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Abstract

Emission line galaxies (ELGs), more generally star-forming galaxies, are valuable tracers of large-scale structure
and therefore main targets of upcoming wide-area spectroscopic galaxy surveys. We propose a fixed-aperture
shape estimator of each ELG for extracting the intrinsic alignment (IA) signal, and assess the performance of the
method using image simulations of ELGs generated from the IllustrisTNG simulation including observational
effects such as the sky background noise. We show that our method enables a significant detection of the IA power
spectrum with the linear-scale coefficient A ~ (13—15) =+ 3.0 up to z = 2, even from the small simulation volume
~0.009(h~!' Gpc)?, in contrast to the null detection with the standard method. Thus the ELG IA signal, measured
with our method, opens up opportunities to exploit cosmology and galaxy physics in high-redshift universe.

Unified Astronomy Thesaurus concepts: Large-scale structure of the universe (902); Galaxy evolution (594);

Hydrodynamical simulations (767)

1. Introduction

Intrinsic correlations between shapes of different galaxies,
the so-called intrinsic alignments (IAs), can arise from the
primordial seed fluctuations of cosmic structures and gravita-
tional interaction in structure formation (Croft & Metzler 2000;
Lee & Pen 2000, 2001; Pen et al. 2000; Catelan et al. 2001;
Crittenden et al. 2001). IA has been intensively studied because
it is one of the most important systematic effects for weak
lensing (Hirata & Seljak 2004; Troxel & Ishak 2015) and can
also be used as a probe of cosmological parameters (Chisari &
Dvorkin 2013; Taruya & Okumura 2020), the primordial
gravitational wave (Schmidt et al. 2014, 2015), and the
primordial anisotropic non-Gaussianity (Chisari et al. 2016b;
Akitsu et al. 2021).

Observationally, several studies have shown a significant
detection of the IA effect for luminous red galaxies up to
z~ 0.7 (Mandelbaum et al. 2006; Hirata et al. 2007; Okumura
& Jing 2009; Singh et al. 2015; Singh & Mandelbaum 2016).
In contrast, there is no clear signature of the IA effect reported
for blue star-forming galaxies from data (Mandelbaum et al.
2011; Tonegawa et al. 2018; Yao et al. 2020); and different
simulations predict IA with varying amplitudes and signs
(Chisari et al. 2016a; Tenneti et al. 2016; Hilbert et al. 2017,
Shi et al. 2021). Star-forming galaxies are useful tracers of
large-scale structures up to the higher redshifts, and indeed
main targets for upcoming wide-area galaxy redshift surveys
such as the Subaru Prime Focus Spectrograph (PFS) survey
(Takada et al. 2014) and the DESI survey.(’

Hence, the purpose of this paper is to study a new estimator
of shapes of star-forming galaxies enabling a significant
detection of their IA effect. To do this we use star-forming
galaxies simulated in the IlustrisTNG (Springel et al. 2018).
We use our method to characterize shapes of the galaxies, and

6 https: //www.desi.Ibl.gov

then measure the IA power spectrum based on the method in
Kurita et al. (2021) (also see Shi et al. 2021). To make the
realistic predictions, we take into account observational effects
(sky background, filter transmission, and seeing) when
characterizing the galaxy shapes.

The structure of this paper is organized as follows. In
Section 2, we briefly review the IllustrisTNG simulation and
describe our selection of emission-line galaxies (ELGs) from
the simulation. In Section 3, we describe a method to simulate
observed images of ELGs with a ground-based telescope, and
then define a new estimator of ELG shapes. In Section 4, we
show the main results of this paper: the IA power spectra
measured using the new estimator of ELG shapes. Section 5 is
devoted to our conclusions and a discussion. Throughout this
paper we use the comoving coordinates to refer length scales.

