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A B S T R A C T 

We present measurements of the intrinsic alignments (IAs) of the star-forming gas of galaxies in the EAGLE simulations. 
Radio continuum imaging of this gas enables cosmic shear measurements complementary to optical surv e ys. We measure 
the orientation of star-forming gas with respect to the direction to, and orientation of, neighbouring galaxies. Star-forming 

gas exhibits a preferentially radial orientation–direction alignment that is a decreasing function of galaxy pair separation, but 
remains significant to � 1 Mpc at z = 0. The alignment is qualitatively similar to that exhibited by the stars, but is weaker at fixed 

separation. Pairs of galaxies hosted by more massive subhaloes exhibit stronger alignment at fixed separation, but the strong 

alignment of close pairs is dominated by ∼L 

� galaxies and their satellites. At fixed comoving separation, the radial alignment is 
stronger at higher redshift. The orientation–orientation alignment is consistent with random at all separations, despite subhaloes 
exhibiting preferential parallel minor axis alignment. The weaker IA of star-forming gas than for stars stems from the former’s 
tendency to be less well aligned with the dark matter (DM) structure of galaxies than the latter, and implies that the systematic 
uncertainty due to IA may be less severe in radio continuum weak lensing surv e ys than in optical counterparts. Alignment models 
equating the orientation of star-forming gas discs to that of stellar discs or the DM structure of host subhaloes will therefore 
o v erestimate the impact of IAs on radio continuum cosmic shear measurements. 

Key words: gravitational lensing: weak – methods: numerical – galaxies: haloes – galaxies: ISM – cosmology: large-scale struc- 
ture of Universe – radio continuum: ISM. 

1

T  

t  

P  

2  

i  

a  

R  

J  

C  

s  

l  

i  

i
 

a  

m  

M  

a  

(  

e  

a  

i  

f  

�

D  

a
 

i  

c  

u  

a  

t  

Y  

t  

b  

(  

w  

c  

a  

e  

h  

M  

a  

m  

g  

t  

(  

i  

e  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/511/3/3844/6521457 by Liverpool John M
oores U

niversity user on 28 February 2022
 I N T RO D U C T I O N  

he morphology, spin, and orientation of galaxies are influenced by
he tidal field of the cosmic large-scale structure (e.g. Heavens &
eacock 1988 ; Bond, Kofman & Pogosyan 1996 ; Wang & Kang
018 ). The coherence of the tidal field o v er large cosmic distances
nduces correlated orientations, a phenomenon often referred to
s ‘intrinsic alignment’ (e.g. Croft & Metzler 2000 ; Heavens,
efre gier & He ymans 2000 ; Lee & Pen 2001 ; Brown et al. 2002 ;

ing 2002 ; Mackey, White & Kamionkowski 2002 ; Aubert, Pichon &
olombi 2004 ). This alignment represents a significant source of

ystematic uncertainty in cosmic shear measurements from weak
ensing experiments, which aim to measure the distortion of the
mages of distant galaxies due to the lensing effect induced by
ntervening matter distribution along the line of sight. 

The observed correlation of the shapes of galaxies results from the
pparent alignment of their lensed images, and the intrinsic align-
ent of their true orientations (see Troxel & Ishak 2015 for a re vie w).
uch effort has been made to develop means of modelling intrinsic

lignments in order to mitigate their impact on weak lensing surv e ys
for re vie ws, see Joachimi et al. 2015 ; Kiessling et al. 2015 ; Kirk
t al. 2015 ). Further moti v ation for modelling intrinsic alignment
rises from its putative sensitivity to a diverse range of physical
nfluences, such as the growth of angular momentum during galaxy
ormation (Lee & Pen 2000 ), primordial gra vitational wa ves (Chisari,
 E-mail: a.d.hill@2017.ljmu.ac.uk 

t  

o  

Pub
vorkin & Schmidt 2014 ), modified gravity (L’Huillier et al. 2017 ),
nd self-interacting dark matter (DM; Harv e y et al. 2021 ). 

As the depth and fidelity of observations impro v es, commensurate
mpro v ements in the ability of weak lensing surv e ys to constrain
osmological parameters are increasingly limited by an incomplete
nderstanding of the effect of baryons on the matter power spectrum
nd the intrinsic alignment of galaxies. Amon et al. ( 2022 ) argue
hat such uncertainties cost the Dark Energy Surv e y Year 3 (DES
3; Secco et al. 2022 ) cosmic shear measurements approximately

wo-thirds of their constraining power. Intrinsic alignments have
een estimated primarily using the analytic linear alignment model
Catelan, Kamionkowski & Blandford 2001 ; Hirata & Seljak 2004 ),
ith the ansatz that the projected shapes of galaxies are linearly

orrelated with the projected tidal field. The linear alignment model
ccurately reproduces the inferred alignments of distantly separated
arly-type galaxies ( � 10 h 

−1 Mpc ); ho we ver, recent observ ations
ave shown it to underestimate the alignments of closer pairs (Singh,
andelbaum & More 2015 ; Johnston et al. 2019 ). The non-linear

lignment model (Bridle & King 2007 ) makes use of the non-linear
atter power spectrum while still assuming a linear response between

alaxy shapes and the tidal field, and fares better at reproducing
he observed alignments of galaxies at intermediate separations
Hirata & Seljak 2010 ). It has thus enjoyed widespread adoption
n the mitigation of intrinsic alignment uncertainty (e.g. Joachimi
t al. 2011 ; Heymans et al. 2013 ; Abbott et al. 2016 ). Mitigating
he uncertainty on shorter scales has moti v ated the development
f more complex approaches, such as the quadratic alignment
© 2022 The Author(s) 
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odel (Crittenden et al. 2001 ), perturbative expansions (Blazek, 
cQuinn & Seljak 2011 ; Blazek, Vlah & Seljak 2015 ; Blazek et al.

019 ), ef fecti ve field theory (Vlah, Chisari & Schmidt 2020 ), and
pplications of the halo model (Schneider & Bridle 2010 ; Fortuna 
t al. 2021 ). 

In recent years, cosmological hydrodynamical simulations of the 
alaxy population, which simultaneously evolve DM and baryons, 
av e achiev ed far better correspondence with the observed properties 
f the galaxy population than prior generations (see e.g. Somerville & 

av ́e 2015 ; Naab & Ostriker 2017 ). These simulations include
reatments of the complex baryonic physics governing the formation 
nd evolution of galaxies, which have been shown to impact the 
nternal structure and the spatial distribution of haloes (e.g. Duffy 
t al. 2010 ; Schaller et al. 2015a ; Springel et al. 2018 ). Hydrody-
amical simulations have been used to study the intrinsic alignment 
f galaxies even well within the non-linear, one-halo regime (Chisari 
t al. 2015 , 2016 ; Codis et al. 2015 ; Tenneti et al. 2015 ; Velliscig et al.
015b ; Hilbert et al. 2017 ; Harv e y et al. 2021 ; Shi et al. 2021 ). They
ffer a means to obtain physical insights into the origins of galaxy
hape correlations and to assess the accuracy of analytic alignment 
odels (Samuroff, Mandelbaum & Blazek 2021 ). 
Contemporary weak lensing experiments are dominated by 

ptical/near-IR surv e ys, since to date only these have delivered 
maging with the necessary source density required to extract a robust
hear measurement. Successive data releases from the Kilo-Degree 
urv e y (KiDS) hav e pro vided galaxy counts of ∼10 arcmin −2 o v er
50 and 1350 de g 2 , respectiv ely, (Hildebrandt et al. 2017 ; He ymans
t al. 2021 ), while the DES Y3 data set contains galaxy sources
t 5.59 arcmin −2 o v er 4143 de g 2 (Secco et al. 2022 ). In principle,
o we ver, shear measurements can also be made using the extended
adio continuum emission of the interstellar medium. To date, deep 
adio surv e ys such as the VLA-COSMOS (Smol ̌ci ́c et al. 2017 )
nd the SuperCLuster Assisted Shear Surv e y (SuperCLASS; Battye 
t al. 2020 ; Harrison et al. 2020 ; Manning et al. 2020 ) have yielded
nsufficient source counts of galaxies ( � 1 arcmin −2 o v er a few square
egrees) to enable meaningful shear measurements, but surv e ys con- 
ucted with the forthcoming Square Kilometer Array (SKA) have the 
otential to yield competitive measurements. The first phase (SKA1) 
s forecast to achieve galaxy source counts of 2.27 arcmin −2 o v er
000 deg 2 (Square Kilometre Array Cosmology Science Working 
roup et al. 2020 ), while Brown et al. ( 2015 ) suggest that the most
ptimistic second phase (SKA2) implementation would deliver 30 
alaxies arcmin −2 o v er 3 π steradians. The two phases are forecast
o provide cosmological constraining power on a par with Stage III
nd Stage IV optical surv e ys, respectiv ely (Harrison et al. 2016 ). 

Radio weak lensing surv e ys present numerous advantages: the 
haracteristic redshift of sources will in general be higher than is
he case for optical surv e ys, which due to increased mass along
he line of sight will yield a stronger lensing signal, as well as
nabling the analysis of the growth of structure at an earlier cosmic
poch (Brown et al. 2015 ; Camera et al. 2017 ; Square Kilometre
rray Cosmology Science Working Group et al. 2020 ); polarization 

nd/or kinematic information, available at no or little extra cost to 
he continuum observ ations, af fords a means of mitigating against 
ntrinsic alignment uncertainty by indicating the unlensed orientation 
Blain 2002 ; Morales 2006 ; de Burgh-Day et al. 2015 ; Whittaker,
rown & Battye 2015 ); the point spread function (PSF) of radio
easurements is deterministic, enabling its precise removal, which 

s not the case for the PSF of optical observations (e.g. Heymans et al.
012 ); and there is the potential to measure the redshift distribution of
ources directly from the radio observations via statistical detection 
f the (low signal-to-noise ratio) 21-cm emission line (Harrison, 
ochner & Brown 2017 ). Arguably the chief benefit in conducting
adio weak lensing surv e ys is the potential for cross-correlation
ith optical measurements, providing a means of mitigating the 

ystematic measurement uncertainties afflicting each wavelength. 
he extended radio continuum emission is largely associated with 
tar-forming gas, whose morphology and orientation need not be 
imilar that of stellar component seen in the optical (see e.g.
unbridge, Harrison & Brown 2016 ). Realization of the potential of
adio weak lensing surv e ys therefore requires accurate assessments 
f the intrinsic alignments of the star-forming gas component of 
alaxies. 

In this study, we use the cosmological, hydrodynamical simu- 
ations of the EAGLE project (Crain et al. 2015 ; Schaye et al.
015 ) to measure the intrinsic alignments of the star-forming gas
omponent of galaxies. These simulations self-consistently account 
or the back-reaction of baryons on the DM, and by modelling
alaxies numerically need not appeal to geometric approximations 
or their size, morphology, or orientation. EAGLE represents an ideal 
odel on which to base this study, as the properties of the interstellar

as associated with its present-day galaxy population have been 
hown to correspond closely with observations (see e.g. Lagos et al.
015 ; Bah ́e et al. 2016 ; Crain et al. 2017 ; Dav ́e et al. 2020 ), and it
eproduces the ‘Fundamental Plane’ of star formation (Lagos et al. 
016 ). This work builds on a prior study (Hill et al. 2021 , hereafter
aper I) in which we examined the morphology of star-forming 
as distributions associated with EAGLE galaxies, and their internal 
lignment with their corresponding stellar and DM components. It 
lso complements studies with EAGLE focussing on the alignments 
f the stellar component of galaxies (Velliscig et al. 2015a , b ). As per
elliscig et al. ( 2015b ), we focus on the orientation–direction and
rientation–orientation intrinsic alignments in three dimensions and 
n projection. 

