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A B S T R A C T 

With a hydrodynamical simulation using a simple galaxy formation model without taking into account feedback, our previous 
work has shown that dense and massive filaments at high redshift can provide potential wells to trap and compress gas, and 

hence affect galaxy formation in their resident low-mass haloes. In this paper, we make use of the Auriga simulations, a suite of 
high-resolution zoom-in hydrodynamical simulations of Milky Way-like galaxies, to study whether the conclusion still holds in 

the simulations with a sophisticated galaxy formation model. In agreement with the results of our previous work, we find that, 
compared to their counterparts with similar halo masses in the field, dwarf galaxies residing in filaments tend to have higher 
baryonic and stellar fractions. At the fixed parent halo mass, the filament dwarfs tend to have slightly higher star formation rates 
than those of field ones. But o v erall we do not find a clear difference in galaxy g − r colours between the filament and field 

populations. We also show that at high redshifts, the gas components in dwarf galaxies tend to have their spins aligned with the 
filaments in which they reside. Our results support a picture in which massive filaments at high redshift assist gas accretion and 

enhance star formation in their resident dwarf-sized dark matter haloes. 

Key words: methods: numerical – Galaxy: formation – Galaxy: halo. 
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 I N T RO D U C T I O N  

n the standard galaxy formation framework (e.g. White & Rees
978 ; White & Frenk 1991 ), dark matter haloes provide potential
ells to compress gas and then the subsequent physics, e.g. radiative

ooling, star formation, stellar and black hole feedback, and so on,
roceed to form galaxies. Similarly to dark matter haloes, dense and
assive filaments at high redshift can also provide deep potential
ells to trap and compress gas and provide sites for galaxy formation.
The impact of filaments on galaxy formation is particularly

rominent in warm dark matter (WDM) models: Gao & Theuns
 2007 ) show that the first stars can directly form in the potential
ells of massive filaments in WDM models; Gao, Theuns & Springel

 2015 ) further show with hydrodynamical simulations that smooth
nd dense filaments rather than haloes dominate star formation at
 � 6 in WDM models. In the cold dark matter (CDM) paradigm, as
hown by Kere ̌s et al. ( 2005 ) and many other follow-up works, CDM
laments can direct gas flows to the centres of massive galaxies (see
lso e.g. Dekel & Birnboim 2006 ; Ocvirk, Pichon & Teyssier 2008 ;
rooks et al. 2009 ; Dekel et al. 2009 ; Kere ̌s et al. 2009 ). Recently,
 E-mail: hnzheng@nao.cas.cn (HZ); shliao@nao.cas.cn (SL) 
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ith a hydrodynamical version of the zoom-in Aquarius simulation
Springel et al. 2008 ), Liao & Gao ( 2019 , hereafter LG19 ) further
how that, apart from feeding massive central galaxies, high-redshift
laments indeed compress gas, and so assist gas cooling and enhance
tar formation in their resident low-mass dark matter haloes. 

In LG19 , in order to investigate gas accretion and cooling in
laments and their low-mass dark matter haloes, as a first step, the
uthors neglected the stellar feedback effects in their simulations.
n this work, we use the Auriga simulations (Grand et al. 2017 ), a
eries of high-resolution runs with more realistic galaxy formation
odels (especially including supernovae and black hole feedback

rocesses), to study the impact of filaments on galaxy formation in
heir resident dwarf dark matter haloes. 

This paper is organized as follows. Section 2 describes the details
f simulations and our filament identification method. Our results
nd conclusions are presented in Sections 3 and 4 , respectively.
esolution studies are given in Appendix A. 

