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The Dark Ages…but how do the first stars & galaxies form?

Cosmic Dawn

§ after photon decoupling…

•  Universe continues to expand and cool

•  no new sources of energy

•  dark matter continues to cluster and…

•  …baryons fall into dark matter potential wells
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§ first stars – summary

• star formation requires coolant for collapse

• only available coolant for first stars = H2

• sufficient conditions are given for  z < 100

• numerical models suggest that first stars are very massive M Î [10, 500]M¤

• massive stars die hard & fast:

• supernovae of M Î [8, 100]M¤ will pollute IGM with metals, and

• those metals facilitate subsequent star formation
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§ star formation in general

• virial theorem

• energies of homogeneous sphere

• Jeans Mass

• isothermal gravitational collapse

• cooling!
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§ star formation in general

• virial theorem
*
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§ star formation in general

• virial theorem

bound system!
(coordinates and velocities have upper and lower limits…)
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§ star formation in general

• virial theorem

0 = 2 Ekin τ
− Epot τ

(n = -1 for gravity)

, Epot =Cr
−1

can be used to derive the Jeans mass for a homogenous sphere…
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§ star formation in general

• virial theorem

• Jeans mass
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§ star formation in general

• nature of gravitational collapse

= isothermal!

T = const.

M > MJ  => collapse starts => r ä => MJ æ => “runaway” collapse!

collapse converges to isothermal sphere…
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§ star formation in general

• nature of gravitational collapse

= isothermal sphere
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dust grains/metals can absorb and re-emit energy…
…but there are no such things at cosmic dawn!?*

* see BBNS lecture
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§ star formation in general

• nature of gravitational collapse

= isothermal collapse requires cooling:

dust grains/metals can absorb and re-emit energy…
…but there are no such things at cosmic dawn!?*

this is where and why the first star formation differs from today’s:

in the primeval Universe was no dust/metal acting as coolant!

* see BBNS lecture
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§ first star formation

• cooling

the dominant coolant is (molecular) hydrogen H2 !

• cooling by H2 via rotational/vibrational channels:

o  rotational/vibrational excitation through collision

o  de-excitation via…
-  radiation (→ cooling) or
-  collision
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§ first star formation

• cooling by H2 requires H2 in the first place…

\ formation of H2 
Õ   H + e- → H-  + g
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Õ   H + H + H  → H2 + H
Õ   H + H + H2 → H2 + H2
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§ first star formation

• cooling by H2 requires H2 in the first place…

\ formation of H2 requires:
Õ   presence of free e and p
Õ   high densities nH>108cm-3

\ H2 fraction cH2 must exceed ~5x 10-3 for cooling to be effective
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§ first star formation

• cooling by H2:    formation of H2 
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cooling efficiency increases with temperature!
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§ first star formation

• cooling by H2

o  adiabatic collapse due to lack of sufficient H2

o  increasing density leads to more H2

o  increasing temperature leads to more efficient cooling

o  collapse becomes isothermal…

…how massive are those first stars?
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§ first star formation

• masses of first stars

o  mass growth of proto-stellar gas cloud:

o  numerical models for mass accretion rate M=dM/dt lead to…
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becomes extremely massive!

§ first star formation

• masses of first stars

o  mass growth of proto-stellar gas cloud:

o  numerical models for mass accretion rate M=dM/dt lead to…
.
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§ first star formation

• masses of first stars

o  mass growth of proto-stellar gas cloud:

o  numerical models for mass accretion rate M=dM/dt lead to…

o  feedback can substantially reduce accretion rates and hence M*:

M*(t) =Mpr + !M (τ )dτ
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§ first star formation

• primeval Initial Mass Function

o  first stars have mass M Î [10, 500]M¤

o  determined via simulations:

The Astrophysical Journal, 792:32 (17pp), 2014 September 1 Susa, Hasegawa, & Tominaga

Figure 7. Density (top), temperature (middle), and H2 fraction (bottom) are
shown as functions of the distance from the primary star for a typical minihalo.
Each dot corresponds to the SPH particle. The three colors correspond to the
three snapshots at 2180 yr, 8180 yr, and 98780 yr after the formation of the
primary star.
(A color version of this figure is available in the online journal.)

if we could properly take into consideration the photoionization
feedback (Hosokawa et al. 2011), since the ionized gas has
higher temperature.

