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Cosmology in Crisis? Confronting the Hubble Tension
Kosmologie v krizi? Konfrontace s Hubbleovym napétim.

180 723 zhlédnuti Premiéra: 12. 7. 2024 #worldsciencefestival #briangreene
#]ameswebbspacetelescope ja oteviel 28.07.2024

How fast is the universe expanding? Two prominent approaches are finding different answers,
propelling cosmology toward a crisis. Wendy Freedman, a renowned astronomer who has
spent decades seeking the expansion rate, joins Brian Greene to discuss the latest thinking on
this so-called Hubble Tension.

Jak rychle se vesmir rozpina? Dva prominentni pfistupy nachazeji rizné odpovédi a pohanéji
kosmologii smérem ke krizi. Wendy Freedman, wfreedman@uchicago.edu renomovana
astronombka, ktera stravila desetileti hledanim rychlosti expanze, se pfipojuje k Brianovi
Greenovi, aby diskutovali o nejnovéjsich tivahach o tomto takzvaném Hubbleoveé napéti.

https://astro.uchicago.edu/people/faculty.php ;
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(01)- [Music] thank you thank you so much and welcome to this exploration of the biggest
mysteries of the big bang you now we learned way back in 1929 that space is expanding and
ever since we have been trying to understand the rate of cosmic expansion as this gives us
insight into so many things into the age of the universe the future of the universe and perhaps
even more importantly the rate gives us the capacity to refine our mathematical theories right
to to test their capacity to describe the Cosmos on the largest of scales and for a while things
were going really well right in recent times just about all of our observations they they were
converging on the same rate of cosmic expansion and that rate was perfectly in line with our
theoretical understanding so all was good but then what has happened yet more recently is
that our observations have become so refined that a kind of mismatch has begun to surface
between the expansion rate measured directly right by looking out in space to relatively
nearby objects and in that way measuring the rate of expansion versus the expansion rate that
we can get by measurements of the early universe and extrapolating those measurements to
current times to figure out what the expansion rate should be according to that approach and
the mismatch between these two approaches it's called the Hubble tension and some have
actually imagined that this tension this slight mismatch might be the crack in modern
cosmology that leads us to a completely different understanding of the origin and the history
of our universe now the spoiler alert is many of us think that this tension will ultimately be res
solved it will give us a deeper understanding of cosmology but likely not a revolution in our
thinking about the origin of the universe and our guest Participant introductions for this
conversation is someone who has spent a lot of time and a lot of energy and a lot of effort
trying to figure out the expansion rate of the universe and trying to resolve this tension and so
it gives me great pleasure to Welcome to our stage Wendy fredman who is the John and
Marian Sven University professor in astronomy and astrophysics at the University of Chicago
and a fellow of the Royal Society her research in observational cosmology and our current
projects involve measurements of the Hubble constant thank you for being here thank you for
having me so how long have you spent trying to figure out the expansion rate of the universe
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well since I'm only 42 | guess | started when | was two so it's been a dominant issue in your
professional life to figure out the expansion rate of space is that a fair assessment that's a fair
assessment | began pretty much when the Hubble Space Telescope was launched or the years
leading up to that and became actively involved in this field and then | gave it up for a little
while turned to other things but it became interesting again when this tension surfaced right
yeah and just as a as a quick spoiler alert for where we are going your thinking right now is
that things will ultimately resolve and there's going to be a deeper understanding but not we're
going to have to throw away past understanding I | don't see evidence at the moment for an
overthrow of our standard Theory | think we don't know where this will ultimately resolve but
I think the challenges are severe enough that we need much better data to ascertain at the one
in a million chance that this is wrong and that and something to don't see that in the DAT at
the moment so what | wanted to do is just to put this issue of the Hubble tension in context is
take a step back and go through the history of attempts to The History of Cosmic Expansion
measure the expansion rate over time and see how that number has changed from the earliest
days right up to the present and then discuss where you think we're going to go say in the next
few years so taking a step back of course it all ultimately comes from the work of Albert
Einstein who gave us in his beautiful paper on the general theory of relativity well maybe we
should just read through the paper together right now in German yes exactly that that would
be challenge for me for sure but the basic idea how do you | mean I usually describe it you
know using the traditional analogies of the trampoline or rubber surface | mean do you have a
favorite way of thinking about what Einstein taught us Einstein taught us that uh space is
curved and and the way | like to think about it is the the famous saying that matter is what
tells space how to curve and space tells matter how to move so Einstein solved this problem
that Newton had of action at at a distance or that we needed a prime mover to keep planets in
orbit about the Sun and and so Einstein really married those things in a way that changed our
perception of of yeah we have this nice little visual I think really emphasizes what you were

(01)- [Hudba] d€kuji mnohokrat dé€kuji a vitam vas u tohoto zkoumani nejvétsich zahad
velkého tresku, ted’ jsme se v roce 1929 dozveédéli, ze vesmir se rozsituje rozbaluje a od té
doby se snazime pochopit rychlost kosmicka expanze, protoZe ndm umoziuje nahlédnout do
tolika véci tykajicich se véku vesmiru, budoucnosti vesmiru, a mozna jesté dulezitéjsi je
rychlost nam dava schopnost zdokonalovat nase matematické teorie a otestovat jejich
schopnost popsat vesmir na nejvétsi z méfitek a na chvili se véci dafily opravdu dobfe, v
posledni dobé& se téméf vSechna nase pozorovani sblizovala stejnou rychlosti kosmické
expanze a tato rychlost byla dokonale v souladu s nasim teoretickym chapanim, takze vse
bylo v potadku, ale pak co se stalo jesté nedavno, je to, ze nase pozorovani se stala tak
rafinovanou, ze se zacal objevovat urcity druh nesouladu mezi rychlosti expanze 01) méfenou
pfimo, pfimo v prostoru na relativné blizké objekty a timto zplisobem meétenim rychlosti
expanze versus rychlost expanze, kterou miizeme ziskat 02) méfenim raného vesmiru a
extrapolaci téchto méfeni na soucasnou dobu, abychom zjistili, jaka by méla byt rychlost
expanze podle tohoto pfistupu a nesoulad mezi témito dvéma piistupy se nazyva Hubbleovo
napéti a néktefi si to skute¢né predstavovali toto napéti, tento nepatrny nesoulad mtize byt
trhlinou v moderni kosmologii, kterd nas vede ke zcela odlisnému chapani ptivodu a historie
naSeho vesmiru, nyni je varovani spoiler mnoho z nas si mysli, Ze toto napéti bude nakonec
znovu vyieSeno, da nam to hlubsi porozuméni kosmologii, ale pravdépodobné nejde o
revoluci v naem uvazovani o piivodu vesmiru fyzikové dodnes neéetli moje uvazovani




