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Abstract The conformity effect, indicating the evolution of galaxis related to its surrounding neighbor
galaxies as far as a few Mpc, is an interesting phenomenbe imbdeling of galaxy and evolution. Here we
study the conformity effect of HI galaxies in a matched gglsample between SDSS DR7 and ALFALFA
surveys. By checking the probability difference for thest#¢d H galaxies as a function of distance around
a normal or an H galaxy, we find that this effect is significant out to 5 Mpc.l#@ashows a dependence on
the stellar mass of galaxies, with the strength the stramgése stellar mass range o '°<M,./M,<1010-3,
However, when the sample is confined to central galaxiesanmg with virial radii smaller than 1 Mpc,
the 1-halo conformity signal is still evident, while the akb conformity signal is reduced to a very weak
amplitude. Our results confirm the previous study in theagbthand that the 2-halo term is possibly caused
by the bias effect in the sample selection. Furthermore,omdiren the existence of the 1-halo conformity
discovered in the optical and radio band in previous ingasitbns. Our results provide another viewpoint
on the conformity effect and hope to shed light on the cogimh of the galaxies and their neighbors in
the current galaxy formation models.
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1 INTRODUCTION While the 1-halo conformity could presumably be
explained by group-scale physical process$ésa(in et al.
2019, the 2-halo conformity is however challenging
the traditional halo occupation model of galaxies, in
of galaxies is ‘galactic conformity’, a controversial Whi(_:h the Statisﬁcal properties of galax_ies, such as .the
phenomenon that the properties of galaxies are correlatéﬁmmo,SIty funct|on., stellar mass function gnd spatial
with their more massive central galaxies with s,tar-forming(:lusterlng of galaxies, can be solely detgrmlned by the
halo mass (se€ooray & Sheth 200for a review). Hence,

centers having preferentially more star-forming satlit )
s - . many recent efforts have been devoted to developing
This intra-halo phenomenon was originally discovered by

Weinmann et al.(2006, and was confirmed by several modgls of galactic cohform|ty (e.gtu et_al. 2015
follow-up studies Kauffmann et al. 2010Knobel et al. Hearin etal. 2015 Hearin etal. 2016 Henriques et al.
2015 Phillips et al. 2011 RemarkablyKauffmann et al. 2017 Pahwa & Paranjape 2017n these models, some

(2013 and Kauffmann (2015 have affirmed that the exotic (_affectsf such ‘T"S th? preheatlln_g :(f;’\':he gzshby
conformity effect on specific star formation rate (sSFR)energy input from active galactic nuclei ( s) and the

persists out to several Mpc, many times larger than thgorrelatlon of halo assembly history with the environment

virial radii of the dark matter halos concerned. Generally,Or halo assembly bias', might explain the observed data.

the intra-halo and inter-halo conformity effects have  One important issue for these models is on what
been dubbed ‘1-halo conformity’ and ‘2-halo conformity’ scale and to what extent do such 2-halo conformity exist.
respectively. Calderon et al(201§ investigated the conformity signal in

In recent years, an intriguing clue regarding the propertie
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Sloan Digital Sky Survey (SDSS) Data Release 7 (DR7Yadio window. However, limited by the data set, they did
on the color, sSSFR and morphology of galaxies. Theimot check the conformity for an HI-poor galaxy population
results with marked correlation methods reveal a small, yednd on scales larger than the virial radius of a normal
highly significant signal for all three propertiesin low reas halo yet. A larger data set with more sample galaxies and
groups and scales of 0.8 1! Mpc. With the stellar mass continuous sky coverage is needed to figure out how the
and local densitySin et al.(2019 developed a conceptual strength of galactic conformity changes with stellar mass
framework and methodology to explore hidden variablesand physical scale.

which control the quenching of galaxies by investigating  In this paper, we combine SDSS DR7 with70

the residual A, between the observed quenched fractionin which 70 percent of data come from the ALFALFA
of galaxies and the predicted value. After applying thesurvey) and the group catalog &ofang et al. (2007 to
analysis to a local sample of galaxies, they fouAd perform a statistical analysis on the scale and stellar mass
is correlated out to 3 Mpc, suggesting that halo-relatedlependence of the 2-halo conformity. Meanwhile, if the
properties need to be considered for galaxy quenching. Buibnformity signal can be detected with the éhata, we aim

the significance of their result is unclear and relies on théo check whether the conformity signal can be explained by
accuracy of the group catalog they used. the bias effects found in the optical band.