We also remark that the primary star and the secondary star
have already settled down to the main sequence at 105 yr. The
rest of the low mass stars are uncertain, since it is not possible
to resolve the mass accretion rate !10−5 M⊙ yr−1, above which
the stars of !10 M⊙ are still in the pre-main-sequence phase. We
have also checked that all protostars more massive than 10 M⊙
found in 59 minihalos are in the main sequence phase by the
end of the simulation (i.e., 105 yr after the first sink formation).

4.4. Mass Spectrum

We perform local radiation hydrodynamics simulations start-
ing from the 59 minihalos found in the cosmological simula-
tions. Hence we obtain the mass spectrum of the stars by sum-
ming up the contributions from all the minihalos. In the mass
spectrum of Figure 9, all the stars found in the local simulations
are taken into account.

It is immediately obvious that we have a very top-heavy
mass spectrum with a peak at several tens of solar mass, and
most of the first stars are within the range of 10 M⊙ ! M !
100 M⊙. This is the first IMF of the first stars by way of the

Figure 8. Evolution of sink particles on the M–Ṁ plane. The color gradient is
same as Figure 1. Solid lines denote the path of the six sink particles in this
particular run.
(A color version of this figure is available in the online journal.)

Figure 9. Mass spectrum of first stars is shown. The colors in the histogram
correspond to the order of birth of these stars. The color legend in the upper
right corner describes the correspondence between the order of birth and the
color.
(A color version of this figure is available in the online journal.)

three-dimensional simulations, including the effects of the
radiative feedback and the fragmentation.

On the other hand, stars exceeding 140 M⊙ (i.e., the pro-
genitors of PISNe) also exist in the simulations. In fact, those
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three-dimensional simulations, including the effects of the
radiative feedback and the fragmentation.

On the other hand, stars exceeding 140 M⊙ (i.e., the pro-
genitors of PISNe) also exist in the simulations. In fact, those
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§ on the life and death of high-mass stars

• mass-luminosity relation for main sequence stars*

L∝ dE
dt

∝M 3.5

the first stars

*approximate derivation:

perfect black-body radiator:

hydrostatic equilibrium:

L = 4πR2σT 4

dP
dr

= −
GMρ
r2

⇒ P = −
1
3
Epot

V
⇒ P V = −

1
3
Epot =

1
5
GM 2

R
= NkT = M

mH

kT = M
mH

k L1/4

4πR1/2

M 2

R
∝M L1/4

R1/2
M 3.33∝ L ⇐ M 4 ∝ L M 2/3 ⇐ M 4 ∝ L R2 ⇐ M ∝ L1/4R1/2 ⇐

R∝M 1/3
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§ on the life and death of high-mass stars

• mass-luminosity relation for main sequence stars

• energy reservoir is proportional to mass

L∝ dE
dt

∝M 3.5

€ 

E ∝M

® typical time on main sequence    t = E/L µ M-2.5

high-mass stars die hard§ &  fast*

the first stars

*after a few Myrs only!§spectecular end-stages
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§ on the life and death of high-mass stars

• metal-free high-mass stars either…

o  form a black hole or…

o  completely disrupt (‘pair instability supernova’)

the first stars
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§ first stars – summary

• star formation requires coolant for collapse

• only available coolant for first stars = H2

• sufficient conditions are given for  z < 100

• numerical models suggest that first stars are very massive M Î [10, 500]M¤

• massive stars die hard & fast:

• supernovae of M Î [8, 100]M¤ will pollute IGM with metals, and

• those metals facilitate subsequent star formation
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• what is the influence of magnetic fields?

• how exactly works turbulence/fragmentation?

• what about dark matter?
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• how exactly works turbulence/fragmentation?
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massive stars
form as groups!
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§ first stars – open questions

• do the first stars also form in binaries?

• how did Pop III star formation come to an end?

• what is the influence of magnetic fields?

• how exactly works turbulence/fragmentation?

• what about dark matter?