(zda nepozornosti nebo zamérné???, nevim) a tak ho zopakuji http://www.hypothesis-of-
universe.com/docs/aa/aa 390.pdf a nafem hostu U&astnikem tohoto rozhovoru je nékdo, kdo
stravil spoustu ¢asu, spoustu energie a mnoho Usili snahou zjistit rychlost rozpinani vesmiru a
pokus o vyieSeni tohoto napéti, a proto je mi velkym potéSenim, Ze vas vitdm na nasi scéné
Wendy Fredman, ktera je profesorkou astronomie a astrofyziky na Univerzit¢ Johna a
Mariana Svena na Chicagské univerzité a clenkou Royal Spolecnost jeji vyzkum v pozorovaci
kosmologii a naSe soucasné projekty zahrnuji Iméfeni Hubbleovy konstanty[ dékuji, Ze jste
tady, dekuji, ze me mate, takze jak dlouho jste se snazili dobie zjistit rychlost rozpinani
vesmiru, protoze je mi pouhych 42 let. Ja Myslim, Ze jsem zacal, kdyz mi byly dva roky,
takze ve vasem profesnim zZivoté bylo dominantnim problémem zjistit miru rozpinani
vesmiru, ze spravedlivé hodnocenti, které je spravedlivé, jsem zacal v podstaté, kdyz byl
vypustén Hubbleliv vesmirny dalekohled nebo v ptedchozich letech, k tomu a zacal jsem se
aktivn¢ angazovat v této oblasti a pak jsem to na chvili vzdal a vénoval se jinym vécem, ale
zase to zacalo byt zajimavé, kdyz se toto napéti vynofilo, ano a jen jako rychly spoiler
upozornéni na to, kam jdeme, vase mysleni prave ted’ je, Ze se véci nakonec vytesi a dojde k
hlub$imu porozuméni, ale ne, budeme muset zahodit minulé porozuméni. J& v tuto chvili
nevidim dikazy pro svrzeni nasi standardni teorie. Myslim, ze nemame. Nevim, kde se to
nakonec vyfesi, ale myslim si, ze problémy jsou natolik zdvazné, Ze potfebujeme mnohem
lepsi data, potiebujete spis novou ideu, abychom se ujistili s pravdépodobnosti jedna ku
milidnu, Ze to je Spatné a tamto a néco, co v DAT v tuto chvili nevidime. Takze to, co jsem
chtél udélat, je jen dat tento problém Hubbleova napéti do kontextu, udé€lat krok zpét a projit
historii pokusti o méfeni rychlosti expanze v pribchu ¢asu a zjistit, jak se toto ¢islo zménilo
od od prvnich dnii az po soucasnost a pak diskutujte o tom, kam si myslite, ze ptijdeme v
ptistich n¢kolika letech, takze udélame krok zpét, samoziejmeé to vSechno nakonec pochazi z
prace Alberta Einsteina, ktery nam dal ve svém krasném ¢lanku o obecné teorii relativity
dobte, mozna bychom si praveé ted’ méli spolu precist noviny v némciné ano presné to by pro
meé byla vyzva, ale zékladni mySlenka, jak to myslim, obvykle to popisuji, znate to pomoci
tradi¢nich analogii trampoliny nebo gumového povrchu mam na mysli, mas oblibeny zptsob
pfemysleni o tom, co nas naucil Einstein jak zaktivit a prostor fikd hmoté, jak se pohybovat,
takZe Einstein vyfesil tento problém, ktery Newton plsobil na dalku, nebo Ze jsme potiebovali
hlavni hybatel, ktery by udrzoval planety na obéZzné draze kolem Slunce, a tak Einstein
skute¢né tyto veéci svym zplisobem snoubil. To zménilo naSe vnimani toho, Ze ano, mdme
tento pe€kny maly vizual, myslim, Ze opravdu zdlraziuje to, ¢im jsi byl

(02)- just saying you know this idea that you know matter is doing just what you said it's
curving the environment and then the curved environment is causing the planets to move in
particular trajectory so it's a beautiful geometric way of thinking about the fabric of space
now when we learn in 1915 theoretically at least that space and time can warp and curve in
1919 observationally confirmed through the famous Eclipse observations then others start to
begin to think about applying this idea not say to the curvature around the Sun or the Earth
but to the entirety of the cosmos and people have in mind are like fredon and lametra and it's
always nice to kind of see these folks because you know they were the real pioneers of the
subject and interesting my understanding is that Einstein resisted this idea of an expanding
Universe well he actually he said your mathematics is correct but your physics is atrocious
yeah he was very down on it yeah now if Einstein would have said that to me | think it would
have crumbled but fredman and uh and lamro who actually was the direct recipient of that
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particular comment this Jesuit priest who | guess approached Einstein at the 1927 solv
conference with this calculation and got that reception from Einstein they stayed at it yeah and
then of course it was observers right yeah well you have to remember that at the time we
didn't have any evidence that the Universe was expanding right so what Einstein did
originally in 1915 1917 was to force the universe to be static because we didn't know anything
about the universe beyond the extent of the Milky Way galaxy yeah and that didn't come until
later and so there was Alexander Freedman working out solutions to Einstein's equations and
saying well wait a minute they're expanding and compacting solutions and in fact the universe
wouldn't be stable uh with this cosmological constant yeah and then the Metra 5 years later
independently worked that out but he also used data that Edwin Hubble had published a few
galaxies but actually was vesto slier Data wasn't it it was both both he he did have a couple of
of hubbles data points for the distances right and it was a big leap and he didn't plot the
diagram right um which Hubble in 1929 then showed that there was this really uh very
apparent yeah in fact | think we can even show a picture of the data so | think the the graph
that you're referring to maybe the one where we see here this relationship between how far
away a galaxy is and how fast it is moving but to get to that data there was one essential
problem that Hubble needed to resolve which is how do you figure out how far away things
are when you're looking in your telescope and this is an issue that we still face today we have
more sophisticated tools but can you take us through the work you know I think it's nice to
pull out the history here you know one individual in particular Henrietta Swan leit who
Henrietta Swan Leavitt's Contributions to Cosmology doesn't really get a lot of air time when
we when we talk about but vital contribution everything we do now in cosmology rests on her
fundamental contribution can you just give us a feel for what that is yeah so at the turn of the
last century we could map and astronomers have spent a lot of time mapping positions on the
sky of of stars but you don't know the third dimension how far away is a star and so is the Star
Bright because it happens to be nearby or is it faint because it's far away and there was just no
way to know that and except for some very nearby stars and what henrieta levit did was she
was studying stars in our nearby what we know is a Galaxy the large melenic cloud and its
companion the small melenic cloud and she noticed that there were stars that were changing
in brightness so most stars in our lifetimes if we look up at the sky they don't change they're
they're boring they just they don't change and and what she noticed that is that over time
scales of a couple days to maybe a hundred days yeah they were brightening and dimming in
fact can we show I think we actually have a some of the data if we can bring that up so this is
one photographic plate and then | guess she noticed that if you looked at the same region of
the sky ey and if you overlay these and compare see in that upper right area when you go from
one photograph to another there's one star that's bright and dark and bright and dark so that
that's what she yeah so at the time the detector that astronomer used were these large
photographic glass plates yes so they would take a series of these over many many nights and
then she would compare the different nights and she could chart out how they were
brightening and fading in brightness and what she noticed what she discovered was that there
was a correlation very strong relationship between how bright the star was and how fast it was

(02)- staci fict, ze znate tuto myslenku, ze vite, ze hrmeta hmotnost déla presné to, co jste
tekli, Zze zaktivuje prostiedi, a pak zakiivené prostiedi zplisobuje, Ze se planety pohybuji po
urcité zakiivené trajektoril, takze je to krasny geometricky zptisob uvazovani o struktuie
vesmiru nyni, kdyz se v roce 1915 teoreticky dozvime, Ze prostor a ¢as se mohou deformovat



a zakfivit. A pokud mohou, pak urcité¢ nebude zakazano (vysokou moci) aby se SEIPFOSION
zakfivil vécenasobné tj. sbalil se, balickoval se ...dtto &as, aby sc BIDISCASORS zakiivil
vicenasobné do balicku = klubicka. A pochopitelné se budou kiivit = balickovat se do sebe
vSechny dimenze ,,napieskacku®. V roce 1919 to bylo pozorovanim potvrzeno
prostiednictvim slavnych pozorovani Eclipse, pak ostatni zacnou uvazovat o aplikaci této
mySlenky, nefikajic o zakfiveni kolem Slunce nebo Zemé, ale Cely vesmir a lidé, které maji
na mysli, jsou jako fredon a lametra a je vzdy ptijemné vidét tyto lidi, protoze vite, ze to byli
skute¢ni prukopnici tohoto tématu, a zajimavé je, Ze Einstein se této mySlence rozsifovani
branil.?? Vesmir dobfe, ve skute¢nosti fekl, Ze vase matematika je spravna, ale vase fyzika je
hrozng, ano, byl z toho velmi $patny, ano, kdyby mi to Einstein fekl, myslim, Ze by se to
zhroutilo, ale Friedman a Uhl a Lamro, ktefi byli ve skute¢nosti pfimym pfijemcem tohoto
konkrétniho komentéfe tento jezuitsky knéz, ktery tuSim oslovil Einsteina na solvské
konferenci v roce 1927 s timto vypoc¢tem a dostal od Einsteina to piijeti, ztistali u toho, jo a
pak to byli samoziejmé pozorovatelé, jo no, musite si pamatovat, Zze v dobé&, kdy jsme neméli
zadné diikazy o tom, Ze se vesmir rozpina spravné, takze to, co Einstein ptivodn¢ udélal v roce
1915 1917, bylo piinutit vesmir, aby byl staticky, protoze jsme o vesmiru nevédéli nic, co by
ptresahovalo rozsah galaxie M1é¢na draha. Nepfisel az pozdéji, a tak tam byl Alexander
Freedman, ktery vypracovaval feSeni Einsteinovych rovnic a fekl, pockejte chvili, rozpinaji
se a zhutfiuji feSeni a ve skute¢nosti by vesmir nebyl stabilni, uh s touto kosmologickou
konstantou, jo a pak Metra o0 5 let pozdé&ji to nezavisle vypracoval, ale pouzil také data, ktera
Edwin Hubble publikoval o nékolika galaxiich, ale ve skutecnosti byl mnohem slier Data to
nebylo, ale jednak mél par Hubbleovych datovych bodt pro spravné vzdalenosti a byl to
velky skok a on nenakreslil diagram spravné, coz Hubble v roce 1929 pak ukazal, Ze to bylo
opravdu uh velmi zfejmé, ano ve skutecnosti si myslim, ze mtizeme dokonce ukazat obrazek
dat, takZe si myslim, Ze graf, ktery mozna mate na mysli ten, kde zde vidime mezi tim,
jak daleko je galaxie a jak rychle se pohybuje, vztah ziskaval Hubble pomoci rudych
posuvu, (nemylim se?) vztah je linearni (téméf linearni) do urcité vzdalenosti smérem