However, recent studies showed that the interpreta- The paper is organized as, follows: in S_ectlbrwe
. L introduce the data sets used in the analysis. The results
tion of the conformity signal strongly depends on the

methodology and the data considered in the analysis‘?}re presented in Sectid® We compare our results with

Sin etal. (2017 pointed out that the strong Iarge—scaleprewous studies in Sectighand summarize in Sectidn
conformity signal in Kauffmannetal. (2013 was a
result of the combination of three bias factors in their
analysis: the unequal weighting towards the over-densg 1 The Galaxy Samples

regions, the misclassification of centrals and the use of

median to describe the bimodal distribution of sSER.The Hi data that we consider are drawn from the Arecibo
The conformity signal reduced significantly after theylLegacy Fast ALFA (ALFALFA) survey Klaynes etal.
made modifications to these issues. SimilaFipker etal. 2011, .70. The ALFALFA survey is a blind extragalactic
(2018 and Sun et al(2018 conclude that the significant H!1 survey exploiting the Arecibo telescope to conduct a
2-halo conformity detected irKauffmannetal.(2013  Census of the local Huniverse over~7000 ded of the
originates from some satellite galaxies misclassified abigh Galactic latitude sky visible from Arecibo out to
centrals and no new physical processes are needed~ 0.06. The minimum H mass it detected reaches
to reproduce the observed results of conformity in4-4 x 10°Mg at 10 Mpc for & detection with a velocity
simulationsZu & Mandelbaum(2018 also demonstrated resolution of 30 kms'. The data releasey.70, covering
that their fiducial halo mass quenching model has beelffs Whole redshift range, contains %0of its data and
able to successfully explain the overall environmentaincludes 25535 detections.

dependence and the conformity of galaxy colors in the In Figurel, we display the footprints of SDSS DR7

SDSS, without any galaxy assembly bias. (blue dots) andr.70 (red dots). As can be seen, a large
) . . fraction of the footprint ofn.70 overlaps with that of the
These results in the OF’“C?" band make it murkyspss pr7. The majority7(%) of the detections im.70
whether the 2-halo conformity indeed exists. A parallel, . highly reliable with a signal-to-noise ratio (SENJ.5

|nves_t|gat|on of 2_-ha|o conformity in  radio ba.nd. 'S and the remaining cases are relatively lower signal-t@aoi
promlﬁlng rt]o prolvldg ",i doufb!e-check. and more 'ni'ght%etections but they are also likely to be real detections. As
Into the physical origins of it. As pioneering work in the sample is analyzed in a statistical way, we include all

the Hi bahd,Wan_g et al(2015 utilize data cubes from these H detections with optical counterparts (OCs) in our
the Bluedisk project and found that that the compamongtudy

around H-rich galaxies tend to be Hrich as well. With
the same data cube¥fang et al.(2015h also show that
galaxies whose Hmass function is high relative to the
standard scaling relations have an excessrhhss in  «.70 provides a good Hdata set to study the atomic gas
the surrounding environment as well, suggesting a reatontent in galaxies. However, a cross-matching between
conformity effect. These works have demonstrated théhe «.70 and optical catalogs is needed before any further
feasibility of investigating galactic conformity througfire  analysis. The ALFALFA team has made a cross-match

2 DATA

2.2 Cross-matching Sample
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Fig.1 The footprints ofa.70 and SDSS DR7. Thelue of redshift, whereNpiye and Nreq are the numbers of red

andred regions are fora.70 and SDSS DR?7, respectively. galaxies and blue galaxies in each redshift bin respegtivel
’ Two red dashed linesindicate the redshift range of ouriH

detected sample: 3000 km's~ 18000 kms*.

