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Kinematic lensing (KL) is a new weak lensing technique that reduces shape noise for disk galaxies by
including spectroscopically measured galaxy kinematics in addition to photometrically measured galaxy
shapes. Since KL utilizes the Tully-Fisher relation, any correlation of this relation with the local
environment may bias the cosmological interpretation. For the first time, we explore such a Tully-Fisher
environmental dependence (TED) effect as a potential astrophysical systematic for KL. Our derivation of
the TED systematic can be described in a similar analytical form as intrinsic alignment for traditional weak
lensing. We demonstrate analytically that TED only impacts KL if intrinsic alignment for disk galaxies is
nonzero. We further use [llustrisTNG simulations to quantify the TED effect. Our two-point correlation
measurements do not yield any additional coherent signals that would indicate a systematic bias on KL,

within the uncertainties set by the simulation volume.
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I. INTRODUCTION

Weak gravitational lensing (WL) is the deflection in
photon paths due to the inhomogeneous large-scale cosmic
matter distribution, giving rise to percent-level distortions
in galaxy shapes. Since WL probes the integrated line-of-
sight matter distribution without any assumption on mass-
to-light ratios, it provides a direct measure of the geometric
structure and the growth rate of the universe [see [1], for a
review].

Over the past decade, WL has emerged as one of the
most promising probes for Stage-III photometric surveys,
such as the Dark Energy Survey (DES"), the Kilo-
Degree Survey (KiDS?), and the Hyper Suprime Cam
Subaru Strategic Program (HSC?). These surveys put
percent-level constraints on the parameter Sg=
03(Q2,/0.3)%3 [2-6], with oy the amplitude of the density
fluctuations and €, the present matter density, and
35%-level on the dark energy equation of state w, solely
using WL. Therefore, WL is one of the core cosmological
probes for the next-generation ground-based survey, the
Vera C. Rubin Observatory (LSST?), and the space-based
missions, Nancy Grace Roman Space Telescope5 and
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https://www.darkenergysurvey.org.
“http://www.astro-wise.org/projects/KIDS/.
*hitp://www.naoj.org/Projects/HSC/HSCProject.html.
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3 https://roman.gsfc.nasa.gov.
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Euclid® These future surveys will significantly reduce
the statistical uncertainties, allowing for powerful con-
straints on the nature of dark energy [e.g. [7-9] ].

The dominant statistical uncertainty in WL stems from
the unknown intrinsic galaxy shapes. In the WL regime, the
observed galaxy ellipticity is €°° ~ €™ + y, which is a
combination of both the intrinsic galaxy ellipticity ¢ and
the shear y. Observationally, €™ and y are degenerate and
the shear measurement precision is limited by the intrinsic
ellipticity dispersion o,... The intrinsic galaxy shapes corre-
late with the large-scale tidal field, leading to an astro-
physical systematic effect called intrinsic alignment (IA).
At the two-point statistic level, IA introduces an additional
coherent signal between galaxy intrinsic shapes: (1) the so-
called II term that describes correlations of intrinsic shapes
of galaxies at the same redshift ({(¢™e™)) and (2) the so-
called GI term that correlates the intrinsic shape of fore-
ground galaxies with the lensing signal of a background
galaxy ((e™y)). Both signals could bias the interpretation
of WL measurements significantly if they are not appro-
priately modeled [10,11].

One method to reduce shape noise is to obtain additional
information from resolved galaxy kinematics measure-
ments. A shear at 45° from a galaxy’s major axis, so-called
Yx, causes a misalignment between photometric and
kinematic minor axes. The measured rotation velocity
along the photometric minor axis can thus be used to

®https://sci.esa.int/web/euclid.
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constrain one shear component [e.g. [12,13]]. Gurri et al.
[14] have adopted this idea as a pioneering measurement of
galaxy-galaxy lensing with 18 low-redshift galaxies.

Huff et al. [15] proposed kinematic lensing (KL)
as a technique to obtain the second shear component
from galaxy kinematics by including the Tully-Fisher
relation [[16], hereafter TF] as a prior. With this empirical
scaling relation, they predict a galaxy’s 3D rotational
velocity from its luminosity and compare this value
with the spectroscopic measurement of the line-of-sight
component of the rotational velocity. In the absence of
other systematics, one can infer the disk inclination
from the difference between the TF prediction and the
measurement. This idea has been explored recently by
R.S. et al. [17] and Xu et al. [18]. Their results suggest
that the KL shape noise, oXL, falls in the range of 0.022—
0.041, an order of magnitude smaller than traditional WL
shape noise.