The paper is structured as follows. In Section 2, we briefly
iscuss details of the EAGLE simulation and outline our numerical 
ethodology and sample selection criteria. In Section 3, we examine 

he intrinsic alignment of star-forming gas in three dimensions and 
ssess its dependence on subhalo mass, redshift and its internal 
lignment with the DM of its host subhalo. In Section 4, we
xamine the intrinsic alignments in projection. In Section 5, we 
iscuss and summarize our findings. In the appendices, we carefully 
ssess the sensitivity of our results to the numerical resolution of
he simulations, the details of the subgrid physics treatments directly 
o v erning the properties of star-forming gas, and the implementation
f our shape and orientation characterization method. 

 M E T H O D S  

his section provides a brief o v erview of the EAGLE simulations
Section 2.1) and introduces the methods used to identify haloes 
nd galaxies (Section 2.2), and to characterize their morphology 
nd orientation (Section 2.3). Sample selection is discussed in Sec- 
ion 2.4, and the numerical characterization of intrinsic alignments 
s discussed in Section 2.5. 

.1 Simulations 

AGLE (Evolution and Assembly of GaLaxies and their Environ- 
ents; Crain et al. 2015 ; Schaye et al. 2015 ) is a suite of hydrodynam-

cal simulations of the formation, assembly and evolution of galaxies 
ithin a � cold dark matter ( � CDM) cosmogony. The project’s
ata have been publicly released, including both raw snapshot data 
nd processed data products such as galaxy and halo catalogues 
MNRAS 511, 3844–3862 (2022) 
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McAlpine et al. 2016 ). The simulations were evolved using a
odified version of the N -body smoothed particle hydrodynamics

SPH) code GADGET-3 (last described by Springel 2005 ), with
he key modifications being a pressure-entropy implementation of
PH (Hopkins 2013 ), the use of the C 

2 smoothing kernel (Wend-
and 1995 ), a time-step limiter (Durier & Dalla Vecchia 2012 ),
nd switches for artificial conduction (Price 2008 ) and viscosity
Cullen & Dehnen 2010 ). The impact of these modifications on the
imulated galaxy population is discussed by Schaller et al. ( 2015b ). 

EAGLE implements subresolution (or ‘subgrid’) routines to model
hysical processes that are not resolved numerically. The radiative
ooling, heating, and photoionization of gas is treated element by
lement using the scheme of Wiersma, Schaye & Smith ( 2009a ),
ssuming the presence of a spatially uniform, temporally evolving
adiation field comprising the cosmic microwave background and
he metagalactic ultra-violet background (modelled by Haardt &

adau 2001 ). Per Schaye & Dalla Vecchia ( 2008 ), the interstellar
edium (ISM) is treated as a single-phase fluid subject to a polytropic

ressure floor, wherein gas particles denser than the metallicity-
ependent threshold advocated by Schaye ( 2004 ) are eligible for
onversion into a stellar particle, with a probability proportional to the
article’s star formation rate (SFR; itself a function of pressure), such
hat galaxies reproduce the observed Kennicutt–Schmidt relation
Kennicutt 1998 ). 

Star particles are assumed to represent simple stellar populations
ith the Chabrier ( 2003 ) initial mass function (IMF), which evolve

nd return mass to the ISM according to the model of Wiersma
t al. ( 2009b ), and inject feedback energy into their surroundings via
tochastic isotropic thermal heating (Dalla Vecchia & Schaye 2012 ).
lack holes (BHs) of initial mass 10 5 M � h 

−1 are seeded on-the-fly
t the centres of haloes with mass greater than 10 10 M � h 

−1 , and
row via BH–BH mergers and Eddington-limited gas accretion at
he Bondi–Hoyle rate, modulated by the circulation speed of gas
ocal to the BH (Springel, Di Matteo & Hernquist 2005 ; Rosas-
ue v ara et al. 2015 ; Schaye et al. 2015 ). Feedback energy released
y this accretion, active galactic nucleus (AGN) feedback, is injected
ia stochastic isotropic thermal heating (Booth & Schaye 2009 ;
chaye et al. 2015 ). The efficiency of stellar feedback and the BH
ccretion disc viscosity (which go v erns the modulation of the Bondi–
oyle rate) were calibrated to reproduce the observed present-day
alaxy stellar mass function and the sizes of disc galaxies, whilst the
fficiency of AGN feedback was calibrated to reproduce the present-
ay relationship between galaxy stellar mass and BH mass. 

EAGLE adopts the Planck Collaboration XVI ( 2014 ) cosmo-
ogical parameters, �m 

= 0.307, �b = 0.04825, �� 

= 0.693,
8 = 0.8288, n s = 0.9611, h = 0.6777, Y = 0.248. The standard

esolution simulations have particle masses corresponding to that of
he flagship EAGLE simulation, Ref-L100N1504, from which our
esults are drawn. This is a periodic volume of side L = 100 cMpc 1 

ealized with 1504 3 DM particles and an initially equal number of
PH particles, such that the initial gas and DM particle masses
re m g = 1 . 81 × 10 6 M � and m DM 

= 9 . 7 × 10 6 M �, respectively.
he Plummer-equi v alent gravitational softening length is fixed in
omoving units to be 1/25 of the mean inter-particle separation,
com 

= 2 . 66 ckpc , limited to a maximum proper length of εprop =
 . 7 pkpc . In Appendix A, we test the numerical convergence
ehaviour of our results using a pair of high-resolution L = 25 cMpc
NRAS 511, 3844–3862 (2022) 

 Throughout this paper, we use the notation ‘c’ and ‘p’ to refer to comoving 
nd proper units, respectively. At z = 0, the distinction between proper and 
omoving units vanishes, so here the notation is dropped. 

t  

c  

r
 

T  
imulations, with particle masses and softening scales smaller than
hose of Ref-L100N1504 by factors of 8 and 2, respectively. 

The simulations thus marginally resolve the Jeans scales at the
hreshold density for star formation in the warm, diffuse phase of
he ISM, but do not resolve the cold, molecular phase. The use of
he aforementioned polytropic pressure law is needed to suppress the
rtificial fragmentation of star-forming gas, but a drawback of its use
s the suppression of the formation of gas discs with a scale height less
han the corresponding Jeans length (see e.g. Trayford et al. 2017 ).
 aper I e xamined the dependence of star-forming gas morphology
n the normalization of the pressure floor and found that reasonable
ariations induced systematic morphological changes that were small
ompared to the system-to-system scatter. We further examine the
nfluence of the pressure floor, and that of the normalization of the
tar formation law, on the internal alignment of the various matter
omponents of galaxies in Appendix B. 

Another numerical limitation that can influence galaxy morphol-
gy is two-body scattering between stellar and DM particles of
nequal mass, which can also lead to artificial heating of the stellar
omponent (Ludlow et al. 2019 ). We therefore caution that discs
f gas and stars are both generally thicker in EAGLE than in
eal galaxies. Whilst unlikely to impact galaxy orientations, these
imitations may affect measures dependent upon galaxy morphology,
uch εg + 

and ε++ 

(Section 2.5.2). 

.2 Identification of galaxies and haloes 

he friends-of-friends (FoF) algorithm is used to identify haloes
ithin the DM distribution, using a linking length one-fifth of the
ean inter-particle separation. Particles of other types are assigned

o the group, if any, of their closest DM particle neighbour. The
UBFIND algorithm is used to find o v erdensities within the FoF
aloes, identifying peaks separated by saddle points in the den-
ity distribution (Springel et al. 2001 ; Dolag et al. 2009 ). These
 v erdensities are termed ‘subhaloes’, further labelled as centrals
f they contain the particle with the lowest gravitational potential
nergy, and satellites otherwise. Galaxies are defined as the baryonic
omponent of subhaloes. The position of a galaxy (and its subhalo)
s defined by that of its particle with the lowest gravitational potential
nergy. Subhalo properties are computed by aggregating the rele v ant
roperties of their constituent particles. 

.3 Characterization of the morphology and orientation of 
alaxy components 

he shapes and orientations of galaxies and their subhaloes are
uantitatively characterized by fitting a three-dimensional ellipsoid
o the rele v ant particle distribution. This ellipsoid is characterized
y major, intermediate, and minor axis lengths ( a , b , c ) and vectors
 � e 1 , � e 2 , � e 3 ). The characteristics of the ellipsoid are computed via the
ass distribution tensor of the rele v ant particles: 

 ij = 

∑ 

p w p r p,i r p,j ∑ 

p w p 

, (1) 

here the sum is o v er all particles, p . Here, r p , i is the i th element of
 particle p ’s coordinate vector relative to the galaxy centre, and w p 

s a weighting factor. As the mass distribution tensor and the inertia
ensor of an object share common eigenvalues and eigenvectors, it is
ommon to use the two terms interchangeably. In this work, we will
efer to the inertia tensor. 

The choice of the inertia tensor is not unique (see e.g. Bett 2012 ).
he simplest form weights particles by their mass ( w p = m p , e.g.
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avis et al. 1985 ; Cole & Lacey 1996 ) and we adopt this approach
hen considering the stellar and DM components of haloes. To 
imic the structure of radio continuum-luminous regions, whose 

uminosity broadly correlates linearly with the local SFR (see e.g. 
ondon 1992 ; Schober, Schleicher & Klessen 2017 ), we consider 
as particles but weight them by their SFR rather than their mass
 w p = ṁ p,� ). The SFR of gas particles is precisely zero unless the
article is both denser than the metallicity-dependent star formation 
hreshold, and has a temperature within 0 . 5 dex of the polytropic
ressure floor. We do not consider radio continuum emission due to 
GN, since this is not extended. 
As per Paper I, we use an iterative form of the reduced inertia

ensor (see also Dubinski & Carlberg 1991 ; Bett 2012 ; Schneider,
renk & Cole 2012 ; Thob et al. 2019 ). The reduced form of the

ensor suppresses the influence of structures in the subhalo outskirts 
y down-weighting the contribution of particles at large (ellipsoidal) 
adii (i.e. w p = ṁ p,� / ̃ r 

2 
p , where ˜ r p is the ellipsoidal radius of the

article), whilst the iterative scheme enables the best-fitting ellipsoid 
o adapt to particle distributions that are markedly different in 
orphology to the initial particle selection. Since the simplest choice 

or the latter is a sphere (or, in two dimensions, a circle), the iterative
ensor is advantageous when characterizing flattened systems such as 
alaxy discs. The best fit ellipsoid is therefore first computed within a
pherical aperture of radius r ap = 30 pkpc , where this value is chosen
or consistency with that commonly used when computing galaxy 
roperties by aggregating particle properties (see e.g. section 5.1.1 
f Schaye et al. 2015 ). In two dimensions, a circular aperture of
 ap = max (30 pkpc , 2 r 1 / 2 , SF - Gas ) is used, where 2 r 1/2, SF-Gas is the
alf-mass radius of the star-forming gas. It is then re-computed 
teratively, using the particles enclosed by the best-fitting ellipsoid 
f the previous iteration. Complete details of the algorithm are given 
n section 2.3 of Paper I. In Appendix C, we assess the sensitivity of
ntrinsic alignments to the chosen form of the inertia tensor and show
hat it has a milder influence on the intrinsic alignments inferred 
or the star-forming gas than is the case for the stellar and DM
omponents of subhaloes. 