between they.70 detections and the SDSS, and provided
the coordinates of the OCs. In total, 2388U%) H1 o _
detections have assigned OCs. Most of the remaining 165%3 Def|n|.t|on of Hi-rich, H 1-poor and Normal
detections have negative redshifts and are classified as Galaxies
High Velocity Clouds (HVCs).
We now define H-rich/H1-poor galaxies which are indeed
In order to cross-match between the group cat- . -
redshift related because ALFALFA was flux-limited as
alog of Yangetal. (2007 and the catalog of stellar

. . a blind survey. We classify the galaxies in our sample
mass, we obtained the IDs in the SDSS data set by Y . fy 9 L P
nto three categories: Hpoor, normal and Htrich in two

searching the nearest primary objects as their OC in i - . . .
SDSS DR7 within a radius of 1 arcmin on the SDSSsteps first we divide the redshift coverage into different

[ f kms! h. h I
DR7 SkyServer websiteh{t p://cas. sdss. org/ gn(jsivci)d;c??nt:dsiffeerz(r:]t Ligio/nl\(j[’ t tinsgeofa{) r;:sesarcinge
dr 7/ en/t ool s/ crossid/crossid. asp). In total, Ho ' '

I h redshift and stell bin, galaxi ith th
20438 objects are matched. The other dtetections lie l Bach recshit and stefar mass bin, gaaxies wi ©

. . . top (bottom) 30 perceni/y, are classified as Hrich
outside the footprint of SDSS DRY, so no cross-matchm?H I-poor) galaxies, and the rest are classified as normal
can be performed.

galaxies.
To test the reliability of our matched result, we
compare our result withv.40, 40% of ALFALFA data,
among which the H detections have been matched with
the SDSS DR7 data. The match @f40 was processed

For a flux limited sample, like SDSS, due to the
limiting magnitude of the sample and the smaller mass-
to-light ratio of blue galaxies (thus brighter at fixed mass)

by the ALFALFA team during several years with his/her it is easier for a blue ga!axy at low redshift to be_ obserV(_ad
than a red galaxy of similar mass. Because of this selection

scientific judgment based on objects’ optical information ) A

. . . effect, the optical galaxy sample is biased towards blue
SO we treat it as a reliable standard. A comparison between ~ =7 " . . .
our result andv.40 shows that, for the galaxies included galaxies in SDSS, especially at low redshifts. In Figare

in both .70 and .40, more than 9% of objects in our  "'° display the result oNoiue/ Nrea, defined as the number

matched result are consistent with the matched result ocff blue galaxies over the numb_er O_f red galaxies (the
. . . definition of blue and red galaxies iMang et al. 2007
«.40 — suggesting that our matched result is reliable for, ) )
Ay . is used), as a function of redshift. As can be seen,
further statistical analysis. . N )
this bias on color turns significant whe is less than
The ALFALFA H 1 centroid position accuracy was to 3000 kms'!. Therefore, we excluded the galaxies with
about 18 arcsec. The coordinates and redshifts of the Hcz < 3000 kms™! in our study. In total, our sample
detections inr.70 have slight offsets from their OCs. We includes 131076 optical galaxies among which 14173
use the coordinates and redshifts of OCs when computinigave been detected by ALFALFA in the redshift range we

the distance in the following sections. analyze (300818000 kms1).
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Fig. 3 The fractions of H-rich and Hi-poor neighbors as Fig. 4 The fractions of red and blue neighbors as a function
a function of distance for lrich, Hi-poor and normal of distance for H-poor, Hi-rich and normal galaxies.
galaxiesBlue (red) solid linesindicate the fraction of +  Blue solid/dotted lines represent the fraction of blue
rich (Hi1-poor) neighbors of Hrich (Hi-poor) galaxies, neighbors for H-rich/normal galaxiesRed solid/dotted
fir (fop)- Blue (red) dotted lines represent the fraction of lines represent the fraction of red neighbors fori-H
H i-rich (H1-poor) neighbors for normal galaxies, (fon).  poor/normal galaxies. The ratios of the values between
The ratios of the values betwesolid anddotted linesin ~ solid and dotted lines in each color are plotted on the
each color are plotted at the bottom of each panel witlbottom of each panel with the same color. Thiack
the same color. Error bars represent théc8@bnfidence dashed lines indicate the fiducial value of 1. Error
intervals from bootstrap resampling. bars represent the 80 confidence level from bootstrap
resampling.
3 RESULTS
indicates that more Hrich (Hi-poor) galaxies are found

