
Sub-­‐grid	
  modeling	
  of	
  EoR	
  physics	
  
Andrei	
  Mesinger	
  

Scuola	
  Normale	
  Superiore,	
  Pisa	
  
	
  

(Sobacchi	
  &	
  Mesinger	
  2013ab;	
  Sobacchi	
  &	
  Mesinger	
  2014)	
  



Cosmic	
  History	
  and	
  EoR	
  

•  Bulk	
  of	
  our	
  light	
  cone.	
  Undiscovered	
  fronMer!	
  
•  One	
  of	
  the	
  two	
  important	
  phase	
  transiMons:	
  	
  affected	
  the	
  vast	
  majority	
  of	
  baryons.	
  
•  Only	
  pracMcal	
  way	
  of	
  studying	
  the	
  high-­‐z	
  galaxy	
  populaMon,	
  since	
  most	
  are	
  too	
  faint	
  for	
  

direct	
  observaMons	
  
•  Testbed	
  for	
  exciMng	
  early	
  Universe	
  physics	
  
•  PracMcal:	
  many	
  billions	
  of	
  €	
  and	
  $	
  devoted	
  to	
  observaMons	
  of	
  these	
  epochs:	
  1	
  of	
  3	
  

science	
  goals	
  stressed	
  by	
  the	
  Decadal	
  Survey	
  of	
  the	
  US	
  NaMonal	
  Academies	
  
•  TheoreMcal	
  progress	
  is	
  needed	
  to	
  confront	
  upcoming	
  observaMons!	
  

z~6??	
   z~30?	
   z~1100	
  

ReionizaMon	
   Dark	
  Ages	
   Recom
binaMon	
  



Story	
  of	
  Sources	
  and	
  Sinks	
  
Impact of UV background feedback and recombinations

UVB photo-heating feedback

UVB heats the gas
suppressing accretion on
small halos

Emissivity decreases

Photon sinks

High-density regions
self-shield

Photons lost to balance
recombinations

Reionization is delayed
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Figure 3. Comparison of four radiative transfer simulations post-processed on the same density field, but using different source prescriptions parametrized by
Ṅ (m) = α(m) m. The white regions are ionized and the black are neutral. The left-hand panel, left centre panel, right centre panel and right-hand panels are,
respectively, cuts through Simulations S2 (α ∝ m−2/3), S1 (α ∝ m0), S3 (α ∝ m2/3) and S4 (α ∝ m0, but only haloes with m > 4 × 1010 M⊙ host sources). For
the top panels, the volume-ionized fraction is x̄i,V ≈ 0.2 (the mass-ionized fraction is x̄i,M ≈ 0.3) and z = 8.7. For the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6)
and z = 7.7, and for the bottom panels, x̄i,V ≈ 0.7(x̄i,M ≈ 0.8) and z = 7.3. Note that the S4 simulation outputs have the same x̄i,M , but x̄i,V that are typically
0.1 smaller than that of other runs. In S4, the source fluctuations are nearly Poissonian, resulting in the bubbles being uncorrelated with the density field
(x̄i,V ≈ x̄i,M ). Each panel is 94 Mpc wide and would subtend 0.6 degrees on the sky.
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Figure 4. The volume-weighted bubble radius PDF for the S1 (solid curves),
S3 (dot–dashed curves) and S4 (dotted curves) simulations. See the text for
our definition of the bubble radius R. We do not include curves for the
S2 simulation because they are similar to those for S1. The thin curves
are at z = 8.7 and x̄i,M = 0.3, and the thick curves are at z = 7.3 and
x̄i,M = 0.8. Simulation S4 has the rarest sources and the largest H II regions
of the four models.
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Figure 5. The ionization fraction power spectrum "xx (k)2 = k3 Pxx (k)/2π2

for the S1 (solid curves), S2 (dashed curves), S3 (dot–dashed curves) and S4
(dotted curves) simulations. For the top panels, x̄i,V ≈ 0.2(x̄i,M ≈ 0.3), for
the middle panels, x̄i,V ≈ 0.5(xi,M ≈ 0.6) and for the bottom panels, x̄i,V ≈
0.7(x̄i,M ≈ 0.8). In all panels, the fluctuations are larger at k ! 1 h Mpc−1

in S3 and S4 than they are in S1 and in S2. As the most massive haloes
contribute more of the ionizing photons, the ionization fraction fluctuations
increase at large scales.
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Sub-­‐grid	
  approach	
  
