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ABSTRACT

The reionization of the second electron of helium shapes the physical state of intergalactic
gas at redshifts between 2 . z . 5. Because performing full in situ radiative transfer in
hydrodynamic simulations is computationally expensive for large volumes, the physics of He
II reionization is often approximated by a uniform UV background model that does not cap-
ture the spatial inhomogeneity of reionization. We have devised a model that implements the
effects of He II reionization using semi-analytic calculations of the thermal state of intergalac-
tic gas– a way to bypass a full radiative transfer simulation while still realizing the physics
of He II reionization that affects observables such as the Lyman α forest. Here we present a
publicly-available code that flexibly models inhomogeneous He II reionization in simulations
at a negligible computational cost. Because many of the parameters of He II reionization are
uncertain, our model is customizable from a set of free parameters. We show results from
this code in MP-GADGET, where this model is implemented. We demonstrate the resulting
temperature evolution and temperature-density relation of intergalactic gas– consistent with
recent measurements and previous radiative transfer simulations. We show that the impact of
He II reionization gives rise to subtle signatures in the one-dimensional statistics of the Ly-
man α forest at the level of several percent, in agreement with previous findings. The flexible
nature of these simulations is ideal for studies of He II reionization and future observations
of the He II Lyman α forest.
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1 INTRODUCTION

The reionization of the second electron of helium is believed to be

the last major heating event in of the bulk of the Universe’s bary-

onic matter, the intergalactic medium (IGM). While the reioniza-

tion of hydrogen and the first electron of helium was likely seeded

by the first galaxies and stars, helium was likely not fully ionized

until photons of a higher energy regime (Eγ ≥ 4 Rydberg) were

produced in bulk (e.g. Miralda-Escude 1993; Madau & Meiksin

1994; Miralda-Escudé et al. 2000; Schaye et al. 2000; McQuinn

et al. 2009; Compostella et al. 2013, 2014; La Plante et al. 2017,

2018).

This reionization of the second electron of helium, He II

reionization, was likely driven by quasars. Firstly, the opacity in

the He II Lyman α forest suggests the existence of ∼ 10 comoving

Mpc fluctuations that are most plausibly sourced by AGN. Sec-

ondly, the observed luminosity function and spectral energy distri-

bution of quasars produces enough 4 Ryd photons to completely

reionize He II by z ∼ 3 (e.g. Madau et al. 1999; Miralda-Escudé

et al. 2000; Wyithe & Loeb 2003; Furlanetto & Oh 2008; Haardt &

Madau 2012; Khaire 2017; Puchwein et al. 2019; Kulkarni et al.

2019) and Gunn-Peterson troughs in the He II Lyman-α forest

indicate that He II reionization ended around this time (Miralda-
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Escude 1993; Reimers et al. 1997; Hogan et al. 1997; Heap et al.

2000; Zheng et al. 2004; McQuinn 2009; Shull et al. 2010; Worseck

et al. 2011, 2019). While sources other than quasars emit 4 Rydberg

photons (e.g. hot virialized gas, hot galactic and circumgalactic gas,

and X-ray binaries), it is unlikely that any of these sources would

produce a significant fraction of the extragalactic He II-ionizing

radiation (Upton Sanderbeck et al. 2018).

He II reionization shapes the thermal state of the IGM at

2 . z . 5, photoheating the gas by up to tens of thousands of

degrees Kelvin (e.g. Miralda-Escudé & Rees 1994; Schaye et al.

2000; Tittley & Meiksin 2007; McQuinn et al. 2009; Compostella

et al. 2013, 2014; Puchwein et al. 2015; Upton Sanderbeck et al.

2016). Because He II reionization is a patchy process, with differ-

ent regions becoming reionized at different times, it induces spa-

tial fluctuations in temperature at correlated scales of ten of co-

moving Mpc, surviving for approximately a Hubble time (Miralda-

Escudé & Rees 1994; Hui & Gnedin 1997; Hui & Haiman 2003).

A secondary effect of the thermal impact of reionization, pres-

sure smoothing, alters the spatial distribution of intergalactic gas

as well as the subsequent thermal evolution. Both the thermal state

of the gas and resulting pressure smoothing affect Lyman α for-

est absorption– the most widely used observable of the IGM at

2 . z . 5.