.4 Sample selection 

nless otherwise stated, we adopt the same sampling criteria used 
y Paper I. We require at least 100 particles each of star-forming
as, stars and DM to be present within the final converged ellipsoid.
his threshold is moti v ated by numerical tests (see appendix A of
aper I), which indicate that a minimum of 100 particles is needed

o reco v er the sphericity of particle distributions with a measurement
rror of less than 10 per cent. We further require that the star-forming
as distribution is reasonably axisymmetric, since we fit it with an 
xisymmetric shape. We use an adapted form of the axisymmetry 
easure introduced by Trayford et al. ( 2019 ), A 3D , whereby we bin

he mass of star-forming gas particles in pixels of solid angle about
he galaxy centre using HEALPIX (G ́orski et al. 2005 ), and compute
he fractional difference in the mass of opposing pix els. F or inclusion
n our fiducial sample, galaxies must have A 3D ≤ 0.6. 

At z = 0, both the particle sampling and axisymmetry criteria 
re satisfied by 6764 galaxies. The particle sampling criteria in 
articular introduce a strong selection bias, especially at low subhalo 
ass since they correspond to a minimum stellar mass of ∼10 8 M �

nd a minimum SFR of � 6 × 10 −2 M �yr −1 . Our sample includes
pproximately (0.1, 10, 80) per cent of all subhaloes of total mass
og 10 ( M sub / M �) ∼ (10 , 11 , 12), and (16, 65, 60) per cent of all
ubhaloes of stellar mass log 10 ( M � / M �) ∼ (9 , 10 , 11). 
.5 Intrinsic alignments 

osmic shear, the correlation in the shapes of distant galaxies whose
mages have been distorted by the lensing effect of the large scale
tructure of the Universe, is detectable only in the correlation of
he shapes of many background galaxies. In the limit of weak
ravitational lensing, the observed ellipticity ( e obs ) of a galaxy may
e expressed as the sum of its intrinsic shape ( e int ) and the shear
istortion due to lensing ( γ ) 

 

obs = e int + γ. (2) 

n the absence of intrinsic alignment, 〈 e int 〉 = 0. Therefore, for a
ufficiently large sample of galaxies in a given patch of sk y, an y
on-zero measurement of e obs may be interpreted as a measurement 
f the shear due to the influence of the integrated mass density along
he line of sight. 

In practice, non-random galaxy alignments are a significant source 
f systematic bias. The projected two-point correlation function 
etween the shapes of galaxies is defined as 

〈 e obs e obs 〉 = 〈 γ γ 〉 + 〈 γ e int 〉 + 〈 e int γ 〉 + 〈 e int e int 〉 . (3) 

he right-hand side of this equation may also be expressed as GG
 GI + IG + II. GG is the shear-shear autocorrelation term, and it

ncapsulates the correlation caused by the mutual lensing of galaxy 
mages by some common intervening matter distribution. II is the 
ntrinsic–intrinsic autocorrelation, caused by a close pair of galaxies 
eing mutually aligned due to their independent alignment with some 
ommon large-scale structure. The shear-intrinsic cross-correlation 
erm GI is caused by cases where the observed shapes of two galaxies
 g i , g j ) that reside at different redshifts ( z i < z j ) are correlated due
o a massive object at � z i acting as both a lens for g j and a source
f intrinsic alignment for g i . The mechanism causing the IG term is
he similar to GI, except here the massive object resides at � z j . In
ractice IG = 0, as a background object cannot lens a foreground
alaxy. 

The observed intrinsic alignment of galaxies in projection is 
aused primarily by their true three-dimensional orientation and 
orphology. In this paper, we explore both the two- and three-

imensional intrinsic alignments of galaxies in order to investigate 
oth their expected impact on radio cosmic shear measurements and 
o determine their physical cause. We largely refer to ‘orientation–
rientation’ and ‘orientation–direction’ alignments, where the former 
oncerns the orientations of a pair of galaxies, and the latter
ompares the orientation of one galaxy with the direction vector 
onnecting it with a neighbour. Orientation–orientation alignment 
s straightforwardly the II term. Orientation–direction alignment 
oncerns the preference for a galaxy to be orientated with respect to
he location of another galaxy, and hence by extension the ambient
arge-scale structure. Orientation–direction alignment is therefore 
elated to the GI term. Joachimi et al. ( 2011 ) provide a deri v ation of
he GI power spectrum from the ellipticity correlation function. In 
hat follows, we use the term ‘intrinsic alignments’ to refer to both

he II and GI terms. 

.5.1 Measuring intrinsic alignments in three dimensions 

o measure intrinsic alignments, we require the position and ori- 
ntation of a pair of galaxies, necessitating two samples: A =
 A 1 , A 2 , ..., A n } and B = { B 1 , B 2 , ..., B m 

} . Fiducially, A and B are
oth the complete sample of 6764 galaxies that satisfy the criteria
utlined in Section 2.4. To assess the sensitivity of alignments to
arious galaxy properties, we further subsample A and/or B. For 
MNRAS 511, 3844–3862 (2022) 
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M

Figure 1. Schematic representation of the three-dimensional orientation–
direction and orientation–orientation intrinsic alignments. The centres of 
subhaloes A i and B j are separated by distance | � r | . The orientation of the 
galaxy (grey shaded ellipsoid) is misaligned with respect to the orientation 
of its DM subhalo (dashed ellipsoid) by the angle α = cos −1 ( | ̂ e gal ,A i 

3 ·
ˆ e halo ,A i 
3 | ). The orientation–direction alignment of galaxies is defined as 


 = cos −1 ( | ̂ e gal ,A i 
3 · ˆ r | ), while the orientation–orientation alignment is � = 

cos −1 ( | ̂ e gal ,A i 
3 · ˆ e 

gal ,B j 
3 | ). 
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Figure 2. Galaxy pair counts, N p , as a function of separation for our fiducial 
sample. Counts are shown for the entire sample (black curve) and separately 
for the contributions of various pairings of central (C) and satellite (S) galaxies 
(see le gend). P air counts are shown as a function of absolute separation in the 
upper panel, and as a function of separation normalized by the DM half-mass 
radius of the primary galaxy’s subhalo in the lower panel. The vertical grey 
line in the top panel is drawn at 100 εphys , where εphys = 0 . 70 pkpc is the 
maximum proper softening length of the Ref-L100N1504 simulation. 
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xample, if we wish determine the orientation–direction alignment
etween galaxies of different subhalo masses, we subsample A
nd B accordingly and indicate this in figures with the notation
 A )[ M 

A 
low , M 

A 
high ] and ( B)[ M 

B 
low , M 

B 
high ]. Subsampling by other prop-

rties to assess different dependencies is similarly indicated. 
A graphical depiction of the three-dimensional intrinsic and

nternal alignments explored in this paper is shown in Fig. 1 . The
hree-dimensional alignments are defined as the cosine of an angle
f interest for a galaxy pair separated by some vector � r , cos ( χ ).
o assess the influence of galaxy separation, we compute the mean
f cos ( χ ) in bins of galaxy pair separation. A pair is comprised of
ne galaxy from A and one from B, such that the number of galaxy
airs N p = n × m . In the case of the orientation–direction alignment
f a galaxy pair ( A i , B j ) with positions ( � x , � x + � r ), respectively, we
easure the angle between A i ’s morphological minor axis, � e 3 , and

he direction vector connecting the positions of the pair, � r , such that 

cos ( 
 ( r)) = ( | ̂ e A i 3 · ˆ r | ) , (4) 

here carets denote unit vectors. Note that taking the absolute value
f the vector dot product bounds 
 between 0 and π /2, and hence
os ( 
 ) between 0 and 1. The expectation value of cos ( 
 ) for a
andom distribution of vectors in three dimensions is 0.5, cos ( 
 ) = 1
ndicates perfect alignment between the two vectors, while cos ( 
 ) =
 indicates perfect antialignment. Since we measure 
 with respect
o the morphological minor axis, radial alignment (the preference
or the disc plane to be aligned with the direction to a neighbour) is
ignified by cos ( 
 ) < 0.5. 

In the case of the orientation–orientation alignment, we compare
he orientations of both A i and B j as 

cos ( � ( r)) = ( | ̂ e A i 3 · ˆ e 
B j 
3 | ) . (5) 

he expectation value of cos ( � ) for a random distribution of three
ectors is again 0.5, with cos ( � ) = 1, indicating that the minor axes
NRAS 511, 3844–3862 (2022) 
f two galaxies are exactly parallel, and cos ( � ) = 0 that they are
xactly perpendicular. 

We examine alignments as a function of both the absolute three-
imensional distance between galaxies, and the distance normalized
y the half-mass radius of the DM distribution ( r / r DM 

) of the primary
alaxy of each pair. We only consider separations less than half of
he simulation boxsize. 

Fig. 2 shows the number of galaxy pairs constructed from our
ducial sample as a function of their separation, both in terms of
bsolute distance (top panel) and that normalized by the half-mass
adius of the primary subhalo’s DM distribution, r DM 

(bottom panel).
 or conte xt, a gre y v ertical line is dra wn at 100 times the maximum
roper softening length, εphys = 0 . 7 pkpc . The plot also shows the
elative contribution of various combinations of central (C) and
atellite (S) pairings, for example CS denotes a pairing where A i is a
entral and B j is a satellite. CC pairings are the dominant contributor
o the o v erall pair counts, and hence the intrinsic alignments, at
istant separations in both absolute ( r > 1 Mpc ) and halo-normalized
erms ( r / r DM 

> 10). At r / r DM 

< 1, galaxy pairings are entirely

art/stac304_f1.eps
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Figure 3. The present-day orientation–direction (top row) and orientation–orientation (middle row) intrinsic alignments as a function of galaxy pair separation 
for the star-forming gas (blue curves), stars (red), and DM (inner subhalo: green, entire subhalo: yellow) of our fiducial sample. Dotted horizontal lines correspond 
to the expectation value for randomly orientated three-vectors (i.e. no intrinsic alignment). Inset panels zoom in to highlight the small but statistically significant 
intrinsic alignments at large separations. The bottom ro w sho ws the corresponding pair counts (solid curve), and the contributions of subhaloes sharing the 
same FoF halo (one-halo term: dashed) and those in different haloes (two-halo; dotted). The left and right columns correspond, respectively, to the separation in 
absolute terms and that normalized by the DM half-mass radius of the primary galaxy’s subhalo ( r DM 