Since KL infers the unlensed (potentially aligned) galaxy
shape, the KL shear measurement is immune to IA.
However, KL may still be affected by astrophysical
systematics similar to IA, if a galaxy’s deviation from
the mean TF relation is correlated with the environment.
We call this hypothetical effect the Tully-Fisher environ-
mental dependence (TED) systematic. A related systematic
for weak lensing magnification measurements using the
fundamental plane, in the form of a correlation of the size
with the environment, has been found in the Horizon-AGN
simulation for both spirals and ellipticals [19].

In the context of galaxy formation, the environmental
dependence on the TF relation has been studied extensively
in observations [e.g. [20-23]]. There are no conclusive
results however, mostly due to the uncertainties of the
sample selection, kinematic modeling, and assumptions of
galaxy properties.

This work aims to explore the TED systematic in
kinematic lensing analytically and with hydrodynamical
simulations. We start with an overview over the KL
measurement basics and derive an expression for the
TED systematic in Sec. II. We describe our disk galaxy
sample selection and the measurements from simulations in
Sec. III. We present and discuss our results in Secs. I[IV-VI
and conclude in Sec. VIIL.

II. THEORETICAL BACKGROUND

Throughout this paper, we denote scalars in regular font
and vectors in bold, e for complex-value ellipticities and &
for the amplitude and scalar component. We refer to
estimators with the hat and true values without the hat.

A. From the Tully-Fisher to the shear estimator

For a circular disk with an edge-on aspect ratio ¢,, the
intrinsic galaxy ellipticity at a given disk inclination i is
defined as

g 1= V1-=(1 —q?)sinzi.
14+ /1= (1—-¢?)sin?i

(1)

If we further assume the rotation axis of the disk is to be
perpendicular to the disk, one can measure i from the ratio
of the line-of-sight velocity at the photometric major axis
Umajor @nd the 3D circular rotational velocity v, through

Umajor ) (2)

Ucirc

sini =

While v, is not observable, it can be estimated from the
TF relation and the broad-band photometry My

log ojre = log vrp = b(MB - Mp) +a, (3)

where a is the zero-point, b is the slope, and Mp is the
pivoting magnitude. The TF relation is typically assumed to
have log-normal intrinsic scatter o.

However, if the galaxy intrinsically deviates from the
TF relation, the aforementioned shape estimation will be
biased. We denote this intrinsic deviation from the TF
relation for an individual galaxy as

ATF = UCirCU_ vTF . (4)
TF

A conceptual illustration is shown in Fig. 1. The galaxies
in case A and case B have the same inclination. Case A
does not have the intrinsic offset, i.e. Arp = 0. We can
know i by replacing v, with vtg in Eq. (2) and therefore

A
2
Q . .
S A line of sight
o
z 1 intrinsic
g o v deviation st
43 B gint
&
— >
Luminosity
inferred shape
FIG. 1. Schematic illustration of how a galaxy’s deviation from

the TF relation (parametrized by Arp) impacts the intrinsic shape
estimator [This figure uses an image created by Uniconlabs].
Left: the green line shows the TF relation in 3D. Case A (black)
corresponds to a galaxy following the TF relation, while case B
(blue) illustrates a nonzero Arg. Right: given a line of sight shown
as the dotted line and the galaxy’s inclination i, the black part of
the figure represents the inclination and the shape of case A; the
blue part represents the biased estimates of the inclination and the
shape in case B.
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infer €. For case B, the galaxy’s rotation velocity v
is offset from the TF prediction v by A, which results
in a smaller line-of-sight velocity. To compensate for that,
the inferred inclination 7 is biased high, thus the inferred
shape & (the blue ellipse) is different from €™ (the black
ellipse).