Cosmic Dawn: The First Stars & Galaxies

§ the dark ages of the Universe

§ the first stars

§ the first galaxies

§ implications for subsequent structure formation
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§ the first bound objects

• protogalaxies1 are forming within dark matter halos

® baryons fall into dark matter potential wells

1protogalaxy = gravitationally bound gas cloud



Cosmic Dawn: The First Stars & Galaxies protogalaxies

§ the first bound objects

• protogalaxies are forming within dark matter halos

® baryons fall into dark matter potential wells

biased galaxy formation scenario (White & Rees 1974)
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§ the first bound objects – summary

• characterize DM peaks by their “height” n

• compare dark matter Mns(a) to its Jeans mass MJ(a) 

• it is possible to form 3-s dark matter haloes already at z»30 

• dark matter haloes virialize due to relaxation processes

protogalaxies

ν =
δc

D(a)σ (M )
, σ 0

2 (M ) = 1
2π 2 P0 (k)ŴM

2 (k)
0

∞

∫ k2dk , !!D+ 2H !D− 3
2
ΩmH

2D = 0
0
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§ the first bound objects

• number density of dark matter halos (according to Press-Schechter formalism)

dn
dM
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π
ρ
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2

2σM
2

"

#
$

%

&
'
dM
M

σM
2 =

1
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§ the first bound objects

• number density of dark matter halos (according to Press-Schechter formalism)
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§ the first bound objects

• number density of dark matter halos (according to Press-Schechter formalism)
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characterize peaks by their “height”
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§ the first bound objects – summary

• characterize DM peaks by their “height” n

• compare dark matter Mns(a) to its Jeans mass MJ(a) 

• it is possible to form 3-s dark matter haloes already at z»30 

• dark matter haloes virialize due to relaxation processes

protogalaxies
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§ the first bound objects

• dark matter halo mass > Jeans mass: MJ ∝
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§ the first bound objects

• dark matter halo mass > Jeans mass:
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§ the first bound objects

• dark matter halo mass > Jeans mass: MJ ∝
σ v
6

ρ

"

#
$

%

&
'

1/2

scaling with redshift?
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§ the first bound objects

• dark matter halo mass > Jeans mass: MJ ∝
σ v
6

ρ
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𝜎! ∝ 𝑎"#

𝜌 ∝ 𝑎"$
𝑀% ∝ 𝑎"$/' → a⬈ ⇒ MJ⬊

⇒ formation becomes easier and easier...

Note:
This Jeans mass refers to the mass of a dark matter halo, but determines

whether its baryonic component is able to collapse or will be prevented from it.
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§ the first bound objects

• dark matter halo mass > Jeans mass: MJ ∝
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𝜎! ∝ 𝑎"#

𝜌 ∝ 𝑎"$
𝑀% ∝ 𝑎"$/' → a⬈ ⇒ MJ⬊

⇒ formation becomes easier and easier...

evolution of Mns(a)? 
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§ the first bound objects

• “3-s dark matter halos”

ν =
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D(z)σ 0 (M3σ )
= 3 D(z) =  linear growth factor (cf. LSS lecture)
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2 (k)

0

∞

∫ k2dkscaling with redshift?



Cosmic Dawn: The First Stars & Galaxies

 0.01

 0.1

 1

 10

 1e+06  1e+08  1e+10  1e+12  1e+14  1e+16

σ
 (M

)

z=0
z=20
δc/3

protogalaxies

§ the first bound objects

• “3-s dark matter halos”

ν =
δc

D(z)σ 0 (M3σ )
= 3

LCDM model

D(z) =  linear growth factor (cf. LSS lecture)

n = dc/3 = 0.562

𝜎
𝑀

=
𝐷
(𝑧
)𝜎
"(
𝑀
)

𝑀

dn
dM

dM =
2
π

ρ

M
dν
dM

exp −
ν 2

2
"

#
$

%

&
'dM

ν =
δc

D(z)σ 0 (M )

σ 0
2 (M ) = 1

2π 2 P0 (k)ŴM
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M3s (z=0) ≈ 1015 M¤M3s (z=20) ≈ 106.7 M¤ =>    M3s (z)4.
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§ the first bound objects

• “3-s dark matter halos”
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§ the first bound objects

• compare dark matter Mns(a) to its Jeans mass MJ(a)

protogalaxies

(Glover 2005)

