 𝑏, 𝑣, and 𝑦 bands.
They found the secondary eclipse to occur slightly before phase 0·5, indicating a small but
non-zero eccentricity. They modelled the data using the wink code 31 and determined the
masses and radii of the component stars. A light ratio of 0·90 ± 0·02, obtained on request
by Andersen from his spectra, was used to constrain the light-curve solution and obtain a
determinate value of the ratio of the radii of the stars.

Yakut et al. 32 obtained 30 high-quality échelle spectra of CV Vel and used them to



2026AugustJohnSouthworth195

Fig.1
Light-curvesofCVVelfromalleightTESSsectors.Thefluxmeasurementshavebeenconvertedto

magnitudeunitsandthemediansubtracted.

oforbitaleccentricityandfoundnosubstantiveevidence,soassumedacircularorbit.The
pulsationsinthelight-curveareofmuchgreateramplitudethancausedbyeffectssuchas
whichLDlawtouseandwhethertoincludeeccentricity,soourabilitytoteaseoutthose
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Fig. 2
jktebop best fit to the light-curves of CV Vel from TESS sectors 62 and 63 for the primary eclipse (left

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

subtleties from the data is limited.
The best fit to the light-curve is insensitive to 𝑘 , as previously noted for this system 29.

We followed Clausen & Grønbech in specifying a light ratio of 0·90 ± 0·02 measured by
Andersen from two spectra of the system at quadrature. That light ratio was obtained at blue
wavelengths but was applied directly in our jktebop model of the much redder TESS data
because the two stars have almost identical temperatures. We found that that light ratio gives
a significant improvement in the determinacy of our light-curve model. For illustration, in
Table II we give the best-fitting parameters with and without the inclusion of that light ratio.
The amount of third light is small and consistent with zero, as expected.

We were able to obtain a good fit to the eclipses (Fig. 2). The residuals are dominated by
the pulsations, which are at a maximum at the midpoint of primary eclipse and a minimum
at the midpoint of secondary eclipse. As star A dominates the light of the system during
secondary eclipse and is mostly obscured during primary eclipse, we deduce that the domi-
nant pulsations in the light-curve arise from star B. That agrees with previous observations
of stronger line-profile variability in star B than star A 32,33.

We determined the uncertainties in the fitted parameters using the residual-permutation
algorithm implemented as Task 9 in jktebop47, thus treating the pulsations as correlated
noise. There was no point conducting our usual Monte Carlo simulations as that algorithm
assumes the data contain only the eclipse model and white noise. The best-fitting parameters
and uncertainties are given in Table II. The uncertainties we find are driven by the pulsations,
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and are larger than those in recent publications 32,33. Our orbital-inclination measurement
agrees well with that from Clausen & Grønbech 29, so there is no evidence for changes in
that parameter as might be caused by precession of the rotational axes 33.

We considered adding the TESS data from sectors 35, 36, 89, and 90 to this analysis, to
average out the effect of the pulsations and potentially allow more-precise measurements
of the properties in Table II. However, those data show much deeper eclipses (0·59 mag)
than those from sectors 62 and 63 (0·48 mag) so it is not straightforward to combine them.
Previous light-curves of CV Vel show eclipse depths in agreement with those from sectors
62 and 63, so we conclude that the different data-reduction procedures for qlp versus SPOC
give an incorrect light-curve scaling. We have seen that before for other dEBs.

We then attempted to lower the error bars in Table II by removing the majority of the
pulsational effects from the light-curve. We used period04 (see below) to fit and subtract
11 frequencies which plausibly exist, then refitted the light-curve with jktebop. That gave a
much improved fit but only a small change in some of the fitted light-curve parameters. The
solution prefers a higher light ratio than that measured by Andersen, giving a ratio of the
radii that is closer to unity and less consistent with expectations from stellar evolutionary
theory. That new fit is also given in Table II for reference, but we did not use its results in
the remainder of our analysis.

Orbital ephemeris

We calculated an improved orbital ephemeris based only on the TESS data. We fitted each
pair of adjacent TESS sectors with jktebop to obtain one effective time of primary eclipse
per pair of sectors. Those are given in Table III. A straight-line fit to those data returns the
following linear ephemeris:

Min I = BJDTDB 2460009·59629(6) + 6·8894985(4)𝐸 (1)

where 𝐸 is the number of cycles since the reference time of minimum and the bracketed
quantities indicate the uncertainty in the final digit of the previous number. The scatter around
the best fit is slightly larger than the error bars suggest, with a reduced 𝜒2 of 𝜒 2

𝜈 = 1·2, so
the uncertainties in the ephemeris have been multiplied by

√︁
𝜒 2
𝜈 to account for that. There is

no evidence for a change in the orbital period based on those data, albeit over a small time
interval. Further historical times of minimum exist, as do more recent survey data, which
could be used for a more extensive search for orbital period changes.

Physical properties and distance to CV Vel

We determined the physical properties of CV Vel using our results from the light-curve
analysis above (𝑟A, 𝑟B, 𝑖, and 𝑃 from Table II) and the jktabsdim code48. To those we added
the velocity amplitudes of 𝐾A = 126·69± 0·11 km s−1 and 𝐾B = 129·15± 0·11 km s−1 from
Albrecht et al. 33, adding the quoted statistical and systematic errors in quadrature to give
a single error bar for each quantity. The temperatures of the stars were taken from Torres
et al. 2, which are representative of most values quoted in the literature. The results are given
in Table IV.

To measure the distance to the system we used the parameters above, the BV magnitudes
from Tycho 18 and JHKs magnitudes from 2MASS 19 given in Table I, and bolometric cor-
rections from Girardi et al. 50. A reddening of 𝐸 (𝐵 − 𝑉) = 0·06 ± 0·02 mag brought the
distances in the 𝐵𝑉 passband into alignment with those in JHKs. That led to a final distance
measurement in the𝐾s band (which is least affected by reddening) of 568±10 pc, in excellent
agreement with the distance of 567 ± 11 pc from inversion of the Gaia DR3 parallax.

The age of the system was estimated by comparing the measured masses, radii, and
temperatures to theoretical predictions from the parsec 1.2 evolutionary models 51. We
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TableIII
Timesofmid-eclipseforCVVelandtheirresidualsversusthefittedephemeris.

OrbitalEclipsetimeUncertaintyResidualTESS
cycle(BJD𝑇𝐷𝐵)(d)(d)sectors
−212·02458549·022430·00013−0·0001808,09
−105·02459286·199090·000090·0001535,36

0·02460009·596230·00011−0·0000662,63
107·02460746·772620·00006−0·0000189,90

TableIV
PhysicalpropertiesofCVVeldefinedusingthenominal
solarunitsgivenbyIAU2015ResolutionB3(ref.49).

ParameterStarAStarB
Massratio𝑀B/𝑀A0·9810±0·0014
Semimajoraxisofrelativeorbit(RN

⊙)34·899±0·025
Mass(MN

⊙)6·065±0·0155·950±0·012
Radius(RN

⊙)4·094±0·0563·978±0·049
Surfacegravity(log[cgs])3·997±0·0124·013±0·012
Density(𝜌⊙)0·0884±0·00360·0945±0·0035
Synchronousrotationalvelocity(kms−1)30·06±0·4129·22±0·36
Effectivetemperature(K)18100±50017900±500
Luminositylog(𝐿/LN

⊙)3·210±0·0493·166±0·049
𝑀bol(mag)−3·28±0·12−3·17±0·13
Interstellarreddening𝐸(𝐵−𝑉)(mag)0·06±0·02
Distance(pc)568·4±9·5

foundanessentiallyperfectfitforanageof40±1Myrassumingasolarmetalabundance
fractionbymassof𝑍=0·017.Alowermetalabundanceof𝑍=0·014givesaslightlyworse
fit(butstillwellwithintheerrorbars)foranageolderby3Myr.Similarly,ahighermetal
abundanceof𝑍=0·020leadstoapreferenceforanageyoungerbyonly1Myr.

Pulsationanalysis

TheTESSlight-curveofCVVelshowsclearevidenceformulti-periodicpulsations(see
Fig.3),asexpectedfromthepriordetectionsofline-profilevariationsinbothstars32,33.We
combinedtheeightTESSsectorsintofourpairs,fittedandsubtractedajktebopmodel,then
calculatedfrequencyspectraforeachpairofsectorsusingversion1.2.0oftheperiod04
code52.ThoseareshowninFig.4.

Allfourpairsofsectorsshowthestrongdetectionofanoscillationwithafrequencyof
𝑓1=0·4886d−1,anamplitudeof3·8mmag,andasignal-to-noiseratio∗(S/N)of9·5.Inthe
currentparagraphwequoteresultsfromthedatafromsectors62and63asithasthelowest
noiseofthefourpairsofsectors.Asecondfrequencyat𝑓2=0·3695d−1andamplitude
1·6mmagisdetectedwithaS/Nofonly3·6,lowerthanneededforconfirmedsignals53,but
itspresenceinallfoursectorpairssupportsitsreality.Twofurthercandidatefrequencies,
𝑓3=0·7468d−1(amplitude0·9mmag)and𝑓4=0·7048d−1(amplitude0·7mmag)are
detectedwithS/Nvaluesof2·9and2·7,respectively.𝑓3and𝑓4areeachvisibleinthreeof
thefoursectorpairssoarelikelyrealbutnotconfirmablewiththecurrentlyavailabledata.

∗TheS/Nistheratiooftheheightofthepeaktothemeansignalwithinanintervalof2d−1centredonthe
peak.
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characteristicoftheSPBpulsators8,14.Thepropertiesofbothstarsarealsoinsideand
closetothehotterboundaryforwhichSPBpulsationsareexpected9.Asbothstarsshow
line-profilevariations,weconcludethattheyarebothSPBpulsators.Wedeferadetailed
frequencyanalysisuntillight-curvesofmuchlongerdurationareavailableinfuture.

