Prvni hvézdy ve vesmiru

Miroslav Broz, Astronomicky ustav MFF UK a Hvézdarna a planetarium v Hradci Kralové

hypotetické *

prvnive vesmiru (Pop IlI)

s nulovym obsahem prvkl > Li (,,kovu“, Z=0)

— horsi ochlazovani - s nessies

— velmi hmotné, M =60 az 300 Me

— vsechny zanikly jako supernovy (SN, resp. PI, PPI)
nebyly (pfimo) pozorovany

pfednaska ,,0 nicem®...



The End
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Poplll.1: Z=0, izolované *; Poplll.2: Z = 0, pouze urcité ovlivnéni plynu * Poplll.1, zpozdéni; Popll "hyper" chudé na kovy (HMP): Z=10% az 10, dalSi zpozdéni;
Popll "ultra" (UMP): Z =10 az 10°; Popll extrémné (EMP): Z=103az 10*



Pozorovani Lyman-0Ql - ew

* Sobral etal. (2015): galaxie silné emitujici Ly-

e Subaru/Suprimecam, VLT/X-shooter, Keck/Deimos
* jonizujici fotony < ,nesiri se...”

* rudy posuv z=6 az 7 odpovida obdobi reionizace

e pro zdroj ,CR7“ (Cosmos Redshift 7): z= 6,604
z=(A-A)/A, tzn. A'= (1 +2) A =924 nm (NIR); P=10% W =2,6 10" Lo; D =16 kpc

V4 NB921 YJHK 3.6 pm

RN N

Figure 2. Thumbnalls of both luminous Ly« emitters in the optical to MIR from left to right. Each thumbnail is 8 x 8", corresponding to ~44 x 44 kpc at 7 ~ 6.6. Note
that while for MASOSA the Ly« emission line is detected by the NB921 filter at full transmission, for CR7 the Ly« is only detected at ~50% transmission. Therefore,
the NB921 only captures ~50% of the Lya flux: the observed flux coming from the source is ~2x larger.




Normalised Flux

Spektralni ¢ary

o Sirka ¢ary Ly-a, resp. disperze Av=AA/A ¢=(266 + 15) km s
* téz Hell (A =164 nm), Av= (130 + 30) km s* < ,smoking gun®
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Pozorovani Lyman-Q (cont.)

* 4 mozné zdroje emise:
aktivni galaktické jadro (AGN);
Wolfovy-Rayetovy * (WR);
cerna dira (BH), resp. akrecni disk;
* Poplll;
e ALE vSechny byly vylouceny:
Av = 1000 km s, zadné X, radio, zadné metalické Cary;
Av = 3000 km s, zadné profily P Cygni;
Siroké cary, nizsi emise (102 krat);
tok ve FIR (> 3 um) prilis maly (10 krat)



Spektrum (SED)

* kombinace: Poplll (vétSina UV = NIR) + nebularni kontinuum
+ metalické * (Z=0,2 Zo) + IGM + extinkce (4. prach)
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Figure 5. Left: the SED of “CR7,” from observed optical (rest-frame FUV) to observed MIR (rest-frame optical) and the best fit with a normal stellar population (not
including Poplll stars). Red crosses indicate the flux predicted for each broadband filter for the best fit. The fit fails to reproduce the strong Ly« emission line and also
the excess in J band, due to He 11 emission. Moreover, and even though the fit is unable to reproduce all the information available for the source, it requires an age of
700 Myr (the age of the Universe is 800 Myr at z = 6.6). In this case, the galaxy would have an SFR of ~25 M, yr~' and a stellar mass of ~10'%* M. This, of course,
is not able to explain the strong Lya and the strong He 1 emission line. Right: same observed SED of CR7 as in the left panel plus HST photometry for clumps B+C
(magenta triangles). The black line shows a fit with a pure PoplII SED to the rest-frame UV part; the magenta line the SED of an old simple stellar population with 1/5
solar metallicity which matches the flux from clumps B+C; the green line shows the predicted SED summing the two populations after rescaling the PopIII SED by a
factor of 0.8. The composite SED reproduces well the observed photometry. Although there is tension between the strength of the He u line and nebular continuum
emission (cf. text), a PopIll contribution is required to explain the He 1 A1640 line and the corresponding excess in the J band. Although He 1 is very strong, we find
no evidence for any other emission lines that would be characteristic of an AGN. Furthermore, the clear IRAC detections and colors, and particularly when taken as a
whole, can be fully explained by a Poplll population, while a normal stellar population or an AGN is simply not able to.

HST/WFC3 rozlisil 3 zdroje,
pricemz A emituje Ly-a

Figure 7. False color composite of CR7 by using NB921/Suprime-cam
imaging (Lyc) and two HST/WFCS3 filters: F110W (YJ) and F160W (H). This
shows that while component A is the one that dominates the Lya emission and
the rest-frame UV light, the (likely) scattered Ly emission seems to extend all
the way to B and part of C, likely indicating a significant amount of gas in the
system. Note that the reddest (in rest-frame UV} clump is C, with B having a
more intermediate color and with A being very blue in the rest-frame UV.

