X The t?i.rst glars and 3a00xfe5

10.4. The dark ages g tre Universe
A(? ter - decoupling, boggons Jollow DN struchires ond oy SSTTEICOIENCINT
Dotd into their potenkal wells. Aside )ram the CHR '
Photons, We oo ne} observe any Q@hi vkl the
birth ?j) the J){m’r staes, which emitkd photons
brat Jonited nevtral hydrogen (almort all the
)mﬂ olectrong were )OMN’A\B H, dherwise we would
not hove hod Jecoypling ), |
Dur‘uts this dark ages, the Uniterse conknued v
@xpandmcj and &onS/ and there Were no
Sovrcey cz)) enengy untcl the bictin of te o

}frsﬂ‘ stars.

The Universe filled
with ionize: d gas

neutral

~ 500 million

The Cosmic Renaissance
The Dark Ages end

<+-Reionization complete

Galaxies evolve

The Solar System forms

~ 13 billion

Today: Astronomers
figure it all out!

S.G. Djorgovski et al. & Digital Media Center, Caltech

10.2. The ‘?irs‘} stars

S\)mmora

Stor }rmﬁo/\ reguires coolont (J)of collapse (otherwise, we connst (form stuctues ). The onQd coloaf
owailable when Jirst stars were Pormed was Hz. The condibions Jor collapse were onb met
Jor 2<100. Nomericad modds sogpest that Jiesh sfars vee very mossie (Me 10,500 Hy),
and died Jost and hard = as sepernavae of ME [ 100]MH 5 , whidh enriched the TEM with
metals. These metols C?aci&"mfe &b&eqruen+ stor CYorcvxah‘on becavse ‘t\a@a cool down the ITSM.

Star \?ormqh‘on in jenemﬂ
Viciad thesrem
o will stost b& &grfw"\\j Hhe viccad theorem. Fram Hne expresion g) He vmoment ?PI(\BA‘:‘O.:

- IR2 41d1 _44d 0 L Jdf = S
I‘?Mulr4] HECTE‘_Z dt?m"r4]1_Z<Z'M4 dt _.‘_Em‘ a—'rat—izpl r¢ -6
— X —_
6‘=;27{)\;-f} @%{_Q=.2FA'Q+QEKM * Denm:
4 A

SFE® = Z(WEp) & = nEp

|—>E=-7EP°+ I_)Ep:l- =Cr" = Jepoi =V)% = Fr=nEq



Jd6

e nEps + 2Euin g bownd  sysfem ( coordinates and velocties have uppsr and lovec fimils)
d6 Zde 4 Gra = Gmin _To

<-—— Cf d{'..——-[GCz:)- gco)] < —=on o)

244 =2<EL 0L,

Eet 2r" (n=-4 Jor Yrawity)
O = 2<LBun>, -<Emt> .
Ept = Cr
Tnis con be vged to derive the Jeons mass Jor o hom?j@neaus sphere.
vai‘}a‘b(‘or\c& PoJ[en+?a,Q ?f homg@neows SFGLC@
for a. sphere with constant density

MC(‘) = e ﬁé’_ r
dM@r) = e4mr3d R=3 M
) =4I r ﬂf

J = - G oot
We Con CQD.OUQQ,{‘G 'l?k@- po"‘e,q‘,-lal Ol\d kthe‘l‘lt 8(\8@9
471 &

-5 oF i M(rr‘ =-4xGp® [ "2”‘—6— :RrJ(r——m”l 70> =_E, M’ s _ 3 M?