Summaryandconclusions

CVVelisadEBcontainingtwoalmost-identicalB2·5Vstarsinacircularorbitof
period6·889d.Wehavedeterminedthemassesandradiiofthestarsbasedonpublished
spectroscopicstudiesandananalysisoflight-curvesfromtheTESSmission.Thepulsations
inthelight-curvepreventedusfromdeterminingtheradiiofthestarstohighprecision.We
foundadistanceingoodagreementwiththeparallaxfromGaiaDR3,andanageof40Myr
fromcomparisonwiththeoreticalmodels.Therotationalaxesofbothstarsaremisaligned
withtheorbitalaxis,andareprecessingwithperiodsofcenturies.Duetothat,theprojected
rotationalvelocitiesofthestarschangeovertime.

Bothstarsareknowntoshowline-profilevariationsindicativeofpulsationsoftheSPB
type.WehavepresentedthefirstphotometricdetectionofSPBpulsationsandmeasuredtwo
certainandtwotentativefrequenciesintherange0·37d−1to0·75d−1.Additionalvariability
isvisibleinthefrequencyspectrumbutnofurtherfrequenciesarereliablydetectedinthe
availabledata.CVVelisinthesouthernfield(LOPS254,55)ofthePLATOmission17,which
isscheduledforlaunchinearly2027andwillobservethatfieldfor(atleast)thefirsttwo
yearsofitsmission.ObservationsofCVVelfromPLATOwillallowamuchmoredetailed
analysisoftheradiiandpulsationfrequenciesofthestar,andwewillbeproposingitasa
high-prioritytargetinthePLATOGuestObserverprogramme∗.
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Fig. 3
Same as Fig. 1 but with the ordinate axis enlarged to make the pulsations clearer.

We did not see any peaks in the frequency spectrum near multiples of the orbital frequency.
We also checked and found no significant frequencies from 1·1 d−1 out to the Nyquist limit
of 215 d−1.

The confirmed and tentative frequency detections all lie at low frequencies, in a range
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Fig.1
ThetechnicalarchitectureofYourFS.TheproposedsystemensuresPOSIXcompliancethroughFUSE

implementation,facilitatesserver-sidedataretrievalvialibnfsintegration,andimplementsaccess-scope
definitionsthroughdatabase-drivenmetadataconstraints,achievingbothprotocolstandardizationandsecurity
enforcement.

sistingofakernel-residentmoduleandthelibfuseuser-spacelibrary.Thekernelmodule
mediatesVFS[virtualfilesystem]interactionsviathe/dev/fuseinterface,whilelib-
fuseprovidesstandardizedprogrammingabstractionsforimplementingfile-systemlogic
inuserspace,effectivelybridgingapplication-leveloperationswithkernel-levelfile-system
services.Itdemonstratescross-versioncompatibilityacrossLinuxdistributions,andthat
compatibilityframeworkhasmadeFUSEthedefactosolutionforimplementingPOSIX
interfacesinmoderndistributedfilesystems.

NFSisdesignedtoachievecross-networkfilesharingandtransparentaccess.Itscore
designphilosophyenablesclientsystemstoaccessremote-serverstorageresourceswith
thesameoperationalsemanticsaslocalfilemanipulation,whilemaintainingcross-platform
compatibility.Asoneofthemostprevalentdistributedfilesystems,NFSemployslibnfsas
itscriticalprotocol-implementationlibrary,whichasupportscross-platformdevelopment
interface,theNFSv3/v4protocol,Kerberosauthentication,andAccessControlList(ACL)
permissionmodels.

Database
Thedatabasesubsystemimplementsametadata-drivenauthorizationmechanism,where

NFS-accessiblepathsareexplicitlydefinedthroughsql-basedpolicyconfigurations.That
designensuresend-to-endaccesscontrolvalidationbeforeanyfileoperationreachesthe
libnfsprotocollayer.Thedatabasetableimplementsahierarchicalstoragemodelthrough
threeessentialcolumns:parent,name,andrealpath.Parentistheparentpathofthefile,
nameisthenameofthefile,andrealpathistheabsolutefilepathofthefileintheNFS
servermountpoint.Thissystemimplementsconditionalaccesscontrolthroughdatabase-
drivenauthorization.Whengrantingfileaccesstoaspecificuser,thecorrespondinglistsare
insertedintothedesignateddatabasetable.Conversely,thoserecordsremainunpopulatedif
accesspermissionisnotgranted.Thedatabasetablescanbeconfiguredformulti-usershared
accesswithidenticaldata-accessibilityscopes,oralternatively,user-specificschemasmay
beindependentlydefinedtoestablishdistinctaccessboundariesthroughmetadata-based
isolationmechanisms.
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YOURFS: A READ-ONLY FILE SYSTEM FOR NON-LANDING DATA
SCENARIOS ON ASTRONOMICAL SCIENCE PLATFORMS

By Jun Han

National Astronomical Observatories, Chinese Academy of Sciences,
and National Astronomical Data Center,

20A Datun Road, Chaoyang District, Beĳing, China

With astronomy entering an era of petabyte-to-exabyte-scale data from
next-generation telescopes and surveys, existing cloud platforms face criti-
cal data-management challenges. Traditional approaches of mounting entire
datasets or copying filtered subsets create trade-offs between access effi-
ciency and storage costs, while conventional storage engines lack flexible
permission control. To address that, this paper presents a POSIX-compliant
read-only file system designed for non-landing data scenarios. The system
integrates the FUSE (File system in USEr space) for POSIX interface im-
plementation, libnfs for server-side data retrieval, and a database-driven
metadata layer that enables file-level access isolation through sql-defined
policies. This software aims to provide a curated and user-customized virtual
view of massive datasets. It is suitable for data-filtering and small-file read-
ing scenarios and can fully meet user requirements in those scenarios. The
results demonstrate that YourFS effectively balances the accessibility and
cost-efficiency of massive datasets, offering a viable technical paradigm for
server-side data management in cloud-based science platforms.

Introduction

Astronomy has entered an era of big data due to the development of numerous ground-
based and space-based photometric, spectroscopic, and digital sky surveys. For the projects
constructed in the past few years, the data volume of sky surveys such as the Sloan Digital
Sky Survey, Large Sky Area Multi-Object Fiber Spectroscopic Telescope (LAMOST), Gaia,
and the Transiting Exoplanet Survey Satellite are still in the range of hundreds of terabytes 1,2.
In recent years, several next-generation large telescopes and surveys around the world, e.g.,
the Square Kilometre Array, the Five-Hundred-Meter Aperture Spherical Radio Telescope,
and the Vera C. Rubin Telescope, have been constructed, resulting in a sharp increase in data
volume, and the data volume has already begun to reach the scale of petabytes (PB) or even
exabytes (EB) 3–5.

Making data open is a tradition in astronomy, and the problems of data-storage and
computing have been initially solved through large data centres. Cyber-infrastructure is
becoming a crucial part of daily scientific research in astronomy, as the data sets are too
large for astronomers to download and analyse using their own computers. Several pioneers
also have designed many on-line services and tools to make data easily discoverable, such as
SkyServer and CasJobs to provide browser and sql interfaces 6, and Simbad and VizieR to
allow astronomers to query, explore, and analyse data on-line 7,8. Modern science’s reliance
on enormous data sets, particularly evident in astronomy, has precipitated a critical demand
for server-side analytical infrastructures, and usually a cloud scientific platform is provided
for astronomers to work 9,10.

Science platforms offer a range of working environments yet exhibit shortcomings in
data management. In terms of data management, different science platforms have proposed
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distinct solutions, which are technically divided into two categories. One category involves
creating datasets based on scientific requirements and mounting them via links to provide
data support for users’ working environments 11–14. The other category offers users access
to interfaces through an application-programming interface (API) approach 15,16. Given that
the vast majority of astronomical software performs data processing by directly reading
files through the POSIX protocol, the first method is more universally applicable. While the
second method offers greater flexibility, it is not supported by most astronomical software
and is thus more suitable for some newly developed astronomical software applications.
The volume of astronomy data is immense, with individual datasets containing millions or
even tens of millions of files. For instance, each sky-survey campaign of LAMOST yields
an extensive set of spectral files∗, and different scientists have varying research focusses
and require distinct subsets of data 17. To facilitate data access for scientific users, platforms
often mount entire datasets or copy filtered results to users. However, researchers typically
need only to examine a small fraction of the data. While the mounting approach reduces
data-migration costs, it diminishes users’ efficiency in locating specific data. Conversely,
the copying method improves usability for researchers but dramatically increases data-
storage costs. For common storage engines such as Ceph, BeeGFS, and GlusterFS, access
permissions are typically controlled through ACLs (Access Control Lists). However, those
implementations are often tied to hardware configurations, resulting in significant usability
limitations and practical inconveniences.

For scientific users, data requirements are not static, and accessible scopes dynamically
expand as data-protection periods expire or data-retrieval scopes change. Considering that
the vast majority of current users prefer POSIX-compliant file systems and the widely
adopted NFS (Network File System), this paper proposes a read-only file system with
file-isolation capabilities, which implements essential POSIX interfaces. It enables users
to mount remotely NFS shares transparently on local systems through an interface while
defining file access scopes via a database, thereby achieving seamless cross-platform data
sharing. In the technical-architecture section, this paper details the technical architecture and
design of the file system, followed by a section which introduces the software-usage methods
and application scenarios in astronomical science platforms. The last section presents system-
test results and performance evaluation across usage scenarios.