 T H E  SI MULATI ONS  A N D  FI LAMENT  

DENTI FI CATI ON  

e use the hydrodynamical zoom-in simulations of the Auriga
roject (Grand et al. 2017 ), which consist of 30 isolated Milky
© 2022 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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(a) (b) (c)

(d) (e) (f)

Figure 1. Panel (a): xy -projected CIC baryonic density field of the Au-27 simulation at z = 3.94. The white dashed circles in all panels mark the radius 
2 R 200, MW 

centred on the main halo. Panel (b): filaments identified with the method described in LG19 . Panel (c): short cyan lines overplotted on the density 
field show the projected directions of the filament at random galaxies. The dash–dotted circle shows the radius of 1.0 h −1 cMpc within which our galaxy sample 
is chosen. Panels (d)–(f): similar to panels (a)–(c), but for a redshift of z = 2.44. 
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ay-sized galaxies and their surroundings with the AREPO code 
Springel 2010 ). Each Auriga simulation is labelled as ‘Au- X ’ with
 ranging from 1 to 30. The cosmological parameters correspond to 

he Planck results: �m 

= 0.307, �� 

= 0.693, �b = 0.048, and h =
.6777 (Planck Collaboration et al. 2014 ). For the Level 4 resolution
imulations that we use in this analysis, the initial masses of baryon
nd high-resolution dark matter particles are m b ∼ 5 × 10 4 M �
nd m DM 

∼ 3 × 10 5 M �, respectively. The gravitational softening 
ength, ε, for star and high-resolution dark matter particles is set as
00 h −1 cpc before z = 1, and fixed at 369 pc later. As for gas cells,
he softening length is adjusted according to their mean radius, from
00 h −1 cpc (369 pc after z = 1) to 1.85 kpc. Haloes and subhaloes
re identified with the friends-of-friends ( FOF ; Davis et al. 1985 ) and
UBFIND algorithm (Springel et al. 2001 ), respectively. We refer the 
eader to Grand et al. ( 2017 ) for a detailed description of the Auriga
imulations. 

To identify filaments in each Auriga simulation, we use the method 
roposed in LG19 , which is based on the baryonic density field and
he Hoshen–Kopelman algorithm (Hoshen & Kopelman 1976 ). In 
his method, we consider all baryonic particles/cells (i.e. gas and 
tars) in the zoom-in simulation region. Note that the zoom-in region 
n different Auriga runs has different shapes and spatial extents, 
nd we have chosen a fixed 3 h −1 cMpc cubic region centring the
ilky Way-like galaxy centre 1 for all 30 Auriga runs. Then, we 
 The centre of a galaxy is defined as the position of the particle with the 
inimum gravitational potential energy in the FOF group. 

c
n  

w  

2  

r 2022
ompute the baryonic density field of this cubic region on 512 3 grid
ells using the cloud-in-cell (CIC) method. See panels (a) and (d) of
ig. 1 for examples of the projected baryonic density fields at two
edshifts from the Au-27 simulation. We further exclude the central 
egion within twice the virial radius of the main halo (the dashed
ircles in Fig. 1 ) as well as the cells whose o v erdensity is lower
han a given threshold � th , link neighbouring cells as structures
sing the Hoshen–Kopelman algorithm, and define those structures 
ith sizes (i.e. the number of containing grid cells) larger than a
iven size threshold S th as ‘filaments’. The rest of the region outside
he excluded central sphere is defined as ‘field’. Like the overdensity
arameter in spherical o v erdensity halo finder, � th is a free parameter
o control the o v erdensity and boundary of a filament, and S th is used
o exclude small isolated high-density regions (which are usually 
elated to isolated large galaxies) from filament classification. These 
wo free parameters regulate how prominent the detected filaments 
re, with higher values for them, the detected filaments will be more
 v erdense and have larger sizes. In this work, the two threshold
arameters are set to � th = 3.0 and S th = 3000, which return good
lament structures according to human eyes’ judgements; see panels 
b) and (e) of Fig. 1 for e xamples. F ollowing LG19 , we also only
onsider high-redshift dense filaments at z ∼ 4 and ∼2.5 in this study,
s low-redshift filaments have less impact on galaxy formation (Gao 
t al. 2015 ). Note that we have varied the values of � th and S th and
onfirmed that the results presented in the following sections are 
ot sensitive to the choices of these parameter values. For example,
e have tried with ( � th , S th ) = (2.0, 3000), (4.0, 3000), (3.0,
000), (3.0, 4000), and (3.5, 1000), the quantitative difference of the
MNRAS 514, 2488–2496 (2022) 
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aryonic fraction–virial mass relations (which will be discussed in
he next section) is just a few per cent. 