Dynamical range of scales

Range of scales

Box size > 100s Mpc to model reionization

Resolution < kpc to model UVB feedback on sources and
sinks

Not achievable with current RT simulations
(resolution 0.1� 1 Mpc)

Sub-grid modelling

Emanuele Sobacchi & Andrei Mesinger UVB feedback and recombinations during cosmic reionization



Large-­‐scale	
  reionizaMon	
  sims	
  
Large scale simulations of inhomogeneous reionization

21cmFAST (Mesinger + 2011)

A region is ionized if (e.g.
Furlanetto + 2004)

integrated emissivity >>>
recombinations per baryon

emissivity: UVB feedback

recombinations: sinks

Emanuele Sobacchi & Andrei Mesinger UVB feedback and recombinations during cosmic reionization



Large-­‐scale	
  reionizaMon	
  sims	
  
Large scale simulations of inhomogeneous reionization

21cmFAST (Mesinger + 2011)

A region is ionized if (e.g.
Furlanetto + 2004)

integrated emissivity >>>
recombinations per baryon

emissivity: UVB feedback

recombinations: sinks

Emanuele Sobacchi & Andrei Mesinger UVB feedback and recombinations during cosmic reionization



Parameterized,	
  local	
  UVB	
  feedback	
  
Sub-grid modelling of sources

UVB feedback (Sobacchi & Mesinger 2013)

Mcrit: minimum mass of star-forming halos

1D simulations (confirmed by 3D; Noh & McQuinn 2014)

Follow the history of each cell: Mcrit = Mcrit (�UVB, z , zIN)
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Parameterized,	
  local	
  sinks	
  evoluMon	
  
Sub-grid modelling of sinks

Sinks (Miralda-Escudé + 2000; Rahmati + 2013)

Recombination rate at � depends on self-shielding:
ṅrec =

R
P (�) ṅrec (�UVB, z ,�)

Follow the history of each cell: nrec =
R z
zIN

ṅrec
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Simple	
  picture	
  
Results: interpretation

HII

As time passes and an HII region
grows

only very massive halos host
stars (high Mcrit).

many photons are lost to
balance recombinations
(high nrec).

Delay end stages

Suppress HII regions
& 10 Mpc.
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approaches	
  recombinaMon	
  limited	
  growth	
  (e.g.	
  Furlanego	
  &	
  Oh	
  2005)	
  

HII	
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Morphologies	
  Results: overview
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ReionizaMon	
  History	
  
Results: reionization evolution

Large delay of end stages: �z ⇠ 2.5.
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This	
  means	
  the	
  21cm	
  signal	
  is	
  	
  
smaller	
  than	
  expected!	
  

suppression	
  of	
  large-­‐scale	
  21cm	
  power	
  by	
  factors	
  of	
  >3-­‐5	
  throughout	
  reionizaMon,	
  
and	
  a	
  steeper	
  spectrum(mostly	
  due	
  to	
  inhomogeneous	
  recombinaMons).	
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Figure 3. Two-dimensional power spectrum of the 4 hr of data analyzed. The wedge-like nature of the foreground emission is clear. The white line marks the horizon
limit and the orange line is 50 ns beyond. The color scale is logarithmic and the units are mK2(h−1 Mpc)3. The binning is described in the text.
(A color version of this figure is available in the online journal.)