Lt = 5 G‘,{ E,, = 4n(pf dr = 4/Gp_[ %r P g Gp[ Ir =-—5-Gp s C(4_”R-‘)1R - EGT)
3

Evin = 20K T =3 M itq 7 (low ) ideal gaa)
= 2 Mumy

U%ir\j the virtad twheorem, Wege'f 1o B )oMowiB dgﬂ'n;{:‘o/\ }or the deans mage:

_ S(SKG)S -3 __4__
_/j‘fTT(G/“H mu)? \JT e

\Le witl onQ(y have o bovnd djert J)or M> My [ot\/\erwfse, we woold hawe T much
inghe ensry conpared. to the poitn‘}!‘aﬁ energy. :-50 the y9°+en[~t‘aQ sty domaias over

the kinsht erersy, we Will have grovitational collapce

;)qean\s Mass
SUbS{“({‘U"'Ll\é the valves oJ’ dhe  constants, we have cbtaiced the j ﬂouuv‘\j apression (/)ar MJ-’

32 Tg 4/2
MJ = 5’16 (G’/U-H MH ) (
Ij we howe o relation between [ and e, Wwe can gfod& Lts beha\/\our/or d%&en‘}
*@p% J processes (noi‘we ﬁ’ the (90-5 . Jhs relation defermines the J)afe o)
collopse, Since it wil) OA% stact 12} MMz, We will cogider an adiabatic

8nd on jsothwermal Jafs



'Adﬁba+\‘c
PVY = const |—> Ta @K‘i |_> T (?2/3

P=_ ka7 Y=-§— ( moncatom ic &aa)

My My

o = st ) (7)< IE

\When increowses, My increases - olapse S+O[J%~ Evwen <0 we {aitidly have M>M; (able
© P ", J

o collopse), we wild eveAfuaM\j et o vodue o M bdow Jeomy mass. We will never
get To igoite nocless roackions.

« Jsothermal : N .,
~ Const M: = § Ke * _‘_Fi) ‘o N
T= @ > My =946 (GNH - ) 2 e
For an dnittd mass M> My - iff @ dncreases, My decreases - L‘runaw% " collupse
CoQﬂapse Corweazse& to Lesthermald gphere.

Tssthermal gra\/ﬂo:h‘ona& collaxe
We con calcdate +the dBAS”D Pmdpfle'-

€ o& MJ o 4 /JF Iog p density profile asymptotically approaches logarithmic slope of -2
Qa’s %’5
32 4 ]
6 X / R(TS > é) oL R—T—z
009 e % ".220(9 R

Cooli

I&farmd collapre cegoires cconr/D_ Dust grains / metals can absork and re-emit eneroy,
but bhee ae no Swoh Hﬁi%g al cesmic dawn. This 45 where and why the J)w\@}
Star ())o(m%‘M &%Br 's (Prom h;daﬁ" in the oprfmevuﬁ Uniterse  there wes po dut/
metad Qc)rfs as  coolant.

The dominant ceolant is Cmer&uQ&r) h(jd/‘cz}e/\ Ha, whch ocfs via rotational /v.‘br‘aﬁ‘dmﬁ
Chamds:

o @xcita tion {Mm&ijlm co@u‘sio,\ (R/ \/)
° de- excitation viaw roadeation (—’» coonr\O) or collision
The (Yormah‘on Cﬁ Ha neguires (Pnee dectrons ond pmﬁv\s (remnmk (cj’ the @Poah

?P recombination va& soniwed. H b(y Gnerg; o} initead CoQDapse) and h?\jh densities
Ny > {08 cm™



O H+e —H +y

© H+H —H, +e presence ?} J’r‘ee lechrony and prefons

@ nTp —Hy +y
O H+H2+ _>H2 +H+

© H+H+H —H,+H
& H+H+H2 —)H2+H2

high densities, Nu > 4o¥em™3

The H, (PJ‘&C{'fon Xon, most exceed 40™ for csoling o be fJectite.