We have also varied the number of grid cells when computing the
IC density field in the 3 h −1 cMpc cubic region, and made sure that
ur results do not sensitively depend on the number of grid cells. For
 xample, we hav e tested with 256 3 grid cells, and with � th = 3.0
nd S th = 375, the baryonic fraction–virial mass relation only differs
rom our fiducial results at a level of a few per cent. 

In this study, a galaxy consists of all types of particles/cells
ithin the virial radius, 2 R 200 , of the corresponding FOF group. If

he centre of a galaxy is located in a classified filament (field)
nvironment, then this galaxy is called a filament (field) galaxy.
ote that in order to a v oid the influence from the main galaxies

nd contamination by low-resolution particles from the outer parts
f the simulation volume, we only use galaxies whose comoving
istance from the main galaxy centre, d , satisfies 2 R 200, MW 

< d <
.0 h −1 cMpc, where R 200, MW 

denotes the comoving virial radius
f the main central galaxy. In our parent galaxy sample, we only
onsider galaxies with virial masses (i.e. the total mass within R 200 )
 200 ≥ 10 8 h −1 M �, which contain at least 350 dark matter particles.

n total, at z = 3.94 (2.44), we have 4192 (2736) filament galaxies and
1 036 (13 464) field galaxies in our parent sample from all 30 Auriga
imulations. Note that the resolution requirement of ≥350 dark
atter particles for the parent sample is similar to those adopted in

revious literature when studying halo baryonic fractions (e.g. Crain
t al. 2007 ; Okamoto, Gao & Theuns 2008 ) and stellar fractions (e.g.
uchwein & Springel 2013 ). As detailed in the following sections,
e will place additional resolution requirements on the baryonic
article number when computing the star formation rates, galaxy
olours, and galaxy spins. 

Note that apart from the aforementioned 30 Level 4 resolution
uns, the Auriga project has additional 6 Level 3 runs with ∼8 times
igher resolution (i.e. Au-6, Au-16, Au-21, Au-23, Au-24, and Au-
7). We have performed a resolution convergence study with six
uriga simulations from both the Level 3 and Level 4 runs, and

onfirm that the results presented in the following sections do not
uffer from numerical resolution issues (see Appendix A for details).
n order to have better statistics, in the following, we mainly show
esults from the 30 Level 4 runs. 

 RESULTS  

.1 Baryonic fractions and stellar fractions 

sing their simulations with a simple galaxy formation model, LG19
ave shown that, compared to the dwarf galaxies in the field, the
warfs in filaments with the same halo mass tend to have higher
aryonic fractions and stellar fractions, suggesting that filaments
lay a significant role in assisting gas cooling and star formation.
ince they studied with a simple hydrodynamic version of the
quarius simulation (Springel et al. 2008 ), which does not include

ny feedback mechanism, here we re-examine these results with the
uriga simulations to see how these results vary in hydrodynamical

imulations with more realistic galaxy formation models. 
Following LG19 , we define the baryonic fraction of a galaxy as

 bar ≡ M bar / M 200 , where M bar is the baryonic mass (including gas and
tellar masses) within the virial radius R 200 . In Fig. 2 , we display
aryonic fractions for filament (red dots) and field galaxy (blue dots)
NRAS 514, 2488–2496 (2022) 

 The virial radius of a galaxy is defined as the radius within which the mean 
ass density is 200 times the critical density of the universe. 
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f our galaxy sample at redshift z = 3.94 (left-hand panel) and
 = 2.44 (right-hand panel), respectively, as the median values for
lament and field galaxies are shown with red and blue lines, and the
catters (i.e. the 16th and 84th percentiles) in each mass bin are shown
ith the error bars. In the bottom panels, we plot the ratio between

he median baryonic fraction of filament galaxies and that of field
nes, and the error of the ratio is computed from error propagation,
.e. δ( x fila /x field ) = 