2. Simulation Data and ELG Selection
2.1. The HllustrisTNG Simulation Suite

The MlustrisTNG is a suite of cosmological hydrodynamical
simulations in a Lambda cold dark matter model (Marinacci
et al. 2018; Naiman et al. 2018; Nelson et al. 2018; Pillepich
et al. 2018a; Springel et al. 2018, also see references therein).
In this work, we use the publicly available simulation data of
MlustrisTNG-300 (hereafter simply TNG300) (Nelson et al.
2019) with a box size of about 205 &' Mpc to have good
statistics. The simulation assumes the Planck cosmology
(Planck Collaboration et al. 2016), characterized by
Qn=0.3089, Q, =0.0486, h=0.6774, and 03 =0.8159. It
follows the dynamical evolution of 2500° dark matter (DM)
pamcles and approximately 2500° gas cells from z =127 to
z=0, giving an average gas cell mass of 7.44 x 10° h'M., a
DM mass resolution of 3. 98 x 10" h'M, o, and a collision-less
softening length of 1 A~ 'kpc at z=0. The TNG300 galaxy
formation and evolution model includes key physical effects
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Table 1
Properties of ELGs in Illustris-TNG300, Studied in this Work
z < 10g M*) ( 10g Mhalo> <SFR> fccn AIA T¢
0.5 10.39 13.20 25.75 0.667 1539£296 043
1.0 10.41 13.04 47.78 0.682 1526 £2.89 041
1.5 10.42 12.88 71.64 0.741 12.86 £ 2.83 0.39
2.0 10.41 12.67 94.01 0.798 15.45+284 040

Note. We show the redshift (z), average stellar mass (M,), average host halo
mass (M), average SFR, the central galaxy fraction, IA strength (Aja), and
the rms ellipticities per component (o.). Here M, and M, are in units of
h™'M., and SFR is in units of M. yr~".

such as gas cooling and heating, star formation, stellar
evolution, and chemical enrichment, SN feedback, black hole
growth, active galactic nuclei feedback, and cosmic magnetic
field (see Weinberger et al. 2017; Pillepich et al. 2018b for
details).

2.2. ELG Selection

Galaxies in TNG300 are identified using the Friends-
of-Friends and SUBFIND algorithms (Davis et al. 1985;
Springel et al. 2001). We select hypothetical ELGs from a
ranked list of the star formation rate (SFR) of galaxies until
their comoving number density matches
ng = 107*(h~! Mpc)~, a typical number density of ELGs that
upcoming surveys such as PES and DESI are designed to have.
The SFR ranked selection roughly corresponds to a selection of
ELGs based on the [O1I] emission-line strengths (Gonzalez-
Perez et al. 2020; K. Osato & T. Okumura 2021, in
preparation). Here the SFR of each galaxy in the simulation
is defined by the spontaneous SFR within the twice half-stellar-
mass—radius. In this work, we focus mainly on ELGs at z= 1.5,
as a representative redshift of PFS and DESI surveys. We will
also use ELGs at different redshifts z=10.5, 1, and 2, selected
in the same way, to study the redshift dependence of their IA
signals. Table 1 shows properties of ELGs used in our study.
More than 67% of the ELGs reside in central subhalos and are
massive in the stellar mass.

1000 Original
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3. Method: Image Simulation and Aperture-based Shape
Estimator

3.1. An Image Simulation of ELGs

In the following we assume that both imaging and spectro-
scopic data for ELGs in the sample are available; a spectro-
scopic redshift of each ELG, via an identification of the
emission-line(s) such as an [O1I] line, and an imaging data
around each ELG, including surrounding galaxies that do not
necessarily have spectroscopic redshifts. Here the spectro-
scopic redshifts are needed to measure the 3D power spectrum
of ELG’s IA effect, and the images are needed to characterize
shapes of the regions surrounding ELGs for the IA measure-
ments. Such imaging and spectroscopic surveys for the same
region of the sky are available for ongoing and upcoming
surveys such as the Subaru Hyper Suprime-Cam (HSC) and
PFS surveys. We below describe a method to simulate an
imaging data of each ELG region that is seen with a ground-
based telescope such as the Subaru HSC.