H, fraction

‘,:L(:)} Hy J)r‘a.ch‘(lf\ Pm&uce& in Hobble time
-tHubble DCH~462)

r \'o(~_ b } Ho J>ra.c{‘l‘0/\ able to cool ¢ Hubble {ZWY\Q
N 3kT . ;
beot = 2nA(T) ALD COOQ% (}W\d >

(Tegmark etal. 1997) ¢

Cizzaaizz

IO 6 E..‘,f .................... NN UARANEARARNARKAFATARNARRRNARRVARNRR AR RN
100 1000

T (K]
~ Tempem','ure .independeni'

H, cooling function A(T)

n, =lem™

We reguire cj orde~ X, 2 5¢ {072
To(j)cﬂwe oot 4] the amout of h(jdrfjer\ Tl we
are UOHZ; is able o cool equ(j\/\ to cerable

Cooling rate (erg cm® s7%)
10728 10737 10726 10725 10734 10723 107

stac (yormaJrI‘OA, we need o ook ot the CooQ.'zj
jum‘.h‘cw\ (/\M\/\l‘c\/\ depe/\S 0N 'tb\e Jrempera-Fwe), /A o
The ngfdeﬂfzj (zy ‘U/\Q Coogl/}? U\Cm@é W\tl’\ T Temperature (K)

(Glover 2008)

o
-

=> Bven if the initied conditions ase nst enough Yo have isolermal collapse, an increase
| oj the ‘Eewperod'vre will increcse Phe szfcfe/\%? (LD} the cooﬂf/\(j.

(ollapse phases

Due to the conditions dinvolved, the collapse will lhappen as:

4. Adigbatic collapse dve fo the lack oj S%ﬁfdemL Hy. The increasing den&!‘b Deads 1o
more H, , ond  the increosing Lemperotue leads o more glficient ceoling.

9. COMC\PSQ becomes isothermad



First stacts Jomation

Masses o) the first stoes

The moss gro\mtvx og o @(do—s’reﬁc»r gos doud 45 Jhen b&:
M, (8 = Mo +Lt/u1(a) dz, whee N= 9N

>irge\u fofe at
L Jeans mass that "T'gg@f s collapme

Gmu{’rJ P\,MQ, in Sme C(Pf‘ﬂae_ material cé) Yo \fecim‘-}y it 4o coﬂlaps\‘g rgion. N umericad
moddls, jdr e mMass accretion rate N lead io:

(Yoshida et al. 2012)

g . . R : Jda verJ Short +emes, the Pml‘o—&‘f‘o.h becomes (’xfre"’\d;j
] massive. Howewr, feadbeck Can sWodancially reduce
H!
; the accreton cotes  (and hence Mx)
g
53 3 [Feedbach éﬁﬁd& due.
‘zZ 60 without feedback
:‘; -k |3 +° nuclec. y()&‘cy\ inside g @
o~ ERS] s
18 Z w0 _
: g ‘the_ ym,lb _ S{.&{‘] é 50 . with feedback
249 10 100 1000 10* 10° 3 TZ f
Time (yr) L 2 coamic time e i A - -
0 2 4 6 8 10
time (10* yr)
The ’p*ime\raD anikal  mass junc)m‘on NiS o
6th m—
d«e+ermlned Vc& S(MUD'Q‘HO(\S Tm (b'léj@_ Oj _.zg:rzgﬁ’:' substantially different from current IMF:
Iﬂlls\— E .__"II""I'I"I"I_-
Massed )or the (Pft‘s?t stars 43 = I . /4‘\ _
“6 b : A—a
Me [ 1o, 5oo |M 210} S,
@ = S .
- — .
= =
The qext 3enef‘a+|‘0/\s have d%er@/ﬂ‘ mass 4 <
F S22t -
: di 18271
r\uﬂjgé and distribution, moaﬂt) beccusse | 20 13
Czy {he Chm}ges in the cC:on/D mechanism. o ] 3 3¢ =1
= log(M | M
log (Mstar/Msyn) 08 M [ )
On the liJe and dead 0()) hu(‘gl/\ mass  Shars :
The mass*’lmfw&ib rodakon J)or main Gegv@/\ce shas & e b(y:
Lo (i[i 3.5
o = N
‘approximate derivation:
perfect black-body radiator: L = 4xR*0T*
1 E ] VL ¥ v 14
iydrosatcequibrione  m-SML o (P)a-llm o (pyalp J10M g My M, L
dr T 3V 3 5 R my my 4aR"

