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• What I can and will contribute to DM research: 

• Currently: interface between (semi non-) linear 
theory and simulation 

• Dreams: simulate fully nonlinear evolution of 
arbitrarily interacting matter in General Relativity
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Figure 3. Top: The power spectra of baryons, dark matter and
their weighted sum at redshift zero. The dark-matter spectrum is
hidden by the total matter spectrum. The baryon, dark-matter
and total-matter spectra from linear theory are indistinguishable
in this logarithmic plot. The error bars indicate the variance in a
bin, stemming from the finite boxsize. Note that the variance itself
is subject to the generated random numbers, such that the small
variance in the bin for smallest k is a random fluke in a bin with
very few modes. Bottom: The ratio of the baryon spectrum to
the dark-matter spectrum at various redshifts (compare to Fig. 1
in (Angulo et al. 2013)), demonstrating that our choice of TreePM
parameters reproduces linear theory reasonably well.

using CLASS. We have used the code FalconIC (Valkenburg
& Hu 2015), publicly available at http://falconb.org, to
generate the simulation ICs.

In our simulations we followed the evolution of 5123

dark matter plus 5123 gas particles in a periodic box of
1 h�1Gpc using Gadget-III (Springel 2005). In our fidu-
cial run we also account for the contribution of radiation to
the Hubble function. The softening length of each particle
type is set to 1/40 of the mean inter-particle distance, on a
gravity mesh of 5123 cells, with the long-range/short-range
force-split (“ASMTH”) set to 0.125 times a cell width. The
values of the cosmological parameters are: ⌦m = 0.3175,
⌦⇤ = 0.6825, ⌦b = 0.049, n

s

= 0.96, h = 0.67 and
�8 = 0.83, in excellent agreement with the latest Planck
results (Planck Collaboration et al. 2015).

In the upper panel of Fig. 3 we show the dark mat-
ter, baryon and total matter power spectra, together with
linear theory prediction by CLASS. As expected, we find
that all species have basically the same clustering on large-
scales, in agreement with linear theory. In the bottom panel
of that figure we display the ratio between the power spectra
of baryons and dark matter at di↵erent redshifts, together
with the prediction by linear theory. We find an excellent
agreement between the results of our simulations and linear
theory, with subpercent o↵sets likely due to the resolution
of our simulations.

Since in this paper we are just interested on the impact

of the di↵erent approximations used when generating ini-
tial conditions we have employed a simplified hydrodynamic
scheme were the gas only is subject to adiabatic cooling,
i.e. we do not consider radiative cooling, star formation and
supernova/AGN feedback.

5.2 Test cases

Next to our fiducial simulation, we set up four di↵erent
initial conditions, identical to the reference model (includ-
ing the random seed), apart from the initial power spec-
tra of the species. That is, we generated initial condi-
tions with each of the four approximations listed in sec-
tions 3.1, 3.2, 3.3 and 3.4. We ran hydrodynamic simula-
tions o↵ of each of these four initial conditions, in order to
compare the final result to the reference model.

5.3 Results

For each simulation we have computed the gas, dark mat-
ter and total matter density and velocity power spectrum
at z = 0. In Figs. 4 and 5 we display the relative di↵er-
ence between the power spectra from the simulations whose
initial conditions have been generated using a di↵erent ap-
proximation to the one where the ICs were created without
approximations. The bottom panels of those figures show a
zoom into the di↵erent curves together with the prediction
from linear theory at z = 0. We find that linear theory is no
good guidance for the final error in the simulation caused by
the initial conditions.

As expected, we find that di↵erent approximations lead
to di↵erent biases. By setting velocity amplitudes using the
longitudinal-gauge we find that the error on most of the
scales proved by our simulations to be negligible, although
di↵erences reach the percent level on large-scales and in-
crease very rapidly, suggesting that this approximation can
lead to significant e↵ect on very large box size simulations.
The largest error we encounter arises by using the same,
total matter, transfer functions when setting up the initial
conditions of both dark matter and gas. We find that the
magnitude of the e↵ect can be as large at ⇠ 10% in the
velocity power spectrum. By employing the rescaling proce-
dure we find that the error locates between the previous two
ones, with a sub-percent magnitude in most of the cases.
As expected, the errors associated to using the wrong o↵set
when generating the ICs it is only important on small scales.

Even though the rescaling procedure leads to an inter-
nally self-consistent setup, whose linear redshift-0 spectrum
is identical to the linear fiducial spectrum, the nonlinear out-
put of the simulation is di↵erent. How the di↵erence exactly
arises is a matter for further research, but we can point out
that both setups model slightly di↵erent cosmologies, with
di↵erent expansions rates. Moreover, the power spectra of
baryons and dark matter employed to generate the ICs in
both situations are di↵erent: at z = 0 the linear power spec-
tra of both components are very similar, and rescaling those
back will not make them di↵erent, while the power spectra
of each species from CLASS at z = 127 is significantly dif-
ferent to each other (the fact that power spectra are di↵erent
at at z = 127 can be seen in Fig. 2).