k Velkému Tiesku, ale pak se za¢ne linearita ménit, kiiveni dimenzi od dtaii 500 000 let od
tresku, smérem ke tiesku zesiluje, a to uz nebylo ve schopnostech Hubbleho méteni zjistit.
http://www.hypothesis-of-universe.com/docs/c/c_237.jpg ; http://www.hypothesis-of-
universe.com/docs/c/c_232.jpg ; soustava msten¢ho objektu se pootaci po ,,globalni kiivee™
rozbalovani ¢asoprostoru ale abychom se dostali k témto datiim, existoval jeden zasadni
problém, ktery HST potieboval vyfesit, a to je zplsob, jak na to pfijit jak daleko jsou véci,
kdyz se divate dalekohledem, a to je problém, kterému ¢elime i dnes, mame sofistikované;si
nastroje, ale mizete nds provést praci, kterou znate, myslim, ze je hezké vytdhnout historii
zde konkrétné jeden jedinec Henrietta Swan leit who Prispévky Henrietty Swanové
Leavittové do kosmologie ve skute¢nosti nedostavaji ptili§ mnoho vysilaciho ¢asu, kdyz o
nich mluvime, ale z4sadni ptinos vSe, co nyni v kosmologii délame, spociva na jejim
zasadnim ptispévku, mizete ndm dat pocit, co to je na pielomu minulého stoleti jsme mohli
mapovat a astronomové stravili spoustu casu mapovanim pozic na obloze hvézd, ale nevite o
treti dimenzi, jak daleko je hvézda a jak daleko je hvézda Jasna, protoze se to stane byt pobliz
nebo je to slabé, protoze je to daleko a prost€ se to nedalo nijak poznat a kromé n¢kolika
velmi blizkych hvézd a toho, co Henrieta Levitova udélala, studovala hvézdy v nasi
blizkosti, o ¢em vime, Ze je to galaxie, velky melenicky mrak a jeho spole¢nikem je maly
melénsky mrak a ona si v§imla, Ze existuji hvézdy, které méni jas, takZe vétSina hvézd v
nasem zivoté, kdyz se podivame na oblohu, neméni se, jsou nudné, prosté se nemeéni a ona si
vS§imla, Ze v priibéhu ¢asu od ne¢kolika dni do mozna sta dni, ano, zesvétlovaly a stmivaly ve



http://www.hypothesis-of-universe.com/docs/c/c_237.jpg
http://www.hypothesis-of-universe.com/docs/c/c_232.jpg
http://www.hypothesis-of-universe.com/docs/c/c_232.jpg

skute¢nosti, miizeme ukazat, myslim, ze ve skute¢nosti mame néktera data, pokud je
dokazeme vyvolat, takze je to jedna fotograficka deska a pak si myslim, ze si v§imla, ze kdyz
se podivate na stejnou oblast oblohy a kdyz je ptekryjete a porovnate, uvidite v té pravé horni
oblasti, kdyZz pfechazite z jedné fotografie na druhou, je tam jedna hvézda, ktera je jasna a
tmava a jasné a tmavé, takze to je to, co ona ano, takze v t¢ dob¢ byly detektorem, ktery
astronom pouzival, tyto velké fotografické sklenéné desky, ano, takze jich vzaly fadu béhem
mnoha noci a pak porovnala riizné noci a mohla zmapovat jak se zjasnovaly a slably v jasu a
co si v§imla, zjistila, Ze existuje velmi silny vztah mezi tim, jak jasna hvézda byla, a jak
rychla byla.

(03)- changing in its Luminosity yeah so maybe you can take us Cepheid variable through
this little visual of that so so so so these Stars these Sephia variables they're super giant Stars
they're maybe 10,000 times as bright as the sun and their outer atmospheres are actually
moving in and out and in and out and so as the atmosphere is is changing the the star is
brightening as it's expanding and then uh the start turns around and then starts to fade again
yeah and so the the mean brightness is what we now measure and that is correlated with the
period of variation how long it takes to go through this cycle and is it so is it that the brighter
the star is the longer that mean period between effectively it's just the larger Stars take longer
to go through their oscillations and so the brighter the star the yeah the slower it's it's moving
and so why is that vital to have that correlation so that provided the means then of assessing
what this third dimension was so if we can measure how bright these seids are say nearby by
some geometric technique so we know intrinsically how bright that star is then we can go to
other systems the stars are obviously fainter the Luminosity falls off with distance as distance
squared in fact and so if we can measure that change in brightness at a given period using her
correlation then we automatically by the inverse Square law get the distance to that object and
that just opened up a whole new field so now you no longer have to worry about trying to
answer the direct question of is it bright because it's close or is it bright because maybe it's far
away and it's super bright now you say just measure the the duration for it to go through that
cycle and you know how far away it is and these what we call light curves are unique to seids
this very sharp rise and brightness and a slow decline so once you've identified them you
know you have a sepid you can measure this we now call it the levit law um 100 years later
and oh by the way there was a New York Times obituary for Henrietta levit | think in March
of this year so it's one of those obituaries the New York Times has recognized that there were
women who did interesting things over the last hundred years but they didn't actually notice
them at the time backst facto yeah an obituary | did not know that that's wonderful yeah wow
and did they consult like with experts like you they did they did they oh that's fantastic that is
great nice all right so this gives us a means of determining how far away things are but for
Hubble's graph you also need a means of determining how fast they are moving what what
Hubble discovered when he eventually realized there were seids in many of these nebuli that
had been known for a couple hundred years before that that if he plotted the velocity of the
Galaxy as a function of its distance from us there was a correlation in the sense that galaxies
that were farther from us were moving faster so that's the velocity part the faster and that
came from observations made by an astronomer named vestos slier slier right and what and he
didn't really credit slier in that first paper no they're just there are the velocities I'll use them
yeah and so but just take us through so the red shift idea just to sort of Go full How did
Hubble calculate Expansion Rate? circle here how do you determine the speed | guess by the



degree to which certain spectral lines have been shifted to the red as that distant object is
moving away the light that it emits gets stretched and that makes it more toward the red and
the degree to what it shifted gives you insight into how fast it's moving away from you right
so this eventually became the interpretation of hubbles data y married with Einstein's general
relativity that this would give rise to an expansion of the UN of the entire universe Y and so
the the red shifts or the velocities come they're they're simple to measure unlike the distances
so you you uh different elements have different spectral features at a given wavelength you
you measure them in a laboratory and they always will be at that uh position so you can take a
spectrum of your Galaxy compare the positions of the spectral line and this difference in the
wavelength then gives you a measure of the Velocity so those can be very accurately
measured and that's not the problem is you know that's sort of the easy ENT of trying to make
these measurements it's not the velocities it's the distances that are hard and so this ultimately
does result in in the paper that Hubble writes and we showed the graph from that paper a
moment ago which is pretty much the moment when people take seriously this idea of the
expansion of the universe verse now with that Hubble then has the capacity to make a
prediction for the rate from the data that he's measured and what does he find for the rate of
the expansion of space yeah so that that plot that shows velocity versus distance the slope of
that relation which is what we now refer to in fact is the Hubble the Metra constant y or law is