By the definitions of H-poor/Hi-rich and normal galaxies near Hi-rich (Hi-poor) galaxies compared to normal

in Section2.3, we compute galaxies. This tendency is almost independent of the
(1) the fraction of H-rich galaxies around Hrich  stellar mass but becomes much weaker in the range
galaxiesfir = Niich/Niot, LogM, /Mg > 10.5, and it seems to hold out to a few
(2) the fraction of H-poor galaxies around Hpoor Mpc with the error bars however comparable with the
galaxies,fpp = Npoor/Niot, excess of the ratios.

(3) the fraction of H-rich galaxies around normal In order to increase the S/N, we still consider the H
galaxiesfm = Nich/Niot, galaxies as the primary galaxies, but intend to find the
(4) the fraction of H-poor galaxies around normal neighboring galaxies in alarger optical sample —the SDSS
galaxies,fon = Npoor/Nrot, DR7 sample; or search the neighboringdrlaxies around

as functions of the distance to tha4goor/Hi-rich/normal  the normal galaxies. Since theiktontent of a galaxy is

galaxies, wher&Vyich, Npoor and Nyoe are the number of correlated with its color and star formation activities, we

H i-rich neighbors, the number of iHpoor neighbors and should also expect to find similar conformity signals in

the total number of neighbors around primary galaxiesthe excesses of the fractions of blue/red galaxies around

respectively. Figure8 displays the results in four stellar Hi-rich/Hi-poor galaxies compared to normal galaxies.

mass ranges of the iHpoor/Hi-rich/normal galaxies. The Therefore, we compute

blue solid, red solid, blue dotted and red dotted lineg1) the fraction of red galaxies around poor galaxies,

indicate the results ofy, fpp, fm and fpn, respectively.  f, = Nyed/Noo;

Error bars are the 80 confidence level computed with(2) the fraction of blue galaxies aroundiich galaxies,

bootstrap resampling. At the bottom of each panel, they,, = Nyye/ Niot;

ratios of f,-to- fin and fyp-to- fon are plotted in blue and red (3) the fraction of red galaxies around normal galaxies,

solid lines respectively. The horizontal black dasheddine fren = Nyeg/Niot;

signify the fiducial level of 1. (4) the fraction of blue galaxies around normal galaxies,
As shown in Figure 3, for galaxies with  fon = Noiue/Niot;

8 <LogM./M; < 10.5, the ratios of fy-to-fi, and  as functions of the distance to tha+goor/Hi-rich/normal

fppto-fon are remarkably higher than 1 within 2 Mpc, galaxies, whereVieq and Nyue are the number of

and decline gradually with increasing distance, whichrich and Hi-poor neighbors around primary galaxies,
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respectively. Figurd shows the results in four stellar mass
ranges of the H-poor/Hi-rich/normal galaxies. The blue
solid, red solid, blue dotted and red dotted lines indidage t
results offur, fip, fon @nd fren respectively. At the bottom
of each panel, th¢y,-to- fp, ratios and thefy,-to- fren ratios
are also plotted as blue and red solid lines. As can be seen, 8 Fi\
Figure4 confirms the results of Figuwith smaller error
bars and we can clearly see a similar signal persists outg2 02 [ T I
to a few Mpc, much larger than the virial radius of a dark Sasasascscsscossss _ e
matter halo that a normal galaxy resides in. In addition, :
this galactic conformity shows a clear dependence on the 3 . . :
stellar mass of galaxies, with the strength the strongest in 0 5: T s o 5 S
the stellar mass range tf'°<M,/M»<10'%-5. The results Distance (Wpe) Pistonce (Mpe)
found in Figure3 and Figuret are qualitatively consistent Fig.5 Same as Fig3 except that all satellites and centrals
with the conclusion oKauffmann et al(2013, in favor of in halos with virial radii larger than 1 Mpc are excluded.