Furthermore, the thermal impact of He II reionization has a

dramatic effect on the temperature-density relation of intergalac-
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tic gas. Following the end of photoheating from reionization, the

temperature-density relation of the low-density IGM begins set-

tles into an approximate single power-law relation (Hui & Gnedin

1997; McQuinn & Upton Sanderbeck 2016). Not only does He II

reionization modulate the slope of the power law, but it also intro-

duces a significant amount of scatter as a consequence of the patchi-

ness He II reionization. Accurately characterizing the temperature-

density relation of the IGM by implementing He II reionization

into Lyman α forest simulations may reduce biases from cosmo-

logical parameters extracted from the Lyman α forest.

Many have forecasted the impact of temperature fluctuations

on several IGM statistics. Lai et al. (2006) calculated the effect

of temperature fluctuations from a patchy and extended reioniza-

tion on the Lyman α forest one-dimensional flux power spectrum.

They found that models with order unity temperature fluctuations at

scales of tens of comoving Mpc only had a few-percent level effect

on the flux power spectrum for small scales. Though McQuinn et al.

(2011) reaffirmed the small effect of He II reionization on such

one-dimensional Lyman α forest statistics, they show that the three

dimensional flux power spectrum could show order unity deviation

from a model without temperature fluctuations. However, La Plante

et al. (2017) found that inhomogeneities from He II reionization

can induce several percent level effects in the one dimensional flux

power spectrum; and in Oñorbe et al. (2019), the relic thermal fluc-

tuations from hydrogen reionization are found to increase power by

up to fifty percent at large scales (k . 0.1 (km/s)−1).

Additionally, Meiksin (2000), Theuns & Zaroubi (2000), and

Zaldarriaga (2002) argue that wavelet filters used on Lyman α for-

est spectra can effectively detect such spatial temperature fluctua-

tions. Two- and three- point statistics from many Lyman α forest

sightlines may also be sensitive to He II reionization temperature

fluctuations (White et al. 2010), with a three-point function also be-

ing able to detect scatter in the temperature-density relation (Fang

& White 2004).

Generally, He II reionization in simulations without in situ

radiative transfer is often treated using a spatially-uniform ionizing

background model that can recreate the mean thermal history at

the mean cosmic density owing to He II reionization. Some of the

most widely used ionizing background models in such simulations

include Haardt & Madau (2012), Puchwein et al. (2015), Puchwein

et al. (2019), and Faucher-Giguere & -A. (2019). The approach of

using a uniform ultraviolet background model to capture the effects

of reionization neglects the patchiness and resulting fluctuations

in temperature, ionization state, and pressure smoothing. This also

leads to an artificially narrow temperature-density relation that does

not capture the scatter that should result from the inhomogeneity of

He II reionization.

In this paper, we present a method of implementing the

thermal effects of He II reionization into hydrodynamic simula-

tions without the need for an in situ radiative transfer treatment.

While radiative transfer simulations can be an order of magni-

tude more computationally expensive than non-radiative simula-

tions, our model incurs a negligible computational cost. We alter

the thermal state of the gas to mimic the radiative transfer, mod-

eling the impact of He II reionization with a small set of parame-

ters. This code is publicly available as a feature implemented within

MP-GADGET
1.

Our method captures the patchiness of He II reionization– an

important feature for cosmological simulations and for investigat-

1 https://github.com/MP-Gadget/MP-Gadget

ing large scales where it is measurable. The morphology of He II

reionization in our simulations approximates that found in the ra-

diative transfer He II reionization simulations of McQuinn et al.

(2009) where large He III bubbles form rapidly– emerging faster

than they grow– and overlap until they fill the entire volume.

In Section 2, we describe the physics of He II reionization and

the free parameters of our model. Section 3 describes the details

and results of our simulations. We conclude in Section 4.

2 He II REIONIZATION MODEL

2.1 Thermal physics model

The reionization of He II has a distinct morphology from hy-

drogen reionization, as it is accomplished by a different class of

sources and photon energies. The higher energy photons produced

by quasars have long mean free paths that do not collectively form

ionization fronts (McQuinn et al. 2009). Approximately, He II -

ionizing photons can be categorized into two regimes – short mean

free path photons that nearly instantaneously ionize the quasar’s

surrounding medium and drive the production and growth of He III

bubbles, and long mean free path photons that free stream through

the Universe and uniformly heat the gas through their rare pho-

toionizations. This multi-zone heating is found in detailed simula-

tions of He II reionization (McQuinn et al. 2009) and serves as the

basis of analytic models of the thermal history (Upton Sanderbeck

et al. 2016).