(03)- meénici se ve své svitivosti yeah, takZze nas mozna muiizete provést timto malym
vizualem toho, tak tak, tak tyto hvézdy tyto proménné Sephia jsou super obii hvézdy, které
jsou mozné 10 000krat jasnéjsi nez slunce a jejich vnéjsi atmosféry se ve skute¢nosti pohybuji
dovnitt a ven a dovnitf a ven a tak jak se atmosféra méni, hvézda se zjasiuje, jak expanduje a
pak se zacatek otoCi a pak zaCne zase slabnout, jo a tak je stfedni jasnost co nyni , ato
koreluje s periodou variace, jak dlouho trva projit timto cyklem, a je to tak, ze ¢im jasnéjsi je
hvézda, tim delsi je stfedni doba mezi efektivné, tim vétsi hvézdam trva déle, nez piejdou
diky jejich oscilacim, a tak ¢im jasnéjsi je hvézda, tim ano, tim pomaleji se pohybuje,
a) relace ,,zarivost™ X ,rychlost® ;
b) relace ,,jasnost* X ,,vzdalenost® ;
¢) relace ,,rudy posuv* x ,,stari;
d) relace,,rudy posuv x ,vzdalenost” ...rudy posuv spektralnich ¢ar je tim vétsi, ¢im vétsi
je vzdalenost pozorovaného objektu od Zemé.
e) relace ,,vlnova délka“ x ,,rychlost*
Vztah, ktery Hubble publikoval, pfedstavuje kosmologicky rudy posuv z. Ukazal, ze je
lienarni funkci jejich vzdalenosti r
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kde H=2,4- 108 st =65km s Mpc je Hubbleova konstanta s chybou 10 %. Ve vztahu
muzeme nahradit soucin ¢z rychlosti vzdalovéani galaxie a vztah ptepsat

v= Hr
Hubbleova konstanta ma vyznam ptevracené hodnoty stafi vesmiru
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Pivodné tuto konstantu oznacil Hubble pismenem K. Po Hubbleovi ji pojmenoval Richard
Tolman a oznacil ji pismenem H.

Tento jev se vysvétluje pomoci Dopplerova principu, tj. Ze galaxie se od nds v§emi sméry
vzdaluji a to tim rychleji, ¢im jsou déle. Jde o projev vSeobecné expanze predpovézené
Alexandrem Fridmanem v roce 1925 a Georgem Lemaitrem v roce 1927 pfi feseni rovnic
obecné teorie raltivity pro cely vesmir

... apro€ je tedy zivotn¢ dulezité mit tuto korelaci, aby to poskytlo prostfedky k posouzeni,
jaka byla tato tfeti dimenze, takze pokud miizeme zméfit, jak jasné jsou tyto cefeidy? v
blizkosti n¢jakou geometrickou technikou, takze vnitin€ vime, jak jasna je ta hvézda, pak
muzeme prejit do jinych systémi, hvézdy jsou samoziejmé slabsi, svitivost klesa se
vzdalenosti jako Ctverec vzdalenosti ve skutecnosti, takze pokud miizeme zméfit tuto zménu
jasu v daném obdobi pomoci jeji korelace pak automaticky pomoci zakona inverzni ¢tverce
ziskame vzdalenost k tomuto objektu a to prave otevielo zcela nové pole, takze se uz
nemusite starat o odpoveéd’ na ptimou otazku, zda je to jasné, protoze je blizko nebo je to
jasné, protoze mozna je to daleko a je to super jasné, ted’ fikate, zméite dobu, po kterou to
projde tim cyklem, a vite, jak je to daleko, a to, cemu fikdme svételné kiivky, jsou jedinecné
pro seidy, tento velmi prudky vzestup a jas a pomaly pokles, takze jakmile je identifikujete,
vite, ze mate sepid, cefeidu mizete to zméfit, nyni tomu fikdme zakon levitt Levinové um o
100 let pozdéji a mimochodem, v New York Times byl nekrolog pro Henriettu Levitovou. Ja
myslim v bieznu tohoto roku, takze je to jeden z téch nekrologii, které New York Times
rozpoznaly, ze byly zeny, které délaly zajimavé véci za poslednich sto let, ale ve skutecnosti
si jich v té dobé& nevSimly, ano ano nekrolog, ktery jsem si nev§iml vim, ze to je iZzasné, jo
wow a poradili se jako s odborniky, jako jste vy, ud¢€lali to udélali oh, to je fantastické, to je
skvéleé, p€kné, takZze ndm to umoznuje urcit, jak jsou véci, ale pro Hubbletv graf
potiebujete také prostiedky k urcent, jak se pohybuji, co objevil Hubble, kdyz si
nakonec uvédomil, Ze v mnoha téchto mlhovinach jsou seidy, o kterych bylo zndmo nékolik
set let pred tim, 7e kdyby zakreslil [rychlost [Galaxie jako funkci jeji vzdalenosti jod nas
existovala korelace v tom smyslu, Ze galaxie, které byly od nas vzdéalené;si, se pohybovaly
rychleji, takze ta rychlostni ¢ast byla tim rychlejsi a ktera pochéazela z pozorovani
provedeneho astronomem jménem vestos slier slier right a co a on ve skute¢nosti neptipsal
slier v tom prvnim ¢lanku ne, jsou tam jen rychlosti, které pouziji, jo a tak, ale jen nas
proved'te, takze napad s ‘éerveny’/m posunem\ jen tak né&jak Jet naplno Jak Hubble vypocital
rychlost rozpindni? Zde zakrouzkujte, jak uréite rychlost, myslim, podle stupné, do kterého
byly urcité spektralni ¢ary posunuty do Cervené, kdyz se vzdaleny objekt vzdaluje, svétlo,
které vyzartuje, se natahuje snad vinova délka se natahuje, né? a tim je vice smérem k ¢ervené
a stupen to, co se posunulo, vam dava ptehled o tom, jak rychle se od vas vzdaluje, takze se to
nakonec stalo interpretaci Hubbleovych dat, ktera se snoubi s Einsteinovou obecnou teorii
relativity, Ze to povede k expanzi OSN celého vesmiru Y, a tak cervené posuny nebo rychlosti
pfichazeji, jsou jednoduSe méfitelné na rozdil od vzdalenosti, takZe vy, rtizné prvky maji
rizné spektralni vlastnosti pfi dané vlnové délce, zméfite je v laboratoii a vzdy budou v této
poloze, takze muze vzit spektrum vasi Galaxie porovnat polohy spektralni ¢ary a tento rozdil
ve vam pak d& miru takZe je 1ze velmi ptfesné zméfit, a to neni
problém, vite, Ze je to tak trochu snadné ENT of pii1 pokusu o tato métfeni nejde o rychlosti,
ale o vzdalenosti, které jsou tézké, a tak to nakonec vyustilo v papir, ktery piSe Hubble, a pted
chvili jsme ukazali graf z toho papiru, coZ je v podstaté okamzik, kdy to lidé berou vazné.




