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Radiative transfer 
● Solves the radiation transfer through media

● Radiation intensity I(n), frequency (n), spatial coordinates (r,W), time (t)

● Absorption k(n), emission e(n), scattering s(n).

Method I: expand the intensity 
function in a series of momenta

Method II: statistically sample 
the photon field + simulate the 
radiation-to-matter interaction 
processes  

MONTE CARLO approach



  



  

C.R.A.S.H.
Cosmological RAdiative transfer Scheme for 

Hydrodynamics (Ciardi 2001, Maselli 2003, 2009)

● RT code based on MC + Ray tracing.
● Describes 3D RT cosmological scenarios. 
● Solves time dependent  RT on cosmological scales  →

Cosmic Reionisation of H and He ( intermediate scale)
● Implements detailed H,He physics + metal ions (in 

pipeline with other codes) .



  

STEP1: Where are the metals? Extends 
CRASH ICs by describing the metal 
distribution in space (k-cells).

STEP2: RT through H, He. Extracts spectra in 
each k-cell during  a RT simulation in the 
entire domain (c-cells)

STEP3: Compute Metal ions. Runs Cloudy 
configs based on (Sk,Lk).

PROBLEMS:    What is the sensitivity of the method? →
                         → Can we detect fluctuations in ions due to the cosmic web and/or
                             the sources? 
                         → How important is the contribution in absorption due to the
                             column of metals?

Graziani, Maselli, Ciardi MNRAS, 2013



  

● Ionisation fractions of H, He

● Gas temperature

● Radiation intensity / SED

● Ionisation and heating rates

● Reionisation history: x(z) ,T(z)
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   Monte Carlo Radiative Transfer code

     (H-ionising UV: 13.6 eV – 200 eV)

                   Scale: 30 cMpc/h



  



  

Metal ions in cosmic web filaments
G

razia
n

i, M
a s

elli, C
iard

i M
N

R
A

S
, 2

01
3



  

Metal ions are sensitive to other 
bands

 1 cell ~ 50 pc, Nc = 1283, box ~6.6kpc



  

Metal ions are sensitive to other 
bands



  

UV background modelling  at z~3
●

● UVB uncertain at  z~3: F. Haardt and P. Madau assume  spatially uniform UVB and 
model it with 1D code (CUBA). 

● For photons E>1Ryd (13.6 eV) the HM assumption can fail at z~3:

1)1) POINT SOURCE VARIABILITYPOINT SOURCE VARIABILITY: 

● QSOs are rare in space + clustering  

● Finite lifetime  

● Spectral variability

 → HeII reionization is completed by QSOs at z~3 ?  

2)2) RADIATIVE TRANSFER EFFECTSRADIATIVE TRANSFER EFFECTS: could affect small and large scales 

● Small scale (~10h-1 Mpc) RT effects (Maselli&Ferrara 05) 

● Large scale: filtering but.. collisionally ionised gas could produce NheII/NHI<10.

SPATIAL FLUCTUATIONS OF THE UVB INTENSITY  AND SPECTRAL 
SHAPE  ARE TRACED H, He.. 

 → CAN WE USE METAL IONS ??CAN WE USE METAL IONS ?? 



  

Metal ions used to trace the spatial 
fluctuations of the UVB in the IGM

 He reionisation  Fluctuations  metal ions→ →
● h: in a photo-ionised IGM is proportional to the spectral shape  of 

the ionising background (Miralda-Escude' 93).

G
HI
,G

HeII
 are  photo-ionisation rates of HI and HeII.  

 → Spatially fluctuating spectral shape?

● T: equation of state of photo-ionised medium follows                   
(Hui&Gnedin 97; Valageas et al. 02): 

where T0 is temperature at mean density  and D is the

gas overdensity.  → Fluctuations in g ?



  

Fluctuations in h
We use the approximation in Fardall 98..

● <h>  ~ 277  at z~3

● 210 < h < 285 in 80% cells volume,       
dr/<r> ~ 10-20% fluctuations.

● dr/<r> up to 60%  in 20% volume.

Slice cut at t~5.5 106 yrs. D ~1 white solid line,  D 
~5 black dashed, D~10 black solid 

Scatter plot of h(D) at t~5.5 106 yrs. The average value of 
h(D) in red crosses. 