M3s (z)

M4s (z)

= “3s dark matter halos”

= “4s dark matter halos”
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§ the first bound objects

• compare dark matter Mns(a) to its Jeans mass MJ(a)

protogalaxies

(Glover 2005)

Jeans Mass (Glover 2005):
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§ the first bound objects

• compare dark matter Mns(a) to its Jeans mass MJ(a)

30

protogalaxies

formation of first proto-galaxies at z » 30

M3s (z)

M4s (z)

= “3s dark matter halos”

= “4s dark matter halos”

(Glover 2005)

Jeans Mass (Glover 2005):
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§ the first bound objects

• compare dark matter Mns(a) to its Jeans mass MJ(a)

30

protogalaxies

M3s (z)

M4s (z)

= “3s dark matter halos”

= “4s dark matter halos”

no strong redshift dependence due to steep Ms(z)

(Glover 2005)

Jeans Mass (Glover 2005):

MJ = 4.9×10
4 Ωm,0h
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)1+δTH (tvir ) =18π
2 ≈178
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assumption of virial theorem in derivation!

§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)1+δTH (tvir ) =18π
2 ≈178

…but how do dark matter haloes reach it?
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation & virialisation:
- relaxation: process by which system acquires equilibrium*

- virialisation: finally reaching virial equilibrium 2T = -U

protogalaxies

1+δTH (tvir ) =18π
2 ≈178

*re-distribute gravitational collapse energy into random motion
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation towards virial equilibrium:
- two-body relaxation: two-body interactions

- violent relaxation: change in energy due to change in overall potential

- phase-mixing: spreading of phase-space due to different frequencies of orbits

- chaotic mixing: spreading of phase-space due to chaotic nature of orbits

- Landau damping: damping and decay of perturbations

protogalaxies

1+δTH (tvir ) =18π
2 ≈178
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation towards virial equilibrium:
- two-body relaxation: two-body interactions

protogalaxies

1+δTH (tvir ) =18π
2 ≈178

trelax ≈
N

10 lnN
tcross , tcross ≈

R
v N

R

v

trelax >> tHubble
(for all cosmological objects of interest to us…)
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation towards virial equilibrium:
- violent relaxation: change in energy due to change in overall potential

protogalaxies

1+δTH (tvir ) =18π
2 ≈178

remember:
our objects are collapsing
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation towards virial equilibrium:
- phase-mixing: spreading of phase-space due to different frequencies of orbits

- chaotic mixing: spreading of phase-space due to chaotic nature of orbits

protogalaxies

1+δTH (tvir ) =18π
2 ≈178

Phase Mixing I

Consider circular motion in a disk with Vc(R) = V0 = constant. The
frequency of a circular orbit at radius R is then

ω = 1
T

= V0

2πR

Thus, points in the disk that are initially close will separate according to

∆φ(t) = ∆
(

V0

R
t
)

= 2π∆ωt

We thus see that the timescale on which the points are mixed over their
accessible volume in phase-space is of the order of

tmix ≃ 1
∆ω

Chaotic Mixing I

In the parts of phase-space that are not filled with regular, but with stochastic
orbits, mixing occurs naturally due to the chaotic behavior of the obits.

Chaos implies a sensitivity to initial conditions: two stars intially close
together separate exponentially with time.

After a sufficiently long time, the group of stars that were initially close
together will have spread over the entire accessible phase-space (ie., the
Arnold web). As for phase-mixing, chaotic mixing thus smooths out (i.e.,
relaxes) the coarse-grained DF, but leaves the fine-grained DF invariant.
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§ the first bound objects

• spherical top-hat collapse:                               (cf. LSS lecture)

• relaxation towards virial equilibrium:
- Landau damping: damping and decay of perturbations…

 …due to interaction of particles with (density) waves

protogalaxies

1+δTH (tvir ) =18π
2 ≈178

moving slower than wave
=> pushed by wave (energy gain)

moving faster than wave
=> pushing wave (energy loss)
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§ the first bound objects – summary

• characterize DM peaks by their “height” n

• compare dark matter Mns(a) to its Jeans mass MJ(a) 

• it is possible to form 3-s dark matter haloes already at z»30 

• dark matter haloes virialize due to relaxation processes

protogalaxies

ν =
δc

D(a)σ (M )
, σ 0

2 (M ) = 1
2π 2 P0 (k)ŴM

2 (k)
0

∞

∫ k2dk , !!D+ 2H !D− 3
2
ΩmH

2D = 0
0
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§ the first bound objects – summary

• characterize DM peaks by their “height” n

• compare dark matter Mns(a) to its Jeans mass MJ(a) 

• it is possible to form 3-s dark matter haloes already at z»30 

• dark matter haloes virialize due to relaxation processes

protogalaxies

…and what about the proto-galaxies now?