We first carry out a ray-tracing simulation of each ELG
region in TNG300 to obtain the projected image. We use all the
stellar particles contained in a cubic box of (1A' Mpc)?
volume around each ELG at the center. The spectral energy
distributions (SEDs) of the stellar population are modeled with
the stellar population synthesis code PEGASE.3 (Fioc &
Rocca-Volmerange 2019). Each stellar particle represents a
single age stellar population. First, we construct the table of
SEDs for different metallicities Z=[0.0, 0.0001, 0.0004,
0.004, 0.008, 0.02, 0.05, 0.1] up to the age of 100 Myr. Then,
for each particle, we allocate SEDs by linearly interpolating the
table with respect to the metallicity and age. The attenuation
due to diffuse interstellar medium and dust is taken into
account in PEGASE. 3. Using the rest-frame luminosity per
unit wavelength and the luminosity distance to the galaxy
redshift (e.g., z=1.5), we calculate the observer-frame flux per
unit wavelength. Then we include the filter transmission to
calculate the noise-free and PSF-free photon counts in each
pixel of the simulated image, taking the x3-direction as the line-
of-sight (LOS) direction, as shown in the left panel of Figure 1.
In doing these we assume the atmosphere transparency of 1.0,
the aperture of the 8.2 m Subaru Telescope, the total system
throughput of 0.5, f.x, = 1200 s for the exposure time, and the

20 =1387 18
e - L3
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Figure 1. A simulated i-band image of the region around an example ELG at z = 1.5, made from the TNG300 simulation data. Left panel: the original image of the
ELG region. Middle: the simulated image taking into account the 0.6” FWHM seeing effect, the total system throughput of the Subaru telescope (0.5), and the sky
background noise at the Subaru site, assuming f.x, = 1200 s for the exposure time and the i-band filter transmission. Right: similar to the middle panel, but it shows
only the pixels with S/N > 3 within an aperture of radius 500 h~" kpc around the ELG. The legend gives the stellar mass and the half-stellar-mass—radius of the ELG,

and the halo mass and the virial radius of the host halo.
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transmission of the i band, more exactly the i2 filter of Subaru
HSC” that has a transmission curve over 689 < \ /[nm] < 845.
We generate a simulated image of each ELG in 128 pixels for
a square region of 1(A~' Mpc)? around the ELG. The pixel size
is 7.8 h~ ' kpc corresponding to 0.53” for a galaxy at z = 1.5.

We then include the atmospheric effects. The turbulence of
the atmosphere smears the image resolution—the seeing effect.
To model the seeing effect, we convolve the above observer-
frame image with a 2D Gaussian function with FWHM = 0.6”,
which is a typical seeing size of the HSC data (Aihara et al.
2018). In addition, the sky itself emits light—the sky
background. Assuming the sky background dominated regime,
we generate the random noise in each pixel, assuming a
Gaussian distribution with width oy, = 2849¢~ s~ arcsec™?
(electron counts per second per arcsec’ solid angle) and
fexp = 1200 s for the exposure time, where oy, is obtained
from the HSC ETC® assuming an observation at 7 days after
new moon with moon-object distance of 90°. Our simulated
image fairly well reproduces i, =~ 25.7 for the 50 limiting
magnitude (2" aperture) for a point source as obtained in the
HSC ETC, and this depth is roughly equivalent to the depth of
the ongoing Subaru HSC survey (Aihara et al. 2018).

Figure 1 shows the simulated image in the region around an
example ELG. This ELG resides at the central subhalo, and the
host halo has the virial radius Rogo~1h " Mpc
(Moo~ 7.4 x 1013 hflM@), greater than the panel size, while
the ELG itself has a half-stellar-mass-radius of
R,~46h"! kpc, much smaller than R,g. The figure shows
that the ELG is surrounded by satellites or many building
blocks, which would accrete onto the ELG to form a bigger
galaxy at lower redshifts. The accretion direction should reflect
shapes of the host halo and surrounding cosmic web, and the
method we propose below is sensitive to these building blocks
to better capture the overall IA signal. However, some of these
building blocks become invisible when the sky noise is added,
as shown in the middle panel. The right panel shows the pixels
that have signal-to-noise ratio (S/N) >3, and bright building
blocks survive even after the S/N cut.