Piedstava o rozpinani vesmiru nyni s tim, Ze Hubble ma schopnost predpovédét rychlost z dat,
ktera naméfil, a co zjisti pro rychlost rozpinani vesmiru ano, takze ten graf ukazuje rychlost
versus vzdalenost v = H . d sklon tohoto vztahu, na ktery nyni odkazujeme

(04)- uh what Hubble found was a value of 500 right and we now know that it's something
like 70 so it's way high it was way high but can you just give us a sense we have the number
up there so it's in these funny units kilometers per second per megap par just give us a sense
of I mean usually we talk about speeds of sort of you know kilometers per second why
kilometers per second per Mega Parc yeah so you know it's a unit of velocity and it's a unit of
distance he's plotting velocity versus distance and if you notice because there are two units of
distance it's actually one over it's inverse time so it gives you a measure of the age of the
universe right now we now know that we have to understand what the other components in
the universe are how much mass is there how much energy and so on but it's a very good
estimate one over the Hubble constant gives you a measure of the age of the universe and that
immediately became problematic because it was the wrong age because it was the wrong
Hubble conent and the wrong age it was too young it was about Earth would have been older
than the universe something like that Hubble got two billion years and even from geological
age dating at that time we knew it was at least three or four billion years old right so that was
the first age problem right and so pretty quickly my understanding in the history of these ideas
people began to realize what was wrong with the details of Hubble's interpretation and his
measurements and the Hubble constant that speed of expansion began to immediately come
down right it wasn't that immediate it it was um really not until the 1950s when an astronomer
by the name of Walter B who was working at the same Observatory where hubba was yeah
now know it as the Carnegie observatory in fact | spent most of my career there sure and he
Walter B had discovered that there were two different populations of stars one was a young
population and the other was an older population and it turned out that the kind of seph there
were two kinds of seids belonging to each of these populations and the kind of seids that had
been available to Hubble at the time were the wrong kind so when B came or he interpreted it
the wrong way right he had no idea they were seids but they were they they were doing the
bright dark bright dark thing but they were not fitting into the pattern that this other category
would right and and B's realization led to a doubling of the distances or a having of the Hub
con | said then now we're down to 250 km per second per me that happened in the early 1950s
so there was actually quite a a block of time years or maybe even 30 years um and then what
was the the next Insight that brought us even closer the next Insight was that some of the stars
that Hubble had used so there weren't enough galaxies that he could measure seids in nearby
they're hard to measure we can talk about that in a while and so he used what he thought were
the brightest stars in these galaxies and he said okay if we compare the brightest stars in this
galaxy they're probably similar to the brightest stars in another galaxy and and that way he
could again use the inverse Square law of light to get a distance but it turned out that those
Stars what he thought were stars were actually regions of ionized gas that we call H2 regs and
they just they wrong so that brought the value down to maybe 75ish and then people started to
argue about whether it was 50 or 100 and there were Decades of a debate is the Hub constant
50 or 100 and that meant that we didn't know the age or the size of the universe to better than
a factor of two so if the uh Hubble constant was 100 then the age was 10 billion years if it was
50 it was 20 billion years and | don't know about you but if someone said you're you know



100 or 50 it's kind of a difference it's you look different yeah so it it was very annoying for
astronomers and so this then takes us up to the more modern story of really

Modern Measurements of Expansion Rate trying to refine this and you mentioned that you
began to really focus upon these ideas with did did you say with the launch of the Hubble
Space leading up to Hubble Hubble was supposed to be launched in 1986 and then | started in
about 1984 right and then there was the Challenger accident in H delayed till 199 that was 86
| guess yeah so that sort of changed things significantly so what then was your approach were
you following in the tradition that we've outlined or was it very different | was very fortunate
to come along at a time when the traditional detector astronomers had used these glass
astronomical plates were superseded by electronic solid state devices charge couple devices
that we now have in our handheld phones uh but they became available at astronomical

(04)- hm, to, co Hubble nasel, byla hodnota 500 a nyni vime, Ze je to néco jako 70, takze je to
hodné vysoko, bylo to tak vysoké, ale miiZzete ndm dat pocit, Ze mame c¢islo tam nahote, takze
je to legracni jednotky kilometrui za sekundu na megap par jen nam davaji pocit. Myslim tim,
ze obvykle mluvime o rychlostech, které znate kilometry za sekundu, proc¢ kilometry za
sekundu za mega parc, jo, takze vite, Ze je to jednotka rychlosti a je to jednotka vzdalenosti
vykresluje rychlost versus vzdalenost, a pokud si v§imnete, protoze existuji dvé jednotky
vzdalenosti, ve skutecnosti je to jedna za inverzni ¢as, takze vam to dava miru stafi vesmiru
prave ted’, ted’ vime, ze musime pochopit, jaké jsou ostatni slozky v vesmir je kolik hmoty je
tam kolik energie a tak déle, ale je to velmi dobry odhad, jeden pfes Hubbleovu konstantu
vam dava miru stafi vesmiru a to se okamZzité stalo problematickym, protoze to byl Spatny
vk, protoze to bylo Spatny obsah Hubblea a nespravny vék, bylo to piili§ mladé, Zemé by
byla star$i nez vesmir néco takového Hubble dostal dvé miliardy let a dokonce i z text je tu
hodné¢ téZky, neslohovy, nepedagogicky, ,.,hruby pytel®... skoro nemam chut’ vést opozi¢ni
nazory...geologického datovani stafi v t€ dob¢ jsme veédéli, ze je to nejméné tii nebo Ctyti
miliardy let staré pravo, takZe to byl prvni problém s vékem, a tak docela rychle moje
pochopeni v historii téchto myslenek si lidé zacali uvédomovat, co bylo Spatné¢ho na
podrobnostech Hubbleovy interpretace a jeho méfeni a Hubbleovy konstanty, Ze rychlost
expanze zacala okamzité ptichazet vpravo dole to nebylo tak okamzité, bylo to um, opravdu
az v 50. letech, kdy astronom jménem Walter B, ktery pracoval na stejné observatofi, kde byl
hubba, ano, ted’ to zndm jako Carnegieho observatof, ve skutecnosti jsem stravil vétSinu Casu
moje kariéra tam byla jistd a on Walter B objevil, Ze existuji dvé rizné populace hvézd, jedna
byla mlada populace a druha byla star$i populace a ukézalo se, Ze druh seph tam byl dva
druhy cefeidd, které pattily kazdé z nich Populace a druh seidd, které mél Hubble v t¢ dobé k
dispozici, byly $patného druhu, takZe kdyz ptisel B nebo to interpretoval nespravné, nemél
tuseni, Ze jsou seidy, ale byli to oni, délali jasnou tmu, jasnou tmu vée, vyklad je malo
srozumitlny ... ale nezapadali do vzorce, ktery by tato jin4 kategorie méla spravné, a realizace
B vedla ke zdvojnasobeni vzdalenosti nebo ke znemoznéni hub con ?? Rekl jsem tehdy, ted’
jsme na 250 km za sekundu, coz se stalo na zac¢atku 50. let 20. stoleti, takze tam byl vlastné
docela blok ¢asti let nebo mozné dokonce 30 let um, a pak to, co bylo dal§im vhledem, ktery
nas privedl jesté blize k dalsimu vhledu, bylo to, ze n¢které z hvézd, které Hubble pouzil,
takZe tam nebyly.?? Nesrozumitelny vyklad... dost galaxii, aby mohl zméfit seidy v okoli, je
tézké je zméfit, o tom miZzeme mluvit za chvili, a tak pouzil to, o Cem si myslel, Ze jsou
nejjasnéjsi hvézdy v téchto galaxiich, a fekl dobfe, kdyz porovnadme nejjasnéjsi hvézdy v
tomto galaxie jsou pravdépodobné podobné nejjasnéjs§im hvézdam v jiné galaxii, a tak mohl



znovu pouzit inverzni ¢tvercovy zakon svétla ?? k ziskani vzdalenosti, ale ukdzalo se, Ze ty
hvézdy, které povazoval za hvézdy, byly ve skute¢nosti oblasti ionizovaného plynu, které
nazyvame H2 regs a oni se prosté Spatné, ?? takze to snizilo hodnotu moznéa na 75 a pak se
lidé zacali dohadovat o tom, jestli to bylo 50 nebo 100 a [vedly se desitky let debaty], zda je
konstanta Hub 50 nebo 100 a to znamenalo, kéz by se vedly také debaty nad mou HDV
...kézby... ze jsme neznal vék nebo velikost vesmiru 1épe nez faktor dva, takze pokud
Hubbleova konstanta byla 100, pak veék byl 10 miliard let, pokud to bylo 50, bylo to 20
miliard let a nevim o tom vy, ale pokud né¢kdo tekl, ze vite 100 nebo 50, je to trochu rozdil,
vypadate jinak, ano, takze to bylo velmi nepfijemné pro astronomy, a tak nas to zavede k
modernéjSimu piibeéhu opravdu.. Moderni méteni rychlosti rozpinani, ktera se to snazi
vylepsit, a zminil jste se, Ze jste se na tyto myslenky zacali skute¢né zamétovat, fekli jste, ze
vypusténi Hubbleova prostoru vedouciho k Hubbleovi HST mélo byt vypusténo v roce 1986,
a pak jsem zacal v roce asi v roce 1984 a pak doslo k nehod¢é Challengeru v H odlozené do
roku 199, to bylo 86, myslim, Ze ano, takze to néjak vyrazn¢ zménilo véci, takze jaky byl vas
pristup, fidili jste se tradici, kterou jsme nastinili, nebo to bylo velmi odlis§né. M¢l jsem velké
Stésti, ze jsem priSel v dobé, kdy tradi¢ni detektorové astronomové pouzivali tyto sklenéné
astronomické desky byly nahrazeny elektronickymi polovodicovymi zafizenimi pro nabijeni
paru zafizeni, kterd nyni mame v naSich kapesnich telefonech, ale byly k dispozici na
astronomickych