RxM"™ \ M Iz /

MTal = M'xLM™ = M'xLR = MxL'R" « —«M_ 5



This rocdiated energy  Comes J)rom nocleac reackons in e ceatre Cj) the start, Wwhich <s JfTM}"Of}ed
1o ks Su,(yace Cef%her b(j Cadiaton or comection), There 43 rodio fed awa(_y oA /ohwlons_

We con adedate e maximom {Zz'})o}ime ausi‘arcja given mass @ have 4 it adiates
ey all its energy. The @ney reserwir  4s preportionad Ho mass

E <N

Ard %o

J Q)E@C —> == E//_ x M7™25 (Jrapmﬂ +ime on Main So_guence)

High mass stors Jdie hord [uuchh spectacolor €nd 81*:2795) ond J)aaf (ftfer o /@wﬂyrs
C)(\D_D). Meta) - /r\ee h(rjh moss shors ~h-% o uge gmwv as an olleradive @nergy  nesriolr.
Die o fnis, ‘HM? mpu‘dllj llepse. TV\QJ either (Porm o black hole o chp(Zei'e!Lé
disropt ( *pair instabilidy sepernova’).

The ‘Pigunes shows the possble inded

A low mass stars massive stars H very massive stars : s°.
1000 1 thefirststars...:gé § ,o";_,." and dDmﬂ stetes c/)or tos with d%emﬂ
iy
- ;EE | MOSSES .
I/ —quk
Y/ massive
'_'© 100 ? X BH .
= o 3 i Spernann. expeslons enrich the I6M
= i g
(%] i t:“ 2
g - YA | g which cool dheir environmen] more
f 74 1 | @
P ;“&4} < | & I‘C,{'an, ‘b\/\an Hy_, whicth a_ciQf)Q'\\QS
[ Gy cPsp / ‘5 g E J
S ,;;5‘ ; § s Subse?ue/ﬁ Stac ()ormaf:(‘dn_
' 4 B B B
) §: % | B
AGB mass loss . ° § =
m\%‘“‘azo W tar black hule; @ black hole r——>
3 10 20 100 300 1000

initial mass [Mg]

Fest stars open ques{;‘ons
o Do Hne ‘p\‘rs‘l stos come Por binocies ?

Mowcxdc%js, admesTall the Stacy (Yafm binartes, bot we o not "”ff;+
Kinews yﬂﬁs wot olso true ()?or the J)\‘t{f Stas. Fol »
° HODU dlC‘. Q)\o Ti_l gtar (PDfma{?L‘on come ]lo an end? (oﬂ,d S}o,ra) 1_!_

Thej mfj\qT be shill (J]ormir\(? somewhere in the (niverse. e e



o What {s the ijytue/l&? ?J) maﬂrlef‘fc (P;ddﬂ
0 HOW %CTP_(? \X)Oka +UFE)\JP,QILCQ/J)(\027W\@,/)TQ]H‘OD?
e What cbout dark ymatter ?

10.2. The J’irsf 301:»0’88

Overview
Darlﬂ motter {8 ab-ae ‘[D(Porm Sfrucﬁ)weg (haﬂoeg) bech;r baraofks. ASSUmfr(\j L b,‘asecJ J)or/\f\q+(‘oz)

scenaco ('White & Rees, 1374), pmfcja&aﬂes (3mvf+a+\bnqﬂ& bownd 903 cloods) are J)drmed
within dork matter haloes 199 bargjor\& it (}Jaﬂ into cork matter pstentral wells (ofter
domphing) . Taus, 4t is impossible to J)frd o (7(1!1@9 without o hedo. buot 4t is porsible to
howe haloes without C?Q,qu\‘es.