We first analyze the relation between Arr and the
difference between the black and the blue inferred shape.
Equations (2)—(4) together give the inferred inclination
sini = w =sini(1 4+ Arg). Due to the small intrinsic
scatter of the TF relation, we assume Arg to be small and
linearize its effect on the estimated ellipticity

sin? i(1 + Agg)?
1—g2)sin” i(1 + Agg)?
2Aq

V1= (1-¢?)sin?i

Hence, the scalar ellipticity induced by the intrinsic scatter
in the TF relation is

+O(A%p)- (5)

2Ar

-

In addition, the right panel of Fig. 1 already shows that Atg
changes only the ellipticity but not the position angle,
meaning that Atg only impacts the ellipticity component
along the galaxy’s major axis. Hence, the corresponding
complex ellipticity reads

gTED ~ mt

(6)

¢H)sinZi’

¢TED _ (TED ,i2p (7)
with ¢ being the galaxy’s position angle in the
source plane.

We further rewrite the estimated intrinsic ellipticity to
make the IA contribution explicit,

A

€1nt ~ €1nt + €TED ~ €° + €IA + €TED’ (8)

where €° is the stochastic intrinsic ellipticity (without TA)
and €™ is the IA contribution. On the other hand, the
observed ellipticity measured from the galaxy image is
€% ™ 1y, Since KL measures the unlensed galaxy
orientation that includes any alignment component, the
KL shear estimator for an individual galaxy is independent
of emt

}'; = éobs _ féint Ry + €TED‘ (9)

We see that ¢'®P appears as an extra astrophysical
component in addition to the true shear y in the KL shear
estimator.

B. A potential astrophysical systematic for KL

We calculate the contribution from P to the shear two-
point correlation functions & by inserting Eq. (9) into the
two-point estimator

Eo(ry) = (Fjufin) £ ()0

= ((r +€™P);,(r + ™)) £ ()
= <7j,17k,t> + <J/><,j7/><,k> + <€;HzED€FI£];:D>
I analog
+ <71 tgk];:D + S;H;:DYk o E (e '>(><)
Gl analog

=& (ry) + &8P (ry). (10)

Here r | is the galaxy coordinate in the plane of a projected
map, the ensemble average is over galaxy pairs j, k
satisfying [r, j —r; z| =y, and (- ), repeats the pre-
vious ensemble average expression substituting 7 by x. We
can read off that if €TFP is not zero, the TED contamination
is analog to IT ((¢"™Pe™P)) and GI ({ye™P)) terms.

We can now analyze the conditions under which GI or I
analog exist. For the GI analog, we can rewrite it by
substituting TP with Eq. (6)

TED gnt 2ATF k

€ . (11
<}’th:> <}’th:\/1 l—qz szlk> (11)

This expression shows that the galaxy ensemble average is
nonzero only if both Arp and ™ are spatially correlated
with the shear, i.e., the integrated density field. The former
may be sourced by an environmental dependence of the TF
relation; the latter requires disk galaxy to be intrinsically
aligned.

Similarly, we can insert Eq. (6) into the expression for
the II analog in Eq. (10). After simplification, we see that
the result can only be nonzero if (e ““ATF x) or the product
<€‘“‘€}(“‘><ATF,]-ATFJ€) do not vanish. For the latter, (e‘“‘e}j“)
is the II term of IA. The former expression would be
sourced by the GI term of TA ((eijmﬁm!k», unless Arp was
uncorrelated with &,,. However, it is hard to imagine a
nonzero correlation between Aqp and €™ without Arg
depending on the local environment.

Hence, both the GI and the II analogs require the
existence of IA. On large scales, IA of disk galaxies is
expected to be dominated by tidal torquing, which is
perturbatively suppressed and has not been detected [e.g.
[24-26] ]. However, on small scales, IA may arise from
other environmental processes than tidal torquing and thus
induce the TED systematic. To et al. [27] illustrate the
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sensitivity of cosmic shear to small-scale matter correlation
functions, which implies the importance of understanding
small-scale systematics. To accurately interpret KL cosmic
shear measurement, in this paper, we test for the signature
of TED systematic on ~10 h~! Mpc scales.

III. MEASURING TED IN THE TNG SIMULATION

While one can read off from Eq. (11) that TED
systematic contributions to cosmic shear will be suppressed
in the perturbative regime, nonlinear modeling is required
to study the TED systematic on smaller physical scales.
Hence, we measure the TED systematic using hydrody-
namic simulations. Below, we briefly introduce the simu-
lation used in this work and describe our procedure for
quantifying the TED systematic in simulations. All the
position vectors d; are relative to the galaxy’s center,
defined by the minimal potential, and all the velocity
vectors v; are relative to the galaxy’s bulk motion.