The determination of whether any given photon will contribute

to the formation and growth of a He III bubble, or free stream and

ultimately uniformly heat the IGM can be roughly distinguished by

considering the photon’s mean free path. The mean free path can

be estimated by the following,

λMFP,HeII ≈ 5 x̄−1
HeII

(

Eγ

100eV

)3 (
1 + z

4

)−2

cMpc, (1)

where Eγ is the energy of the photon. If the mean free path of

the photon is greater than the typical size of a He III bubble, then

this photon will contribute to a more uniform background of these

higher energy photons.

We model the photoheating during He II reionization with a

multi-zone model that distinguishes the heating from short mean

free path photons that nearly instantaneously ionize the medium

surrounding a quasar and the heating from long mean free path

photons that uniformly heat the rest of the IGM.

2.1.1 Short mean free path photons

On average, the short mean free path He II -ionizing photons that

contribute to the formation of He III bubbles instantaneously heat

the newly-ionized gas by,

∆Qinst = nHeII

(
∫ Emax

hνHeII

dE
JE

E

)−1 ∫ Emax

hνHeII

dE(E−hνHeII)
JE

E
,

(2)

where JE is the average specific intensity that ionized the gas,

hνHeII is the ionization potential of He II (4 Ryd/54.4 eV), and

Emax is the threshold photon energy that distinguishes photons that

contribute to a He III bubble (short mean free path photons) from

photons that free stream and uniformly heat the IGM (long mean

free path photons). We approximate that the heat injection from
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these He III bubble-forming photons increases the temperature of

the gas around a quasar by ∆Tinst = 2/(3kbntot)∆Qinst immedi-

ately once the quasar turns on and forms a He III bubble. While He

II reionization is underway, the regions that have been exposed to

these short mean free path photons are considered fully reionized

and no longer experience non-equilibrium photoheating.

2.1.2 Long mean free path photons

He II -ionizing photons with energies greater than Emax do not col-

lectively contribute to ionization fronts during He II reionization,

instead, they free stream for several tens or hundreds of Myr before

absorption. Their impact on the global ionization state of the gas

is negligible, but the photoionizations from the rare absorptions of

these photons heat the IGM approximately homogeneously with a

rate of

dQlongMFP
HeII

dt
(z) = nHeII(z)

∫

∞

Emax

dE

E
(E−EHeII)JE(z)σHeII(E).

(3)

The specific intensity of these long mean free path photons at a

redshift of z0 is

JE(z0) =
c

4π

∫

∞

z0

dz

∣

∣

∣

∣

dt

dz

∣

∣

∣

∣

(1 + z0)
3

(1 + z)3
ǫE(z)e

−τHeII(z0,z,E), (4)

where the optical depth from photons emitted at redshift zem to

redshift z is defined by

τHeII(zem, z, E) =
∫ zem

z0

c dz

H(z)(1 + z)
σHeII

(

E
1 + z

1 + z0

)

n̄HeII(z). (5)

In Equation 4, we approximate the specific ionizing emissivity to

hold the shape of a power-law, such that ǫE = AE−αQSO , where

αQSO is the quasar spectral index (see § 2.3.1). The normalization

factor, A, is determined by setting the ionizing emissivity equal to

the total number of ionizations and recombinations, such that,

∫

∞

E0

dEǫE = n̄He

(

dx̄HeIII

dt
+ CHeIIIαB x̄HeIIIn̄e

)

, (6)

where x̄HeIII is the model-dependent mean ionization fraction of

He III, and CHeIII the clumping factor (see § 2.3.5).

2.1.3 The patchiness of He II reionization

The multi-zone heating based on the two types of photoheating de-

scribed in the previous subsections illustrates how we implement

the thermal impact of He II reionization. Short mean free path pho-

tons form and heat He III bubbles, while long mean free path pho-

tons uniformly heat all intergalactic gas that is not yet part of a He

III bubble. Gas particles will be reionized at different times– He

III bubbles form around ionizing sources until the bubbles overlap

completely and the whole volume ionized. As soon as a gas par-

ticle becomes part of a He III bubble, photoheating from the long

mean free path photon background shuts off and this region ex-

periences the instantaneous heating from the reionization of He II

. This approach of heating and cooling local regions individually

avoids artificial cooling rates– a consequence of using a UV back-

ground model to uniformly heat the IGM (e.g. Haardt & Madau

2012; Puchwein et al. 2019; Faucher-Giguere & -A. 2019)– as re-

combination and collisional cooling rates are dependent on the lo-

cal temperature.

The gas in regions that are reionized last is exposed to the

heating from the long mean free path photons longest and thus is

heated more extremely than earlier-reionized regions. He II reion-

ization ends with significant spatial fluctuations in the temperature

of the intergalactic medium. Thus, the duration of He II reioniza-

tion will affect the magnitude of these temperature fluctuations.