The technical architecture

This file system is designed to be user-centric and fully customized, delivering a ‘what
you envision is what you obtain’ experience, thus designated as YourFS. The software
is developed in the c programming language, with its release version (v1.0) published
and open-sourced on GitHub†. To achieve POSIX compliance, server-side data access,
and data-isolation capabilities, the system employs FUSE (Filesystem in Userspace)‡ to
implement the POSIX interface design. It dynamically invokes libnfs§ for data-loading
operations and utilizes a database to define file-accessibility scopes, thereby establishing
file-level access-isolation mechanisms through metadata-based permission constraints. That
architecture ensures both protocol compatibility and granular security control in multi-user
environments. The technical architecture is shown in Fig. 1.

Fuse and NFS
FUSE establishes a dual-layer architecture for user-space file-system development, con-

∗https://www.lamost.org/lmusers/
†https://github.com/techwander/yourfs
‡https://github.com/libfuse/libfuse
§https://github.com/sahlberg/libnfs
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Runtime
Thefollowingdescribestheruntimelogicwhenauserlistsfilesinadirectoryinthe

YourFSfilesystem.Whenauserprocess(e.g.,thelscommand)isexecuted,thesystem
callsreaddir()torequestdirectorycontents.ItisinterceptedbytheVFSlayerandforwards
ittotheFUSEdriver.ThedriverencapsulatestherequestintoaFUSEprotocolmessageand
writesittothe/dev/fusecharacterdevice.TheFUSEDaemonmonitorsthedevicevia
libfuse,whichdecodestheprotocolmessageandtriggersthereaddir()callbackfunction
registeredinYourFS.ThenYourFSexecutesitscustomlogictoretrievethedirectoryinthe
databaseandqueriesmetadatafromabackendsourcevialibnfs.Themetadataisreturned
tolibfuseandwrittento/dev/fusevialibfuse.Thedriverextractstheentries,passes
themtotheVFS,andtheVFSpopulatestheuserprocess’sbuffer.Thelscommandreceives
theentriesanddisplaysthemontheterminal.

Usageandapplication

Inthissection,wewilldetailthesoftware’sspecificusageguidelines,includingdirectory-
organizationmethodologyanddatabaseschema,alongwithitsapplicationtoastronomical
scienceplatforms.

Fig.2
Thisfigureillustratesthreeexamplesofdirectory-listingcustomization.Theleftpanelshowsthefilelist

intheNFSServer,themiddlepaneldisplaysthemountedYourFSview(PartialFileDisplay,Restructured
DirectoryHierarchy,AliasCreationforSpecificFiles),andtherightpanelpresentstherawcontentstoredin
thedatabasetable.

Usage
Theimplementationofthisfilesystemprimarilyinvolvestwophases:databaseconstruc-

tionandmountingoperations.Thedatabasestoresmetadatadefiningaccessiblefiles,and
thesystemdynamicallygeneratesavirtualdirectorystructurebasedontheschemaofthe
databasetables,exposingonlytheauthorizeddatatousers.TheNFSserverhostsanenor-
mousvolumeofdirectoriesandfiles,oftenreachingtensofmillionsoffilesinastronomical
fields.Inpracticalusage,however,usersmayrequireonlyasmallsubsetofthedataoreven
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basedfilesystem,wherefrequentcontextswitchesbetweenuserspaceandkernelspace
becomethedominantsourceoflatency.Thesoftwarewasoriginallydesignedtoprovidea
curated,user-customizedvirtualviewofmassivedatasetsfornumerousfragmentedsmall
files,anditsreadperformancefullymeetsthedemandforinstantaccesstosmallfiles.

Comparisonwithotherstorageengines
Inthefieldofcomputerscience,adiversearrayofstorageengineshasbeendeveloped

tocatertodifferentrequirements,includingmainlyfilestorage,objectstorage,andblock
storage.Thosestorageenginesserveastheunderpinningofdata-storagesystems,withhigh
performanceandsecurityastheircoreattributes,yettheylackflexibilityintermsoffile-level
access-permissioncontrol.Althoughfile-permissioncontrolisachievablethroughtheACL
mechanism,itisinherentlyboundtoindividualusers.Furthermore,itdoesnotofferthe
directory-structurecustomizationapproachreferredtointheusagesection.

Thefilesystemproposedinthispaperisasecondaryencapsulationarchitecturebasedon
filestorage.ThatfilesystemcanbuildavirtualfilesystemonanyNFS-protocol-supported
filesystem.Itisnon-exclusiveofotherfilesystems,whichareadoptedasitsunderlying
storagesubstrate.Byincorporatingadatabaselayer,itintroducesfile-levelaccess-control
capabilities.Althoughitsperformanceisslightlyinferiortothatoftraditionalstorageengines,
itexcelsinflexibilityandisthusmoresuitableforrapidlybuildingcustomizedsmalland
evenmedium-sizeddatasets,whilealsodeliveringuser-acceptableperformanceinpractical
applications.

Conclusions

YourFSpresentsaninnovativesolutiontocriticalchallengesinastronomicalbig-data
management.ByintegratingFUSE’sPOSIXcompatibilitywithNFS’sdistributed-access
capabilities,coupledwithadatabase-drivendynamicpermissionmechanism,thesystem
providesamethodfordataaccessibilityandstorageefficiency.Performanceevaluations
demonstratethesystem’srobustcapabilitiesinoperationalscenarios.Toensureoptimal
responsiveness,maintainingfewerthan5000filesperdirectoryisstronglyrecommended.

YourFSisdesignedfortrustedmulti-userenvironments(e.g.,internalscientificplat-
forms),whereusersaregrantedread-onlyaccesstotheentiresharedfilesystembydefault.
Itscorevalueliesinprovidingacurated,user-customizedvirtualviewofmassivedatasets,
ratherthanenforcingstrictisolationforproprietaryorconfidentialdata.Thatdesignchoice
alignswiththeopen-datatraditioninastronomyandtherequirementsofnon-landingdata
scenariosintrustedcloudplatforms.Fortheperformance,comparedwithnativedistributed
filesystems,theuser-spaceFUSElayerintroducescontext-switchoverhead,andtheNFS
backendcannotfullyexploitthethroughputofdistributedstoragearchitectures.YourFSis
optimizedforlightweight,on-demanddataaccessincloudscientificplatforms,focussing
onreducingdatamigrationandstoragecostsinsteadofpursuingpeakI/Othroughputfor
ultra-largedatasets.Thatpositioningmatchesthetypicalusagepatternsofastronomers
whoonlyrequiresmallsubsetsofmassivesurveydata.Thesoftwarehasbeensuccessfully
deployedonthecloud-computingplatformandpublicdataset-sharingapplicationsofthe
ChineseNationalAstronomicalDataCenter.Itdeliversoutstandingpracticalperformance,
especiallyindatafilteringandsmall-filereading,andcanfullymeetuserrequirements.

Theupcomingreleaseversion2.0willimplementadvancedcachingoptimizationstoboost
softwareperformanceandsignificantlyincreasedata-queryefficiency,andthesourcecode
willalsobeopen-sourcedonGitHub.

Acknowledgements

Specialthankstomysonforhissupport.Thename‘YourFS’originatesfromhisnick-
name‘Youyou’.ThisworkwassupportedinpartbytheNationalKeyRDProgramof



208 YourFS: Read-Only File System for Astronomy Vol. 146

just a handful of files out of that vast repository.
To enhance clarity, three use-case scenarios have been designed to demonstrate the work-

flow and benefits of the file-system architecture. Fig. 2 illustrates three examples of directory-
listing customization. The first example is used to display partial files, and it is usually used
in partial-data-release scenarios. One needs only to write the file information involved to the
data table. In astronomical applications, after cross-matching datasets, users often need to
access only a handful of files, which are typically scattered across deeply nested directory
hierarchies. That fragmented storage structure creates significant usability challenges. Exam-
ple 2 demonstrates a directory restructuring example where modifying the parent-directory
hierarchy consolidates those files into a unified view, achieving a flat, user-friendly structure
for data access. Example 3 demonstrates how users can tag special files by creating aliases.
That allows files to appear under modified names or paths in the virtual file system without
altering their physical storage locations on the NFS server.

The YourFS file system supports both SQLite3∗ and PostgreSQL† databases currently.
Users can maintain backups of filtered data, enabling direct loading during subsequent usage
without requiring redundant cross-referencing or retrieval operations.

Application to astronomical science platforms
In our science platform, there exists a vast amount of observational data; for instance, the

LAMOST telescope has accumulated tens of millions of spectral-data records. In our previous
solution, to facilitate user access to those data, we developed a data-retrieval system. That
system allows users to obtain lists of desired data. Based on those lists, the system packages
the corresponding files and generates download links. Users then utilize those links to
download the data onto their data-processing virtual machines. To minimize data-download
requirements and storage usage, we have integrated the platform with the YourFS system to
design an automated data-retrieval and -loading system. The system framework is illustrated
in Fig. 3.

Fig. 3
This diagram depicts a typical application scenario of the YourFS file system. Integration and testing

have been completed on the NADC science platform. The YourFS software is deployed on VM/JupyterLab
environments to provide users with data access services.

∗https://www.sqlite.org
†https://www.postgresql.org
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The user first accesses the data retrieval system through a web page. Upon retrieving
the required samples, the backend of the retrieval system automatically creates a data table
in the metadata-management database and writes the access information to the RabbitMQ
message queue, including account, mount point, database, and so on. When the user’s virtual
machine detects information belonging to it in the queue, the VM automatically executes the
relevant scripts. Those scripts simultaneously connect to the metadata database and mount
the data directory from the NFS server. Consequently, when the user accesses the virtual
machine, they can immediately view the required data with minimal latency. Since only
partial metadata operations are involved, that process completes exceptionally quickly —
typically within 3 seconds (<10 000 files) — enabling users to gain near-real-time access to
the required data.