A. IMustrisTNG

The Next  Generation  Illustris  Simulations’
[MustrisTNG, hereafter TNG; [28-33] ] are a suite of 18
state-of-art hydrodynamic simulations with different vol-
umes and resolutions. The subgrid physics implemented
in TNG broadly reproduces the observed galaxy properties,
including color distribution and scaling relations [e.g.
[29,30] ]. In this work, we employ the TNG100-1 simu-
lation box, which evolves a side-length 75 A~ Mpc peri-
odic box with a resolution of 5.1 x 10® h='M, for dark
matter and 9.4 x 10° h~'M, for baryonic particles from
z = 127 to the present day, to maximize the sample size
while capturing the kinematic features of galaxies.
Throughout this work, we adopt the Planck 2015 cosmol-
ogy [34] of TNG.

B. Sample selection

KL targets rotation-supported galaxies with particle
motions dominated by the ordered rotation. Hence, we
identify a disk galaxy by the ratio of the rotational energy
over the total kinematic energy in stellar particles, denoted
as Krot

_ 2ymyldy x v, (12)
fot =TSN 2
JT

where m}* is the stellar particle mass, and the sum runs over
all particles within twice the half-mass radius to avoid
exterior structure. We consider galaxies with x,, > 0.5 to
be rotation-dominated [35,36].

The second criterion is star formation rate, as disk
galaxies are typically star-forming. A common way to

7https://www.tng-project.org.

separate star-forming and quiescent galaxies in simulations
is to set a threshold on the specific star-formation rate
sSFR = SFR/M,, which reflects the intrinsic color of
galaxies. We adopt sSFR > 0.04 Gyr~! to separate the
star-forming and the quiescent galaxies in TNG [37].

We also account for numerical limitations in the galaxy
selection. The mass resolution substantially affects kin-
ematic features, such as disk height and ratio between
ordered and disordered motions, of any simulated galaxies.
Since KL measures the galaxy rotation curve, we need a
well-resolved sample to provide accurate kinematic fea-
tures. As suggested by Pillepich et al. [38], we limit our
sample to have at least 1000 stellar particles N, and total
mass M larger than 10°M,.

In short, our selection criteria are

(1) Ky > 0.5,

(2) sSFR > 0.04 Gyr~', and

(3) N, > 1000 and M > 10°M .

C. Velocity measurements

Observationally, disk galaxy kinematics are measured
from spectra of emission lines. Since the typical choice of
emission lines, for example, Ha, [OIl], and [OIIl], are
related to star formation, we measure kinematics from star-
forming gas particles, weighting the velocities by each
particle’s star-formation rate. This weighting mimics the
emission-line strength by adopting the canonical relation
between the emission line and star formation rate [39].

To construct a galaxy’s rotation curve in TNG, we first
define the rotational axis by the normalized angular
momentum of the gas particles

g
> mid; X v,

==/ 7/ J
|ij§dj xvj|’

(13)

with mjg denoting the gas-particle mass, and the sum
includes particles within twice the stellar half-mass radius
(R4 1/2) to exclude extended nondisk structures in the outer
regions. For the same reason, we limit the distance to the
disk by 0.5R, ;/, when we calculate the rotation curve.
We bin the particles by their distance relative to R,
into 20 radial bins. We take a weighted average in each
bin to obtain the rotation curve. Finally, we measure the
circular velocity v, at the maximum point of the
rotation curve.

We obtain the TF relation by fitting Eq. (3) to the rotation
velocity and the K-band photometry with three parameters:
the zero-point a, the slope b, and the intrinsic scatter org.
We assume a log-normal distribution for the velocities at
fixed magnitude. The variance of the distribution is given
by the intrinsic scatter and the measurement uncertainty of
the rotation velocity. We quantify these via the standard
deviation of the mean velocity. The effective variance for
each galaxy is calculated as o2 = o3 + 0]2-, where o; is

043509-4
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2.8r

Umax

——————— best-fit

2.6r.

logv [km/s]

T =% —1 —53 7 —a1
K [mag]

FIG. 2. The TF relation of the TNG disk galaxy sample is
defined in Sec. III B. The blue dots are our measurements. The
dashed-dotted line gives the best-fit TF relation for the v,. The
contours show the density distribution of the blue dots of 68%
and 95%.

the measurement uncertainty for each galaxy. These lead to
the likelihood function

2
7 O

2

111[: _ _%Z (IOg Ucm:,; 10g UTF,]) + C (14)
where C is a constant. Fitting to the TNG galaxies yields
the TF parameters of a =2.1882£0.0008, b = —0.1065+
0.0006, and o1 = 0.0388 +0.0006 dex. The best-fit
relation is shown in Fig. 2 with all the measured data
from TNG. We then estimate Arp using Eq. (4) and eTEP
via Eq. (6).