√ 

( δx fila /x field ) 2 + ( x fila δx field /x 
2 
field ) 2 . Note that

erforming error propagation with asymmetric errors from the upper
anels is not a trivial task (see e.g. Barlow 2004 ; Audi et al. 2017 ;
ossolo, Merkatas & Bodnar 2019 ). Here, we first follow the ‘Method
’ in appendix A of Audi et al. ( 2017 ) to estimate the equi v alent
ymmetric errors (i.e. δx fila and δx field ) and median values (i.e. x fila 

nd x field ) for both filament and field galaxies in each mass bin, and
hen use the aforementioned error propagation formula to compute
he error of the ratio. Note that as there are very few field galaxies
ith M 200 � 10 9 . 5 h 

−1 M � in the Auriga simulations, here we only
lot and focus on the galaxies with M 200 ≤ 10 9.5 h −1 M � in both
nvironments. 

During the cosmic reionization, as the ultraviolet background
roduced by quasars and stars heats the gas via the photoheating
rocess, the gas becomes too hot to be confined by the gravitational
otential wells of low-mass dark matter haloes, leading to a decrease
n baryonic fractions in lower mass haloes. We observe here that,
elow M 200 � 10 9 . 5 h 

−1 M �, the baryonic fractions of galaxies in
oth filaments and field decrease with halo masses, in agreement
ith previous results (e.g. Okamoto et al. 2008 ). We also note that

he characteristic mass, defined as the galaxy virial mass at which
he median baryonic fraction is half of the cosmic baryonic fraction
 �b / �m 

), increases with time for both filament and field galaxies, i.e.
he characteristic mass is M c ∼ 10 8.5 h −1 M � at z ∼ 4, while it is M c 

10 9 h −1 M � at z ∼ 2.5. This redshift dependence of characteristic
ass is mainly a result of reionization and hierarchical halo assembly

see Okamoto et al. 2008 , for a detailed semi-analytical model to
xplain this). We also expect that the supernova feedback, which is
ot included in Okamoto et al. ( 2008 ), partially contributes to the
volution of characteristic mass as the feedback heats and enriches
as, which consequently affects the heating and cooling processes
nd the gas equilibrium temperature. 

Ov erall, at fix ed halo mass, filament galaxies tend to have a higher
aryonic fraction than those in the field, and this enhancement of
he baryonic fraction in filament galaxies is larger with decreasing
alo mass. At M 200 ∼ 10 8 h −1 M �, the median baryonic fraction for
lament galaxies is approximately five times that for field ones. The
ffects are observed at both z ≈ 4 and z ≈ 2.5. 

Quantitatively, these results are very similar to those in LG19 . For
xample, in LG19 , at z = 4, as the galaxy mass decreases from ∼10 9 

o 10 7.5 h −1 M �, the ratio between the median baryonic fractions of
lament galaxies and field galaxies increases from ∼1.1 to ∼5; for
alaxies with M 200 ∼ 10 8 h −1 M �, this ratio is ∼3. This implies that
dding supernova feedback has a small effect on the f bar difference
etween filament and field high- z dwarf galaxies. 

We notice that there are a fraction of galaxies that have baryonic
ractions higher than the cosmic mean value (i.e. �b / �m 

≈ 0.16),
specially in the filament environment. One cause is the environ-
ental effects, i.e. as the Auriga simulations focus on o v erdense

oom-in regions with stronger baryon inflows compared to the
osmic average, the baryonic fractions can be a little bit higher
han the cosmic mean value, especially in the high-density filament
nvironment. Another cause is that some haloes are splashback
aloes, i.e. they used to be subhaloes in the history and some fraction
f the outer dark matter mass was tidally stripped away and left with
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Figure 2. Relation between baryonic fraction, f bar , and galaxy virial mass, M 200 , at z = 3.94 (left-hand panels) and 2.44 (right-hand panels). In the upper 
panels, the galaxies in filaments and field are shown with red and blue colours, respectively. The solid lines show the median baryonic fractions, while the error 
bars show the 16th and 84th percentiles of the baryonic fraction in each mass bin. The horizontal dashed line indicates the cosmic baryonic fraction ( �b / �m 