Performance test and comparison

Performance test
User experience is a critical metric for assessing storage-system functionalities. To enable

objective evaluation, this test scope covers common user operations, including listing files
and reading files. We designed a testing environment where the NFS and client reside within
the same local-area network (LAN). The SQLite3 and PostgreSQL databases are deployed
on the client and another server within the LAN, respectively. We tested the time required
to list files in a single directory as the number of files increases from 1000 to 10 000. The
test result is listed in Fig. 4.

Fig. 4
This figure lists the time required (in seconds) as the number of files increases from 1000 to 10 000.

Postgres is used as the database.

The tested values represent the average of 100 consecutive test iterations. The results
indicate favourable response times. During testing, due to the caching mechanism, response
times tended to decrease in subsequent test iterations. Notably, during the 5000-files test,
the maximum response time reached over 2 seconds. In such scenarios, the user experience
becomes noticeably degraded. Therefore, to ensure better performance, it is recommended
to keep the number of files per directory below 5000. In the test using PostgreSQL as the
database, the response times were similar to those of SQLite3.

In a gigabit local-area-network (LAN) environment, the random-file read speed can reach
approximately 50 megabytes per second (MB/s) for a 1 GB file, which is around 70% of the
performance of native NFS. Although significant performance gaps exist compared to the
native NFS service, the solution delivers adequate user experience in most scenarios since
retrieved datasets typically involve minimal data volumes. That is primarily due to the FUSE-
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ConjuringtheVoid:TheArtofBlackHoles,byLynnGamwell(MITPress),2025.
Pp.208,22·9×30·5cm.Price$44·95(about£33)(hardbound;ISBN978026204996
2).

Gamwellisanon-fictionauthorandartcurator,herbooksconcentratingontherelationship
betweenscience,itshistory,andart.Whenencountering‘blackholes’and‘art’inthesame
phrase,IusuallythinkofPeterGalison(directoroftheBlackHoleInitiative,philosopher,
professorofthehistoryofscienceandphysicsatHarvard,author,andfilm-maker),and
indeedheisthefirstpersonthankedintheextensiveacknowledgements.Afteraforewordby
NeildeGrasseTysonandanIntroduction,therearethreechaptersofvastlydifferentlengths:
‘BlackHoleBasics’(24pages),‘HistoricalandPhilosophicalBackgroundtoImagingBlack
Holes’(18),and‘ArtisticandScientificImagesofInvisibleObjects’(126),followedbya
one-page‘Conclusion’.Eachchapterhasseveralsections(three,four,andten,respectively)
whichmoreorlessalternatebetweenscienceandart(or,ineithercase,itshistory).Thus,
wehavethesequence(attheendofthethirdchapter)‘SupermassiveBlackHoles’,‘Black
HolesasaMetaphorforNothing,Silence,andBlackness’,‘GravitationalWavesCaused
byMergingBlackHoles’,‘ImmersiveArtAboutBlackHoles’,and‘DirectObservationof
BlackHolesbytheEventHorizonTelescope’.
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booksI’vereviewedinthesepages(thoughKipThorneistransformedintoKipThrone).
Therearejustahandfulofblack-and-whitefigures;notesarefootnotesandeachchapter
hasitsownreferencelist(asisoftenthecaseinthephilosophicalliterature,titlesofarticles
areincluded,whichIfindusefulingeneralandpreferunlessspaceisatapremium);a
two-pagesmall-printindexendsthebook.Thisisagoodintroductiontoandoverviewof
thetopic,andtheextensivereferencesareagoodstartingpointforthosewantingtoexplore
thephilosophicalliteraturenotjustonthearrowoftimebutonphysicsandcosmologyin
general.—PhillipHelbig.
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TheUniverse:AGuidetoEverything,byHelgeKragh(ReaktionBooks),2026.Pp.188,
22×15cm.Price£17·95(hardbound;ISBN9781836391791).

I’vereadmostofHelgeKragh’sbooksandreviewed1one2inthesepages.Kraghisa
well-knownhistorianofscienceandhaswrittenmanybooksonthehistoryofcosmology.In
thepreface,heclearlylaysouthisplanforthebook:“Ratherthanaimingtodescribewhat
theuniverseis,thefocusisonhowpeoplehaveconceivedtheuniverse,fromtheancient
Greekstothepresent.Itisapartialandinevitablyselectivehistoryofcosmology,thescience
ofthecosmos.Themodernuniverseisinmanyrespectsentirelydifferentfromthatofthe
past,butitdoeshaveaconnectiontothethoughtsabouttheuniversethatemergedmore
thantwothousandyearsago.”[Emphasisandcapitalizationasintheoriginal.]Hisbookisa
marvelloussuccess,intermsofbothcontentandpresentation—thebookisextremelywell
written,betterthanmostofthosebynativespeakersofEnglish.Althoughofcourseitcan’t
containeverything,Kragh’sselectionoftopics,allofwhichareclearlyexplained∗,areall
goodchoices,anddespitethenecessarybrevityhemanagestomentionsomeaspectswhich
aren’tusuallymentioned.Hedoes,though,spendtheshortfirstchapterbrieflydescribing
whattheUniverseis.SubsequentchapterscoverthetimeuptoNewton,starsandgalaxies,
andtheexpandingUniverse(whichincludesnotonlystandardrelativisticcosmologywhich
ledtothecurrentstandardmodel,butalsovariousalternativemodels,whetherornotbased
onGeneralRelativity).Sofar,sostandard,butverywelldone.Thereisathirty-pagechapter
ontheSteadyStatemodel(onlyonepagelessthanthelongestchapter,thepreviousone
ontheexpandingUniverse).Itwasofcoursescientificallyadeadend,butveryimportant
inthehistoryofcosmology.(Incontrast,Kraghnotesthatmuchoftheworkwhichnow
comprisesstandardreferencesinthefieldreceivedverylittleattentionatthetime:(some
of)theworksofFriedmann;Lemaître;Zwicky;andGamow,Alpher,andHerman.)The
penultimatechapter,‘NewHorizons’,coverssuchcurrenttopicsasdarkenergy,theHubble
tension,andthestandardorconcordancemodelofcosmology.Itiscertainthatthosetopics
willremainnotonlyapartofthehistoryofcosmologybutofcosmologyitself.Thefinal
chapter,‘BeyondtheStandardModel’,discussessomeforwhichtheformeristriviallytrue
butperhapsnotthelatter:pre-big-bangcosmology,thefarfutureandfateoftheUniverse†

∗KraghavoidscommonmisconceptionsinvolvingtheHubble(–Lemaître)law(Kraghalsosuggests“Lemaître–
Hubble”),cosmologicalhorizons,cosmologicalexpansion,thedateofpublicationofthefirstpaperonrelati-
visticcosmology3,thefactthatLemaîtrewasnotaJesuit,etc.
†Althoughthelawsofphysicslendthemselvesjustaseasilytoextrapolationtothefutureastothepast,the
latterismuchmorepopularthantheformer.
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The science sections are at the level of a good popular-science book, probably better than
all summaries of similar length I’ve read; they are correct but understandable and concentrate
on the important features. Good is that Wheeler is not credited with coining the term ‘black
hole’ (though he did much to popularize it), and a case is made (probably correctly) that the
term is due to Dicke. We get a good overview of the history of the black-hole idea and of the
most important concepts. Many of the figures related to science are from technical papers,
and there is a spectrum from those, through scientific ‘artist impressions’, through cartoons
and sketches, through quasi-realistic art, to abstract art. While many readers are probably
familiar with Jean-Pierre Luminet’s classic black-hole image, we are shown other examples
from around the same time. I was pleased to find out that Luminet is also an artist; one of
his drawings is reminiscent of the work of M. C. Escher (and the front cover of the album
‘Inside the Triangle’ by 1970s band Thee Image — the back cover features a band photo
which will probably be too much for those who didn’t live through those times). Whether
Luminet’s image or those from (simulations of) the Event Horizon Telescope, we get not just
the pretty pictures but also the explanation of how they were made and what they actually
show.

I know more about science than about visual arts. As in the sections about the former,
in those about the latter we get summary texts and illustrations, though understandably the
image-to-text ratio is higher in the latter case. Most of the art is modern and most art I like
is not modern, but all the same I found both the text and image portions of the art sections
interesting. There are also tie-ins between the modern science of black holes and related
ideas in other times and cultures, but fortunately what is emphasized are interesting parallels,
not Tao of Physics 1-style woo.

This is a beautiful book. The dust jacket contains a hole, revealing a circle of black velvet
(or something similar) in the centre of the front cover. I refrained from my usual penciled-in
notes in the margins, putting them on a blank page at the end instead. However, very few were
necessary, as there are almost no typos nor other things I often complain about in reviews.
Somewhat unusual are headers and page numbers at the bottom of the page (and only on
pages which are not solely devoted to figures and captions — there are many pages which
are). All of the images are in colour except the few which are originally black and white,
and the large format and slick paper make for an enjoyable reading experience; considering
the high production standard, the price is more than reasonable. Five pages of endnotes are
mostly references, but one is a very long list of 30 popular-science books in English about
black holes published since 2020. (I’ve reviewed four of those in these pages 2–9, and several
others I’ve reviewed from the same time also touch on black holes; there is no shortage
of literature.) The page of ‘Photo and Diagram Credits’ contains only those which are not
in the corresponding captions; since there are illustrations on nearly every page and many
pages devoted solely to illustrations and their captions, there are many of the latter. An index
corresponding to a bit more than three full pages ends the book.

There is also no other book like it. Whether for the combination of science and art or for
a good overview of either, this is a good introduction to black holes and their role in our
thinking. — Phillip Helbig.
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The Arrow of Time: From Local Systems to the Whole Universe, edited by Cristian
López & Olimpia Lombardi (Cambridge University Press), 2025. Pp. 315, 17 × 26 cm.
Price £130 (hardbound; ISBN 978 1 00958 157 8).