D. Ellipticity measurements

We decompose the projected intrinsic ellipticity ¢™ into
the amplitude £™ and the position angle ¢. For a perfect
circular disk with angular momentum perpendicular to the
disk, we determine these two components by the projection
of the normalized angular momentum from Eq. (13)
[e.g. [40]].

For a projection along the z direction, the galaxy’s
inclination is

i=cos'L,, (15)

from which we obtain £™ through Eq. (1). Similarly, ¢ is
determined by the projected components L, and f,y,

A

L
=tan! |2 ). 16
@ (L> (16)

Together, these determine the projected ellipticity

eint — gmteiZ(p — é.11nt + i812nt. (17)

E. Characterizing the environment

We consider two environmental indicators in the simu-
lations: the matter overdensity and the tidal anisotropy. We
first construct the matter density field p,,(x) by assigning
particles to a 256 mesh via the cloud-in-cell algorithm and
smooth it by a Gaussian kernel with smoothing length R, to
aid with numerical stability and to isolate effects of
different physical scales. The overdensity at each grid
point is given by

5o (X) = p&(’;) —1, (18)

where (pp,,) is the mean matter density, and the tidal tensor
is defined as

_ 0’d(x)
oxjox;

T (x) (19)

The gravitational potential ®(x) is computed from p,,(x)
through the Poisson equation and j,k € (x,y,z) are the
spatial coordinate axes. By default, we set R, = 1 h~! Mpc;
we will discuss the impact of this choice in Sec. VIA.
Finally, we use the inverse cloud-in-cell algorithm to
interpolate the overdensity and the tidal tensor from the
grid to arbitrary positions.

From T j;(x), we calculate the eigenvalues 1; < 4, < 43,
and measure the tidal anisotropy [41,42]

q; = % (A =)+ (A= 4)* + (4 —4)]. (20

q, represents the strength of the tidal shear at a given
position. Since ¢, is measured from the second-order
derivative of the potential field, ¢, may appear redundant
to o, at first glance. However, Sheth and Tormen [43]
showed that ¢, and §, encode complementary physical
information and follow different distributions.

IV. RESULTS: QUANTIFYING TED

For TED to become a systematic of the KL shear
measurement, both Az and €™P have to be spatially
correlated with the environment [see Eq. (11)]. In this
section, we use TNG to test for these spatial correlations.

All the correlation functions in this work are calculated
using the Python package TreeCor® [44]. We estimate the
covariances through the Jackknife algorithm implemented

8https:// github.com/rmjarvis/TreeCorr.
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0.00F
—0.01p
—0.02r
=
g —0.03f
L,
—0.041
—0.05r
—0.061
100 10!
r [h~*Mpc]
FIG. 3. The correlation function between 6, and Aqg. This

implies that Aqg is lower in the denser environment.

in TreeCorr. By default, we measure the correlation function
in the projected comoving coordinate and set the default
smoothing scales of the overdensity and tidal field
anisotropy to R, = 1 h~! Mpc.

We measure TED via the three-dimensional correlation
function of §,,, and Arg. Figure 3 shows localized negative
correlations between the two quantities, and then the
function approaches zero as the scale increases. This
indicates that TED exists and that A anticorrelates with
O at few-Mpc scales.

While WL analyses measure shears that are the result of
line-of-sight projections with long projection lengths, for
the purpose of isolating TED systematics, we choose to
work on simulation snapshots rather than lightcones. The
physical correlation of TED or intrinsic galaxy shape with
environment is diluted by projection, and 3D measurements

€H€TED

0.0F

10° 107
r1 [h"Mpc]

are most discriminating; however, as eTFP is defined only in

projection, we use plane-parallel projections of the simu-
lation snapshots to measure the GI and II analogs.

We choose the z-axis of the simulation box as the line-of-
sight direction and project each galaxy’s angular momen-
tum and rotational velocity accordingly to measure ¢™ and
eTEP following Sec. III. We use the z = 1 snapshot from
TNG and report the results in comoving distance.