Sobral etal. (2015)



Vznik prvnich *

numerické reseni HD rovnic (Abel etal. 2002)

1. problém: gravitacni kolaps nestabilni reaktivni latky
2. problém: prevazuje chladna temna hmota (CDM)

— potencialové jamy

3. problém: rozliseni, dynamicky rozsah >10% (!)

< adaptivni zjemnovani sité (AMR)

4, problém: razové viny < Riemannuv resitel (Godunov 1959)



|C, BC, diskretizace

* pocatecni podminky (z=100): fluktuace nezavisejici na
Skale « tj. extrémneé jednoduché prostorové spektrum!

* okrajové podminky: krychle, souhybny rozmeér 128 kpc,
periodické; 1 pc=1au/tan1"=3,26 ly

[comoving - (l + Z) Iproper, Iproper — [comoving/ (l + Z)

* diskretizace: puvodné 5123 =108 bunék, zjemnovani
pri 0 >5 po nebo je-li <64 bunék na Jeansovu délku R,



Fyzikalni procesy

reakce H, H*, H", €7, He, He", He**, H,, H,"

H+e =>H +vy

H"+H—->H,+e

H+H+H—-H,+H,tj. dulezita tricasticova!

prenos zareni, jen opticky tenky (protoze tlusty je obtizny)
atomarni a molekularni Cary (zadny prach neexistuje)
Comptonuv rozptyl

zareni kosmického pozadi (energetictéjsi, ne jako dnesni CMB)

cely kolaps zavisi na chlazeni (!)



Vznik prvnich * (cont.)

* malé fluktuace hustoty CDM
— hierarchické shlukovani ! elektronové nemozné!
— ochlazovani plynu rotacnimi a vibracnimi prechody H,
soustredeni v potencialové jamé CDM
pre-galakticky objekt (velky molekularni oblak, GMC)
self-gravitujici fragment 100 Mo
protostelarni jadro 1 Mg

pokracujici akrece (pres disk)

A R

ohrev * = ohrev GMC = pouze 1 * na 1 objekt!



z=100
Abel etal. (2009)

gas density: 6 kpc

gas temperature: 6 kpc

600 pec

600 pe

0.06 pc




Vznik prvnich * (cont.)

* souvislost vymezené hmotnosti M. a doby akrece ¢,

time [years]
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Fig. 5. Accretion time as func-
tion of enclosed gas mass. The
line with symbols gives M(r)/
[4mp(r)r2|v.(N]], where v_is the
radial velocity of the gas. The
solid line simply shows how long
it would take the mass to move
to r = O if it were to keep its
current radial velocity [r/v (M)].




Chemotermalni nestabilita

pregalakticky objekt = minihalo 10° Mo, z=30 az 20 (108 yr)
oblak 4000 Mo, T =jen 200 K, chlazeny H,, staci podil 0,1 %
fragment oblaku 100 Mo

protostelarni jadro 1 My « diky tricasticové reakci

chemotermalni nestabilita: vice H, = vice chlazeni = kolaps
nastala by dalsi fragmentace, ALE:

(i) zvukoveé viny rychle vyrovnavaiji rozdily hustoty;

(ii) husté, opticky tlusté prostredi zabrani ochlazovani;

(iii) celé jadro se nakonec stane molekularni, neni kde brat.



Supersonicka turbulence

Kam se ,,ztratil“ moment hybnosti L? Nikam!
kdyby se oblak otacel, viep = (GM/r)Y2, nekolaboval by
oblak ma L na pocatku jen 102 primérného L

transport L pomoci supersonické turbulence, Cili viru,
Cili VP, resp. razovymi vinami

vir = latka ma malé nebo velké L = malé L pada dovnitr

plati pro kolaps regulovany ochlazovanim (Tcol < Tiree)

Bonor-Ebertova hmotnost pro kolaps pri externim tlaku:
Mge = 1,18 Mo Cs* G3/7 Py /2
¢ = yksT/(umy)



Bromm etal. (2009)
RT nestabilita

Machovo Cislo

Size: 40 kpc (comoving)
=y plana
z = 10.62
Ly = 4294 Myr

Fig. 5.— Turbulence inside the first galaxies™. Shown is the Mach number in a slice through
the central 40 kpc (comoving) of the galaxy. The dashed line denotes the virial radius of
~ 1 kpc. The Mach number approaches unity at the virial shock, where the accreted gas
is heated to the virial temperature. Inflows of cold gas along filaments are supersonic by a

factor of ~ 10, resulting in strong turbulent flows in the galactic center.