There are many arrows of time (as “time’s arrow” a term coined by Eddington): cosm-
ological, thermodynamic, electromagnetic, quantum-mechanical, causal, weak-interaction,
etc. When I was a student at the Hamburg Observatory, in the excellent library I found
and read a book on The Nature of Time 1, the proceedings of a meeting held at Cornell in
1963, convened by Hermann Bondi and Thomas Gold, which is particularly interesting as it
includes extensive discussion as well as the papers presented. (One participant is identified
only as ‘Mr. X’; the consensus is that he was Feynman. The fact that even Feynman didn’t
want his name to be associated with such discussions perhaps reflects the fact that many
perceive them to be fringe or at least only marginally related to ‘real science’.) Much modern
discussion parallels that in that book; on the other hand, there has been progress, at least with
respect to defining terms and making various points of view more clear, though there is still
much disagreement about the nature of time, particularly time’s arrow. This book is also the
proceedings of a workshop (which took place in 2023 in Buenos Aires). The 16 authors of
the 13 chapters (three have two authors) are primarily philosophers of science (though some
work in physics as well). Many of the usual suspects are here, either as authors or cited in the
references. (In most books on the philosophy of physics I have read, I came across various
subsets of about thirty names; it is a relatively small field in terms of people actively working
in it, though not in terms of scope.) The older book contains many authors known for their
work in cosmology, astrophysics, astronomy, or General Relativity (GR), reflecting the fact
that there was less specialization back then (and, of course, much less to know). These
days, there are several full-time philosophers of physics, though many have a background in
physics and most are very knowledgeable about physics, not just the philosophy thereof.

There is little actual astronomy in the book, even in the last, fourth part ‘The Whole
Universe’. On the other hand, most or all of the arrows of time are relevant for astrophysics,
and the contributions provide a good overview of current thinking on the various arrows of
time and the relationships among them. I was pleased to see two old papers (co-)authored
by Tolman cited — not one of his many papers on entropy in cosmology (though his book
on that topic 2 is) — but rather on thermal equilibrium in General Relativity 3,4. I found
useful the discussions on the distinction between time-reversal invariance, reversibility, and
the arrow of time (Chapter 11) and on various ideas on how an arrow of time can arise even
if the underlying physical laws are time-reversal invariant. An important role is played by
the ‘past hypothesis’, a term coined by David Albert referring to the assumption that the
Universe started in a low-entropy state∗ (and as such is a boundary condition rather than
a law of Nature); most of the chapters cite his influential book on the topic 6. There are,
however, other ideas concerning the origin of various arrows of time, some of which I find
intriguing and some of which seem to me to be rather desperate. Some of the contributions
discuss the concept of free will and its relation to the arrows of time; there is certainly no
consensus regarding free will†, though I hope that most readers agree with me that the idea
of free will being able to change the past as well as the future is going too far.

The writing and editing are good, especially considering that the editors and many of the
authors are not native speakers of English, and there are fewer typos and so on than in most

∗Penrose 5 discussed the idea of a ‘special’ state of the beginning of the Universe in a somewhat different
context.
†I don’t think that I could believe in it even if I wanted to.
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(citingapaperfromthisMagazine4),andthemultiverse.Thefirstandlastofthosetopics
areadmittedlymorespeculative;myguessisthatatleastthelastwillbecomeastandard
partofcosmologyandnotjustofitshistory.(Forthelonghistoryofthemultiverseidea,see
anexcellentbook5reviewed6inthesepages.)

So,istherenothingtocomplainabout?Idohaveafewsmallquibbles.Somereferences
(whichrefertoendnotes)are“quotedinKragh...”.While‘quotedin...’isactuallyprefer-
abletoadirectcitationiftheinformationcomessolelyfromthecitedsourceratherthan
theoriginal,thatisobviouslynotthecaseifthecitedsourceisoneofKragh’sownworks.
AlthoughonecanrefertotheHubbleconstantastheHubbleparameter,thefactthat,in
general,itisnotconstantintimeisnotareasontodoso.Thereareeightpagesofcolour
platesatthecentreofthebook;someoftheblack-and-whitefiguresscatteredthroughoutthe
bookcouldalsobenefitfromcolourreproduction.WhilethedescriptionofOlbers’sparadox
iscorrect,itmightnotbecleartoreaderslessfamiliarwithitthatmostoftheproposed
solutions—inparticular,twowhicharementioned—don’tactuallywork.ThedeSitter
universe(emptyofmatterbutwithacosmologicalconstant;expandingexponentially)is
describedasstaticandspatiallyclosed.Thatwasindeedthewayitwasseenatthetime,
thoughthedescriptioniscoordinate-dependent;today,itisusuallydescribedasspatially
flat,ofinfiniteextent,andofcourseexpanding.Thatisdifficulttomakeclearinsuchabook;
fordetailsseeref.7.∗

Boththereferencelistandthe26itemsinthe‘SelectBibliography’(I’vereadexactlyhalf
andreviewedfiveinthesepages)areexcellentjumping-offpointsforthoseinterestedinmore
details—oftenentirebookscorrespondtojustafewparagraphsinthisbook.(Although
Iappreciatethefull-informationreferences,somewhatstrangelyalljournalvolumesarein
romannumerals,althoughthejournalsthemselvesinmostcasesusearabic.)Afive-page
indexendsthebook.

Everyonewithevenaslightinterestinthehistoryofcosmologyshouldreadthisbook,
andeventhosewhohavedevotedtheircareerstothetopicwillbenefit.—PhillipHelbig.
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AstronomicalHazardsforLifeonEarth,editedbyGonzaloTancredi(CambridgeUni-
versityPress),2025.Pp.105,25×18cm.Price£98(hardbound;ISBN978100935308
3).

Thisslimvolume,theproceedingsofIAUSymposiumNo.374,heldinBusan(Republic
ofKorea)2022August9–11,presentsapartialsummaryofwhatwas—orhadthepotential
tobe—afascinatinginterdisciplinarysymposium.Accordingtothepreface,themeeting
includeddiscussionsofdiverseastronomicalrisksandpotentialthreatstolifeonEarth,

∗ReadersofGermanmightwanttoconsultadoctoralthesisbythesameauthor8formorebackgroundonthat
aswellasdeSitter’sroleintheearlydaysofrelativityandrelativisticcosmologyingeneral.Thebulkofref.
7isalsoinGerman,butcontainsaforewordinEnglishofmorethan11pagesbyDavidE.Rowe.
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availability,alsoathttps://www.obsmag.org/issues/published/2026/08/grubb_
dublin_and_grubb_parsons.pdf(plainPDFfile)—Ed.]

ThisaccountbyDr.Glassofthesuccessfulevolutionofthetelescopesthatformed
anddefinedastronomy’sowncapabilitiesillustrateshowparalleldevelopmentsinindustry,
matchedwithhome-madeinventionsandrefinements,enabledtheconstructionoflarge
machinerythatcouldbeharnessedtoachievepointingsontheskyofdelicateprecisionand
imagesofsub-arcsecondpurity.Tobesure,timingwaseverything;thefounder(Thomas
Grubb)wasanexceptionallyskilledengineerinmanyofthefacetswhichtelescopemaking
required,andsufficientlysuppliedwiththetools,facilities,money,andtimethathecould
devoteaslongasittooktotest,refine,andperfectinstrumentsthatallworkedtospec.
Glasshaspresenteduswithamasterfulaccountoftheachievementsofthisadventurous,
industrious,andsuccessfulteam,introducingnumerouscorrespondencewithlike-minded
astronomersandtechniciansinEuropeandbeyond,andsprinklingitwithtouchesoffamily
lifeandenoughhumourtorenderthebookeminentlyreadablefrombeginningtoend.The
resultisaproductofcommendablescholarship,anddeservesaplaceineverylibrarythat
caterstogeneralscience,engineering,andthehistoryofscience,aswellasastronomy.

ThesuccesseswhichtheGrubbteamcouldchalkupseemedtobeduetotheabilitytostay
aheadofthegame.Allthevariousstagesofbuilding,whetherindrivingheavymachinery
yetmaintainingdelicatepositionalaccuracy,annealingglassblankstoformacceptablebases
forlargemirrors,fabricatingachromaticlenses,orgrindingand(particularly)figuringand
polishingthemirrorsthemselves,theirtechniquesandmaterialscouldbenefitfromthe
abundantR&Dwhichtheirprocessesengaged.AsGlassrelates,theirheydaywasthemid-
to-lateVictoriandecades,andiftheirlatermergingwiththe(alsoIrish)ParsonsCompany
couldberegardedasaninevitableproductoftherigoursoftwoworldwars,anumberof
theGrubborGrubb–Parsonsinstrumentsarestillinactiveservicetoday.Thisbookiswell
illustratedbyimagesofbothpeopleandequipment,andconcludeswithlistsofproducts
fromtheoriginalDublinandthelaterNewcastle(UK)companies,furnishingafinesenseof
thesubstantialandsignificantoutputwhichowesitsrootstotheforesightandpersistenceof
ThomasGrubb’seffortsonhisfirstcreations.

Scotland(throughJamesWatt)gaveusthesteamengine,Wales(inthepersonofPhilip
Vaughan)theballbearing,England(byoneJohnHarrison)thechronometer,andIreland
(throughtheGrubbbfamily)thetelescope.AsGlassshows,itwasn’taquestionofbeing
academic,butofknowingone’smaterials,thebesttoolstoworkonthem,and(also)of
achievingtherewithanearmonopolyforseveraldecadesinthisspecificfieldofobservational
astronomy.—ElizabethGriffin.

TheImpossibleMan:RogerPenroseandtheCostofGenius,byPatchenBarss(Atlantic
Books),2024.Pp.247,24×16cm.Price£33·35(hardbound;ISBN978183895932
6).