). Error bars denote the bootstrap-estimated uncertainty on 
the measurements. Curves are drawn only for bins sampled by at least 10 galaxies. The orientation–direction alignment increases at decreased separation, and 
is weaker for the star-forming gas than the other matter components. No significant orientation–orientation alignment is seen for the star-forming gas. 
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ontained within one halo, with CS comprising the majority of 
airings and SS making only a small contribution. Note that the 
S and SC counts are identical when binned by absolute separation, 
ut not when binned by r / r DM 

since the primary halo differs in
ach case. Moreo v er, CS, SC and SS pairings do not necessarily
eside in the same FoF halo, hence the non-vanishing contribution 
t large separation. At short separations, it is ho we ver generally the
ase that such pairings do share a FoF halo (see the bottom panels
f Fig. 3 ). 
We estimate the uncertainty on the alignment measurements using 

ootstrap re-sampling (e.g. Barrow, Bhavsar & Sonoda 1984 ). Within 
ach radial bin containing N p galaxy pairs, we randomly select 
ith replacement N p pairs and recompute 〈 cos χ〉 . This is repeated
00 times, and we show the 16th and 84th percentiles of this
istribution of measurements on plots with error bars. As detailed 
n Appendix D, we also estimate the measurement uncertainty 
temming from the finite size of the simulation volume, which limits
oth the number of pairs we are able to sample at each separation,
nd the diversity of the environments from which they are drawn. We
 t
pproximate the fractional uncertainty as a function of N p using the
ower-law function f ( N p ) = AN 

k 
p , with A = 65.7 ( −5.2) and k =

0.524 ( −0.523) for upper and lower bounds, respectively. 
In Section 3.4, we assess the impact that the internal alignment

etween a galaxy’s star-forming gas and the DM distribution of its
ost subhalo has on the intrinsic alignments of galaxies. This internal
lignment is characterized by the ‘misalignment angle’ 

= cos −1 ( | ̂ e gal 
3 · ˆ e halo 

3 | ) , (6) 

here ˆ e gal 
3 and ˆ e halo 

3 are the unit vectors parallel to the minor axis
f the galaxy’s star-forming gas and that of its DM, respectively.
ince the internal alignments of components can exhibit a significant 
adial variation (see e.g. Velliscig et al. 2015b ), we compute the
isalignment angle with respect to ˆ e halo 

3 in two ways, the first 
pplying to the DM the same initial 30 pkpc aperture that is used
or the star-forming gas when computing the inertia tensor, and the
econd considering all DM particles bound to the subhalo. We refer
o these misalignment angles as αin and αall , respectively. 
MNRAS 511, 3844–3862 (2022) 
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.5.2 Measuring intrinsic alignments in two dimensions 

he projected morphology of a galaxy depends on both its intrinsic
hree-dimensional morphology and its orientation with respect to the
bserver. Weak lensing studies typically approximate the morphol-
gy of galaxy ‘images’ as a simple ellipse, 2 characterized by the ratio
f its axis lengths and its orientation. We therefore approximate the
mage morphology of simulated galaxies by fitting ellipses to their
article distributions following projection along one of the Cartesian
xes of the simulation volume, using the two-dimensional form of
he reduced inertia tensor. In Paper I, we showed that, since the star-
orming gas distribution of galaxies is typically more flattened than
s the case for its stellar component, there is greater variance in the
rojected ellipticity (i.e. ‘shape noise’) of the radio continuum image
han the optical image. 

The projected galaxy morphology is commonly described by the
omplex ellipticity (e.g. Mandelbaum et al. 2006 ), with components
iven by 

 e + 

, e ×) = 

b 2 − a 2 

b 2 + a 2 
[ cos (2 φ) , sin (2 φ)] , (7) 

here φ is the orientation angle, 3 and a and b are the minor and
ajor axis lengths, respectively. In contrast to the three-dimensional
orphology, there is no reason to prefer the use of the minor axis to

efine the image orientation, so we follow convention and define φ as
he angle subtended by the major axis of a galaxy A i and some tracer
f the density distribution, in this case a galaxy from the B sample. 4 

 + 

is the radial component of the ellipticity, e × is the 45 ◦-rotated
omponent. The ‘total’ (orientation-free) ellipticity is specified by
 = 

√ 

e 2 + 

+ e 2 ×. 
We characterize the projected orientation–direction intrinsic align-
ent as a function of projected separation following 

g + 

( r p ) = 

N p ∑ 

i 
= j | r p 

e + 

( i| j ) 

N p 
, (8) 

hich is also known as the average intrinsic shear of galaxies (e.g.
ingh et al. 2015 ), and the projected orientation-orientation intrinsic
lignment is computed as 

++ 

= 

N p ∑ 

i 
= j | r p 

e + 

( j | i) e + 

( i| j ) 

N p 
. (9) 

e also present the average projected orientation–direction align-
ent angle, computed using the estimator 

 φ〉 = 

N p ∑ 

i 
= j | r p 

φ

N p 
, (10) 

his measure provides a more intuitive view of the projected
lignments as a function of separation. 

We consider only pairs separated along the projection axis by
ess than 4 pMpc in order to restrict our analyses to galaxies sharing
imilar large-scale structure; ho we ver, we find that our results are
elati vely insensiti ve to plausible choices of this value. For the
NRAS 511, 3844–3862 (2022) 

 The procedure of fitting this shape is ho we ver far from simple, see e.g. 
aiser, Squires & Broadhurst ( 1995 ) or Zuntz et al. ( 2013 ). 
 Note that 
 and φ correspond to the orientation–direction alignment angle 
n three and two dimensions, respectively. 
 In the literature, it is common that a galaxy pair is described as belonging 
o a shape ( S ) and density sample ( D ), particularly when relating to the 
onstruction of Landy–Szalay estimator. 
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 v oidance of confusion, we follow Mandelbaum et al. ( 2006 ) and
emark that positive values of e + 

indicate radial alignment, i.e. a
endency for the major axis of galaxies to point towards overdense
egions of galaxies, which is the opposite of the often-applied
onvention in the weak-lensing lensing literature that a positive shear
ignal corresponds to tangential alignment. 

 I NTRI NSI C  A L I G N M E N T S  IN  T H R E E  

I MENSI ONS  

n this section, we examine the three-dimensional intrinsic align-
ents of the star-forming gas of galaxies. In Section 3.1, we compare

he present-day orientation–direction and orientation–orientation
lignments, and compare with the analogous alignments exhibited
y galaxies’ stars and DM. In Section 3.2, we assess the dependence
f the alignments on subhalo mass; in Section 3.3, we explore their
volution with redshift; and in Section 3.4, we assess the sensitivity
f the orientation–direction alignment to the internal alignment of
tar-forming gas with the DM distribution of its host subhalo. 

.1 Intrinsic alignments of star-forming gas, stars, and DM 

n Fig. 3 , we show the mean orientation–direction ( 〈 cos 
 〉 , top
ow) and orientation–orientation ( 〈 cos � 〉 , middle row) alignments
s a function of separation for the star-forming gas (blue curves),
tars (red), and DM within the subhaloes of our sample. As noted
n Section 2.5.1 we consider the DM bound to the entire subhalo
yellow) and that within the inner regions (green). Dotted horizontal
ines correspond to the expectation value for randomly orientated
hree-vectors (i.e. no intrinsic alignment). Inset panels zoom-in to
ighlight the small but significant intrinsic alignments at large-
eparations. The bottom row shows the total number of galaxy
airs (solid curve) as a function of separation, with the dashed and
otted curves denoting the contributions of galaxies sharing the same
oF halo (one-halo term) and those in different FoF haloes (two-
alo term), respectively. At z = 0 galaxy pairs in our sample with
eparations � 0 . 8 Mpc typically reside within the same FoF halo,
hilst at r > 1 Mpc pairs typically belong to different FoF haloes.
he tail of one-halo pairs towards large values of r / r DM 

is due to pairs
here the primary galaxy is a satellite. 
The star-forming gas of galaxies exhibits a non-random

rientation–direction alignment out to large separations (10s of Mpc),
ith 〈 cos 
 〉 decreasing farther below 0.5 (the expectation value

n the absence of intrinsic alignment) towards shorter separations.
herefore, as has been widely shown for the stellar component of
imulated galaxies (e.g. Chisari et al. 2015 , 2016 ; Tenneti et al.
015 ; Velliscig et al. 2015b ; Harv e y et al. 2021 ), the star-forming gas
omponent exhibits a tendency to orient in a systematic fashion with
espect to the ambient large-scale structure, with relatively close pairs
eing preferentially radially aligned. Ho we ver, at all separations, the
lignment is weaker than is the case for the stars, and increasingly so
or the inner DM and entire DM distributions in turn. At r = 10 Mpc ,
here the two-halo term is dominant, 〈 cos 
 〉 = (0.495, 0.494, 0.492,
.482) 5 for star-forming gas, stars, the inner DM halo and the entire
M halo, respectively. At r = 1 Mpc , approximately the scale of

he one- to two-halo transition, the corresponding values are (0.487,
.485, 0.477, 0.439), and at r = 0 . 1 Mpc , a scale for which the one-
alo term dominates, 〈 cos 
 〉 = (0.461, 0.443, 0.393, 0.295). At
 Values quoted are computed via a linear interpolation between the two 
losest known points. 
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Figure 4. The present-day orientation–direction alignment of the star-forming gas component of galaxy pairs of similar subhalo mass, as a function of pair 
separation. The M2 bin (green curves) includes galaxies with dynamical mass broadly similar to that of the Milky Way ( log 10 M sub /M � ∈ (11 . 47 , 12 . 77)), while 
the M1 (blue) and M3 (red) bins include subhaloes of mass below and abo v e this range, respectively. Dashed black curves corresponds to the A and B samples 
without mass binning (i.e. the blue curves from Fig. 3 ). Dotted horizontal lines correspond to the expectation value for randomly orientated three-dimensional 
vectors (i.e. no intrinsic alignment). The bottom row shows the corresponding pair counts. The left and right columns correspond, respectively, to the separation in 
absolute terms and that normalized by the DM half-mass radius of the primary galaxy’s subhalo ( r DM 

). Error bars denote the bootstrap-estimated uncertainty on 
the measurements. Curves are drawn only for bins sampled by at least 10 galaxies. Orientation–direction alignment increases with subhalo mass for well-sampled 
separation bins. Normalizing distances by r DM 

reduces, but does not eliminates, the mass dependence. 
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ll sampled separations (the upper end of which is limited by the
imulation boxsize) and for all matter components, the deviation 
rom random is significantly larger than the estimated uncertainty 
n the measurement, indicating that 〈 cos 
 〉 is inconsistent with a
andom distribution of alignments. 

As is clear from the right-hand column, the orientation–direction 
lignment is particularly strong within a few r DM 

. Pairs in this
egime generally share the same FoF halo, which dominates the 
ocal environment. Nevertheless, significant intrinsic alignment of 
he star-forming gas persists to r ∼ 10 2 r DM 

. Considering entire 
M haloes, strong alignments persist beyond r ∼ 10 2 r DM 

, where 
entral-central pairings are the largest contributors to the pair 
ounts. 

At fixed separation all matter components exhibit an orientation–
rientation alignment that is much weaker than the corresponding 
rientation–direction alignment. Binned by absolute separation, the 
tar-forming gas components of neighbouring galaxies exhibit no 
ignificant non-random alignment, but binning by r / r DM 

reveals 
 small but significant intrinsic alignment at short separations ( r
 r DM 

). The alignment here is primarily due to galaxies that
hare a common FoF halo, and the tendency for 〈 cos � 〉 > 0.5
ndicates a preference for their minor axes to be parallel. The 
tellar component exhibits similar behaviour, with orientations 
roadly consistent with a random distribution when binned by 
bsolute separation, but a significant intrinsic alignment is ap- 
arent at r � r DM 

. We note that Velliscig et al. ( 2015b ) ex-
mined the orientation–orientation alignment of the stellar com- 
onent of ∼L 

� galaxies in the Ref-L100N1504 simulation, and 
ound similarly weak (or absent) alignment when using a simi- 
ar aperture to that we use here (see their Fig. 4 ). As per the
rientation–direction case, the subhalo DM component exhibits 
uch stronger orientation–orientation alignment at fixed separation 

han the baryonic components, such that a significant parallel 
lignment ( 〈 cos � 〉 > 0.5)) persists to separations of ∼10 Mpc ,
r r ∼ 10 r DM 

, when one considers subhaloes in their entirety.
n this case, at r = (10 , 1 , 0 . 1) Mpc we find 〈 cos � 〉 = (0.502,
.516, 0.588), respectively. The alignment of the inner regions 
f subhaloes is weaker, but still much stronger than that of the
aryonic components, for example at r = 0 . 1 Mpc we find 〈 cos � 〉 =
.515. 