It is interesting to point out that for approximations
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,

�~x
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).

Linear growth rate at z = 127
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):

T
i

(⌧(z
i

),~k) =

✓
DN(zi)

DN(z = 0)

◆
T
i

(⌧(z = 0),~k) . (13)

Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which

MNRAS 000, 1–?? (0000)



Errors in contemporary huge 
simulations (but not in mine!)

Multi-species initial conditions 9

10

�4

10

�3

10

�2

10

�1

10

�4

10

�2

10

�4

10

�2

10

�4

10

�2

10

�2

10

�1

10

0

10

�2

10

�1

10

0

10

�2

10

�1

10

0

|�
P ✓

(k
)/

P ✓
(k

) |

Baryons

k [(h/Mpc)]

Dark Matter

k [(h/Mpc)]

Total matter

k [(h/Mpc)]

Longitudinal-gauge velocities

Rescaling P(k, z = 0)
All as total matter

Wrong o�set

Figure 4. The deviation of the velocity-divergence power spectra of simulations with flawed initial conditions as described
in 3.1, 3.2, 3.3, 3.4 relative to the reference simulation. Top row: A comparison of the various simulations. Other rows: Each of the
simulations deviation (data points) compared linear perturbation theory (solid lines) at redshift z = 0, where applicable: approximations
whose linear z = 0-spectrum predicts zero error are left out. The error at the initial redshift z = 127 survives in the simulation down to
z = 0, and does not decay as opposed to the linear perturbation theory prediction.

10

�4

10

�3

10

�2

10

�1

10

�4

10

�2

10

�2

10

�1

10

0

10

�2

10

�1

10

0

10

�2

10

�1

10

0

|�
P �

(k
)/

P �
(k

) |

Baryons

k [(h/Mpc)]

Dark Matter

k [(h/Mpc)]

k [(h/Mpc)]

Total matter

Longitudinal-gauge velocities

Rescaling P(k, z = 0)
All as total matter

Wrong o�set

Figure 5. The deviation of the density power spectra of simulations with flawed initial conditions as described in 3.1, 3.2, 3.3, 3.4 relative
to the reference simulation. Top row: A comparison of the various simulations. Other rows: Each of the simulations deviation compared
linear perturbation theory at redshift z = 0, where applicable: approximations whose linear z = 0-spectrum predicts zero error are left
out.

Flender S. F., Schwarz D. J., 2012, Phys. Rev., D86, 063527

Floerchinger S., Garny M., Tetradis N., Wiedemann U. A., 2016

Foreman S., Senatore L., 2016, J. Cosmology Astropart. Phys., 4,
033

Gabrielli A., Joyce M., Sylos Labini F., 2002, Phys. Rev., D65,
083523

Garrison L. H., Eisenstein D. J., Ferrer D., Metchnik M. V., Pinto
P. A., 2016, ] 10.1093/mnras/stw1594

Giblin J. T., Mertens J. B., Starkman G. D., 2016, Phys. Rev.
Lett., 116, 251301

Hahn O., Paranjape A., 2016

Kuhlen M., Vogelsberger M., Angulo R., 2012, Phys. Dark Univ.,
1, 50

Lesgourgues J., 2011a, preprint, (arXiv:1104.2932)

Lesgourgues J., 2011b, preprint, (arXiv:1104.2934)

Lewandowski M., Senatore L., Prada F., Zhao C., Chuang C.-H.,
2015, preprint, (arXiv:1512.06831)

Lewis A., Challinor A., Lasenby A., 2000, ApJ, 538, 473

Manzotti A., Peloso M., Pietroni M., Viel M., Villaescusa-Navarro
F., 2014, J. Cosmology Astropart. Phys., 9, 047

MNRAS 000, 1–?? (0000)

[Valkenburg & Villaescusa-Navarro]



Other project: more 
simulations of standard CDMMulti-species initial conditions 5

2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).