Evident spatial correlation h(D) 



  

Fluctuations in T
Calculated self-consistently with H,He, metal 
cooling.

● <T>  3.2 104 [K]  at z~3

● dT/<T> ~ 10% in D < 1.

● dT/<T> up to 40%  in D > 1.

Slice cut at t~5.5 106 yrs. D ~0.5 cyan solid line, D 
~1 white solid line,  D ~5 black dashed, D~10 
black solid 

Evident spatial correlation T(D) 

Metal cooling efficient in few percent of 
volume (Z >0.5ZSol) introduces scatter.

Scatter plot of T(D) at t~5.5 106 yrs. The average value of 
T(D) in red crosses. 



  

CRASH4  Large scale Reionization→

● Multi-frequency band RT:

         → Extend up to soft x-rays: 10 KeV.   

         → Include Lya RT coupled with continuum.

         → LW band and molecules: H2, CO.

         → Dust  photon scattering → IS relevant. 

E
g 
- I

A 
= Ee 

 Ee  > 30eV   could collisionally                         

          ionise/excite  the remaning neutral part.

● Secondary ionisation



  Kakiichi, Graziani, Ciardi et al. MNRAS, 2016

RT Feedback by ULAS J1120+0641 (LG et al. in prep.)

Effects of x-rays on HII regions 
of high-z QSOs

 How big is the HII→
     region?

 Role on x-rays in heating ?→



  

HII size on a peculiar LOS !

But on a peculiar LOS 
.. Rs < 2 pMpc!

RT effects matter!
=(n,(),d)



  

HII size on a peculiar LOS !

But on a peculiar LOS 
.. Rs < 2 pMpc!

RT effects matter!
=(n,(),d)



  

HII size on a peculiar LOS  Scatter induced by RT !!→

But on a peculiar LOS 
.. Rs < 2 pMpc!

RT effects matter!
=(n,(),d)



  

2) High-z QSOs IGM heating

Statistics of LOS showing d
max

 at 
certain T = 104K, 5 103 K, 103 K..

Sensitive impact on T 
(large scales): the entire 
box is affected.

Disjoined HII (fully ionised 
by UV front) and large, 
excited/heated regions by 
x-rays

What feedback on other 
systems??

Impact on large scale 
reionisation simulations??

21 cm?? but also RRL 
detectability??



  

Large scale Reionization with H+He (M. Berge Eide, LG,  et al., sub.)

Effects of x-rays on HII regions 
of high-z QSOs on Global 
reionisation.

 How does the topology of →
    ionised bubbles change?

 Relative roles of stars/QSOs→
 IGM heating→
 x-rays from binaries??→

Feedback from radiation → SF missing!

Nature of galactic sources still not clear: 
galaxies modeled with uncertain escape 
Fraction. 
 

Galaxies only        /    Galaxies + QSOs



  

Epoch of Heating: before the first QSO (M. Berge Eide, LG, et al., sub.)



  

Handling spatial resolution 
resolution  CF / AMR→



  



  

Feedback shapes Galaxy formation

Mechanical feedbackChemical feedback

Radiative feedback
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N-Body simulation: dynamical evolution
                               of DM halos

GAMETE simulation: Star formation, 
                                   metal production

CRASH simulation: RT,  gas ionisation
                                heating



  

Testable consequences: the MDF of the Milky Way at z=0 

Sensitive to reionisation.

Low metallicity tail of the Milky 
Way MDF

Sensitive to metal enrichment.

IRA assumption should be 
removed → Stellar evolution
plays a relevant role



  

● Box side L: 8/4/1 cMpc
● M

p
 = 3.38d5 M

sun
● 0 < z < 20 → 155 snaps
● Grids: 5133 cells 
● 3 levels:  8 → coarse

               4 → fine (halo LG)
               1 → zoom-in

● Planck Cosmology
● FoF → max 13000 halos / 

            100 particles/halo
● Full particle based MergerTree

ancestors/descendant
● Lya /mini-halos classified: 

T
vir

 = 2d4 K
● Central MW-like halo M=1.7d12M

sun
● Accretion history ← accretion 

                                 from IGM

● MW-like halo fine in DM properties: M, T, V
c
, c

● 4 cMpc, well resolved volume → LG
● Satellite statistics good!
● M31 position → wrong! Outside the LG!, M32, M33, LMC like halos

                          present but in arbitrary positions



  

 GAMESH2 → BARYONS in MW and MW progenitors 
 

Graziani, de Bennassuti, Schneider et al., MNRAS, 2017

● MW-like halo fine in Baryonic 
props : 

     M
gas

, M
*
, M

Z
, SFR → OK

● SF efficiency 9%



  

 GAMESH2 → BARYONS in MW and MW progenitors 
 

Graziani, de Bennassuti, Schneider et al., MNRAS, 2017

Main Sequence → OK

              Along z !