We draw attention to the fact that the supra-horizon emission
does not have a constant width in k∥ as a function of k⊥. Rather,
more emission extends beyond the horizon on the smallest
k⊥-values (i.e., the shortest baselines). We expect this behavior
to result from two different effects. First, the shortest baselines
will resolve out less of the diffuse Galactic synchrotron, so that
the emission will be brighter. Therefore, we can see its sidelobes
extend further in k∥ before they fall below the noise level. The
second effect is somewhat more subtle and can be best illustrated
with an example. Consider two east–west baselines of length 10
and 100λ at 150 MHz, which correspond to light travel times
(i.e., horizon limits) of 66.7 and 667 ns, respectively. A point
source 20◦ above the eastern horizon corresponds to geometric
delays of 62.6 and 626 ns on these baselines. If the source
spectrum has a given amount of “unsmoothness” and creates a
delay space kernel of width 10 ns, then this kernel, centered at
the geometric delay of the source, will lead to emission beyond
the horizon on the 10λ baseline, but not on the 100λ baseline.
This example illustrates how the same sources of emission will
naturally lead to more corruption of supra-horizon delays on
shorter baselines than on longer ones.

Finally, we draw attention to the “edge brightening” of the
foreground emission in the wedge on the longest baselines as
one moves near the horizon limit. This feature can be attributed
to the Galactic plane, and moves as expected when the data are
viewed as a function of time.

To highlight the steepness of the foreground roll-off, we plot
1D k∥ power spectra for bins of several baseline lengths in
Figure 4. We see that the foreground emission can fall by as
much as three to four orders of magnitude in a factor of two
change in k∥. It is difficult to explicitly compare this result to
the predictions of P12a, due to the different resolutions and
binning used. The placement of bin edges can significantly
complicate comparison when the falloff is so steep, as a slight
shift in the bin can result in a large change in the average value
within. For similar reasons, it is difficult to say exactly where
the emission falls below the noise. Given these caveats, there is
nothing in these data to contradict P12a. It is clear, however, that
sensitivities will have to increase significantly before anything

can be said about the behavior of foreground emission at the
tens of mK2 level where the expected EoR signal lies.

To both demonstrate the effectiveness of the delay-space
foreground isolation and further investigate the nature of the
supra-horizon emission, we high-pass filter the data in delay
space, selecting only delay modes more than 50 ns beyond
the horizon limit, i.e., we select the emission lying beyond the
orange line in Figure 3. We then image these data from 140
to 165 MHz in 100 0.25 MHz bins to form a data-cube versus
frequency. Finally, we Fourier transform our data-cube versus
frequency to create maps of individual k∥ modes. Three of the
resultant maps for k∥ = 0.06, 0.08, and 0.51 h Mpc−1 are shown
in Figure 5.

The flux scale in these images has been reduced by two
to three orders of magnitude from Figure 2, demonstrating
the effectiveness of delay-space filtering. Interpreting the flux
scale in the lowest k∥ modes is complicated, since most of
baselines at these modes have been filtered off, whereas the
k∥ = 0.51 h Mpc−1 mode is effectively a noise map. It can
be seen in Figure 3 that this mode lies above the wedge, and
therefore nothing has been filtered from it. The rms in this map
(calculated from the complex data) is 14 mJy. We can estimate
the expected noise level using

∆σ = 2kBΩ
λ2

Tsys√
N (N − 1)Bt

, (2)

where kB is Boltzmann’s constant, Ω is the solid angle of the
primary beam, λ is the observing wavelength, Tsys is the system
temperature, N is the number of antennas in the array, B is the
bandwidth, and t is the observing time (Thompson et al. 2007).
For this observation Ω = 0.75 sr, t = 4 hr, λ = 1.96 m, B =
25 MHz, and Tsys = 1000 K. This somewhat high value for Tsys
is reasonable given the Galactic emission in these observations;
the values of Tsys for PAPER will be presented in a forthcoming
publication by Parsons et al. Using these values gives an
expected rms of 14 mJy, in accord with our measurement.

The k∥ = 0.06 and 0.08 h Mpc−1 maps are clearly not noise-
dominated. Accounting for the noise that was removed by filter,
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Results: UVB evolution

UVB feedback + recombinations

Early start of reionization + photon-starved reionization end
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Conclusions	
  
Conclusions

Sub-grid modelling necessary to model UVB feedback and
recombinations

Recombinations more important than UVB feedback to
determine reionization evolution and morphology

Early start and late, photon-starved end of reionization

Sizes of HII regions suppressed by factors of > 2� 3

Combined e↵ect of recombinations and UVB feedback
necessary to interpret (upcoming) observations
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