Linear growth rate at z = 127

0.8
1

1.2
1.4
1.6
1.8

2

2.2
2.4

10

�4

10

�3

10

�2

10

�1

10

0

⇣ @
⌧
T

(k
)

T
(k

)

⌘ 2

k [h/Mpc]

Dark matter

Baryons

Total matter

Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):

T
i

(⌧(z
i

),~k) =

✓
DN(zi)

DN(z = 0)

◆
T
i

(⌧(z = 0),~k) . (13)

Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):
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Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):
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Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):
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Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):
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Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which
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2.4.2 Ignoring perturbations in neutrinos and photons

The power spectra that we use for the generation of initial
conditions, are computed using the Boltzmann code Class,
for a cosmology which includes perturbations in photons
and neutrinos. These are absent in the N-body gauge. Using
Class one can easily verify that these relativistic species
contribute up to 1% in power in the gravitational poten-
tial at redshift z = 127. Their (linear) contribution how-
ever quickly decays. Since their contribution is much less
than that of baryons (e.g. Palanque-Delabrouille et al. 2015;
Cuesta et al. 2016), the error from incorrectly taking their
contribution into account should be much less than that of
providing baryons the wrong initial spectrum, however still
of the order of percents (Brandbyge et al. 2016). Moreover,
the relativistic shear introduced by massive neutrinos has
been found to be undetectable, when comparing relativis-
tic (Adamek et al. 2016) to Newtonian (Zennaro et al. 2016)
simulations. Nevertheless, the fact that we make the same
systematic approximation in the various approaches that we
test, means that our qualitative conclusions about baryons
relative to dark matter probably are robust.

3 VARIOUS APPROXIMATIONS IN THE
LITERATURE

Initial conditions that carry adiabatic perturbations for mul-
tiple species, are generated by first setting up a single source
density field ⇢

~

k,ini (Angulo et al. 2013; Valkenburg & Hu
2015), and convolving with the transfer function for each
species i,
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Our reference approach, consists of taking the syn-
chronous gauge transfer function T

i

(⌧,~k) of each specific
species from Class at redshift z = 127. The simplicity of
the correct approach leaves no reason for any of the fol-
lowing approximations, the errors of which are under study
here.

3.1 All as total matter

The first and oldest approach, is to give both dark matter
and baryons the power spectrum of total matter, which is
a weighted sum of the baryons (Tb) and dark matter (Tdm)
transfer functions:

Tm =

✓
⌦b

⌦m

◆
Tb +

✓
⌦dm

⌦m

◆
Tdm , (12)

where ⌦m = ⌦b + ⌦dm. In this case, the initial displace-
ments are computed using the above power spectrum for
each species and the peculiar velocities are assigned using
the scale-independent growth of total matter (see Fig. 1).
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Figure 1. Linear growth rate of baryons (green), dark matter
(magenta) and total matter (blue) at z = 127 from CLASS for the
cosmological model considered in this work. While the growth rate
of total matter is scale-independent on scales below the horizon,
the growth rates of dark matter and baryons in particular, exhibit
a significant scale-dependence.

3.2 Rescaling P(k, z=0), ignoring radiation at the
background level

Often simulations take only Newtonian matter species (dark
matter and baryons) and a cosmological constant into ac-
count when computing the Hubble factor, which enters the
dynamics as an e↵ective friction on the particles motion. The
detailed evolution of the linear power spectrum is slightly
di↵erent in a Universe without radiation, as it does not show
the small scale-dependent growth near the Hubble radius
that is present in a Universe with a homogeneous radiation
component. It is therefore custom to take the redshift z = 0
output of a Boltzmann code, and scale it back to the starting
redshift using the Newtonian, scale independent radiation-
less growth factor DN(k, z) = DN(z):
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Since at redshift zero, the baryons have fallen into the poten-
tial of dark-matter, the rescaling approach provides baryons
with practically the same spectrum as dark matter even at
the initial redshift, making this approach very similar to the
total-matter approximation above.

3.3 Longitudinal gauge velocities

This approximation consists in computing displacements
and peculiar velocities through the power spectrum in the
synchronous and longitudinal gauge, respectively. The longi-
tudinal gauge is defined by choosing B

i

= hT

ij

= 0 in Eq. (1).
When in addition to this gauge choice, the solution for a cer-
tain matter content dictates Ḣ

L

= 0, such as in a pure dust
Universe, the velocities on sub-Hubble scales in this gauge
correspond to those of the N-body gauge. However, at the
linear level, at early times the residual radiation perturba-
tions cause a small time dependence in H

L

. At late times a
cosmological constant cause an additional time dependence
in H

L

. These e↵ects are small, as is evident from the solid
line for “Longitudinal-gauge velocities” in Fig 4: linear the-
ory predicts only a minimal error at intermediate to large
scales. In summary, this approximation assigns the wrong
velocities on scales at and beyond the Hubble radius, which

MNRAS 000, 1–?? (0000)



So…



So…
• Dark Matter comes from cosmology



So…
• Dark Matter comes from cosmology

• I like to worry about the cosmology 
part of that sentence.



So…
• Dark Matter comes from cosmology

• I like to worry about the cosmology 
part of that sentence.



So…
• Dark Matter comes from cosmology

• I like to worry about the cosmology 
part of that sentence.

• Remember to invest in cosmology!