. . The results within 4 Mpc in the most massive panel are
the 2-halo conformity extending out to several Mpc. vacant due to the lack of galaxy sample.
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In our sample, even though we excluded galaxies
below z = 0.01, the ratio of Nyjue/Niea Still depends
weakly on the redshift. However, the signal demonstrating
the conformity only extends to 5 Mpc, corresponding to

a very shallow redshift region, and the signal is defined o 1:? ] ]
as the ratio between the fractions from the constrained 12 5113&4 ~
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above redshift dependence will affect our conclusions é gj """ 10<Log M, (MQ)<1O.53; ) Log M, (Mg)>10.5 ]
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To find out whether the results above are also causedog s ' ' ' E ' ' ' 1
by the bias of the sample found b§in etal. (2017, 8
Tinker et al.(2018; Sun et al(2018; Zu & Mandelbaum [ S S T - s W
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(2018, we followed Sin et al. (2017 and excluded all ° Distance (Mpc) Distance (Mpc)

satellite galaxies as well as central galaxies in halos witthg_ 6 Same as Figl except that all satellites and centrals
virial radii larger than 1 Mpc (the virial radii are derived i, halos with virial radii larger than 1 Mpc are excluded.
from the halo mass in Yang's catalog) and compute the

ratios in Figure3 and Figure4. The results are depicted

T i ) of galaxy evolution on these scales. As wli&ih et al.
in Figure5 and Figures, respectively.

(2017 did, we also tried to exclude the satellites within
With the removal of all satellites and centrals in halos4 Mpc, 2 Mpc and 1 Mpc, and confirmed that the signal

with radii greater than 1 Mpc, the conformity signal in of conformity gets weaker when smaller cutting scales are

Figure 5 still exists, but gets weaker and extends to aapplied. So, we only display the result for the option of

smaller scale. This trend is more clear in Figérevhen 1 Mpc here.

the S/N increased, especially for the bins of distance farge

than 1 MpC For the results with distance less than 1 Mp04 COMPARISON WITH PREVIOUS RESULTS

the ratios decrease compared to Figdrbut remain at AND DISCUSSIONS

a remarkable level. In addition, the conformity shows a

dependence on the stellar mass, with the amplitude higheStur results utilizing simple statistics for the wholel H

in the stellar mass range v6'° < M, < 100> M. This  galaxy sample confirmed the conformity signal at large

can be interpreted as evidence of the 1-halo conformityscale found in the optical ban&auffmann et al.(2013

While for distance larger than 1 Mpc, the conformity considered a volume-limited sample of galaxies drawn

gets very weak, although the signal is more than 1 sigmérom the SDSS DR7 withM, > 2 x 10''Mg to

significant between 3 Mpc and 6 Mpc on the distance foinvestigate the scale of conformity effect and how it

all stellar mass bins, which probably indicates that some&hanges as a function of the mass of the central galaxy.

mechanisms beyond halo mass are driving the connectioi$hey verified the galactic conformity in terms of the sSSFRs
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and the pseudo-Hgas mass fractions of satellites. For sample. However, when we changed the definition of H
centrals with 11<Log@/./M<11.5, the conformity effect rich/poor sample with different top/bottom fraction of the
is confined to scales less than 1-2 Mpc while for centralsvhole sample, the results do not change very much. This
with 10<LogM../M<10.5, galactic conformity persists to indicates that our results are not so sensitive to the flux
4 Mpc (the largest scale they investigated). We also fountimit in this sample, but more further careful checks in a
the conformity extends to as far as 4 Mpc for the stellacomplete sample are needed in the future given that the
mass bin 8<Lod/./M<10.5 and just goes to 1-2 Mpc current complete sample is too small for this check.