.2 Intrinsic alignment of star-forming gas as a function of 
ass 

e ne xt e xamine the influence of subhalo mass on the intrinsic
lignments of star-forming gas distributions. Since the orientation–
rientation alignment is ef fecti vely consistent with random except 
or close central-satellite pairs, we consider only the orientation–
irection alignment. 
We consider three subhalo mass bins, with the intermediate bin 

M2) corresponding approximately to the dynamical mass of the 
ilky Way, log 10 M sub / M � ∈ (11 . 47 , 12 . 77). The bins M1 and M3

ontain all subhaloes from the fiducial sample with mass less than
nd greater than the range spanned by M2, respectively. We employ
his binning scheme to enable a more straightforward comparison 
ith Velliscig et al. ( 2015b ), who used the M2 mass bin when con-
MNRAS 511, 3844–3862 (2022) 
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Figure 5. The present-day orientation–direction alignment of the star- 
forming gas component of galaxy pairs for which the primary galaxy (sample 
A ) is drawn from the M2 bin and the secondary (sample B) is drawn from the 
M1 (blue curves), M2 (green), or M3 (red) bins. The alignment is shown as 
a function of pair separation normalized by the DM half-mass radius of the 
primary galaxy’s subhalo ( r DM 

). The bottom row shows the corresponding 
pair counts. Dashed black curves correspond to the A and B samples without 
mass binning (i.e. the blue curves from Fig. 3 ). The dotted horizontal line 
corresponds to the expectation value for randomly orientated three vectors (i.e. 
no intrinsic alignment). Error bars denote the bootstrap-estimated uncertainty 
on the measurements. Curves are drawn only for bins sampled by at least 
10 galaxies. The strong orientation–direction alignments observed at short 
separations are dominated by pairings of L � galaxies and their satellites. 
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idering intrinsic alignments of galaxies within the Ref-L100N1504
imulation. The completeness of these mass-selected subsamples
ith respect to the entire subhalo population of this simulation

s complicated by the selection criteria of the fiducial sample,
articularly the requirements for 100 star-forming gas particles and
xisymmetry, since undisturbed gas discs are preferentially found in
ntermediate mass haloes. The mass bins (M1, M2, M3) comprise
47, 50, 3) per cent of our fiducial sample, but correspond to (0.14, 75,
4) per cent of the all subhaloes in the simulation in the corresponding
ass bin. The pair counts of galaxies hosted by high-mass subhaloes

eclines sharply with decreasing separation distance owing to the
ow-space density of massive haloes. 

.2.1 Autocorrelation 

ig. 4 shows the orientation–direction alignment of the star-forming
as for subhalo pairs of similar mass , with the lower panels showing
he corresponding pair counts. The dashed black curves correspond
o the A and B samples without mass binning (i.e. the blue curves
rom Fig. 3 ). Note that the dynamic range of the y -axis differs in
he left and right panels. Subsampling the fiducial sample to obtain
imilarly massive pairs restricts the range of separations o v er which
he intrinsic alignments can be examined, and yields somewhat noisy
esults. At absolute separations of r � 1 Mpc , the uncertainties are
ufficiently large that the measured orientations for the M1 and M2
utocorrelations are consistent with a random distribution. All three
ins are well sampled for r � 3 Mpc , and on these scales, it is clear
hat at fixed separation galaxies hosted by more massive subhaloes
xhibit a more pronounced radial alignment. A similar trend for the
ass dependence of the stellar component has been reported widely

lsewhere (e.g. Chisari et al. 2015 ; Tenneti et al. 2015 ; Velliscig
t al. 2015b ). As noted by Velliscig et al. ( 2015b ) for the stars,
ormalizing the pair separation by r DM 

accounts for some, but not
ll, of the difference in star-forming gas alignment between mass
ins. As is clear from the right-hand panel of Fig. 4 , we similarly
nd that using this normalization highlights that the radial alignment
f M3 pairs becomes small at separations that are large compared to
he half-mass radius of the primary galaxy ( r / r DM 

� 30). 

.2.2 Cross-correlation 

s is clear from the lower panels of Fig. 4 , at small values of r / r DM 

alaxy pairs of similar subhalo mass represent a small component of
he total pair counts. We therefore next consider cross-correlations.
ig. 5 shows the orientation–direction alignment of galaxy pairs
or the case in which the primary galaxy is drawn from the M2
in, whilst the secondary galaxy is drawn from M1 (blue curves),
2 (green), or M3 (red). For bre vity, we sho w only the case for
hich pair separations are normalized by r DM 

. By construction,
he cross-correlation of equal mass (i.e. the autocorrelation, M2–

2) or more massive haloes (M2–M3) is ill-defined for short r / r DM 

eparations. The regimes that are sampled by all the considered
ross-correlations exhibit only a very mild radial alignment, only
arginally inconsistent with a random distribution for separations of

 / r DM 

∼ 10 1 –10 2 . 
As is clear from the lower panel of Fig. 5 , at r / r DM 

� 3, the fiducial
ample is dominated by M2–M1 pairs, and as seen in Fig. 3 , these
airs generally also share the same parent FoF halo. At r / r DM 

=
1, 0.2), M2–M1 pairs exhibit alignments of 〈 cos 
 〉 = (0.445,
.292). At these separations, M2–M1 pairs represent 70 per cent and
NRAS 511, 3844–3862 (2022) 
5 per cent of all pairs. Unsurprisingly then, the M2–M1 orientation–
irection alignment therefore closely mirrors that of the o v erall
ample in this regime (illustrated by the cyan curve closely tracking
he dashed black curve). Hence, the EAGLE simulation indicates that
he preferential radial alignment of the star-forming gas component
f close galaxy pairs is driven largely by ∼L 

� galaxies and their
atellites. 

.3 Intrinsic alignments as a function of redshift 

n Paper I, we showed that the morphology of the star-forming
as bound to galaxies evolves with redshift, such that it exhibits
ncreased flattening along the minor axis at later cosmic epochs. We
herefore e xamine ne xt whether there is a corresponding evolution
f the intrinsic alignments as a function of redshift. This question
s pertinent in the context of radio weak lensing surv e ys, which
ill obtain shape measurements for background galaxies at higher

haracteristic redshifts than their optical counterparts (Brown et al.
015 ; Bonaldi et al. 2016 ; Harrison et al. 2016 ; Camera et al. 2017 ;
quare Kilometre Array Cosmology Science Working Group et al.
020 ), and may therefore moti v ate a redshift-dependent intrinsic
lignment mitigation strategy. 

We assess the three-dimensional intrinsic alignments for star-
orming gas at redshifts plausibly accessible to the SKA. As
e are concerned only with star-forming gas here, we relax the

equirement that subhaloes exhibit at least 100 star particles. For
onte xt, we list ke y properties of the resulting sample at each redshift
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Table 1. Key properties of the galaxy sample, reco v ered using the less 
restrictive criteria described in Section 3.3, as a function of redshift. The table 
presents median values and the intervals to the 16th and 84th percentiles. 
Columns are as follows: the snapshot redshift, the sample size ( N sub ), the 
typical subhalo mass ( M sub ); the stellar mass ( M � ); the misalignment angle 
in degrees between the star-forming gas and the (entire) DM subhalo ( αall ); 
and the half-mass radius of the dark matter ( r DM 

). 

Redshift N sub log 10 M sub log 10 M � αall r DM 

( M �) ( M �) ( pkpc ) 

z = 0.0 6766 11 . 5 + 0 . 5 −0 . 4 9 . 72 + 0 . 66 
−0 . 53 24 . 4 + 38 . 7 

−15 . 6 59 . 2 + 34 . 4 
−30 . 0 

z = 0.5 13558 11 . 2 + 0 . 5 −0 . 5 9 . 40 + 0 . 75 
−0 . 55 30 . 6 + 36 . 8 

−19 . 3 25 . 3 + 15 . 0 
−14 . 0 

z = 1.0 19784 11 . 1 + 0 . 5 −0 . 5 9 . 12 + 0 . 79 
−0 . 54 35 . 7 + 33 . 7 

−21 . 7 13 . 9 + 8 . 26 
−7 . 71 

z = 1.5 22141 11 . 0 + 0 . 5 −0 . 5 8 . 91 + 0 . 78 
−0 . 53 36 . 7 + 32 . 2 

−21 . 8 9 . 17 + 5 . 30 
−4 . 90 

z = 2.0 22245 10 . 9 + 0 . 5 −0 . 5 8 . 71 + 0 . 76 
−0 . 51 36 . 8 + 32 . 6 

−21 . 2 6 . 37 + 3 . 52 
−3 . 21 

z = 2.5 21173 10 . 8 + 0 . 5 −0 . 5 8 . 56 + 0 . 75 
−0 . 52 36 . 8 + 32 . 1 

−20 . 8 4 . 82 + 2 . 55 
−2 . 19 

z = 3.0 18421 10 . 8 + 0 . 5 −0 . 5 8 . 43 + 0 . 72 
−0 . 52 36 . 9 + 31 . 3 

−21 . 1 3 . 68 + 1 . 82 
−1 . 57 
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onsidered in Table 1 . The typical number of particles with which
e resolve the star-forming gas component is similar at all redshifts
robed ( ∼400). 
Fig. 6 shows the three-dimensional intrinsic alignments, as a 

unction of comoving galaxy pair separation, at seven redshifts 
panning the range z = 0 −3. The orientation–direction alignment 
volves markedly and in a largely monotonic fashion, such that at 
xed separation the radial alignment is stronger at earlier times: 
t r = 10 cMpc , 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.495, 0.496, 0.492); at
 = 1 cMpc , 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.486, 0.487, 0.465); and at
 = 0 . 1 cMpc , 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.465, 0.446, 0.409). The
rientation–orientation alignment is weaker than the orientation–
irection alignment at fixed separation, at all redshifts, being broadly 
onsistent with random for pairs separated by r > 0 . 3 cMpc or r / r DM 

 10. At early epochs, closely separated pairs exhibit a preference 
or parallel alignment of their minor axes. 

We generally reco v er greater alignment amplitudes for close 
airs when normalizing their separations by r DM 

, highlighting the 
mportant role of one-halo pairs in determining the o v erall alignment.
t r / r DM 

= 100, 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.493, 0.493, 0.472); at
 / r DM 

= 10, 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.478, 0.482, 0.453); and at
 / r DM 

= 1, 〈 cos 
 〉 ( z = 0, 1.5, 3) = (0.440, 0.402, 0.283). We note
hat the horizontal shift of the r DM 