(05)- observatories and they had a huge advantage in that they were much more sensitive
than the photographic plates they were linear and what | mean by that is photographic plates
saturated when things were bright and then they were just wrong yeah and so you could
actually whatever photons were coming to us from these Stars linearly correlated with the
electronic signal that you measured from your detector and they were sensitive to Red
wavelength LS and that turned out to be very important because the photographic plates were
only sensitive at Blue wavelengths which just turns out to be unfortunately the place where
there are dust particles that are generated in the atmospheres of stars they are between us in
these seids and they scatter the blue light so it just turns out that the size of these dust grains is
comparable to the wavelength of blue light so it gets scattered and absorbed and you get the
wrong answer you're measuring the wrong it but the red wavelengths which are longer barely
see the dust and so you can make a much more accurate measurement and correct for the
presence of so that's what I did in the 1980s in anticipation of of Hubble and I guess this this
work in particular is a culmination of a lot of those studies of yours can you just yeah it looks
like hubbles in the general structure that's hubbles plot right it's velocity versus distance but
this was what came to be known as the Hubble key project so before Hubble was flown this
big debate which had been ra raging about the the size of the universe one of the and probably
the main motivation for building Hubble was to resolve that debate it was like a flagship
science project and in fact the size of the primary mirror from Hubble was set by the ability to
detect seate variables in a nearby cluster to us it's called the Virgo cluster and it was felt if you
couldn't go out as far as Virgo you would not solve this | see problem and so the head of the
Space Telescope Science Institute at the time Ricardo geone put together a committee and
said well what are the most important projects that Hubble can do Hubble were to fall in the
ocean what would we not solve and he was afraid that if he left it up to astronomers because
we'd been waiting decades for a space telescope that they would divide up the pieces into you
know small little pieces and big projects wouldn't get done | see so he set aside time for these



key projects and this was the number one key project so we set out to measure seate variables
in a couple of dozen galaxies same method as Hubble had used and take us through then what
we can learn from the actual graph can you bring that graph back up thank you so if we look
at this again we're we're plotting velocity as a function of distance the the galaxies that are
moving faster are also farther away yeah but in fact if you look at the first tick mark in the
upper graph so let's look at the upper part for the first bit Hubble's observations fit in the first
tick mark that's it that's all as far as he could go yeah so we're now able to go much farther out
in distance and we can use other methods the points in green are what we call type 1 a supern
noi and we can see them almost across the visible universe so we can measure this expansion
rate much farther out and that has advantages we can talk about but we were able to use these
charge couped devices on Hubble to get to correct for this dust this problem that Hubble had
and the answer that you're getting then roughly is 72 km per second per meapar so sort of a
refining of the numbers from before but now | want to turn to another approach so this is
making use of these particular kinds of stars whether sephius or 1 Supernova there's another
approach based on something else the microwave background radiation which is this heat left
over from The Big Bang | think many people are familiar with just in a quick nutshell how
does one use that to Determining Expansion rate using Microwave Background Radiation
measure the expansion rate yeah those observations are really spectacular so this is the glow
The Remnant radiation from The Big Bang Yeah and it's now possible to measure tiny little
differences in the temperature across the sky and | mean tiny they're like one 1,000th of a
percent tiny fluctuation temperature and also now you can measure polarization and you can
fit the spectrum of those fluctuations and so you measure temperature differences across the
sky and you fit a model which is now what we call our standard model which has dark matter
Dark Energy yep and four other parameters and then you can infer what the expansion rate
would be today extrapolating these early Universe measur a very predictive model to what

(05)- observatote a mély obrovskou vyhodu v tom, Ze byly mnohem citlivéjsi nez fotografické
desky byly linedrni a co tim myslim, fotografické desky nasycené, kdyZ byly véci jasné a pak
se prosté¢ mylily jo a tak jste mohli vlastn¢ jakékoli fotony, které k nam ptichazely z téchto
hvézd, linearné korelovaly s elektronickym signalem, ktery jste naméftili ze svého detektoru a
byly citlivé na Cervenou vlnovou délku LS a to se ukazalo jako velmi dilezité, protoze
fotografické desky byly citlivé pouze na modrych vinovych délkach, které pravé se bohuzel
ukézalo byt mistem, kde jsou prachové Castice, které vznikaji v atmosférach hvézd, které jsou
mezi nami v téchto seidech a rozptyluji modré svétlo, takZe se prosté ukazuje, Ze velikost
téchto prachovych zrn je srovnatelna s vinovou délkou modrého svétla, takZe se rozptyli a
pohlti a dostanete Spatnou odpoveéd’, méfite to Spatné, ale Cervené vinové délky, které jsou
delsi, sotva vidi prach, takze mtiZzete provést mnohem piesnéjsi méteni a opravit pfitomnost
tzv. to je to, co jsem délal v 80. letech 20. stoleti v o¢ekavani Hubblea a myslim, Ze tato prace
konkrétné je vyvrcholenim mnoha vasich studii, mizete, ano, vypada to jako hubbleové v
obecné struktuie, coZ je hubbletv graf spravné, je to rychlost versus vzdalenost, ale to bylo
to, co veslo ve znamost jako klicovy projekt Hubblea, takze piedtim, nez byl Hubble letét,
tato velka debata, kterd zufila o velikosti vesmiru, jednou z a pravdépodobné hlavni motivaci
pro stavbu Hubblea bylo vyftesit tuto debatu bylo to jako vlajkové lod” védeckého projektu a
ve skutec¢nosti byla velikost primarniho zrcadla z HST stanovena schopnosti detekovat
proménné sedadel v nedaleké kupé, kterd se nam tikd kupa Virgo a bylo citit, ze nemiizete jit
ven jako pokud jde o Pannu, ty bys to nevyfiesil, vidim problém, uz prestavam rozumét ,,0
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cem tu je fec* a tak tehdejsi §¢f Space Telescope Science Institute, Ricardo geone, sestavil
oceanu co bychom nevyfesili a bal se, ze kdyby to nechal na astronomech, protoze jsme cekali
desitky let na vesmirny dalekohled, ze by rozdé¢lili kousky na malé kousky a velké projekty by
se neuskutecnily. I tak si vyhradil ¢as na tyto klicové projekty a toto byl klicovy projekt ¢islo
jedna, takze jsme se rozhodli méfit proménlivé polohy v n¢kolika desitkach galaxii stejnou
metodou, jakou pouzil Hubble, a provedli nas tim, co se miizeme naucit ze skute¢ného graf,
muzete ten graf vratit zpét, dékuji, takze kdyz se na to podivame znovu, vykreslujeme
rychlost jako funkci vzdalenosti, galaxie, které se pohybuji rychleji, jsou také dale, ano, ale ve
skutecnosti, kdyz se podivate na prvni znacka v hornim grafu, takze se podivejme na horni
¢ast pro prvni bit. Hubbleova pozorovani zapadaji do prvni znacky, to je vSe, kam az mohl
zajit, ano, takZe jsme nyni schopni jit mnohem dal na vzdalenost a mizeme pouzit jiné
metody, zelené body jsou tim, co nazyvame typ 1 supern noi a miizeme je vidét téméf ve
viditelném vesmiru, takZze mizeme meéfit tuto rychlost expanze mnohem déle a to ma vyhody,
o kterych mizeme mluvit, ale byli jsme byt schopen pouzit tato zatfizeni s nabojovym
couvanim na HST k népravé tohoto problému, ktery mél HST, a odpovéd’, kterou dostavate,
se obratit na jiny pfistup, takZe toto je vyuZiti téchto konkrétnich druht hvézd, at’ uz sephius
nebo 1 Supernova, existuje dalsi ptistup zalozeny na né¢em jiném, mikrovinném zateni
pozadi, coz je teplo, které zbylo z Velkého tfesku, myslim, Zze mnoho lidi zna. Jen ve zkratce,
jak se to da pouzit k ur€eni rychlosti expanze pomoci mikrovlnného zafeni na pozadi zmétit
rychlost expanze ano, tato pozorovani jsou opravdu velkolepd, takze toto je zate, zbytkové
zateni z Velkého tfesku. Jo a je nyni moZné méfit nepatrné rozdily v teploté na obloze, a
myslim tim nepatrné, jsou jako jedna 1000 procenta nepatrnych fluktuacnich teplot a také
nyni miiZzete méfit polarizaci a mizete ptizpusobit spektrum téchto fluktuaci a tak méfit
teplotni rozdily na obloze a ptizptisobite model, kterému nyni fikame nas standardni model,
ktery ma temnou hmotu, temnou energii, ano a ¢tyfi dalsi parametry, a pak muzete odvodit,
jaka by byla dnes rychlost expanze extrapolaci téchto ranych vesmirnych méfeni velmi
prediktivniho modelu na to, co