Vznik prvnich * (cont.)

tj. odlisné od klasické tvorby *: existuje prach, ochlazovani
,Prilis“ ucinné, prakticky volny pad (Tcoot > Tree)

poznamka: pozor na numerickou viskozitu!

poznamka: pozor na magpole, pri kolapsu zesiluji, B ~ p?3

zde neexistuji jiné *, ani energetické kosmické paprsky,
lonizace je nizka, snadnéji pak funguje ambipolarni difuze
(drift neutralnich atomu vs ionty)



Hmotnost prvnich *

* 60 az 300 Mo, ale nejisté, horni mez:
(i) fotodisociace H, = omezeni chlazeni;

(ii) zareni Ly-a pri T = 10* K, sice chlazeni H, ale tlak zareni Py.q,
namisto akrece dekrece v polarnich oblastech;

(iii) fotoionizace, HIl v celém oblaku brani ochlazovani,
fragmentaci, pouze 1 * v 1 pregalaktickém objektu;

(iv) fotoevaporace akrecniho disku;

(v) fotodisintegracni nestabilita: pohlceniy = zmenseni VP .4
— urychleni kolapsu = BH

* nasledna supernova (SN) odvrhne vsechen plyn...



Vznik prvnich * (cont.)

* dulezité zapocteni zpétné vazby na okolni b. plyn...

(A) cosmological halo

300 parsec

(D) new—born protostar

25 solar—radii

(B) star—forming cloud

S parsec

(C) fully molecular part
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Fig. 2.— Feedback limited accretion®. The accretion rate vs. protostellar mass is shown in
the cases of “no feedback” and “with feedback”. Even as an H II region is built up, accretion
continues through an accretion disk, which is eventually destroyed via photoevaporation.
Also shown is the corresponding rate. The intersection of the two curves determines the

final Pop III mass.






Dvé populace IlI?

* Poplll.1 tvoriionizujici zareni, Lyman-Werner (LW)
zpétna vazba na okoli, nejisté, zda pozitivni nebo negativni
zpozdeni tvorby * Poplll.2 asi 10°% yr

vznik 1. * pred 1. galaxiemi — zasadni vliv na jejich IC!

Bromm etal. (2009): frakcionace deuteria D, molekula HD,
tzn. dalsi rotacni a vibracni stavy, ucinnejsi chlazeni
poznamka: je-li DM neutralino, ma velky ucinny prurez pro
anihilaci, materializace paru jinych castic



Reionizace vesmiru

e predp. reionizaci celého vesmiru UV fotony * Poplll
— 0,01% az 1 % baryonické hmoty muselo byt ve * Poplll
— kazda * 10° Mo
— (dnesni) typicka galaxie 10 Mg
— 10*az 10" * na 1 galaxii, nicméné g. neexistovaly



Polarizace CMB

rekombinace z ~ 1100 (Peebles 1968), reionizace z ~ 6 (Gunn & Peterson 1965)

* volné e podél zorného paprsku, Thomsonuv rozptyl,
polarizace CMB, resp. prostorové spektrum C*, C*" pro [ < 10

 Adam etal. (2016): opt. tlouska T=0,058 +0,012; z.i=6 az 9,

kineticky Sunyaev-Zeldovicuv jev (kSZ), pouze Axsz< 2,6 pK?;

systematiky od prachového popredi, prisaku I-Q-U

10‘; ....................................................................................................
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Fig. 17. Reionization history for the redshift-symmetric parameter-
ization compared with other observational constraints coming from
quasars, Ly-«a emitters, and the Ly-a forest (compiled by Bouwens et al.
2015). The red points are measurements of ionized fraction, while black
arrows mark upper and lower limits. The dark and light blue shaded ar-
eas show the 68% and 959% allowed intervals. respectivelv.




Rovnice pro normalini *

rce kontinuity
hydrostaticka rovnovaha
tepelna rovnovaha
prenos zarivou difuzi
prenos konvekci

TN reakce

konvektivni promichavani

stavova rce

viz Harmanec & Broz (2011)
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0,02 ¢ Vliv metalicity Z

MesaStar (Paxton etal. 2011, 2013, 2015)
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Rovnice pro SN

GRNRHD

= General-Relativity Neutrino Radiation HydroDynamics



Rovnice pro SN

e Muller etal. (2010), relativistické HD rce:
V,J¢=0
V T =0
JH=pu*
T™=phutu’+pPg*+
h=1+¢+P/p

V, ... kovariantni derivace

J¥ ... proud baryonické hmoty
T ... tenzor energie a hybnosti
u* ... ctyrrychlost

o ... hustota

P...tlak

€ ... mérna vnitrni energie



Rovnice pro SN (cont.)

formulace Arnowitt—-Deser—Misner (ADM), tvar metriky:
ds? = gtV dx¥ dxV=-a*dt* + 7 (dx'+ B’ dt)(dx’ + B/ dt)

Einsteinovy rce pole (EFE)
konformné plochy prostorocas (CFC)
variabilni Eddingtonuiv faktor pro prenos neutriny v

aproximace "ray-by-ray-plus" (dtto)
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Rovnice pro SN (cont.)