Since we need haloes 1o J)orm (90&0{)((@3/ we Wl look cd the condition %o)(srm them (})l‘rﬁ
(Qess—SchecHEr (J)unc’n‘oq). Firal, we will chatocterize DM overdeasily  praks by beic
lﬂez‘jln’( A, Wheh Ls d(j)med as:

8 & 2 4 j“’ N -

.-2_): = P) G = — ) 2 Q _§ . 2 -
Do) G (M) On(z) o “(M) Znr ), R () Wi (k) K2k D +2HD 2.0.1D<0

-2

15 we Compacre dorle matier Mg () do its Jeans mass Myla) = a o 4t 33 Posiabﬁe
1o (y“né the time ofF which each hals can bQ(yormed. 3~ DH haloes can Mjormeo‘

at 2230. These carlc malter habeas Viralze de to reloxatton grocestes.

Chotodlerization cc)}) DM peoks: peak height
The number &BASHD @59 dark matler haloes (ch’dmj fo the Presg- Schechfer fermaﬂz'&m) IS

gi\/er\ b&

dﬂ I < e &
\17/‘1 O

whene OSZCM):ZJFJ ’Pofk)w}f(k? kK2d Kk

-8t

tl QI\O'M _
204/ M

exp(
oonM

&\ICX) = )%3 (sin (x) - ><c::s)<)

PG = ( 2?:3))2 P k)

we con Combine these expressions and infroduce the peak hejsht as: o= 5 Se -
@) Ts (M)

Tévnpor‘oj G\IOLU'E\'OA -~




2 N
gﬁdﬂzg 552 ‘&%ﬂ &p(‘%) oM == Dc-;oocn)

Jeans mass and collapse

Dark matrer will collapse ond form o halb if its mass i above deans mass. J} s inpoctaad
to et b<e§)ofe we dgknerl Jeans yoss (})or ohjects with pressure 2ogport, bul DM s
pressureless. Jn s cose, pressure dees nof coonterbabhnce SGQ/ jmvdéj , byl neﬁm;r) Jspersron
obes

4 £\ 12
e (2 (2" o
Bw = 2V KkeT = £ mgy2 This Jeans mass reers o
(et ot nd‘nd Z ‘ _ the mass o) o dark matfer
ool Slpefsion a orsify Scale af: halo, but deferminas Whetrer
Oy < ot (bQClLUSe vdloaties Smle like i) tts bOJ‘(jcm‘c. comporen] I3 ablle
(o a™® 1o ﬁb@afse or willl be
P!B\J&T@d )(-o/v\ & .JJ) the
Cz:) . / . he - '
m:bmw:; both, we oblain 1 dependence  with 3 9}) Ny DM is s bound, galaves
My o™ — When a increases, Hy dJecreases will not e able 32 Joem.

Formadion becomes casier

The c?frs‘l‘ bound ob‘jed's
We can (P{x o heﬁht  compore the moss ?y the haloey ond NJ Takﬁ 8 halbes:
- & - D Pircac th Jack~
LS =_S 0 =3, () Line w
DCe) (7“00150) (jm )
| For o given mass, we can pﬂo‘} Hhe voroace (Cy the

Power SPQCTrUm ( On) When Smoothed (})or thet ‘Plrflaﬂar

)
(2 I moss. This ig aadculated /lxr d;yefm‘) redshi,}is ond
O = 6/3=0562
gy i Gompoed  with a>=3 (@1:%: Szf—)
d =
;%L e Ke can obtain the mass ?J) 2 peaks as a ()Xm)m,

J ¢ et (o)
1e+08  1e+10 M ‘‘‘‘‘ n;?‘

N v [23-20‘) 810 G?H@ M‘KT Cz=°_) * JO 4SM@ - M%V‘ Ca) i — My (2) ="“4c dark matter halos”

107

— Mi;(2) =“3c dark matter halos”

10°

We. cn Compoe s with the cvolubion 6(3}) Ny to
chedk where do ﬂ:hfy cross. That tellds ot what
redshit can on certein peoak collugpse.