= 0.156). In the bottom panels, the black lines show the ratios between the median baryonic fractions in filament and field galaxies in different mass bins, and 
the error is derived by error propagation after symmetrizing the asymmetric errors plotted in the upper panels; see the main text for details. The dotted horizontal 
line in the bottom panels marks the ratio of 1. Note that we only plot galaxies with M 200 ≤ 10 9.5 h −1 M �, as there are very few field galaxies with masses 
M 200 � 10 9 . 5 h −1 M � in the Auriga simulations. 
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 higher baryonic fraction (see similar discussions in Okamoto et al. 
008 ). To study the impacts from these splashback haloes on our
esults, we hav e e xcluded all galaxies that are within 3 R 200 of more
assive galaxies, and found that the median f bar –M 200 relations for

oth our filament and field galaxies are marginally affected. 
In Fig. 3 , we show stellar fractions of both filament and field

alaxies as a function of their parent halo masses. Here, the stellar
raction is defined as f star ≡ M star / M 200 , where M star is the stellar
ass inside the virial radius of a galaxy. At both z ≈ 4 and z ≈

.5, compared to LG19 , for galaxies with the same virial masses,
he stellar fractions in the Auriga simulations tend to be lower 
e.g. for galaxies with M 200 ∼ 10 9 h −1 M �, the Auriga ones have
 median stellar fraction of ∼ 1 . 5 per cent , while the ones in LG19
ave a median of ∼ 15 per cent ). This is a result of the supernova
eedback processes, i.e. as has been shown in many previous studies,
upernov a-dri ven winds with variable wind velocities used in the 
uriga simulations are an ef fecti ve mechanism in simulations to 

uppress star formation in low-mass galaxies and to reproduce the 
bserved stellar mass fractions and galaxy stellar mass function at 
he low-mass end (e.g. Okamoto et al. 2010 ; Puchwein & Springel
013 ; Vogelsberger et al. 2013 ). Interestingly, although the absolute 
 star values of Auriga dwarf galaxies are lower than those of similar-

ass galaxies in LG19 , we can still see that at both redshifts, the
uriga dwarf galaxies in filaments tend to have higher stellar masses

han their counterparts in the field, and this environmental difference 
s larger for galaxies with lower halo masses, which is qualitatively 
imilar to LG19 . 

In general, our results support the conclusions in LG19 that 
laments play a role in assisting gas cooling and enhancing star
ormation. Similar trends have also been seen for galaxies with 
igher masses (e.g. virial masses � 10 10 h 

−1 M �) in hydrodynamical
imulations in cosmological volumes (e.g. Metuki et al. 2015 ; Xu
t al. 2020 ). For example, Xu et al. ( 2020 ) present the cosmic web
ependence of baryonic/stellar fractions for galaxies with M 200 ≥
0 10 h −1 M � at z = 0, 1, 3, 6 using the EAGLE simulations (Schaye
t al. 2015 ). They find that such cosmic web dependence of baryonic
ractions increases with redshift up to z = 3 at low masses, but
he cosmic web dependence of stellar fractions in their simulations 
nly exist at z = 0 and 1. Overall, compared to the filament and
oid galaxies in these cosmological-box simulations, the differences 
etween the filament and field galaxies in this study are more
ronounced, possibly due to the fact that the filament environment 
as a stronger impact on galaxy formation in low-mass haloes. 

In observations, some studies suggest that galaxies residing closer 
o filaments tend to have higher stellar masses (e.g. Alpaslan et al.
016 ; Poudel et al. 2017 ; Lee et al. 2021 ), which is consistent with
he trend in our simulations. Ho we ver, we should stress that these
tudies are usually based on galaxies at much lower redshifts (e.g.
 � 0 . 2). 