» stale chybi: srazkové integraly, stavova rce, opacity neutrin,
oscilace neutrin, ...

1.0

0.0 |

200 100 0 100 200 Vertex-Coconut
v [10°cm/s] x [km] s [k,/nucleon] Muller etal. (2012)



Exploze SN

* Muller etal. (2012): neutrinova bomba + HD nestability:
(i) konvektivni (horké bubliny);
(ii) stojata akrecni-razova nestabilita (SASI; Blondin etal. 2003):

(trochu Sikma) razova vlna generuje turbulenci

— turbulence nesena proudem plynu podzvukovou v dovnitr
— zesilovani amplitudy konvergenci

— generovani zvukovych vin Sirici se rychlosti ¢, ven

— perturbace razové viny (Sikméjsi, asymetricka, [=1, 2)

— tato vytvari vice turbulence...



Exploze SN (cont.)

* téz alternativni mechanismy:

(i) akustické viny buzené dipolarnimi oscilacemi proto-NS
(Burrows etal. 2006);

(i) magnetorotacni nestabilita (MRI; Burrows etal. 2007);
(iii) fazové prechody kvarkové latky (Sagert etal. 2009).

e dulezitost GR: (GM/c?)/R=0,1az0,2;v/c=-0,15az-0,3;
odchylky 50 az 100 %



Miller etal. (2012)
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Figure 8. Snapshots of the evolution of model G15, depicting the radial velocity v, (left half of panels) and the entropy per baryon s (right half of panels) 135 ms,
207 ms, 332 ms, 534 ms, 644 ms, and 775 ms after bounce (from top left to bottom right).



Hanke etal. (2013)




Pirové nestabilni SN

* Woosley (2017): HD + promichavani rotaci + magnetické
momenty sil; relativné jednoduchy vypocet (He *, kod Kepler, 1D)

* produkce paru ee* (E,=0,51 MeV)
— spotrebovavaji se fotony y
— klesa VP,.q, stavova rce ,,mekci“ (I =4/3)
— kontrakce jadra
— TN pulz (horeni O, Si, N)
— expanze, vyhoz — prip. opak.



Parové nestabilni SN (cont.)

Mye > 40 Mo, tj. zejména pro Z<1/3 Zo, * se slabym vétrem
Mye < 62 Mo, pulzacni (PPI), jinak jen jeden (Pl) = exploze *
odpovidajici rozsah na MS je M =70 az 140 M (nejistota)
progenitor RSG, BSG, LBV nebo WR *

podil PPl a vsech SN vznikajicich kolapsem jadra (M > 8 M)
pro IMF s g =-1,35: fop = (709 1409) /(87 — 1509) = jen 3,3 %

poznamka: n Carinae mohla byt PPI, ale pouze pokud méla slaby vitr



Typy SN (Pl vs PP

Heger etal. (2003)
PPl: 100 az 140 Mg
PP: 140 az 160 Mg
jenZ<1/3 Zs
vyhoz **Ni (dosvit)

pro nerotujici
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Fic. 2.—Supernovae types of nonrotating massive single stars as a function of initial metallicity and initial mass. The lines have the same meaning as in
Fig. 1. Green horizontal hatching indicates the domain where Type Ilp supernovae occur. At the high-mass end of the regime they may be weak and
observationally faint because of fallback of °Ni. These weak SN Type IIp should preferentially occur at low metallicity. At the upper right-hand edge of the
SN Type II regime, close to the green line of loss of the hydrogen envelope, Type IIL /b supernovae that have a hydrogen envelope of <2 M, are made (purple
cross-hatching). In the upper right-hand quarter of the figure, above both the lines of hydrogen envelope loss and direct black hole formation, Type Ib/c
supernovae occur; in the lower part of their regime (middle of the right half of the figure) they may be weak and observationally faint because of fallback of
6N, similar to the weak Type IIp SNe. In the direct black hole regime no * normal ” (non—jet-powered) supernovae occur since no SN shock is launched. An
exception are pulsational pair-instability supernovae (lower right-hand corner; brown diagonal hatching) that launch their ejection before the core collapses.
Below and to the right of this we find the (nonpulsational) pair-instability supernovae (red cross-hatching), making no remnant, and finally another domain
where black hole are formed promptly at the lowest metallicitics and highest masses (whize) where nor SNe are made. White dwarls also do not make

supernovae (white strip at the very left).



POZOrOVéni SN PI ale ne Poplll :(

Cooke etal. (2012): nadsvitivé SN naz>2 :;ﬁ?}z’*
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