for the massive bin Lody/./Mg> 10.5, but the strength

also gets weaker in the most massive bin. 5 SUMMARY

Furthermore, we confirmed in the radio band that theI hi h bined th ical qal |
2-halo conformity becomes weaker and extends to smallef 'S PaPEr, We have combined Ihe optical gaiaxy sample
i ) . from SDSS DR7 and the Hgalaxy sample from.70 to
scale when the sample is confined to centrals in halos , ) : : )
L . : Investigate the conformity effectin radio band and estémat
with virial radius smaller than 1 Mpc, even in our cross-

correlated sample between the radio and optical band'tsr.]e scale on which the environment starts to affect the gas

This result agrees with the arguments raised in the opticaﬁoml(fent n g?IaX|es. h formitv sianal in the whol
band inSin et al. (2017%; Tinker et al. (2018; Sun et al. we only measure the coniormity signal in the whole

(2018; Zu & Mandelbaun(2018§. matched sample, in the stellar mass range we considered

) here, the H galactic conformity is found to persist out to
In the radio bandWang etal.(20153 analyzed the 5 \»c This signal shows a dependence on the stellar

HI data. cubes of the .Bluedlsk. project and four.1d thatmass of galaxies, with the strength the strongest in the
companions around Hrich galaxies tend to be Hrich o mass range ab'0<M, /M <1010

as weII._ With the same o!ata cu_beNgng et al.(201§b We follow the consideration of the sample selection
ascertained that the galaxies having highrhlass function bias effect in the optical bandin et al. 201, and check

a!so have an excessitnass in the surroundlngs within a if the 2-halo term of conformity could be affected by this
distance of 500 kpc. Our results agree well with that work

. hat th tormity sianal al iets in the fi effect in the radio band as well. When all satellites and
given that the coniormity signal always exists In the IrSt .o ya1q i halos with virial radii greater than 1 Mpc are

bin of distance in our resylts. Therefqre, we sgggest thaéxcluded from the sample, the 2-halo conformity signal is
the one-halo conformity signal is true in the radio band a%ignificantly reduced. We confirmed the arguments in the
well. radio band that the 2-halo conformity signal is possibly
In this study we have not compared our results withcaused by the bias effects in the sample. However, as
any theoretical models, and are not sure if the currentrain et al.(2017 pointed out, it is not easy to predict the
physical model is enough to explain the weak signal aH | contentin each galaxy for the current galaxy formation
scales beyond 1 Mpc in our measurements. Interestinglynodel. There is still a long way to compare the model
Rafieferantsoa & Dav201§ investigated the Hconfor-  prediction with our results and tell if the current model

mity signal in the MUFASA hydrodynamical simulation. s enough to explain the two halo term conformity in the
Although too many low-mass galaxies are quenched in theggio band.

simulation, their result is in accord with our results that |y addition, we confirmed the finding in the Bluedisk
the 2-halo conformity signal declines more quickly with project bywang et al(2015ab) with the 1-halo conformi-
distance in massive halos/ai>10'* Mo). Nevertheless,  ty signal in the matched sample betweef0 and SDSS
massive halos manifest a stronger conformity than lespr7. Further understanding of the 1-halo conformity in
massive halos within 1 Mpc in their results, which is the radio band maybe could provide some hints on the

not consistent with our results. This inconsistency isphysical processes involved in the star formation acéisiti
probably due to the immature gas model in their simulationp, 5 single halo’s potential.

given that the fraction of quenched low-mass galaxies in

MUFASA is too high compared to observations. We needAcknowledgementsWe thank Li Shao and Ming Zhu

to check that in further study with more reliable galaxyfor helpful discussions, and the referee’s very useful

formation simulations. comments and suggestions on improving the paper. This
Another caveat for the reader is that the results founavork was funded by the National Key R&D Program of

in this paper are based on the flux-limited sample fronfChina (Grant No. 2018YFA0404603). The project was

ALFALFA. Therefore the results actually are based onalso supported by CAS Interdisciplinary Innovation Team

an Hi detected subsample matched to the SDSS optic4?CTD-2019-05).
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