Mass (Mg)

10°

Jeans Mass (Glover 2005 )

M, =49x10"(, )" (II%U) M,

10*

(+ notmali zadion £ maﬂiqg)

1000

50 ~20 20 10
Redshift (1+z)



o peak can J)orm eorlior, bt ave loss ﬁ@q\)ew). Considem» that 35 peoks con host (}@zxe;
the Jdrm{*»‘d/\ c)() the (})irsf Pm‘o—(ﬂqi)mces ocorred at 2« 20.

Sphortcal  top-hal  collapse

We Know tnat haboes collagme grovitotionally and virtolize, gething o (}{M.D 8

cz?: 14 85, (fw) = 812 « 178

It & Q%W to Know how o Jche(y reach thot (Pér\o& stafe, since there &5 no pressoe

to sty the clgpe. T+ ax necessory o develope o veroffj digpersion  Barmgh o mechaniom
that Jrrms)orm& potentecl enorgy infe Winetic Crergy This &5 cone i relaxakon processes -

» Two bOdJ redaxodion : e bocl‘) inferacthions

e ~ N . R
R T
T Srelay > 1 ugple (:j or all CQS’“OQO(j’I‘CaP ohjects that dinferest fo us ).

o \fiolent redoxotbion : chcm&g 4n energy Jue o cha/\(ja in overall potentrad

S U e
AN S =
U =

0 @hase-mfx\'nb : Smdl\(ﬁ ?)) phase~ Space duwe Yo d%ene/\f C]Dregx/e/\aas ?}) ordits @ - @
e Choshe MIX\'%: spread ?)) Phose- space due  to chaohe nNature Cj orbi¥s @ _.

o Aandan doumpw;)\: damp\‘/ﬁ ond d@gg ?}) for Forbadions .
e fo interocton ﬂ Pa“{‘“c&’é i —

moving slower than wave moving faster than wave

(de&%ib) Woves => pushed by wave (energy gain) => pushing wave (energy loss)
Ajfer Yhase processes, we J){mmb reach a giriadited Objecf' with 2T =-0

ﬂ‘o‘l‘%?a.ﬂaxfgs

The presence S o DH halo appeacs inevitable, but the potenfred well o) DY halb needs fo be
Sofficiently desp to refoin gas heakd to high temperbwes (S 104 k) By fiest shocs . I
order fo cdlllagse the gas Jo Jom o proto ~galary, it & recessory Jo aol the gas.
Tre gos collapses fo disc-like struchires  becavse (Ly O/bﬂuﬁo\r Momentun  Conservackion



(C?rom tidel) %r?ues). We cdso need (Pm(jmenhﬁbm which &
JCM@\' te be oblained vie. furbolene Cbe_cm)&e we need
o Porm Shas (})rom the @ox‘)

lo4. Imphications (Pol‘ SUbSeguen'f strocture (Pormaﬁ‘on
General  effecks
We OQPQadJ krow that tre bbirth and deathn cj the (P\'r‘s‘r stors produced the earchment of the
Oniverse. with heavy clemenfy and s re -ioniahon. Thos, the (})(rd ohjects c?y’ed e\re”‘(;hig'
that  comss %Pbrwds, Ava medel ?)’ gaﬂqx() / stac J)orm%bn Tt 1‘11«()9;}3 Jow redshyt
yomvﬂ-\‘or\ needs to mode) His Q%)eds ol -
Qe:.‘om‘sill\) e Unnense
The eneray relonsed b(y the (})(rg‘i‘ ohjects  don; 2as neutrad P}ydf‘og@/\. This & defeced e
QSO spectr: nectrad h(jdroax‘?/\ aﬂd}? line ~of -sjsht obsorbs  phatons, bt Anis wos net
detecled ‘t\'\ro\(yjh in spectre )0(‘ QS0S with 2< 6.
This can also be defected  analysing the Thamson gcaferty of CHE phaons: crasis spdll
Scofe anisofrspres ,  polariedin 9} te CuB, .. It was J)o\md with Planck 2013 dat
that reionisabion shocfed ot 2= 1.