2.2 Model implementation

The morphology of He II reionization in the radiative transfer sim-

ulations of McQuinn et al. (2009) suggest that the emergence of He

III bubbles happens rapidly and that these bubbles occur in a tight

distribution of sizes. Our models emulate this process as follows:

(i) In the simulation, we identify halos of Mhalo ≥ 1012M⊙
2

and select one of these halos at random to host a quasar.

(ii) We create a He III bubble centered around the quasar when

the quasar “turns on”. The short-mean-free-path heating described

in the previous section is applied to gas within the bubble–flash

heating the region. Each ionized particle is marked so that particles

are only ionized once.

(iii) We turn on additional quasars and form resulting bubbles

in the box to match an ionization fraction that is pre-computed at

each timestep in the simulation. These ionization fractions are ei-

ther linear with redshift or are self-consistently calculated using

Equation 6 and a quasar emissivity fitting function (see § 2.3.2).

Regions that have not been reionized are exposed to the long-mean-

free-path photon background.

(iv) The He III bubbles eventually overlap and fill the entire vol-

ume. Once a particle is ionized, it stays ionized indefinitely regard-

less of whether it moves outside the spatial extent of the He III

bubble at formation. Once the desired ionization fraction exceeds

0.95, all remaining gas in the simulation volume is ionized.

Because the uniform long mean free path heating is depen-

dent only on the parameters of He II reionization selected prior

to running the simulation, this heating is calculated ahead of time

in tandem with the He II reionization evolution. These radiative

transfer calculations are run in a separate (public) code that takes

the user-selected parameters of He II reionization and produces an

input file for the simulation.

2.3 Free parameters

We aim to capture the extent of the parameter space of He II reion-

ization in these models. The following free parameters encapsulate

the uncertainties in the sources of He II -ionizing photons and the

evolution of the thermal state of the IGM.

2.3.1 Quasar spectral index

The emissivity of quasars at 4 Ryd is uncertain. This owes to the

difficult nature of observing any extragalactic radiation in the ex-

treme ultraviolet and the uncertainty in the quasar SED at these

energies. Observations in the nearer UV only reliably estimate the

shape of this SED to a couple tens of electron volts (e.g. Telfer et al.

2 The mass range for potential quasar host halos is selectable by the user

in our model.
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Oñorbe J., Davies F. B., Lukić Z., Hennawi J. F., Sorini D., 2019, MNRAS,

486, 4075

Puchwein E., Bolton J. S., Haehnelt M. G., Madau P., Becker G. D., Haardt

F., 2015, MNRAS, 450, 4081

Puchwein E., Haardt F., Haehnelt M. G., Madau P., 2019, MNRAS, 485, 47

Reimers D., Kohler S., Wisotzki L., Groote D., Rodriguez-Pascual P.,

Wamsteker W., 1997, A&A, 327, 890

Schaye J., Theuns T., Rauch M., Efstathiou G., Sargent W. L. W., 2000,

MNRAS, 318, 817

Schaye J., Aguirre A., Kim T.-S., Theuns T., Rauch M., Sargent W. L. W.,

2003, ApJ, 596, 768

Shull M., France K., Danforth C., Smith B., Tumlinson J., 2010,

arxiv:1008.2957,

Shull J. M., Stevans M., Danforth C. W., 2012, ApJ, 752, 162

Springel V., 2005, MNRAS, 364, 1105

Stevans M. L., Shull J. M., Danforth C. W., Tilton E. M., 2014, ApJ, 794,

75

Syphers D., Shull J. M., 2013, ApJ, 765, 119

Syphers D., Shull J. M., 2014, ApJ, 784, 42

Telfer R. C., Zheng W., Kriss G. A., Davidsen A. F., 2002, ApJ, 565, 773

Theuns T., Zaroubi S., 2000, MNRAS, 317, 989

Tittley E. R., Meiksin A., 2007, MNRAS, 380, 1369

Upton Sanderbeck P. R., D’Aloisio A., McQuinn M. J., 2016, MNRAS,

460, 1885

Upton Sanderbeck P. R., McQuinn M., D’Aloisio A., Werk J. K., 2018, ApJ,

869, 159

Walther M., Hennawi J. F., Hiss H., Oñorbe J., Lee K.-G., Rorai A.,

O’Meara J., 2018, ApJ, 852, 22

Walther M., Oñorbe J., Hennawi J. F., Lukić Z., 2019, ApJ, 872, 13
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