Small objects → dispersion

→ FEEDBACK!



  

 GAMESH2 → BARYONS in MW and MW progenitors 
 

Graziani, de Bennassuti, Schneider et al., MNRAS, 2017

This scaling relation is 
believed to originate from the 
interplay between gas 
accretion, star formation and 
SN-driven outflows

Distribution of the MW progenitors relative to  the 
fundamental plane of metallicity (Hunt et al. 2016a)

The description of these 

physical processes obtained 

by GAMESH leads to results 

consistent with observations.



  

Feedback shapes Galaxy formation

Mechanical feedbackChemical feedback

Radiative feedback
io

ni
sa

tio
n,

 h
ea

tin
g,

 d
us

t e
vo

lu
tio

n

P
O

P
III

 →
 P

O
P

II 
+

B
H

/b
in

ar
ie

s 
ev

ol
ut

io
n R

adiation P
ressure, D

ust →
 w

inds

Triggering / suppressing star form
ation

Enrichment: winds /mergersP
O

P
III

 →
 P

O
P

II 
+B

H
/b

in
ar

ie
s 

ev
ol

ut
io

n

Change in source type / Gas cooling

First Stars
First QSOs



  

       High redshift (6.5 < z < 7.5) dusty galaxies

● Watson et al., 2015: Direct detection of dust emission!

● Schaerer et al., 2015: Sample of five 
      high-z, star-forming galaxies: estimates for 
      dust properties, stellar emission, star formation 
      rates, dust masses, [C II] luminosity, UV 
      attenuation, stellar masses. 

●  Maiolino et al., 2015:  three spectroscopically 
       confirmed Lyman Break Galaxies at 6.8<z<67.1.
       CII line detection (also see Gallerani et al.  2012, 
       Williams et al.,  2014)
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● Access the properties of the ISM of high-z
      Galaxies.
● Disentangle the role of various feedback 
      Processes in place 
● Estimate of the evolutionary status of the galaxy 
      by both SFR, atomic metals and dust.
● Interplay between ISM and IGM ->Escape fraction 
      in many spectral bands → Reionisation

 



  



  



  



  

  dustyGadget : simulates the production and evolution of                
                             dust and atomic metals in Gadget 

● DETAILED STELLAR EVOLUTION: NON-IRA for SNIa, SNII, AGB 
           
● METAL/DUST ENRICHMENT:  Metals (Tornatore 2007) + DUST  

       → Dust yields for POP III, SNII and AGB stars. See Raffaella´s Talk

  → Radiation feedback on dust is not included at this stage.

       Production:

      Evolution: ● DUST ASTRATION:  Star formation incorporates dust.

● GRAIN GROWTH: Dust can grow in cold, metal enriched molecular 
                                     clouds  by accreating atomic metals.

● GRAIN SUBLIMATION: In the hot ISM the solid component could 
                                             return into the gas phase



  

● DUST ASTRATION:  Star formation incorporates dust.

● GRAIN GROWTH: Dust can grow in cold, metal enriched molecular 
                                     clouds  by accreating atomic metals.

● GRAIN SUBLIMATION: In the hot ISM the solid component could 
                                             return into the gas phase

      Evolution:

   All these are environment dependent processes!

dustyGadget : simulates the production and evolution of                  
                           dust and atomic metals in Gadget 



  

DustyGadget : Dust Formation/Evolution/Spreading

      

Simulation with dust.

● Z =5.67

● Box size: 10 cMpc/h

● Spreading: dust
    distribution highly 
    In-homogeneous

● Huge gradients in the 
    enriched regions of the 
    box



  

Projects @ SNS

RT on AMR galaxy RT throught a QSO 
outflow
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