-normalized curves is driven in
art by the growth of subhaloes. 
Since strong radial alignments at short separations are dominated 

y one-halo central-satellite pairs, we interpret the strong evolution 
n the orientation–direction alignment primarily as a horizontal shift 
f the curv es, driv en by the decreasing characteristic separation of
alaxy pairs, both in terms of absolute comoving distance and with 
espect to the (growing) half-mass radius of the primarily galaxy’s 
ubhalo half-mass radius (see Table 1 ). The evolutionary behaviour 
f the two alignments is qualitatively similar to that exhibited by 
M haloes (e.g. Lee et al. 2008 ; Chen et al. 2016 ), but does not
erfectly mimic the evolution of the DM component’s alignments 
ecause, as shown in Paper I, star-forming gas is a relatively poor
racer of the DM structure. As shown in Table 1 , the misalignment
f the two components, characterized by αall , is generally stronger 
t earlier epochs and likely leads to the intrinsic alignments of star-
orming gas evolving less markedly than those of the DM o v er the
ame redshift range. We explore the impact of the alignment of the
aryons and the DM of subhaloes on intrinsic alignments in greater 
etail in the next subsection. 
.4 Impact of internal galaxy–halo alignment on intrinsic 
lignments 

he markedly different intrinsic alignments exhibited by the star- 
orming gas, stars, and DM shown in Fig. 3 imply that the different
atter components within subhaloes can be poorly aligned. In 
aper I, we showed that the distribution of present-day misalignment 
ngles connecting the star-forming gas with the subhalo DM (see 
quation 6) peaks at low values ( < 10 ◦, i.e. good alignment) but
xhibits a long tail to severe misalignments. That we find the star-
orming gas to exhibit weaker intrinsic alignments than the stars 
s likely therefore a consequence of the former being a poorer
racer of the o v erall matter distribution, which is dominated by
he DM. Such misalignment is clearly of consequence for weak 
ensing experiments: early studies of the autocorrelation of the 
ntrinsic (stellar) ellipticities of galaxies found a lower amplitude 
han expected from theoretical predictions based on the assumption 
f perfect galaxy-halo alignment (Heymans et al. 2004 ; Heymans 
t al. 2006 ; Mandelbaum et al. 2006 ). Okumura, Jing & Li ( 2009 )
xplored the impact of luminous red galaxy-host halo misalignment 
n the intrinsic ellipticity autocorrelation using N -body simulations, 
nd concluded that the assumption of perfect galaxy–halo alignment 
esults in predicted autocorrelation amplitudes four times higher than 
bserved. 
We therefore assess the sensitivity of the orientation–direction 

lignment of galaxy pairs to the internal alignment of the baryonic
omponents of the primary galaxy and its subhalo DM, by con-
tructing the A sample from subsamples of galaxies that exhibit 
articularly good and particular poor internal alignment, charac- 
erized by the misalignment angle. We consider the misalignment 
f the star-forming gas and the stars with respect to the DM, and
efine well- and poorly aligned systems, respectively, as those with 
isalignment angles below the 25th and abo v e the 75th percentile

alues. To assess the influence of subhalo DM structure, we consider
isalignment angles measured with respect to both the inner subhalo 

 αin ) and the subhalo in its entirety ( αall ). For context, the sample
oundaries for the misalignment of star-forming gas and the DM are
2 ◦ and 49 ◦ for αall and 5 ◦ and 26 ◦ for αin . Note that the B sample
emains comprised of the entire fiducial sample. 

The resulting orientation–direction alignments at z = 0, as a 
unction of pair separation, are shown in Fig. 7 . The top row shows
he effect on the orientation–direction alignment when subsampling 
ased on the misalignment of the primary galaxy’s star-forming 
as and DM, whilst the middle row subsamples based on the
isalignment of the primary galaxy’s stars and DM. The bottom 

o w sho ws the pair counts corresponding to the top panel: these
eviate from a simple one-quarter scaling of the pair counts for the
ducial sample only at short separations ( r � 100 kpc or r � 3 r DM 

).
Whether one considers the star-forming gas or the stars, the 

rientation–direction alignment of galaxy pairs is clearly sensitive to 
he misalignment of the baryons with respect to the DM. Well-aligned
alaxies (‘low α’, blue, and cyan curves) exhibit a systematically 
tronger radial orientation–direction alignment (lower values of 
 cos 
 〉 ) than the fiducial sample (dashed black curves) at all
eparations. Conversely, galaxies with strong internal misalignment 
‘high α’, red, and orange curv es) e xhibit systematically larger
alues of 〈 cos 
 〉 than the fiducial sample at all pair separations.
hen binned by absolute separation, the ‘high αin ’ subsamples 

defined using the misalignment of the DM with either the star-
orming gas or the stars) are consistent with no intrinsic alignment at
ll separations, whilst the ‘high αall ’ subsamples exhibit tangential 
lignment ( 〈 cos 
 〉 > 0.5). Recalling that the orientation–direction
MNRAS 511, 3844–3862 (2022) 
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Figure 6. The orientation–direction (top row) and orientation-orientation (middle row) intrinsic alignments of star-forming gas as a function of galaxy pair 
separation, at seven redshifts between z = 0 and z = 3, denoted by curve colour (see the legend). Dotted horizontal lines correspond to the expectation value 
for randomly orientated three vectors (i.e. no intrinsic alignment). The bottom row shows the corresponding pair counts. The left and right columns correspond, 
respectively, to the separation in absolute (comoving) space, and that normalized by the DM half-mass radius of the primary galaxy’s subhalo ( r DM 

). Error 
bars denote the bootstrap-estimated uncertainty on the measurements. Curves are drawn only for bins sampled by at least 10 galaxies. Orientation–direction 
alignment decreases with advancing cosmic time at fixed comoving separation. The orientation–orientation alignment is consistent with random except at 
high z. 
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lignment exhibited by subhaloes is stronger when one considers
he entire subhalo rather than only its inner structure (see Fig. 3 ),
t is unsurprising that the well- and poorly aligned galaxies exhibit
reater differences in their intrinsic alignment when defined using
all (red and blue curves) rather than αin (orange and cyan curves). 
The appearance of tangential orientation–direction alignment, i.e.

he preference for the disc plane to be orthogonal to the direction to
 neighbour, in galaxies with large misalignment angles is likely due
o the minor axis of the baryonic component of these galaxies being
ell aligned with a different principal axis of the subhalo DM, rather

han exhibiting poor alignment with any of the subhalo axes (see
g. 7 of Paper I). It is interesting that, when binning by r / r DM 

, the
high αall ’ subsample reverts to random orientation, or even radial
lignment (as is the case when classifying misalignment based on the
tars), at the short separations dominated by central–satellite pairs.
o we ver, we caution that for such close pairs, the DM structure of

ither or both of the subhaloes may deviate from axisymmetry as
 result of tidal forces, and/or may be ill-defined as a consequence
f the inability of purely three-dimensional halo finding algorithms
o identify substructures against the high background density of a
NRAS 511, 3844–3862 (2022) 
arent halo (Muldrew, Pearce & Power 2011 ). In either case, the
nferred subhalo orientation(s), and the corresponding misalignment
ngle, is compromised. 

 PROJECTED  A L I G N M E N T  MEASUREMENTS  

n this section, we examine the projected orientation–direction and
rientation–orientation alignments, mimicking the intrinsic align-
ents that act as sources of systematic uncertainty for observational
eak lensing experiments. These quantities depend not only on the

elative orientations of galaxies but also on their projected morphol-
gy: more circular projected morphologies at fixed orientation result
n lower ellipticity, e + 

, and therefore reduced correlation function
mplitudes. Authoritative prediction of the complex ellipticity there-
ore requires models with realistic galaxy morphologies. We showed
n Paper I (see their fig. 11) that the projected star-forming gas
orphologies of the galaxies comprising our sample are in good

greement those inferred by Tunbridge et al. ( 2016 ) from Very
arge Array (VLA) L -band observations of galaxies in the COSMOS
eld. F or conte xt, we remark that the ‘shear responsi vity’ v alues of

art/stac304_f6.eps
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Figure 7. The present-day orientation–direction intrinsic alignments of the baryonic components of galaxies (top ro w: star-forming gas, middle ro w: stars) 
as a function of galaxy pair separation. The bottom row shows the pair counts corresponding to the top row. Dashed black curves correspond to the fiducial 
galaxy sample, whilst coloured curves correspond to subsamples with misalignment angles (defined by equation 6) between the rele v ant baryonic component 
and the subhalo DM that are either below the 25th percentile value (‘Low α’, blue curves) or above the 75th percentile value (‘High α’, red/orange shades). The 
misalignment angles are measured with respect to both the inner subhalo DM ( αin ) and that of the entire subhalo ( αall ). The left and right columns correspond, 
respectively, to the separation in absolute space, and that normalized by the DM half-mass radius of the primary galaxy’s subhalo ( r DM 

). Error bars denote 
the bootstrap-estimated uncertainty on the measurements. Curves are drawn only for bins sampled by at least 10 galaxies. Intrinsic alignments are strongly 
dependent on the internal alignment between baryons and the host DM halo. 
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ur fiducial sample, defined as R = 1 − 〈 e 2 〉 (Kaiser et al. 1995 ;
ernstein & Jarvis 2002 ), are R SF - Gas = 0 . 59 and R stars = 0 . 83,
here the latter is comparable to the values obtained from analyses 
f SDSS data (e.g. Sheldon et al. 2004 ; Singh et al. 2015 ). 
Fig. 8 shows the projected orientation–direction alignment of the 

arious matter components of galaxies. The left-hand panel shows 
 φ〉 (equation 10), the mean angle subtended by the major axis of
he primary galaxy’s image and the direction vector to neighbouring 
alaxies (i.e. the two-dimensional analogue of 〈 
 〉 ). The expectation
alue for a random distribution of two-vectors, π/ 4 radians , is
enoted by a dotted horizontal line. Values of 〈 
 〉 below π /4 indicate
 preference for radial alignment, i.e. for the major axis of the image
llipse to point towards (projected) galaxy o v erdensities. We include 
his panel for ease of interpretation and to enable a more direct
omparison with the three-dimensional results presented in Fig. 3 . 
he right-hand panel shows the mean intrinsic shear for galaxy pairs
 εg + 