.2 Star formation rates and galaxy colours 

s shown abo v e, since filaments play a role in assisting gas cooling
nd star formation, we expect that dwarf galaxies residing in filaments 
ay have higher star formation rates and thus bluer colours. To

xamine this, we plot the star formation rates ( g − r colours) of our
alaxy sample as a function of halo mass for both filament and field
aloes in Fig. 4 (Fig. 5 ). To a v oid unreliable estimations due to poor
esolution, we only consider galaxies with at least 20 gas cells (20
tar particles) within R 200 from the parent sample when computing 
tar formation rates ( g − r colours). Furthermore, we only show
he median for those mass bins that contain at least 20 galaxies. As
MNRAS 514, 2488–2496 (2022) 

art/stac1476_f2.eps


2492 H. Zheng et al. 

M

Figure 3. Similar to Fig. 2 , but for the stellar fractions, f star . 

Figure 4. Similar to Fig. 2 , but for galaxy star formation rates (SFR). Only galaxies with at least 20 gas cells from the parent sample are considered here. The 
medians and scatters are only shown for the mass bins containing at least 20 galaxies. Note that in the upper panels, in order to show all the data points, we use 
a linear scale for 0 ≤ SFR ≤ 10 −4 M � yr −1 and a logarithmic scale for SFR > 10 −4 M � yr −1 . 
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xpected, dwarf galaxies in filaments tend to have slightly higher
tar formation rates at both z ≈ 4 and z ≈ 2.5 compared to those
ith similar masses residing in the field. In particular, differences

n star formation rates tend to be larger at lower redshifts ( z ∼ 2.5).
ur results are consistent with Metuki et al. ( 2015 ), who also found

hat the lowest mass filament galaxies in their sample (i.e. 10 10 –
0 11 h −1 M �) at higher redshifts (i.e. z � 1) tend to have higher
tar formation rates than void galaxies. Ho we ver, apart from the two
ass bins of M 200 ∼ 10 8.8 and ∼10 9 M � at z ≈ 2.5 in which the
NRAS 514, 2488–2496 (2022) 
lament galaxies tend to be slightly bluer, there is no clear difference
n galaxy colours between the filament and field populations. In Xu
t al. ( 2020 ), at z = 0, void galaxies in their simulations tend to be
lightly redder than filament galaxies with M star � 10 10 h 

−1 M �, but
uch environmental dependence vanishes at z ≥ 1, which is similar
o our results here. On the other hand, our results are inconsistent
ith some observational results on low-redshift filament galaxies

e.g. Alpaslan et al. 2016 ; Poudel et al. 2017 ; Crone Odekon et al.
018 ; Lee et al. 2021 ), which found that galaxies residing closer to
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Figure 5. Similar to Fig. 2 , but for galaxy colours g − r . Only galaxies with at least 20 star particles from the parent sample are used here. The medians and 
error bars are only shown for the mass bins containing at least 20 galaxies. 
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3 We have tested changing the smoothing scale to 0.1 and 0.5 h −1 Mpc, and 
confirmed that our results are not sensitive to the choice of smoothing scales. 
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laments tend to be redder and have lower star formation rates. This
nconsistency might be due to that properties of the filament galaxies 
ay be different at high and low redshift. 

.3 Alignment between galaxy spins and filaments 

s shown in LG19 , gas accretion in dwarf haloes in filaments is
ery anisotropic (i.e. the gas accreting along and perpendicular to 
he filament forms two distinct modes). It is interesting to study
he alignment relation between filaments and their resident dwarfs. 
n previous studies, the alignment between galaxy orientations and 
laments has been investigated with hydrodynamical simulations 

n cosmological volumes for massive galaxies at low redshift (e.g. 
ubois et al. 2014 ; Codis et al. 2018 ; Wang et al. 2018 ; Ganeshaiah
eena et al. 2019 ; Kraljic, Dav ́e & Pichon 2020 ). Here, we extend

hese studies to lower mass dwarf galaxies and to higher redshift with
he Auriga simulations. 