(06)- would happen and it's not extrapolating out into Infinity it's model predicts this with
really high precision and it's a an Exquisite fit to this spectrum you look at it by eye and you
think oh my goodness this is really spectacular and they get a value of 67.4 with a Precision of
better than 1% right so smaller than the [f2 or 73 that we get from right so we get this
mismatch between those early Universe based measurements and the somewhat later
measurements and has this been concerning you is this the kind you know in some sense
you're measuring the expansion rate of space and it only differs by you know you know 5
10% that's pretty good right but not good enough no now I think it isn't good enough but it's
also important to recognize it's pretty amazing we're using very different techniques right here
are stars that are pulsating and stars that are exploding we're measuring them locally then we
compare to you know early on in the universe and they agree that well so we never took a
moment to say wow we're understanding something here that's pretty good agreement right
but as you were saying in the introduction this measurement offers an opportunity to really
test our current models of cosmology and if you can measure this accurately then you really
learn about the evolution of the universe so last 10 minutes obviously what I'd like to explore
is can we Can We Resolve Hubble Tension? resolve this tension sort of what your thinking is



and I know you like to emphasize a difference that doesn't always get sufficient emphasis
which is precision versus accuracy so we have this little graphic which | think you gave us at
some level can you just tell us what we should learn from what we're seeing here yeah if if
you look at the Target here you can hit the target and be very precise but you're going to miss
the bullseye yeah and and so by Precision we mean we can make a measurement over and
over and over and over right if | want to measure the size of the laptop or the tablet you're
holding I can take a ruler and | can measure it maybe it's a little small once it's a little big but
if | average over very many measurements I'll get very close to the right answer but if there's
something that is systematic in the sense of for example the dust that | was just talking about
will always make your Galaxy look farther away yeah make the Stars fainter and no matter
how many times you make the measurement you're still going to have that problem bubble
had that problem so it we've been told and people have referred to this current epic is the Epic
of precision cosmology and what 1 like to say is | hope we're in an epic of accurate cosmology
because they're very different and we need to we need to improve both now a key thing then
is to not be influenced by the dust or at least not to have it bias your measurements in a way
that will take you off the bullseye to the wrong spot and that is where a new machine that
everyone is familiar with who follows these developments at all the James Webb Space
Telescope so you know this little graphic here is showing the different wavelengths that the
famous observational tools are sensitive to and so tell us why James Webb was chosen to be
sensitive to the particular part of the electromagnetic spectrum that we've highlighted here
yeah so Hubble which we've been using up until now of course is sensitive to Optical
wavelengths which our eyes are sensitive to and a little bit sensitive to the infrared but James
web is optimized now for the infrared so again this example of dust it's a perfect tool to get us
you know much more accurate observation that are not sensitive to the dust and their other
effects like chemical composition but it's resolution it's it's a larger mirror and the resolution
goes inversely as the size of the Mir the bigger the telescope the better resolution you have so
these beautiful comparisons between Hubble and James web really | think get to the heart of
of what this machine can offer so this is like a stellar Nursery where new stars are being born
and the left image is the optical and the right is the infrared and you can see many more stars
even though there's a lot of dust there and if we go to seids so | gather this is a Hubble image
this is a Hubble image of a seph do you see it yeah and then if we take a look at what James
web does a lot better A lot better right and so as you have begun to make use of this more
pristine James Webb Space Telescope's Impact on Expansion Rate data how has the value of
the Hubble parameter begun to change or not yeah we're we're using three different
techniques we applied to the James web telescope to not just use seids because each method
will have its own kind of systematics but we use Stars called red giants and there are other
stars carbon Stars so they're independent measures to the same galaxies right and what we're
finding with this higher resolution data is that the Hubble constant is coming down and and

(06)- stalo by se to a neni to extrapolovano do nekonec¢na, jeho model to piedpovida s
opravdu vysokou piesnosti a je to vynikajici zapadnuti do tohoto spektra, podivate se na to
o¢ima a pomyslite si, paneboze, to je opravdu velkolepé a dostanou hodnota 67,4 s piesnosti
lepsi nez 1 % vpravo, tak mensi nez 72 nebo 73, které dostdvame zprava, takze dostavame
tento nesoulad mezi témi ranymi méfenimi zaloZenymi na vesmiru a pon€kud pozdéj$imi
mefenimi a tykalo se to vas, je to tento druh vite v ur¢itém smyslu, ze mefite miru rozpinani
prostoru a lis$i se pouze tim, ze vite, vite 5 10 % to je docela dobré, ale ne dost dobré ne ted’ si