RogerPenroseneedsnointroduction.PatchenBarssdoes,atleasttome.HeisaToronto-
basedsciencejournalistwiththeusualcredentialsbutalsoauthorofTheEroticEngine:
HowPornographyHasPoweredMassCommunication,fromGutenbergtoGoogle.Atfirst
glance,thatmightseemratherremovedfromPenrose,buta(tome)surprisinglylargepartof
thebookbeingreviewedisconcernedwithPenrose’s(realandhoped-for)sexlives.Asthe
authornotes,Penrosecooperatedintensivelyandextensivelywiththeauthor,butthebook
isnotanauthorizedbiographyinthatPenrosedidn’tapprove(orreject)anyofthecontents.

TheprologueintroducesustothecurrentPenrose,beforeacapsulehistoryoftheUniverse
bringsusuptohisbirthandaverybriefdescriptionofhislife.Thenextfewchaptersare
whatonemightexpect:parents,siblings,childhood,undergraduatestudies,hisinterestin
DutchartistM.C.Escher,doctorate,marriage.Thosechaptersgiveanideaofsomeofthe
influenceswhichshapedPenrose,buttometheydon’tseemasspecialastheauthormakes
themouttobe.WethenfollowPenrose(onaNATOfellowship)totheUnitedStates(where
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including those associated with solar variability and its long-term evolution, the effects of a
supernova or gamma-ray burst close to the Solar System, a rare stellar passage through the
Oort cloud, and even the ultimate fate of the Universe. Life’s end poses questions as deep
as those of its origin, and it would have been interesting to have seen a summary of key
points arising from the contributions missing from these proceedings and the round-table
discussions.

The book, conceived before the COVID health emergency but occurring (perhaps ironi-
cally) during health restrictions associated with the pandemic, unfortunately does not achieve
its promise. Instead, most sections focus on different aspects of the near-Earth asteroid (NEA)
impact hazard. While that might be a significant long-term threat to life on Earth (the threat
to humanity is much greater), it is only one of many possible astronomical influences facing
the evolution of life, whether on Earth or elsewhere.

Still, there are interesting papers. The editor’s introduction gives a useful summary of var-
ious astronomical hazards that might occasionally affect life on Earth; several contributions
show how different aspects of the impact hazard are now part of the corpus of ‘normal’
astronomical research, demonstrating how far the modern subject has advanced from its
origin forty years ago in the weeds of the ‘giggle’ factor. There is a nice discussion of
lunar impact events, and of possible fireballs that might be linked to the c. 370-m-diameter
Apophis, which will pass within an astronomical whisker of Earth on 2029 April 13. Other
papers discuss the relatively short (several Myr) time-scale for overturn of the observed NEA
population, and how all-sky observational surveys will soon revolutionize our knowledge
especially of small members of the population, presumably fragments of larger bodies.

In summary, this book will appeal to NEA specialists but probably not to the wider
community of researchers suggested by its broad title. The cost, at nearly a pound a page, is
disappointing. — Mark E. Bailey.

Astronomy and Satellite Constellations: Pathways Forward (IAUS 385), edited by Pe-
ter Grimley, John Barentine, David Galadi-Enriquez & Constance Walker (Cambridge
University Press), 2026. Pp. 264, 25 × 18 cm. Price £98 (hardbound; ISBN 978 1 009
39922 7).

This is a review of the printed proceedings of IAU Symposium 385 (IAUS 385) held on
2023 October 2 in La Palma, Canary Islands, Spain.

This is only the second IAU symposium I’ve attended in-person; the first was IAUS 90 1∗.
Curiously, CUP’s on-line portal, Cambridge Core, has an information panel showing a date
of 2024 December but published on 2026 January 19.

Given the rapidly moving subject of satellite launches and megaconstellations, the publi-
cation delay relegates the excellent papers published here to being an historical collection
rather than a timely, useful work feeding promptly back into the community† — a point
equally bemoaned by Helbig in his review 2 of the proceedings of IAUS 368.

The symposium was organized by the IAU Centre for the Protection of the Dark and
Quiet Sky (IAU CPS) and partitioned according to the four ‘hubs’ within CPS: Community
Engagement Hub, SatHub, Policy Hub, and Industry & Technology Hub. The total of forty-
five papers in these proceedings are organized mostly in the order of the presentations in the
programme, with about ten of those being separately contributed and poster-related papers
following the others.

∗For context, there was no ‘on-line version’ in 1979 as the internet really didn’t take off until about four years
later and the world wide web came about six years after that!
†The rapid growth of satellite megaconstellations is an existential problem for terrestrial astronomical ob-
servations and a growing challenge for orbiting observatories; astronomical research is under threat from
fast-moving, politically unconstrained commercial interests and academic publication timescales are too slow!
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Unfortunately there are about 35 presentations not present in the proceedings and no
detailed report on the public session with UN Delegates & Observers held on the last
day. Also, unlike the IAUS 90 proceedings, there is no inclusion of any Q&A discussion
following each presentation though I certainly recall many such discussions. As such, these
proceedings are not a complete representation of the symposium; perhaps there should have
been more incentive for symposium contributors to submit papers for publication in the
proceedings?

I agree with Helbig 2: I find the paper used to be too thin with some text and dark/shaded
diagrams showing through the paper.

There is a list of symposium participants but it doesn’t distinguish between those who
attended in-person and those who were on-line. Perhaps either an additional column for that
list denoting in-person/on-line attendance or simply italicizing the names of those who were
on-line would have made it clear. Also, it would have been a useful courtesy to include a key
to the faces shown in the group photographs as was done for IAUS 90 1.

There is no use of colour in the book at all, maintaining a grey-scale for all of the figures.
However, the on-line version uses colour for all submitted papers that included colour
(including the symposium group photographs). Both Helbig 2 and Phillipps 3 mentioned the
lack of colour in their respective reviews of IAU symposium proceedings (both published
by CUP) with Helbig commenting that the printed version is more likely to be purchased
by libraries and Phillipps suggesting that the lack of colour may be unimportant since the
on-line version is likely to be more accessible to researchers (depending on the type of
access).

That may also be true for other submitted papers but, comparing the source material of
my own submission to these proceedings (p. 113) with what has been published, I noticed
that the pie-chart figures have been significantly re-organized to optimize the use of space.
Unfortunately, the associated pie-chart legends, kept with the relevant text, often became
overly separated from their pie charts, necessitating a lot of page-flipping to match the
legends to the pie slices.

In summary: for the price I would have expected a more complete record of the symposium,
better-quality paper, and more use of colour. This is, however, a fair collection of papers
covering a reasonably wide range of topics but, sadly, with about half of the presentations
not appearing as papers and no post-presentation Q&A discussions included. For a topic of
such importance to astronomy and its practitioners, the delay between the symposium and
the publication is unhelpful. — Paul A. Daniels.

References
(1) I. Halliday & B. A. McIntosh (eds.), Solid Particles in the Solar System (IAUS 90) (D. Riedel Publishing

Company), 1980.
(2) P. Helbig, The Observatory, 146, 96, 2026.
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Grubb Dublin and Grubb Parsons, by Ian S. Glass (Centre for Astronomical Heritage),
2026. Pp. 340, 29·7 × 21 cm. Price £0 (open acess) (on-line PDF file; ISBN 0 7503
0454 5 (previous edition)).

[This book is an expanded and updated edition of Victorian Telescope Makers: The
Lives and Letters of Thomas and Howard Grubb (Institute of Physics Publishing Ltd),
1997, original ISBN 0 7503 0454 5. The copyright was ceded to the author in 2008. With
many photos, traditional paper publication would be prohibitively expensive. It is freely
available as a PDF file (formatted like a traditional book, and with both a fancy on-screen-
reading interface and a link to the plain PDF file) at https://cfah.org.za/resources/
grubb-glass and, with the permission of the author and in the interest of long-term
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heworkedatPrinceton,Syracuse,andCornell),learnabouthisstillborndaughter,andmeet
someofhisfriendsandcolleagues,suchasWolfgangRindler,TedNewman,JohnWheeler,
IvorRobinson,AndrzejTrautmann,andEngelbertSchücking,butIwouldhavelikedto
learnmoreaboutthem.Penrose’sfirstwifeJoanwasfromDetroit,andhisfatherofferedthe
newlywedsacottageheownedacrosstheborderinCanada,BlinkBonnie,whichbecame
somethingofaNorthAmericanbaseforPenrose.TheconferenceinJablonna(Poland)was
oneofthelegendaryconferencesonGeneralRelativity,andweareremindedabouthow
muchmoreadventuroustravelwasinthosedays.

OilmoneyattractedmanyrelativiststoTexasinthe1960s,includingPenrose,who,
however,quicklybecamedisenchantedwithAustinandtheStatesingeneral(aroundthe
timeofandpartlybecauseoftheKennedyassassination).BeforesettingoffforTexas,they
hadvisitedEscherintheNetherlands,acceptingaprintasagift,andsonChristopherwas
born.InAustin,PenrosewasinthecompanyofofSchücking,RoyKerr,andRaySachs,and
justafewhoursawayinDallaswereRindler,Robinson,AlfredSchild,andIstvanOzsváth.
Scientifically,hewastherightpersonintherightplaceattherighttime,butofcourseTexas
isverydifferentfromthenortheasternUnitedStates,andtheKennedyassassinationwasa
realshock.HewaskilledwhilemanyofPenrose’scolleaguesinDallaswerewaitingforhim
toarriveandaddressthem.