The alignment between the orientation of a galaxy and the filament 
n which this galaxy resides can be described as 

cos θ = 

n spin · n fila 

| n spin || n fila | . (1) 

ere, n spin is the spin direction of a galaxy, and n fila is the direction of
he filament in which the galaxy resides. The former one is the same
s the direction of the total angular momentum of particles inside 
 200 , and the latter is derived as follows. 
Following Hahn et al. ( 2007 ), we use the Hessian matrix method

o compute filament directions. The Hessian matrix of the smoothed 
ensity field at the galaxy centre ( x gal ) is defined as 

 ij ( x gal ) = 

∂ ρ( x ; R s ) 

∂ x i ∂ x j 

∣∣
x = x gal , (2) 

here i , j = 1, 2, 3 represent spatial dimensions, ρ( x ; R s ) is the
moothed filament density field [here, the original filament density 
eld is defined as the baryonic density field composed of the grid cells
hat are classified as filament cells; see panels (b) and (e) of Fig. 1 ],
nd the smoothing scale, R s = 0.25 h −1 Mpc. 3 Here, the density
eld is smoothed by convolving with a Gaussian kernel in Fourier
pace according to Hahn et al. ( 2007 ). The filament direction n fila is
hen given by the eigenvector that is associated with the maximum
igenvalue of the Hessian matrix. See panels (c) and (f) of Fig. 1 for
xamples of filament directions (cyan line segments) at the centres 
f filament galaxies. 
In Fig. 6 , we plot the alignments ( 〈| cos θ |〉 ) of different components

dark matter, gas, and stellar) of our filament galaxies as a function
f their parent halo masses; median values and the 1 σ errors are
ho wn. Follo wing pre vious work (e.g. Ganeshaiah Veena et al. 2019 ),
he 1 σ errors are estimated using the bootstrap resampling method. 
pecifically, in each mass bin, we generate 10 5 realizations with the
ootstrap method, compute the median 〈| cos θ |〉 for each realization,
nd use the standard deviation of all these median 〈| cos θ |〉 as an
stimation of the 1 σ error. Note that in order to have a numerically
obust estimation of the spin direction for the gas component, here
e only consider filament galaxies that contain at least 50 gas cells
ithin the virial radius R 200 . We use a wider mass range [10 8.0 ,
0 10.5 ] h −1 M � here (as we do not need to consider the mass upper
imit of the field sample), and divide it into four mass bins, each
f which contains 1108 (542), 614 (367), 278 (239), and 90 (110)
alaxies at z = 3.94 (2.44). Note that for the stellar component (purple
ine), we only use galaxies that contain more than 50 star particles [the 
ample numbers are 251 (218) and 90 (110) at two largest mass bins at
 = 3.94 ( z = 2.44)] and only show the results abo v e 10 9.25 h −1 M �,
hich is the approximate value of the corresponding virial mass 

hreshold. It is found that the averaged | cos θ | of low-mass dwarf
alaxies (especially for the gas component and at z ∼ 2.5) is larger
han 0.5, suggesting that the direction of the spin tends to align with
MNRAS 514, 2488–2496 (2022) 
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M

Figure 6. The relation between average | cos θ | and galaxy virial mass, M 200 , at z = 3.94 (left-hand panel) and 2.44 (right-hand panel). Orange, green, and 
purple lines show the results of using gas, dark matter, and star components to compute the spin directions, respectively. The error bars show the 1 σ uncertainty 
estimated by bootstrap resampling; see the main text for details. To be clear, the data points of the dark matter and star components have been slightly shifted 
along the horizontal axis. The dashed line shows the expected mean value for a uniform | cos θ | distribution if no alignments at present. 
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he direction of the filaments. This trend weakens (e ven re verses) at
arger masses. 

This mass dependence of spin–filament alignment in baryonic and
ark matter components is broadly in agreement with some previous
ydrodynamical simulations (see e.g. Dubois et al. 2014 ; Codis et al.
018 ; Wang et al. 2018 ; Ganeshaiah Veena et al. 2019 ; Kraljic et al.
020 ), from which it was found that halo/stellar spins of low-mass
alaxies tend to be parallel to their filaments, while the halo (or gas)
pins of high-mass galaxies tend to be perpendicular to filaments.
here is also evidence that this transition mass decreases as redshifts

ncrease (e.g. Wang et al. 2018 ). But we should note that the spin of
he stellar components of our galaxy samples (purple lines in Fig. 6 )
oes not show any clear parallel or perpendicular trend with respect to
heir filaments, while aforementioned studies (e.g. Wang et al. 2018 ;
aneshaiah Veena et al. 2019 ) suggest a slight perpendicular trend in

arger galaxies ( M 200 � 10 11 h 

−1 M � or M star � 10 9 h 

−1 M �). This
s possibly due to the fact that we are looking at lower mass and
igher redshift galaxies relative to hydrodynamical simulations, and
lso may be due to the lack of statistics (i.e. we only have two data
oints in a narrow mass range for stellar components at both redshifts
n Fig. 6 ). 