3.2. An Aperture Shape Estimator for ELGs

We now characterize the shape of each ELG using the
simulated images around each ELG we described in the
preceding section. In this work, we propose an aperture inertia
tensor for ELG shapes, defined as

ap Zn;(S/N)pix>3;rfD<500h’l kpcﬁl XniXnj
= , )
z:n;(S/N)pix>3;r,3’3<500;rl kpcfn

where f,, is the flux of the nth pixel in the simulated image, x,,;,
x,/(i, j = 1, 2) are the relative position of this pixel with respect
to the ELG position, and the summation runs over all the pixels
within circular aperture of the projected radius r*° <500
h~" kpc that have S/N > 3 for the S/N of photon counts in the
pixel. The average virial radius of the host halos for ERGs at
z=1.5 is {Ropo) =~ 470 h~! kpc, corresponding to the average
halo mass (Mso) =~ 7.6 x 10'2 =M, (Table 1), and roughly
matches the aperture radius. Note that we use the fixed aperture

" https: / /www.subarutelescope.org/Observing /Instruments /HSC/

sensitivity.html
8 https: / /hscq.naoj.hawaii.edu/cgi-bin/HSC_ETC /hsc_etc.cgi
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of razpD = 500 h~! kpc for all the results in this paper. We also
test our results with smaller aperture sizes, such as 200 or 300
h~'kpc, as shown in Appendix B.

We find that the inertia tensor is ill-defined if we do not
employ the S/N cut. However, the results basically do not
change if we adopt different S/N cuts such as S/N >4 or S/
N > 5. For the above inertia tensor, stellar particles at outer
radii are up-weighted so that the estimator can capture
contribution from building blocks around each ELG as seen
in the middle and right panels of Figure 1.

For comparison, we also study the conventionally used
inertia tensor for the same sample of ELGs. The reduced inertia
tensor is widely used (Tenneti et al. 2015),

XniXnj
]ir.educed — ann i , Q)
! M
where m,, is the mass of the nth member stellar particle of the
ELG, x,;, x,/(i, j=1, 2, 3) are the 3D position vector of the
particle with respect to the ELG center. For this method, the
weight 1/r2 is used, but the following results we show remain
almost unchanged even if we do not use this radial weight, as
long as the summation is restricted to member particles of
each ELG.
The ellipticity of a galaxy is (assuming the xz-axis as the
LOS direction)

_ i — o= 2L
hy+ by’ 5+ by

In the following we use either of Equations (1) or (2) for the
inertia tensor. The column “o.” in Table 1 gives the intrinsic
rms ellipticities for the new method (Equation (1)), showing
that the new method gives a larger 0.~ 0.4 than that of the
usual method, o, ~ 0.3 as shown in Shi et al. (2021).

The IA power spectrum between matter density field ¢,, and

E-mode shear field vg is estimated following the method in
Kurita et al. (2021):

(YE(k) 8, (K)) = (2m)*6p (k + k') Ps (), “

where (k) = v, (k)cos2¢; + ~, (k) sin 2¢, is the E-mode
decomposition of galaxy shear in Fourier space and
Yo = €2/CR)(R=1— (€2 is the responsivity as defined
in Bernstein & Jarvis 2002). The nonlinear alignment model
(Blazek et al. 2011) predicts

3)

€1

Pastk, 1) = —AIqucm%(l —DPsk ), )

where Pgs(k, z) is the nonlinear matter power spectrum at
redshift z, D(z) is the growth rate, and C;p.=0.0134 for
convention (Joachimi et al. 2011). The dimension-less
coefficient Ajs is an indicator of the IA strength (Shi et al.
2021).

4. Results

In this section we show the main results of this paper.
Figure 2 shows that our new estimator of ELG shape, defined
by Equation (1), allows for a clear detection of the monopole
moment of ng)(k) at z= 1.5, while the conventional shape
method gives only an upper limit on the cross-power spectrum
in low k bins. To be more quantitative, the new method gives
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Figure 2. The monopole moment of the cross-power spectrum between matter
and the galaxy E-mode shape, Pé(g)(k), for ELGs at z = 1.5. The red triangles
show the result when using the aperture shape estimator (Equation (1)). For
comparison the open diamonds show the result when using the standard
method of shape estimator (Equation (2)) for the same sample of ELGs, and the
squares show the result using the standard method for the host halos using DM
particles centered on each ELG.