BackinEnglandin1964,PenrosebecameareaderatBirkbeckCollege,and22months
afterChristopher,sonTobywasborn.Atthatpoint,thebookshiftstheemphasissomewhat
fromtraveltoPenrose’swork,andwelearnaboutPenrosediagrams,thesingularitytheorems
(PenrosequotedasbelievingthatHawkinggottoomuchcreditfortheirjointwork),and
hisworkonspinors.Around1970,domesticlifehadbecomepredictable,butPenrosewas
convincedthathismostimportantworklayinthefuture,andhebegantoadvertisehimself
viapopular-sciencearticlesandsoon.HissisterShirleymentionedthatherchildhood
friendJudithDanielswasnowstudyingmaths.PenrosefellinlovewithDaniels,andthe
bookquotesextensivelyfromtheircorrespondence;thelettershadbeenmadeavailable
totheauthorbyPenrose.ShecomesacrossassomethinglikeEinstein’sfirstwife,with
whomhediscussedhisearlywork,butwithtimeDanielscouldnolongerfollowPenrose’s
increasinglycomplexforaysintotwistortheory.Penrosesawherasamuse,butalsowanted
more,whichshemadeclearwouldnothappen,atameetinginTrieste.Despitethelack
ofasexualrelationship,their‘affair’ultimatelyledtotheendofhismarriagetoJoan,and
aprofessorshipatOxfordwasawelcomeopportunitytoleavethefamily(nowincluding
thirdsonEric)behindinLondon.(BeforetheRouseBallProfessorshipatOxfordbecame
available,PenrosehadconsideredapplyingforthePlumianProfessorshipatCambridge,as
FredHoylehadresigned—inpartbecauseheknewthatJoandidn’tlikeCambridgeand
hopedthatthatmightfacilitateabreak-upwithouthimhavingtotaketheinitiative.The
PlumianChairwenttoMartinRees.)

ThatwasthetimeofPenrose’sworkonaperiodictiling.Ingeneral,thingswerelooking
up:aprestigiouspositionatOxford,hiswidowedmotherhappilyremarried,separatedfrom
Joan,andstillincontactwithJudith.Inthe1970sand1980s,whilestillbasedinOxford,
PenrosewasafrequentvisitortoDallas,Austin,andHouston.HerehemetSalleyVickers,
whohadfollowedherhusband(aformerstudentofDennisSciama)toAustin.Afterafailed
marriagewithchildren,sheandPenrosefoundcommonground,eventuallylivingtogether
inCaliforniaafterPenrosehadacceptedasortofadjunctassociateprofessorshipatBerkeley.
ThoughsheknewlessaboutmathsandphysicsthanJudith,Penrosesawherinasimilarrole.
However,inthiscase,Penroserealizedthatitwouldn’tworkout,andendedtherelationship
(whichisalsowhatVickerswanted)afterreturningtoEngland.

In1987,anotherstudentoftheubiquitousDennisSciama,DavidDeutsch,becamea
postdocwithPenrose(whohadhelpedhimpublishapaperonquantumcomputingacouple
ofyearsbefore).AlthoughDeutschhadonlyonemeetingwithPenrose’srelativitygroup,
theyoftendiscussedquantumcomputing,consciousness,andsoon.WelearnaboutPenrose’s
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andthe1920‘GreatDebate’betweenShapleyandCurtis∗,beforeshiftinggearssomewhat
todiscussstheinfluenceofmodernphysicsonastronomy,radioastronomy,extraterrestrial
life,radioastronomy,blackholes,thedarksector,philosophicalaspectsofcosmology,and
thepossiblefatesoftheUniverse.Theepilogue,liketheintroduction,providesdetailsof
Baker’sownquesttoconnectwiththeUniverse.

Asusual,Ihaveafewcomplaintsaboutthediscussionofcosmology.Whilesomeof
themconcernwhatareprobablyjustcarelesstyposorbadediting(onthewhole,though,
thebookiswrittenandeditedwell),theclaimthat“therewasnoneedforarepulsive
forcetocountergravity,ortoflingbodiesapart”inEinstein’soriginalcosmologicalmodel,
andthusastronomersstruggledtoexplaintheexpansionoftheUniverse,isessentially
backwards:withoutsuchaforce(apositivecosmologicalconstant),Einsteinnoticedthathe
couldnothavethestaticmodelhewanted,sointroducedsucharepulsiveforce,thoughto
keeptheuniversefromcollapsing,ratherthancausingittoexpand.(Itwaslaterrealizedthat
therearenon-staticcosmologicalmodelsbothwithandwithoutacosmologicalconstant.)
Perhapstheconfusionstemsfromthewrongidea(whichI’venotedinsomeotherreviews)
thatthecosmologicalconstant(ordarkenergy)somehowcausestheexpansionofthe
Universe(notjustitsacceleration).Lateron,shewrites“Backinthe1910s,Einsteinset
[thevalueofthecosmologicalconstant]tozeroanditwaseffectivelydropped:therewas
noneedforit,anditmadenodifferencetothecalculations.”Again,essentiallybackwards.
(Lateron,EinsteindiddropthecosmologicalconstantonceherealizedthattheUniverse
isexpanding,andofcourseitcanmakeaprofounddifferencetothecalculations.)Another
blunderislumpingdifferentsortsofMultiverseintothesamecategory;Tegmark9,10spells
thingsoutclearly.However,thatismadeupforbyalertingme,inthesuggestionsforfurther
reading,toabookontheMultiverseIhadn’tyetheardof11.

Thebookiswrittenwellandtherearefewertyposandquestionablestylechoicesthanin
mostbooksI’vereviewedinthesepages.Thereare16pagesofhigh-resolutioncolourplates
atthemiddleofthebook,ausefuladdition.Thereareneitherfootnotesnorendnotes.The
maintextisfollowedbytwopagesofacknowledgements,fourofsuggestionsforfurther
readinggroupedbychapter(about20suggestions,mostlybooks,foreach),aparticularly
thoroughten-pagesmall-printindex,andapageofpicturecredits.I’vereadseveralofthe
bookssuggestedforthetopicsinthethirdchapter,andreviewedsomeofthemhere.

Thisbookshouldbeaddedtoalistofbookstoreadonthehistoryoftherelationship
betweenhumanityandtheheavens.Whilemodernastronomygivesusmoredatathanever
before,evenmanyastronomers,nottomentionnon-astronomers,don’thavetheemotional
connectiontotheskywhichwascommoninthepast.Whileobservationsimprovealmost
automaticallyduetobettertechnology,theemotionalbond,inthepastpartoftheculture,
issomethingforwhichtodayonehastotakethetimetoformonone’sown.Therewards
mightnotbeconventionalones,butneverthelessworthpursuing.—PhillipHelbig.
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∗BakerdescribesCurtisas“workingjustuptheroad”fromShapley.Atthetimeofthedebate,Shapleywasat
MountWilsonandCurtisatLick(movingtotheAlleghenyObservatorylaterintheyear).Afterhismoveto
Harvardthefollowingyear,Shapleyperhapsbecamemorefamous,butatthetimeCurtis,morethan13years
older,wastheseniorfigure.
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disagreeement with Hawking regarding the black-hole information paradox, and the — at
best — mixed reception to his books expounding his ideas on consciousness 1,2. Around the
same time, Penrose married his doctoral student Vanessa Thomas, who is 34 years younger.
Although an obvious conflict of interest might have been avoided by switching to some other
supervisor, it would be interesting to know why “she had no choice but to leave her DPhil
unfinished when they married”. They had a son, Max, in 2000, and remained together for
another twenty years or so. The prologue introduces Penrose shortly after their separation,
living alone, brewing coffee every Friday, and microwaving cups of it as needed throughout
the week. During the corona pandemic, he made his own muesli every two weeks, and used
one of two baths for banana storage, keeping them under water via a glass plaque he had
received in return for delivering a talk in Texas.

While controversial, Penrose’s later books∗ had become successful, and he described his
work in physics in a massive tome 5 (the first edition of which probably contains more
typos than any other book I have read). Later books presented his unorthodox views on
cosmology 6 and his general disenchantment with current trends in physics 7. The last proper
chapter ends on a sad note, with an abortive attempt to set up a Penrose Institute and Penrose
once again seeing a woman as his muse who didn’t want to be seen as such, this time
Ivette Fuentes(-Schuller), now a professor of quantum physics at Southampton. She did save
Penrose from future embarrassment, though, by rejecting funding from Jeffrey Epstein. By
selling the family home, Woodlands, Penrose purchased a house for himself, one for Vanessa
Thomas, and a flat for himself within walking distance of his office. The final chapter returns
to the scene of the prologue and details how Barss and Penrose began the many interviews
which played an important role in the book, with Penrose insisting that Barss read the
correspondence with Judith, which her sister had found after Judith’s death in 2005 and had
returned, unopened, to Penrose. Many people close to him had recently died: Hawking in
2018, Rindler and Joan in 2019, Newman and Penrose’s younger brother Jonathan (a chess
grandmaster) in 2021.

A long author’s note and acknowledgements section explain how the book came about,
and who was involved. All is well documented. At the same time, the author is aware that
memories might not be accurate. There are a handful of black-and-white figures throughout
the book. There are no footnotes but 14 pages of endnotes (mostly citations to sources). A
thirteen-page small-print index ends the book.