myslim, Ze to neni dost dobr¢, ale je také dulezité rozpoznat. Je Gizasné, ze pouzivame velmi
odlisné techniky. Prave zde jsou hvézdy, které pulsuji a hvézdy, které exploduji, métime je
lokaln¢, pak je porovnadvame s tim, co znate na pocatku vesmiru, a oni souhlasi, ze dobfe,
takze jsme nikdy nebrali ani chvilku fici wow, rozumime zde néemu, co je docela dobra
shoda, ale jak jste fekl v ivodu, toto méfeni nabizi ptilezitost skutecné otestovat naSe
soucasné modely kosmologie, pro¢ tam v tom seznamu modelt nemate model HDV ??? Pro¢
neovétujete ,,Hubbletv zakon®, tu jeho linearitu, ktery jsem poopravil s odtivodnénim, Ze jeho
linearita je akceptovatelna jen do urcité vzdalenosti od nas smérem k pocatku (velkému
tresku). Pak nastane (cca 500 tisic let od tfeku) ocividné kiiveni dimenzi. J& to ukézal zde
http://www.hypothesis-of-universe.com/docs/c/c_239.jpg ; http://www.hypothesis-of-
universe.com/docs/c/c_232.jpg ; coz vede k pootaceni soustav a vede ke zkrsleni vzdalenosti
V ranném vesmiru, potazmo ke zkresleni staii vesmiru... a pokud to dokazete zméfit presné,
skute¢né se dozvite o vyvoji vesmiru, takze poslednich 10 minut bych samoziejmé rad
prozkoumal, mizeme vyftesit Hubbleovo napéti? Vyfeste toto napéti tak, jak je vase mysleni,
a vim, Ze radi zdaraziujete rozdil, kterému se ne vzdy dostava dostate¢ného dirazu, coz je
pfesnost versus piesnost, takZze mame tuto malou grafiku, kterou jste ndm, myslim, dali na
urc¢ité urovni, mizete to fict co bychom se méli naucit z toho, co zde vidime, ano, pokud se
podivate na cil zde, mlzete zasdhnout cil a byt velmi pfesni, ale minete ter¢, ano, a tak
presnosti myslime, ze dokdzeme méfeni znovu a znovu a znovu a znovu spravné, pokud chci
zm¢éftit velikost notebooku nebo tabletu, ktery drzite, mohu si vzit pravitko a mohu to zméfit,
mozna je to trochu malé, jakmile je to trochu velké, ale kdyz priimér z velmi mnoha méteni,
dostanu se velmi blizko ke spravné odpovédi, ale pokud existuje néco, co je systematické ve
smyslu naptiklad prachu, o kterém jsem praveé mluvil, vzdy to zpisobi, ze se vase Galaxie
bude divat dal, ano, hvézdy budou slabsi a bez ohledu na to, kolikrat provedete méteni, stale
budete mit ten problém, bublina m¢la ten problém, takze nam bylo feceno a lidé se odvolavali
na tento aktualni epos je Epos piesné kosmologie a to, co rad fikdm, je Doufam, Ze jsme v
eposu piesné kosmologie, protoze jsou velmi odlisné a my potiebujeme, abychom oba
zlepsili. Klicovou véci pak je nenechat se ovlivnit prachem nebo alespoil nenechat ho
zkreslovat vase méfeni v zplsob, ktery vas odvede z terCe na $patné misto, a to je misto, kde
se objevil novy stroj, ktery kazdy zna a sleduje tento vyvoj na celém vesmirném dalekohledu
Jamese Webba, takze vite, ze tato mala grafika ukazuje rizné vinové délky, které slavné
pozorovaci néstroje jsou citlivé na, a tak nam feknéte, pro¢ byl James Webb vybran, aby byl
citlivy na konkrétni ¢ast elektromagnetického spektra, kterou jsme zde zdlraznili, ano, takze
Hubble, ktery jsme az dosud pouZivali, je samoziejmé citlivy na optické vinové délky, na
které jsou naSe o¢i citlivé a trochu citlivé na infradervené zafeni, ale James Web je nyni
optimalizovan pro infracervené zafeni, takZe opét tento piiklad prachu je dokonalym
nastrojem, ktery ndm umozni mnohem piesnéjsi pozorovani, které nejsou citlivé na prach a
jejich dalsi ucinky, jako je chemické slozeni, ale je to rozliSeni, je to vétsi zrcadlo a rozliSeni
jde neptimo umérné velikosti. Miru, ¢im vétsi dalekohled, tim lepsi rozliSeni mate, takze si
myslim, ze tato krasnd srovnani mezi Hubbleovym a Jamesovym webem se skute¢né
dostanou k srdce toho, co tento stroj miize nabidnout, takze je to jako hvézdna skolka, kde se
rodi nové hvézdy a levy snimek je opticky a pravy je infracerveny a miZete vidét mnohem
vice hvézd, i kdyz je tam hodné prachu a pokud ptijdeme na cefeidy, tak jsem pochopil, ze
tohle je obrazek z Hubblea, toto je obrézek seph z Hubblea, vidite to, ano, a pak, kdyz se
podivame na to, co James Web déla mnohem 1épe, mnohem Iépe, spravné a tak, jak mate
zacali vyuzivat tato nedotcenéjsi data o dopadu na rychlost rozpinani vesmirné¢ho dalekohledu
Jamese Webba jak se hodnota parametru Hubblea zac¢ala ménit nebo ne ano, pouzivame tii
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ruzné techniky, které jsme aplikovali na webovy teleskop James staci pouzit seidy, protoze
kazda metoda bude mit svij vlastni druh systematiky, ale my pouzivame hvézdy zvané rudi
obfi a existuji dalsi hvézdy uhlikové hvézdy, takze jsou to nezavisla méfeni ke stejnym
galaxiim a to, co zjistujeme pomoci té€chto tidaju s vy$sim rozliSenim je ze Hubbleova
konstanta klesa a a

(07)- the different methods are agreeing remarkably well so this this plot here | guess begins
to show that so just tell us what we're seeing here so we're seeing on the left the curve which
is labeled plunk that's the European satellite that made measurements of these fluctuations in
the temperature of the background radi that's the early Universe type measure early universe
that gives about 67 Y and with a very high Precision so it has a very tall Peak compared to the
others on the right is the measurements from the Hubble space t scope the blue curve there
that's giving a value of 3 or so and then in the middle is what's coming now from James web
from the three methods that | just mentioned and it's in pretty good agreement with the plank
measurements. |.E the standard model of cosmology it still overlaps with the sepian
measurements yep so | wouldn't say we're done yet but I think we're we may be at a turning
point where we're seeing that things you don't need to change the standard model it's not a
Sigma or one in a million CH chance that this would be wrong there's this beautiful graphic
that again you're deeply familiar with that kind of summarizes in some sense the whole
subject you know over the past | don't know since the year 2000 and so it's a wonderful in
progress success story as these measurements are again converging to a value that the theory
understands well and the different observations are converging upon so is The Future of
Cosmology the message that standard cosmology is currently alive and well and we just have
to keep pressing on to make these measurements ever better | | think that we have a model
that is pretty spectacular in many ways there's this dark matter we don't yet know what it is
there's dark energy that we fundamentally don't understand yet so | think we're all hoping that
there will be something that will either break it or give us some insight into what is this model
what is it but I am not so certain that it's the Hubble tension that's going to lead us in that
direction is what I so is there part of you that's disappointed yeah I think it'd be fun to find you
know evidence for Something Completely new and different yeah but I think the history of
the subject again shows how difficult this is and we don't rule it out but I think the evidence
you extraordinary claims require extraordinary evidence and we're not there and and so we
certainly don't require it well it's a it's a wonderful episode you know going back to the
pioneers of the subject at the turn of the 20th century and who knows maybe you'll still turn
up that crazy anomaly that requires us to rethink things but so far it's all going swimmingly
well so thank you so much for this conversation thanks a lot

(07)- rizné metody se pozoruhodné dobie shoduji, takze tento graf zde, myslim, zacina
ukazovat, takze nam feknéte, co zde vidime, takze vlevo vidime ktivku, kterd je oznacena
planc, coz je evropsky satelit kterd provedla méteni téchto fluktuaci teploty radialniho pozadi,
coz je méfeni typu raného vesmiru rany vesmir, ktery dava asi 84 Y a s velmi vysokou
ptesnosti, takZe ma velmi vysoky vrchol ve srovnani s ostatnimi napravo je méteni z
Hubbleuv prostor t scope tam modra kiivka, ktera dava hodnotu #3 nebo tak, a pak uprostied
je to, co nyni ptichazi z Jamesova webu ze tfi metod, které¢ jsem praveé zminil, a je to v docela
dobré shod¢ s métenimi prken, tj. se standardem model kosmologie se stale piekryva se



sépiovymi méfenimi ano, takze bych nefekl, ze jsme jesté hotovi, ale myslim, ze jsme, mozna
jsme v bod¢ obratu, kdy vidime, Ze véci, které nepotiebujete ménit standardni model, neni to
Sigma nebo jedna z milionu CH, Sance, ze by to bylo Spatné, je tu tato krasna grafika, se
kterou jste opét hluboce obezndmeni, v ur¢itém smyslu shrnuje celé téma, které znate z
minulosti, nevim od roku 2000 a tak je to uzasny ptibeh uspéchu, protoze tato méteni se opét
priblizuji k hodnoté, které teorie dobie rozumi a rtizné pozorovani se sblizuji, stejné jako The
Future of Cosmology poselstvi, Ze standardni kosmologie je v souc¢asné dob¢ ziva a dobte se
ji dafi. A my prosté musime pokracovat, aby tato méfeni byla jesté lepsi. Myslim, Ze méme
model, ktery je v mnoha ohledech docela velkolepy, je tu temna hmota, o které jesté nevime,
co to je, temna energie, kterou zdsadn¢ nezndme zatim rozumim, takze si myslim, ze vSichni
doufame, Ze se objevi néco, co to bud’ zlomi, nebo ndm da néjaky piehled o tom, co je to za
model, co to je, ale nejsem si tak jisty, Ze je to Hubbleovo napéti, které nas dovede tento smer
je to, co ja, tak je tu ¢ast vas, kterd je zklamana ano, myslim, ze by bylo zabavné najit, ze
znate dikazy pro néco uplné nového a odlisného, ano, ale myslim, ze historie tohoto tématu
znovu ukazuje, jak je to t¢zké, a my nevime. Nevylucuji to, ale myslim si, Ze dikazy, které
tvrdite, vyZaduji mimotadné dikazy a my tam nejsme, a tak je rozhodné nevyzadujeme dobfe,
je to uzasna epizoda, vite, kdyz se vracite k prikopnikiim tohoto tématu, pfelom 20. stoleti a
kdo vi, mozn4 jesté objevite tu Silenou anomalii, kterd vyzaduje, abychom si véci znovu
promysleli, ale zatim to vSechno jde dobie, takZze vdm mnohokrat dékuji za tento rozhovor,
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