—kPO[(h~"Mpe)?

more than a tenfold boost in the P amplitude over the range
of k bins we consider. Recalling that the TNG300 simulation
has a small volume of ~0.0086 (A~! Gpc)?, this result means
that upcoming galaxy surveys covering more than 1(h~!' Gpc)®
volume enables a significant detection of the IA signal. The TA
signal in smaller k bins contains cleaner cosmological
information, and a fitting of the model (Equation (5)) with
the measured power spectrum over the three lowest k bins (up
to k~04hn Mpc_l) gives Ajp = 12.86 +2.83, 4.50 detection,
while A;, for the standard method is consistent with a null
detection at 20 level (Aj4 = 3.2 £ 2.0). Is this new IA estimator
optimal? To address this question, Figure 2 also shows the IA
power spectrum for DM halos hosting ELGs, where we use the
parent halos even for satellite ELGs (the member DM particles)
to characterize the halo shapes centered on each ELG. The DM
halo gives Ajp =15.7 £2.4, which is very similar to the IA
signal of ELGs. The good agreement between the flux based
aperture inertia tensor and the DM halo particle based inertia
tensor suggests that the light distribution follows the matter
distribution, which is supported by the good correlations
(although with scatters) between the ellipticities calculated
using light and matter distributions as shown in Appendix A.
This is also consistent with the results shown in Shin et al.
(2021) and O’Neil et al. (2021), where they show the baryons
trace the matter distribution well using a Dark Energy Survey
(DES) lensing profile and IllustrisTNG hydro-simulation
separately. Also, the stronger IA signal with our aperture-
based inertia tensor is in consistent with the picture that the
outer region of galaxies/satellites in galaxy groups are more
aligned with the large-scale tidal field as revealed by previous
studies (Singh & Mandelbaum 2016; van Uitert et al. 2017).
Table 1 summarizes the IA signal for ELGs at different
redshifts, z=0.5, 1.0, 1.5, and 2.0. Note that all ELG samples
have the fixed number density of 10~*(h~! Mpc)3. The ELG
samples at all the redshifts give a clear detection of Aj,.
Figure 3 shows the ratio of the IA power spectrum to the matter

Shi et al.

power spectrum. The figure shows that the IA signals are
detected over the range of k bins, with very weak redshift
dependence. The redshift evolution of Ajn depends on the
sample selection and redshift, as shown in Figure 6 of Kurita
et al. (2021). In our previous work in Shi et al. (2021), we
found that A, shows very weak redshift dependence for the
galaxy samples of a fixed stellar mass range across z=0.3 to
z=2. The mean stellar mass varies within ~0.3 dex from
z=0.5 to z =2 for the ELGs, as listed in Table 1. The weak
redshift dependence in the ELG IA signals is thus consistent
with our previous studies. In addition the ratio displays very
weak k dependence up to k ~ 1 A Mpc ', which is in agreement
with the prediction of nonlinear alignment model.

In Appendix B we also show how the results change with
varying aperture sizes and the S/N cuts in the pixels that are
needed to define the aperture-based shapes of ELGs. Figures 3
and B2 show that the findings we described above hold for
these different definitions of the ELG shapes.

5. Discussion and Summary

In this paper we proposed an aperture-based estimator to
characterize shapes of ELGs (more exactly star-forming
galaxies) for extracting the IA signals of ELGs. We applied
the method to star-forming galaxies simulated in IlustrisTNG,
one of the state-of-the-art cosmological hydrodynamical
simulations, and showed that the method allows for a
significant detection of the IA effect even from the small
simulation volume. This method gives about tenfold boost in
the TA amplitude compared to that of the conventional method.
We also found a significant detection of the IA signals, with
almost similar amplitude and S/Ns, for all the ELG samples
over the wide range of redshifts up to z=2. This is quite
encouraging because the new method opens up an opportunity
to study the IA signals of star-forming galaxies over redshifts
where the cosmic star formation activity is violent, and the
measured IA signals can be used to probe cosmology and
physics of galaxy formation. This method is relevant for
upcoming imaging and spectroscopic galaxy surveys: Subaru
HSC, PFS, DESI, Vera C. Rubin Observatory Legacy Survey
of Space and Time (LSST), Euclid, and the Roman Space
Telescope.