, equation 8), for which the expectation value in the absence of
ntrinsic alignment is zero. Here, positive non-zero values indicate a 
reference for radial alignment. 
In a similar fashion to the three-dimensional case, all components 

xhibit an increasingly strong preferential radial alignment with 
ecreasing separation. At fixed separation, the intrinsic alignment 
s strongest for the DM of the entire subhalo, followed in order by
he DM of the inner subhalo, the stars and finally the star-forming
as. For the latter, 〈 φ〉 exhibits a significant deviation from π /4 only
or pairs separated by r � 100 kpc , a markedly shorter scale than
s the case for the stars ( r � 400 kpc ). The alignment we reco v er
or the stars is broadly consistent with that inferred by Velliscig
t al. ( 2015b , their fig. 8). Besides the difference in sample selection
since our fiducial sample is weighted towards star-forming galaxies), 
e note that Velliscig et al. ( 2015b ) highlighted the particular

ensitivity of εg + 

(for the stars) to the choice of aperture used,
hich is in effect analogous to the application of a surface brightness
MNRAS 511, 3844–3862 (2022) 
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Figure 8. The present-day two-dimensional orientation–direction intrinsic alignments as a function of projected galaxy pair separation, for the star-forming 
gas (blue curves), stars (red), and DM (inner subhalo: green, entire subhalo: yellow) of our fiducial sample. The alignment is presented as the mean of the 
two-dimensional alignment angle, φ (equation 10), in the left-hand panel, and as the mean intrinsic shear, εg, + (equation 8), in the right column. Dotted 
horizontal lines correspond to the expectation values for randomly orientated two-vectors (i.e. no intrinsic alignment). Error bars denote the bootstrap-estimated 
uncertainty on the measurements. Curves are drawn only for bins sampled by at least 10 galaxies. F or clarity, curv es in the right-hand panel are artificially 
offset along the x -axis by multiples of 0.05 dex. The projected orientation–direction alignment generally increases at decreased separation, and is weaker for the 
star-forming gas than the other matter components. 
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Figure 9. The present-day two-dimensional orientation–orientation align- 
ment as a function of projected galaxy pair separation, for the star-forming 
gas (blue curves), stars (red), and DM (inner subhalo: green, entire subhalo: 
yellow) of our fiducial sample. The dotted horizontal line corresponds to 
the expectation values for randomly orientated two-vectors (i.e. no intrinsic 
alignment). Error bars denote the bootstrap-estimated uncertainty on the 
measurements. Curves are drawn only for bins sampled by at least 10 
galaxies. F or clarity, the curv es are artificially offset along the separation 
axis by multiples of 0.05 dex. The orientation–orientation alignment of the 
star-forming gas is consistent with random at all separations. 
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The slightly greater statistical uncertainty on εg + 

than 〈 φ〉 stems
rom the convolution of the projected morphology in the former. Al-
hough the three-dimensional star-forming gas morphology exhibits
 lower variance than the stars and DM, the converse is true for the
rojected morphology (Paper I, see their fig. 11 and the discussion
herein). Despite these greater uncertainties and the generally poorer
nternal alignment of star-forming gas with the DM structure of
ubhaloes, the simulations indicate that a significant projected
rientation–direction alignment of the star-forming gas component of
alaxies is present for relatively close pairs. In contrast, the projected
rientation–orientation alignment of the star-forming gas component
 ε++ 

, equation 9), shown in Fig. 9 , is consistent with random at all
eparations. This finding is perhaps unsurprising when one considers
hat the statistically significant orientation–orientation alignment of
he entire subhalo DM at short separations, ε++ , DM 

( r = 0 . 1 Mpc ) �
 . 01, is a factor of several weaker than the corresponding orientation–
irection alignment, εg+ , DM 

( r = 0 . 1 Mpc ) � 0 . 75. As such, it is
nlikely that cosmic shear measurements in the radio continuum
ill be afflicted by a significant systematic error contributed by the

I term. 

 SUMMARY  A N D  DISCUSSION  

e hav e inv estigated the intrinsic alignments of the star-forming gas
omponent of galaxies in the EAGLE suite of simulations (Crain
t al. 2015 ; Schaye et al. 2015 ; McAlpine et al. 2016 ). Our work
s moti v ated by the need for authoritative theoretical predictions
f the systematic uncertainties inherent to cosmic shear measure-
ents conducted using radio continuum surv e ys which, with the

orthcoming commissioning of the Square Kilometer Array (SKA;
quare Kilometre Array Cosmology Science Working Group et al.
NRAS 511, 3844–3862 (2022) 
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020 ), are poised to become competitive with, and complementary 
o, traditional optical weak lensing surv e ys. 

The realization of these predictions requires state-of-the-art cos- 
ological hydrodynamical simulations, which self-consistently fol- 

ow the evolution of galaxies, their DM haloes and the cosmic 
arge-scale structure, with spatial resolution on the order of 1 kpc . 
hey hence do not need to appeal to several of the most important
ssumptions and approximations inherent to the analytic and semi- 
nalytic treatments of baryon physics used by galaxy alignment 
odels, such as those relating the morphology and orientation of 

alaxies’ baryonic components with respect to the DM of their host
ubhaloes. In the current state-of-the-art generation of hydrodynam- 
cal simulations of the galaxy population, fluid elements (i.e. gas 
articles or cells) with a non-zero SFR represent a good proxy for
he interstellar gas that emits radio continuum radiation. EAGLE 

herefore represents an advantageous test-bed for this study, as many 
f the gaseous properties of its present-day galaxy population are 
roadly consistent with observations (see e.g. Lagos et al. 2015 ; 
ah ́e et al. 2016 ; Lagos et al. 2016 ; Crain et al. 2017 ; Dav ́e et al.
020 ). 
We focus primarily on the present-day galaxy population, but 

lso examine the evolution of intrinsic alignments o v er cosmic time.
e examine the three-dimensional orientation–direction, 〈 cos 
 〉 , 

nd orientation–orientation, 〈 cos � 〉 , alignments of galaxy pairs as
 function of their separation, where the former is defined as the
osine of the angle between the minor axis of a galaxy and the
irection vector to a neighbouring galaxy, and the latter is the cosine
f the angle between the minor axes of neighbouring galaxies. To 
imic the intrinsic alignments that potentially influence cosmic shear 
 xperiments, we also e xamine the corresponding alignments in two- 
imensions: the projected orientation–direction ( εg + 

) and projected 
rientation–orientation ( ε++ 

) alignments. 
Our results are summarized as follows: 

(i) At fixed galaxy separation, the star-forming gas component 
f z = 0 galaxies exhibits weaker intrinsic alignments in three 
imensions than is the case for the stellar and DM components. 
alaxy pairs, traced by any of these three matter components, 

xhibit an increasingly strong radial orientation–direction alignment 
t shorter separations. Radial orientation–direction alignment of the 
tar-forming gas component persists even for pairs separated by 10s 
f Mpc; ho we ver, the corresponding alignments for the stars and DM
ersist to greater separations still (Fig. 3 ). 
(ii) In contrast, the star-forming gas component of galaxy pairs 

xhibits no significant orientation–orientation alignment at any 
eparation, despite a significant preference for parallel alignment 
f the minor axes of DM subhaloes that persists out to separations of
 ∼ 10 Mpc (Fig. 3 ). 

(iii) We assess the mass dependence of the orientation–direction 
lignment by auto- and cross-correlating subsamples of the fiducial 
ample defined by subhalo mass. The autocorrelation (Fig. 4 ) reveals 
hat, at absolute separations adequately sampled by galaxy pairs 
osted by subhaloes with diverse masses, pairs of more massive 
ubhaloes exhibit a more pronounced preference for radial align- 
ent (at fixed separation), and this preference persists to greater 

eparations. Normalizing the pair separations by the half mass radius 
f the primary subhalo reduces, but does not eliminate, the mass
ependence. Cross-correlating galaxy pairs when the primary galaxy 
s drawn from the intermediate subhalo mass bin reveals that the 
adial alignment of the fiducial sample is driven primarily by pairs
omprising an ∼L 

� galaxy and one of their satellites (Fig. 5 ). 
(iv) At fix ed como ving separation, the orientation–direction align- 
ent of galaxies’ star-forming gas is greater at higher redshift, 

n a fashion qualitatively similar to that exhibited by the DM of
ubhaloes. We posit that this evolution is primarily a ‘horizontal’ 
hift, i.e. the evolution of the characteristic separation of galaxy 
airs dominates o v er the evolution of pairwise alignments. The
rientation–orientation alignment is consistent with random for 
ost redshifts and separations; ho we v er, close pairs e xhibit mildly

referential parallel alignment at early epochs (Fig. 6 ). 
(v) The orientation–direction alignment of star-forming gas is 

trongly influenced by the degree of misalignment between the star- 
orming gas and the DM structure of the galaxy’s host subhalo.
alaxies whose star-forming gas is poorly aligned with the subhalo 
M do not exhibit the radial orientation–direction alignment charac- 

eristic of the broader population. The most poorly aligned galaxies 
i.e. those with the largest internal misalignment angles) exhibit a 
referential tangential alignment that increases with decreasing pair 
eparation, likely as a consequence of the star-forming gas aligning 
ore closely with either the intermediate or major, rather than the
inor, axis of the subhalo’s DM (Fig. 7 ). 
(vi) The two-dimensional orientation–direction alignments be- 

ave in a similar fashion to the three-dimensional case, exhibit- 
ng increasingly preferential radial alignment at decreasing pair 
eparations. The star-forming gas exhibits a weaker alignment at 
xed separation that then stars and the DM, in turn (Fig. 8 ). The
rojected orientation–orientation alignment of star-forming gas is 
onsistent with random at all separations, despite their host DM 

ubhalo exhibiting a preference for parallel alignment of the minor 
xes (Fig. 9 ). 

In Paper I, we showed that the characteristic morphology of 
he star-forming gas component of galaxies is a strong function 
f the mass of their host (sub)halo, and that the structure of the
as preferentially aligns with that of the subhalo’s DM, albeit to a
esser degree than is the case for the stellar component. Here, we
ave shown that this internal alignment leads to the star-forming gas
omponent of galaxy pairs, exhibiting significant three-dimensional 
rientation–direction alignment: the minor axis of a star-forming 
as disc is preferentially perpendicular with respect to the direction 
ector connecting it with neighbouring galaxies, which can also 
e viewed as the plane of the disc pointing towards neighbouring
alaxies. Viewed in projection, the two-dimensional images of the 
iscs, potentially visible as extended radio continuum emission, also 
xhibit an orientation–direction alignment that is strongest for close 
alaxy pairs. 

Ho we ver, we find that the intrinsic alignments of the star-forming
as component of galaxies are weaker (at fixed pair-separation) than 
he corresponding alignments of the galaxies’ stars. This difference 
tems from the star-forming gas generally being a poorer tracer than
he stars of the orientation and shape of the galaxies’ DM structure.
s such, we expect that the systematic uncertainty due to the intrinsic

lignment of galaxies will have a milder influence on cosmic shear
easurements conducted in the radio continuum regime than would 

e the case for an optical weak lensing surv e y o v er a similar redshift
ange. 

To our knowledge, the intrinsic alignments of star-forming gas 
ave yet to be examined with traditional alignment models, in 
art owing to the complexity of realistically populating haloes 
ith radio continuum sources. A promising avenue by which to 

stimate the intrinsic alignment uncertainty in radio continuum 

urv e ys may therefore be to adapt state-of-the-art simulations of
he radio continuum sky (see e.g. Wilman et al. 2008 ; Bonaldi
MNRAS 511, 3844–3862 (2022) 
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t al. 2019 ). These simulations graft empirical or (semi-)analytic
reatments of baryons on to N -body simulations of the large cosmic
olumes needed to construct weak lensing surv e y lightcones, but
annot yet be used to model intrinsic alignments because, amongst
ther approximations, they assume that the radio continuum images
f galaxies are oriented on the sky randomly. We caution against
emedying this shortcoming by simply aligning the images with the
rojected structure of DM (sub)haloes, since we have shown that this
eads to an o v erestimate of the star-forming gas intrinsic alignments.
o we ver, by relating the morphology and orientation of star-forming
as distributions to the properties of their host subhaloes, with careful
eference to the corresponding relationships that emerge in state-
f-the-art hydrodynamical simulations of the galaxy population,
e envisage that it will be possible to use radio continuum sky

imulations to predict the impact of intrinsic alignments on specific
urv e y geometries. To this end, we note that analytic fits to the
istribution functions star-forming gas misalignment angles, as a
unction of subhalo mass, are provided in Paper I. 
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Figure A1. Cumulative probability distribution functions of the present-day 
misalignment angle, αin , between the minor axes of the star-forming gas of 
galaxies and the inner DM structure of their host subhaloes. These are drawn 
from the Ref-L025N0376 (solid dark blue curve), Ref-L025N0752 (dashed 
medium blue), and Recal-L025N0752 (dotted light blue) simulations. The 
number of galaxies satisfying the fiducial selection criteria is quoted in the 
legend. Do wn arro ws denote the median v alues of each distribution. The 
similarity of the medians of each distribution compared to their interquartile 
ranges indicates that the misalignment angles are well converged in both the 
strong and weak senses. 
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PPENDI X  A :  N U M E R I C A L  C O N V E R G E N C E  

o assess the sensitivity of our findings to the numerical resolution
f the Ref-L100N1504 simulation, we examine three simulations 
rom the EAGLE suite of a smaller L = 25 cMpc cosmological
olume, also introduced by Schaye et al. ( 2015 ). This enables
irect comparison of the Reference model at EAGLE’s fiducial 
esolution, Ref-L025N0376, with two higher-resolution simulations 
sing particle masses a factor of 8 lower. The first of these, Ref-
025N0752, again adopts the Reference model, enabling a test 
f what Schaye et al. ( 2015 , see their section 2) terms ‘strong
onvergence’ (i.e. for a fixed model with changing resolution). The 
econd, Recal-L025N0752, adopts a model recalibrated to achieve 
 better match to the calibration diagnostics at higher resolution, 
nabling a ‘weak convergence’ test. 