Of course, biographies of scientists often include a description of not just their scientific
work, but also their ‘life and times’, including aspects of their personal lives, and it varies
from scientist to scientist how important one aspect is for the other, and from reader to reader
how interesting the various aspects are. A biography of Richard Feynman which ignored his
personal life would not only be less interesting but also a misrepresentation, as his personal
life is something which he himself often publicized. With Penrose, the situation is somewhat
different, as he didn’t publicize his private life. While that in itself might not be a reason
to ignore it, or at least to devote less space to it, my impression is that Barss makes two
mistakes: he paints Penrose’s personal life as somewhat unusual, whereas as far as I can tell
it was par for the course for a man of his generation, family, social class, etc., and one gets
the impression that the ‘mistakes’ in his personal life were somehow the price he had to pay
in order to excel academically. One might think that Penrose, who is old, somewhat blind,
and lives alone, didn’t realize what direction the biography would take. On the other hand,
he often complained that the establishment (though, as detailed in the book, at one point it
was pointed out to him that he himself had become the establishment) didn’t appreciate his
work enough, and on other occasions at least seemed to take the view that any publicity is
good publicity. As the scientific and personal aspects are intertwined in the narrative (rather

∗While earlier, more technical, books, such as the two volumes co-authored with Rindler 3,4 were not contro-
versial as such, neither did they attain the popularity and influence for which Penrose had hoped.
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than being separated by chapters or sections, say), readers not interested in the latter (I can’t
think of any who would be interested in the latter but not the former) can’t easily read around
them.

I learned much about Penrose which I didn’t know before. How much I needed to learn
(and about what) is another question, and I would have liked more in-depth descriptions of
various aspects of his work, such as the singularity theorems, spinors, non-periodic tiling,
etc.— but at a level less demanding than in his rather technical magnum opus 5. (Other
aspects of his work, such as his recent ideas on cosmology and his somewhat older ideas
on consciousness, don’t interest me as much, and also Penrose has documented them well at
the desired level in other books 1,2,6.) As there is not much concrete description of science
(Penrose’s or others’), there was little opportunity to notice mistakes. However, an expanding
Universe does not necessarily imply that it must have a beginning. A newborn certainly has
more than two trillion atoms. I also doubt that Hawking had to pursue mainstream success
because he needed money to cover medical and physical care.∗

In summary, I didn’t feel that reading the book, which is written well, was a waste of time,
but I think that a shift of emphasis would have made that time more valuable. — Phillip
Helbig.
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Starwatchers: Our Journey of Discovery in the Night Sky, by Joanne Baker (Blooms-
bury), 2026 (first published 2025). Pp. 271, 20 × 13 cm. Price £10·99 (paperback; ISBN
978 1 5266 0801 7).

I remember Joanne Baker from cosmology conferences in the second half of the 1990s.
After a good career start in academia (doctorate from the University of Sydney, NASA Hubble
Fellow at Berkeley, Royal Society University Research Fellow at Oxford), she moved into
writing (books) and editing (for Nature and Science). This book has three (long) chapters
(divided into sections) on the Moon, the Solar System, and the rest (stars, galaxies, the
Universe). Like a few other books 1–4 I’ve recently reviewed 5–8 in these pages, it is not about
just astronomy but also the relationship between humanity and the heavens. The emphasis
on the latter is strongest in the first chapter and weakest (but still present) in the third. I
particularly enjoyed the first part, perhaps because I learned the most from it. While many
expected topics are explored, we also get details on James Nasmyth and his lunar models,
‘Moon madness’, and non-Western cultures. The second chapter is the longest. It is not a
systematic survey of the Solar System, but a mixture of planetary science, the history thereof,
and the role the planets have played in human history. Like the rest of the book, the aim is
to explore selected topics in a bit more detail, rather than give a superficial survey of many
more. The third chapter covers astrometry, stellar distances, the Milky Way, spiral galaxies,

∗Hawking has stated that he was happy with NHS care. Much later, after his tracheotomy in 1985, the NHS
would have paid for nursing-home care or less than round-the-clock care at home, but as his wife wanted him
to remain at home with round-the-clock care; the bill was footed by the MacArthur Foundation.
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WeirdUniverse:EverythingWeDon’tKnowAboutSpace(andWhyIt’sImportant),
byErikaHamden(Mango),2025.Pp.189,20·5×13cm.Price£15·99(paperback;ISBN
9781684817283).

ErikaHamdenisprofessorofastrophysicsattheUniversityofArizona,wheresheisalso
directoroftheSpaceInstitute.In16chapters(plusintroductionandconclusion),thisisan
‘interestingfacts’book,inthatrespectsimilartoafew1–3I’vereviewed4–6inthesepages,
thoughthechaptersherearelonger.Onecouldgrouptheminto‘GeneralRelativityand
Cosmology’,‘Stars’,‘Planets’—movingin—beforemovingouttotheearlyUniverse,the
futureoftheUniverse,andthedarksector,concludingwithacoupleofsummarychapters.
Thetopicsareperhaps‘weird’inthesensethattheydifferfromourday-to-dayexperience,
butarethoroughlymainstreamscience.(Ofcourse,thebookdoesn’treallyincludeeverything
wedon’tknow.)Bychoosingonlyafewtopics,somewhatmoredepthispossiblethanwith
typicalpopular-science-levelintroductionstoastronomy.

Sometimesgoodthingscomefrommistakes.Inthiscase,herclearstatement(p.90)
that‘revolution’inthepolitical(orsimilarsense)isduetoCopernicus’s‘revolutions’(the
revolutionibusinthetitleofhisfamousbook)havingasimilareffectonsciencecaused
metoinvestigatetheetymology.BothstemfromtheLatintermfor‘turnaround’,butboth
meaningsaroseindependently.(Infact,inthepoliticalsensetheoriginalmeaningwasmore
thatofacycleorreturntothe‘goodolddays’thantheviolentoverthrowofanAncien
Régime,thelatterbecomingcommononlyaftertheFrenchRevolution.)Thus,‘Copernican
revolution’isapunorloadedmetaphor.Butsometimestheydon’t.Asisoftenthecase,
somecommoncosmologicalmisconceptionsarerepeated,suchastheideasthatdarkenergy
isresponsiblefortheexpansionoftheUniverse(p.158).Averycharitablereadingcould
makeacaseforaconfusingpassage(p.165)beingcorrect,butmostreaderswillprobably
takefromitthata‘coastinguniverse’“inwhichtheexpansioncontinuesforever,butat
anunchangingrate”wouldbesubstantiallyyoungerthanourUniverse.Actually,bywhat
appearstobecoincidence,theageofourUniverseisalmostexactlythesameasthatofsuch
a‘coastinguniverse’7,8.It’snotthefirsttimeI’vewonderedwhyanauthorissoconfident
(p.165)thatourUniverseisspatiallyinfinite(thoughofcoursetheobservableUniverseis
not).Observationally,wedon’tknow,sinceitisveryclosetobeingspatiallyflat,whichis
theborderbetweenfiniteandinfinite.Theoretically,therearevariousargumentsfavouringa
finiteUniverse.Similarly,I’veoftenreadthatitispossibletomeasuretherecessionvelocity
ofagalaxy(p.167);itcanbecalculatedvia𝑣=𝐻0𝐷(theHubbleconstantrelatesthe
expansionratetotheproperdistance,independentlyofthecosmologicalmodel—butifwe
alreadyknowthedistance,wedon’tneedthevelocitytodocosmology.∗)Asomewhatrarer
claim(p.168)isthat“themostdistantgalaxies...weremovingawayfromusfasterthanthey
shouldhavebeeniftheexpansionoftheuniversewereconstant”[emphasisintheoriginal].
Actually,itistheotherwayaround,asthepresentexpansionrateisfixedby𝐻0;acceleration
thusimpliesthatdistantgalaxiesweremovingmoreslowlywhenthelightwedetecttoday
wasemitted.(Thecurrentexpansionrateisofcoursegivenby𝑣=𝐻0𝐷.)Onp.176:“Dark
matterwasfirstdiscoveredandobservedbytheAmericanastronomerDr.VeraRubininthe
1960s.”Theconceptofdarkmatterandobservationalevidenceforitgoesbackmuchfurther
(e.g.,ref.10andreferencestherein).(Also,“inthe1960s”isstretchingitabit;presumably
thefirstflat-rotation-curvepaperco-authoredbyRubin11describedsomeworkwhichmight

∗Seethemoredetaileddiscussioninanotherreview9inthesepages.
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have been done in the late 1960s, but that paper did not claim evidence for dark matter.∗)
Equating fine-tuning with the Anthropic Principle (p. 183) is at best misleading. (To be fair,
much confusion exists around those topics (e.g., ref. 12 and references therein).) The claim
that the early Universe was dense enough to be a black hole (p. 180) is at best misleading.
On the other hand, she doesn’t make the common mistake of claiming that Wheeler coined
the term ‘black hole’ (p. 28). My guess is that, as in most popular-astronomy books, most
of the mistakes concern cosmology, but I noticed some in other areas as well. Especially
because of its historical importance in the discovery of asteroids (which is discussed), I
missed a mention of the Titius–Bode rule for planetary distances; “every planet is about
twice as far from the Sun as the planet before” is a much worse approximation (slightly
more accurate only for the distances of Saturn and Uranus). I also wondered why “we don’t
have a deeper understanding of why” the conservation of angular momentum exists; surely
Noether’s theorem and the isotropy of space are sufficient.

A few other errors I put down to carelessness or bad editing. On the whole, though, the
book is well-written and I have only about my average number of complaints concerning
style and so on. I did find it rather distracting, though, that the text is in a sans-serif font
with relatively large interline spacing (similarly to another book recently reviewed 13 in this
Magazine). There are only a handful each of black-and-white photos and footnotes; there
are neither references/bibliography/further reading nor an index nor any acknowledgements,
but a short biography of the author.

Despite my qualms (which refer to only a minority of the subjects discussed), in particular
my standard complaints about cosmological misconceptions, this is an interesting book which
provides a good overview of many interesting topics in astronomy. — Phillip Helbig.
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makes the blood boil
And this being June, when the sun is closer by, as it makes its presence felt the mercury will rise quickly.

—The Sunday Telegraph, 2026 June 14, p. 32

∗In that paper, Rubin and Ford also mention earlier work by others; the claim that Vera Rubin discovered dark
matter is certainly not due to her claiming that, as she acknowledged previous work.
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