ν =
δc

D(a)σ (M )
, σ 0

2 (M ) = 1
2π 2 P0 (k)ŴM

2 (k)
0

∞

∫ k2dk , !!D+ 2H !D− 3
2
ΩmH

2D = 0
0
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§ proto-galaxies

• presence of DM halo appears inevitable, but

• potential well of DM halo needs to be sufficiently deep to
  retain gas heated to high temperatures (>104K) by first stars

• cooling of gas cloud required

• collapse to disk-like structure because of angular momentum* conservation

• fragmentation via turbulence

protogalaxies

*tidal torque theory: anisotropic collapse of d
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§ proto-galaxies

• complexity of galaxy formation in general:

protogalaxies

Ejected Gas 

Ejection

Reincorporation

StarsStars

Hot Gas Cooling

Reheating

Cold Gas 

Recycling Star Formation
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§ the dark ages of the Universe

§ the first stars

§ the first galaxies

§ implications for subsequent structure formation
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§ proto-galaxies

• enrichment of the Universe with heavy elements

• re-ionisation of the Universe

® first objects affect everything that comes afterwards
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§ the first supernova explosion
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• explosion after ca. 106 years

• ESN = 1053 ergs

• color-coded gas density after 1 Myr
Ø  red dots  = stellar ejecta
Ø  blue dots = HII regions

• inset panel:
Ø  metal distribution after 3Myrs

cosmic effects of first objects
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§ Active Galactic Nuclei

cosmic effects of first objects
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§ shaping the luminosity function of galaxies
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cosmic effects of first objects

based on Press-Schechter mass function
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§ shaping the luminosity function of galaxies
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cosmic effects of first objects

based on Press-Schechter mass function
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§ reionising the Universe

cosmic effects of first objects
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§ reionising the Universe

• energy released by first objects ionizes neutral hydrogen

• detected via…
   
   …Gunn-Peterson trough in QSO spectra:
neutral hydrogen along line-of-sight absorbs photons

cosmic effects of first objects
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§ reionising the Universe

• energy released by first objects ionizes neutral hydrogen

• detected via…
   
   …Gunn-Peterson trough in QSO spectra:
neutral hydrogen along line-of-sight absorbs photons,
but no through in spectra for QSO’s with z<6!

cosmic effects of first objects
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§ reionising the Universe

• energy released by first objects ionizes neutral hydrogen

• detected via…
   
   …Gunn-Peterson trough in QSO spectra:
neutral hydrogen along line-of-sight absorbs photons,
but no through in spectra for QSO’s with z<6!

 …Thomson scattering of CMB photons:
erasing of small scale anisotropies, polarization of CMB,
Planck 2013: reionisation started at z=11

cosmic effects of first objects
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§ reionising the Universe - inhomogenous process

cosmic effects of first objects
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§ reionising the Universe - inhomogenous process

cosmic effects of first objects



Cosmic Dawn: The First Stars & Galaxies

§ reionising the Universe - inhomogenous process

cosmic effects of first objects
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§ reionising the Universe - Cosmic Dawn simulation (Ocvirk et al. 2016)

M31

MW

Virgo

Fornax

5 h−1 Mpc

cosmic effects of first objects
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§ reionising the Universe – first stars? first galaxies?

cosmic effects of first objects
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490 E. R. Stanway, J. J. Eldridge and G. D. Becker

Figure 5. As in Fig. 4, for the case of an ageing instantaneous starburst
with a stellar mass of 106 M⊙.

with the lowest metallicities considered here (one twentieth of so-
lar) yielding the highest the photon fluxes and the most metal-rich
(twice solar) yielding the lowest for a given star formation rate. The
binary and single-star model populations diverge most significantly
at the lowest metallicities, where the binary population produces
∼60 per cent more ionizing photons than a single-star population,
and least at the highest metallicities where the predictions for con-
tinuously star-forming populations vary only ∼20 per cent between
single-star and binary models.