Note that the spin–filament alignment signal for (spiral) galaxies
as also been reported in some observations at z � 0 . 2 (e.g. Tempel &
ibeskind 2013 ; Tempel, Stoica & Saar 2013 ; Blue Bird et al. 2020 ;
elker et al. 2020 ), but these observational results are still quite

ontro v ersial (see e.g. Zhang et al. 2015 ; Pahwa et al. 2016 ; Hirv
t al. 2017 ; Krolewski et al. 2019 ). 

 C O N C L U S I O N  

n this paper, we have made use of the Auriga project, a suite of
0 hydrodynamical zoom-in simulations of Milky Way-like galaxies
ith a more realistic galaxy formation model, to study the impact of
igh-redshift dense filaments on their resident dwarf galaxies. 
We find that compared to their counterparts in the field, dwarf

alaxies residing in filaments tend to have higher baryonic and stellar
ractions, and tend to have slightly higher star formation rates at both
NRAS 514, 2488–2496 (2022) 
 ∼ 4 and z ∼ 2.5, in line with LG19 , who carried out a similar
tudy with a hydrodynamical simulation with a very simple galaxy
ormation model without taking into account feedback (though the
aryonic and stellar fractions in each environment are generally
uppressed by feedback compared to LG19 ). We also compare the
alaxy colours of the filament and field populations, and they do
ot show a clear difference. Overall, we conclude that dense and
assive filaments can enhance the star formation of their resident

warf galaxies. We also show that the gas components in low-mass
lament galaxies at high redshifts tend to have their spins aligned
ith the filament in which they reside, echoing the spin–filament

ignal observed for galaxies with higher masses and lower redshifts
een in other hydrodynamical simulations. 
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Figure A1. Top panel: resolution convergence of f bar –M 200 relations. In the 
upper subpanel, the solid lines show the median relations at z = 3.94 for 
filament (red) and field (blue) galaxies identified from L4 (light colour) and 
L3 (dark colour) simulations, and the error bars show the 16th and 84th 
percentiles in each mass bin. The lower subpanel shows the ratio between 
the L4 and L3 median relations, and the errors of ratios are computed in the 
same way as those in Fig. 2 . Bottom panel: similar to the top panel, but for 
the resolution convergence of f star –M 200 relations. 
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PPENDIX  A :  RESOLUTION  STUDIES  

e mainly presented the results for 30 Level 4 (L4) Auriga simula-
ions in the main text. The Auriga project has performed six Level 3
L3) simulations (i.e. Au-6, Au-16, Au-21, Au-23, Au-24, and Au- 
7), which have higher resolution (i.e. m DM 

= 4 × 10 4 M � and m b =
 × 10 3 M �). To see whether our results in the main text depend on
umerical resolution, we have also analysed these six L3 simulations 
nd compared their results with those from the corresponding six L4
imulations. 

In the top panel of Fig. A1 , we compare the median baryonic
raction–virial mass relations at z ∼ 4 for both filament and field
alaxies from the L4 and L3 simulations. We can see that the relations
rom the L4 simulations agree fairly well with those from the L3
imulations, i.e. the differences are � 20 per cent in all mass bins.
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specially, the difference in f bar between filament and field galaxies in
ach mass bin is quite robust in simulations with different resolution,
uggesting that our main conclusions are not sensitive to numerical
esolution. Similar convergence results can be found for other median
elations at both z ∼ 4 and ∼2.5 (e.g. the stellar fraction–virial mass
NRAS 514, 2488–2496 (2022) 
elation at z ∼ 4 shown in the bottom panel of Fig. A1 and other
elations that are not shown here). 
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