The number of galaxies satisfying the fiducial selection criteria 
Section 2.4) in an L = 25 cMpc volume is too small to yield
nstructive measurements of orientation–direction alignment as a 
unction of separation, so we focus here on the internal misalignment
ngle, αin , subtended by the minor axes of the star-forming gas
nd the inner DM. As shown in Section 3.4, it is primarily this
uantity that drives the difference in the intrinsic alignment of 
tar-forming gas with respect to that of the subhalo DM. Fig. A1
ho ws the cumulati ve probability distribution function of αin for 
he subhaloes satisfying the fiducial selection criteria in the Ref- 
025N0376 (solid curve), Ref-L025N0752 (dashed), and Recal- 
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Figure B1. Cumulative probability distribution functions of the present-day 
misalignment angle, αin , between the minor axes of the star-forming gas 
of galaxies and the inner DM structure of their host subhaloes. These are 
drawn from the Ref-L025N0376 simulations (grey curve), and two pairs of 
simulations that incorporate variations of the reference model, with different 
slopes of the ISM equation of state (EOS1p00, solid blue; and EOS1p666, 
dotted blue) or normalizations of the relationship between the gas pressure and 
the SFR that differ from the reference value by ±0.5 dex (KSNormHi, solid 
red; KSNormLo, dotted red). The number of galaxies satisfying the fiducial 
selection criteria is quoted in the legend. Down arrows denote the median 
values of each distribution. The similarity of the medians of each distribu- 
tion compared to their interquartile ranges indicates that the misalignment 
angles are robust to plausible changes to the subgrid physics of interstellar 
gas. 
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025N0752 (dotted) simulations. Do wn arro ws denote the median
alues of each distribution, which are (0.19, 0.2, 0.25) radians,
especti vely. The dif ferences between these median values are much
maller than the interquartile range of αin from any of the three
imulations, e.g. for Ref-L025N0376 this range is 0.36. A similar
rend is seen if one instead considers the misalignment angle between
he minor axis of the star-forming gas, and that of the entire DM halo,
all . The internal alignment angle α is therefore well-converged in
oth the strong and weak senses at the resolution of Ref-L100N1504,
rom which we infer that the star-forming gas intrinsic alignments
re similarly well converged. 

PPENDIX  B:  INFLUENCE  O F  T H E  SUBGRI D  

SM  TREATMENT  

e turn next to the sensitivity of alignments to the subgrid physics
reatments in EAGLE that directly go v ern the properties of inter-
tellar gas. We therefore compare results from Ref-L025N376 with
hose from two pairs of simulations of the same volume, and again
onsider the cumulative distribution function of αin . The first pair,
ntroduced by Crain et al. ( 2015 ), varies the slope of the equations of
tate (EoS) from the reference value of γ eos = 4/3 to γ eos = 1
corresponding to an isothermal EoS) and γ eos = 5/3 (an adiabatic
oS). Schaye & Dalla Vecchia ( 2008 ) demonstrated that a stiffer EoS
reates a smoother ISM with an increased scale height, and Crain
t al. ( 2015 ) showed that a stiffer EoS also suppresses gas accretion
n to central supermassive BHs in massive galaxies. The second
air, introduced by Crain et al. ( 2017 ), varies the normalization of
he Kennicutt–Schmidt law (the variable A in equation 1 of Schaye
t al. 2015 ) from the reference value of 1 . 515 × 10 −4 M � yr −1 kpc −2 

y ±0.5 dex. Crain et al. ( 2017 ) demonstrated that this parameter is
nversely correlated with the mass of cold gas within galaxies, as it
o v erns the gas mass needed to maintain an equilibrium between the
ate of gas infall on one hand, and the rates of star formation and gas
utflow due to ejective feedback on the other. 
Fig. B1 shows the cumulative probability distribution function

f αin for Ref-L025N0376 (grey curve), the simulations with a
iffering EoS ( γ eos = 1, solid blue; γ eos = 5/3, dotted blue); and
hose with higher (solid red) and lower (dotted red) normalizations
f the star formation law. As with the convergence test presented
n Fig. A1 , the distributions are not strongly affected by these
ignificant changes to the subgrid physics: the median values of
in for each of the four variation simulations differ from that of Ref-
025N0376 by a maximum of 0.03 radians, which is small compared

o the interquartile range of the latter (0.36). Intrinsic alignments
re therefore robust to plausible changes to the subgrid physics of
nterstellar gas. 
NRAS 511, 3844–3862 (2022) 
PPENDI X  C :  T H E  I NFLUENCE  O F  T H E  

DOPTED  INERTIA  TENSOR  A N D  APERT URE  

N  I NFERRED  I NTRI NSI C  A L I G N M E N T S  

he adopted form of the inertia tensor can significantly influence
he inferred morphology and orientation of the ellipsoid that best fits
 particle distribution (see e.g. Bett 2012 ). Similarly, the choice
f the aperture used to select the particles to be fitted has also
een shown to markedly influence the inferred morphology and
rientation of cosmic structures (see e.g. Schneider et al. 2012 ;
elliscig et al. 2015b ). We therefore assess the sensitivity of the

nferred three-dimensional orientation–direction alignment to our
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se of an iterative form of the reduced inertia tensor, with an
nitially spherical aperture of radius 30 kpc . Fig. C1 shows the 
lignment as a function of separation, reco v ered using both the
educed iterative inertia tensor (solid curves) and the simple inertia 
ensor (dashed curves), using both our standard aperture (thick 
urves) and no aperture (thin curves). From left to right, the 
hree panels correspond to the star-forming gas, stars, and DM, 
espectively. 

This e x ercise rev eals that that the qualitativ e trend inferred is
he same in all cases, with the orientation–direction alignment of 
he star-forming gas being a decreasing function of pair separation. 
t is encouraging that, in a qualitative sense, the alignments of
tar-forming gas are much less sensitive to the choice of tensor
nd initial aperture than is the case for stars and the DM. We
nfer that this lower sensitivity stems from the more compact 
tructure of the star-forming gas, which tends to be concentrated 
n subhalo centres. The deviation of the no aperture, simple tensor
ase from the other cases likely stems from the influence of isolated
louds of star-forming gas embedded in the circumgalactic medium 

f galaxies, some of which may be spurious (see e.g. Schaller 
t al. 2015b ). 
igure C1. The present-day three-dimensional orientation–direction alignment as a
tars (centre), and DM (right) components of galaxies in the Ref-L100N1504 sim
hicknesses correspond to different forms of inertia tensor (solid: iterative reduced, d
rientation–direction alignment of the star-forming gas is largely robust to the cho
ensor with no aperture predicts larger alignments than the others at r < 1 Mpc . 
PPENDI X  D :  T H E  I N F L U E N C E  O F  G A L A X Y  

A IR  SAMPLING  O N  I NFERRED  I NTRI NS IC  

L I G N M E N T S  

easurement of the intrinsic alignments of simulated galaxies is 
na v oidably influenced by the finite sampling of galaxy pairs, par-
icularly for short separations. We therefore obtain a basic estimate of
he fractional uncertainty on inferred alignments as a function of the
umber of galaxy pairs used for the measurement, by recomputing 
he alignment of a well-sampled separation bin for subsamples of 
he galaxy pairs. Fig. D1 shows the fractional sampling error in
 cos 
 〉 for the star-forming gas within three pair separation bins
entred on ∼0.14, 1.4, and 14 Mpc. For each bin, we first compute a
ducial alignment measurement using all pairs, and then re-compute 

he measurement for 5000 randomly drawn samples of N p pairs. 
he dashed curves are functional fits to these bounds, calculated 
ccording to the power law 

 ( N ) = AN 

k 
p , (D1) 

here A and k are free parameters, and N p is the number of galaxy
airs. We calculate the best-fitting parameters with the PYTHON 

ackage SCIPY.OPTIMIZE.CURVE FIT , and quote these in Table D1 . 
MNRAS 511, 3844–3862 (2022) 

 function of galaxy pair separation. Displayed are the star-forming gas (left), 
ulation, satisfying our fiducial selection criteria. Different curve styles and 
ashed: simple) and aperture (30 pkpc : thick, no aperture: thin). The retrieved 
ice of shape-measurement algorithm, with the caveat that the simple inertia 
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Figure D1. The estimated fractional measurement error on the three- 
dimensional orientation–direction alignment of star-forming gas, as a function 
of the number of galaxy pairs sampled. The estimates are obtained via 5000 
measurements of N p galaxies randomly drawn from the population of three 
well-sampled separation bins ( r ∼ 0.14, 1.4, 14 Mpc, denoted by blue, red, and 
green curv es, respectiv ely). Solid curv es correspond to the median sampling 
error at fixed N p , and the shaded regions denote the interval bound by the 
16th and 84th percentiles. The best-fitting power laws are shown as dashed 
curves, whose residuals are shown in the lower panel. 
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surement error estimated for the three separation bins 
( r = 0 . 14 , 1 . 4 , 14 Mpc ) as a function of the number of 
galaxies sampled, N p . 〈 cos 
 〉 fid is the fiducial measurement 
calculated using all N tot galaxy pairs in each separation bin. 
The subscripts 16 and 84 on ( A , k ), the free parameters 
associated with equation (D1), denote the corresponding 
percentile being described. 

r [Mpc] 0.14 1.4 14 

N tot 558 7562 1047806 
〈 cos 
 〉 fid 0 .486 0 .491 0 .496 
A 84 70 .9 69 .7 65 .7 
k 84 − 0 .598 − 0 .555 − 0 .524 
A 16 − 72 .0 − 69 .0 − 65 .2 
k 16 − 0 .603 − 0 .553 − 0 .523 

The sampling error is roughly proportional to 1 / 
√ 

N p , and is
argely insensitive to the fiducial value of 〈 cos 
 〉 . Based on the best-
tting associated with the r = 14 . 0 Mpc separation bin, we find that

he sampling error may be expected to fall below 1 per cent for N p >
000, 5 per cent for N p > 140, and 10 per cent for N p > 35. We find
imilar results when repeating this test for the stars and the DM. 
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Table D1. Best-fitting parameters of equation (D1), de- 
scribing the 16th and 84th percentiles of fractional mea- 
verpool John M
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niversity user on 28 February 2022
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