In order to characterize the shape of each ELG region, we
need to properly estimate the background noise in each field
and then use the pixels that are greater than a certain threshold
(S/N > 3 used in this paper). Defining the uniform background
noise over the entire survey region is not so obvious, as it
depends on the depth and sky brightness of each pointing in
each field. As long as the background estimation is random
between different fields, this does not cause any systematic
effect in the IA measurement. If the background estimation
varies with different fields in a correlated way with large-scale
structures for some reason (e.g., contribution from light of
galaxies in each field), it would cause the systematic effect. For
the similar reason, any projection effect of foreground/
background (physically unassociated) galaxies in each ELG
region relevant for the shape estimation causes only statistical
noise in the IA measurement. A practical application of the
method to actual data would be quite valuable and will be our
future work.
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Figure 3. The IA strength, characterized by Aja (k) o< ngv Pys, for the ELG
samples of the fixed number density at different redshifts. The Aj5 values in the
legend are the best-fit linear IA coefficient, obtained from the data points with
k< 0.4 hMpc™' (see text for details).
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Appendix A
Ellipticities of ELGs

In Figure A1, we show the ellipticity for each ELG at z = 1.5
calculated using the aperture shape estimator developed in the
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this work versus the ellipticity calculated using the DM
particles within the host halo centering on the the ELG. The
ellipticity calculated using the standard method with stellar
particles within the galaxy is also shown for comparison. The
figure clearly shows that the new method of ELG shapes gives
a stronger correlation with the DM halo shapes than the
conventional method does. Although large scatters exist in this
one-to-one ellipticity correlation (see Appendix D of Kurita
et al. 2021 for the related discussion), the nice thing about the
power spectrum method is that it allows us to extract a
correlated signal between shapes of different ELGs, where the
intrinsic shapes act as statistical errors.

Appendix B
IA Power Spectrum with Varying Aperture Sizes and S/
N Cuts

In Figure B1, we study the dependence of the IA strength on
the aperture size choices. The IA strength is stronger and has a
higher S/N ratio with aperture radii increasing from 200 to 500
h~ ' kpc. The IA strength with 300 2~ ' kpc approaches the one
with 500 A~ 'kpc. Such dependence on aperture size is in
agreement with the point made in Figure 2, where the IA signal
is weak /non-detectable when we use the reduced inertia tensor
based on stellar particles and the signal gets stronger and
clearer when we include and give more weight to the outer
region within the host halo.

Figure B2 shows the results using the different S/N cuts of
pixels that are used to define the ELG shapes (see Equation (1)
and Figure 1). It is clear that the IA signals remain for the
different choices of the S/N cuts.
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Figure Al. Left panel: a comparison of the ellipticities for ELGs at z = 1.5 calculated using the aperture shape estimator (Equation (1)) with the standard method of
shape estimator (Equation (2)) for the host halos using DM particles centered on each ELG on individual ELG basis. Right: the simpler plot, but the comparison of the
DM halo shape, the same as in the left panel, with the ELG shapes obtained by applying the standard method of shape estimator to the stellar particles of each ELG.
The Spearman’s rank correlation coefficients for the left and right panels are 0.524 and 0.289 separately. The gray dashed lines correspond to perfect correlations for

reference.
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Figure B1. The IA power spectrum of ELGs measured with varying aperture radii that are used to define the ELG shapes (Equation (1)). The black, blue, and orange
triangles with error bars are the results with radius of 500, 300, and 200 /' kpc. The IA strength characterized by Aj4 are also shown in the figure.
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Figure B2. The IA power spectrum of ELGs measured with varying the S/N
cut used for the ELG shape definition (Equation (1)).
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