This behaviour with metallicity arises partly from an effect that
can be seen in the instantaneous starburst evolution shown in Fig. 5.
At metallicities below a few tenths of solar, binary evolution path-
ways extend the period over which a starburst shows high ionizing
flux levels (within 2 orders of magnitude of the zero-age stellar
population), from a few million years up to ∼20 Myr. By contrast,
higher metallicity models show a rapid decline in the ionizing flux
from an ageing stellar population, as processes such as QHE (due
to rotation) are unable to operate effectively. The result is that in
composite populations, at low-to-moderate metallicities, there are
a large number of ultraviolet-luminous stars in the 10-20 Myr age
range that contribute to binary, but not to single-star, models. This
leads to fluxes 1–2 orders of magnitude higher in binary popula-
tions at a time immediately after the death of the most massive (and
therefore ionizing) stars in the single-star models.

The metallicity dependence of the steady-state photon flux, seen
at 100 Myr after the onset of continuous (1 M⊙ yr−1) star formation,
is shown in Fig. 6. The variation between our lowest and highest
metallicity models is a factor of almost four in ionizing photon flux.
As can be seen, there is a strong trend with metallicity, with metal-
poor photons producing a higher ionizing photon flux, at a given
star formation rate. This trend is exaggerated at low metallicities (Z
< 0.004) by the effects of QHE, and we show the photon fluxes for
binary models with and without this effect in the figure. We compare
the observed trend with that derived from the low-metallicity models
by Schaerer (2003), updated by Raiter, Schaerer & Fosbury (2010).
As those authors discuss, the extension of their assumed IMF (which
unphysically neglects stars below 1 M⊙) requires a correction factor

Figure 6. The steady-state ionizing flux from a continuously star-forming
population, observed 100 Myr after the onset of star formation as a function
of metallicity. Single-star models are shown in triangles, models incorpo-
rating binaries with diamonds. The upper panel shows the ratio of ionizing
flux to continuum luminosity in units of photons s−1 per erg s−1 Å−1.
The dashed line in the lower panel gives photon fluxes from the models of
Schaerer (2003) and Raiter et al. (2010), given the correction factor nec-
essary to match our assumed initial mass function (see Section 3.4). The
dashed line in the upper panel shows the matching Raiter et al (2010) models
for photon-to-continuum flux ratio.

of 2.55 in photon flux, while the break below 0.5 M⊙ in the observed
IMF requires a further correction factor of 0.77 (see Section 3.4
below). Fig. 6 demonstrates that, after correction for IMF effects,
the models of Schaerer (2003) predicts a comparable photon flux
to our models at near-solar metallicities, with larger discrepancies
for metal enrichments below ∼0.2 Z⊙ due to the effect of binary
evolution and rotation. However, our models differ from those of
Schaerer (2003) and Raiter et al. (2010) in that we generate this
photon flux at a continuum luminosity typically 0.1 dex lower.

3.4 Initial mass function

There is now observational evidence a small number of stars at M =
100–300 M⊙ in nearby star-forming regions (Crowther et al. 2010).
While these are few in number, they are extremely luminous in the
ultraviolet and thus provide a correction to the ionizing flux that
is modestly metallicity dependent, resulting in a stellar population
that is ‘top heavy’ relative to most previous work.

To explore the impact of this and other IMF effects, we have cre-
ated model populations with a range of different IMFs as described
in Table 1. We model the distribution of initial stellar masses as a
broken power law, such that:

N (M < Mmax) ∝
∫ 0.5

0.1

(
M

M⊙

)α1

dM

+ 0.5α1

∫ Mmax

0.5

(
M

M⊙

)α2

dM. (2)
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on ionizing photon flux

strength of ionizong photons
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§ Cosmic Dawn: The Real Moment of Creation

http://www.bbc.co.uk/programmes/b06b9tnx

http://www.bbc.co.uk/programmes/b06b9tnx