For the plane-parallel projection, we define the projected
density contrast k as

K(x) = /) "5 (x)dz, (21)

where we integrate d,, along the z-axis and L is the box
size. Note that this definition differs from the lensing
convergence as it does not include any lens efficiency
weighting.

(a) GI analogs To quantify TED-induced GI-type con-
tamination, we measure the projected cross-correlation
function between €™ and k. The result is consistent with
zero given the statistical uncertainty, as shown in the left
panel of Fig. 4. The reduced y? value for the 20 bins is 0.49,
indicating an insignificant correlation between ¢™EP and .
We perform the exact measurement for P and the tidal
anisotropy ¢,, which is also consistent with zero at all
separations yielding a y* value of 0.81 over 20 bins.

(b) Il analogs We measure the projected ellipticity
correlation functions ¢1EP analog to the II terms, shown
in the right panel of Fig. 4. We adopt a sin i-based selection
at sini < 0.8 to the sample since the approximation of TEP
using Eq. (6) is suitable only for samples with small Arg
and low sin i. This selection does not induce a bias as long
as the galaxies are oriented randomly. The auto-correlation

x10~4

r1 [h~Mpc]

FIG. 4. Left: the projected cross-correlation function between e¢™*P and the projected matter density x. Right: the projected ellipticity
correlation functions of (¢"¥Pe™P)_ (blue) and (¢™e™™) . (orange). The solid and the dotted lines stand for &, and £_, respectively. For

(€M), we only show the plus term for simplicity.
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5F

—— all
—4— max-1/3 Arp
—— min-1/3 Arp

w

all —e— central
max-1/3 App s gatellite
6 min-1/3 Aqp

1t 2r
Or ok
m m 7 T '
r [h~Mpc] r [h~tMp(]
FIG. 5. Left: the galaxy-matter cross-correlation function for the max-1/3 (blue), the min-1/3 (orange), and the whole ensemble

(black). The min-1/3 galaxies reside in denser environments than the ensemble average, while the max-1/3 galaxies live in less dense
environments. We have shifted each curve by 0.05 dex in the x axis for better illustration. Right: the galaxy-matter cross-correlation
function decomposed by the central (solid) and the satellite (dotted) populations. The color code is the same as the left panel. The two

groups have consistent central and satellite correlation fuctions.

(eTEPETEDY  illustrated as blue solid and dotted lines, are

in agreement with zero even at small scales with 3> = 0.73
and 0.60, respectively. The figure indicates that we do not
find evidence of Il analogs for KL. The shape noise of eTEP,
denoted &P, is 0.031, which is comparable to oKl =
0.035 that Xu et al. [18] derive for a potential KL. Roman
survey. With more sophisticated forward modeling, we can
cope with the instability of Eq. (6) and reduce oF.
Furthermore, we measure the intrinsic alignment correla-
tions (e™e™), shown in orange. Within the statistical
uncertainty, the measurement agrees with zero. In short, we

do not detect any coherent signal for TP,

V. RESULTS: TED AND GALAXY POPULATIONS

Galaxies with different Arr may originate from distinct
populations, potentially behaving differently in the galaxy-
matter correlation and clustering. Consequently, we clas-
sify our galaxies that fall into the lower (upper) tercile of
the distribution of Arp at fixed luminosity as min-1/3
(max-1/3) galaxies. We measure the galaxy-density cross-
correlation &5 for each group in the left panel of Fig. 5
showing the three-dimensional galaxy-matter correlation
functions. We find an increase in amplitude of &,s for the

min-1/3 group at r < 10 A~! Mpc compared to the ensem-
ble average, suggesting that the lower tercile galaxies tend
to live in denser environments. The upper tercile galaxies,
on the other hand, have suppressed correlation functions in
the same regime. The result indicates that there is an
anticorrelation between Atg and the density of the host
environment.

We further measure each group’s satellite fraction f,.
The value is f,; = 0.29 for the whole sample, 0.22 for the

max-1/3 galaxies, and 0.39 for the min-1/3 galaxies. By
measuring the galaxy-galaxy correlation functions, we find
an apparent deviation of the min-1/3 from the ensemble
behavior, indicating the min-1/3 population is more
strongly clustered. This behavior is consistent with a higher
fsat 10 groups or clusters.

If we denote the galaxy-matter correlation function for
satellite and central as ;%‘ and ;%“, respectively, then Sos for
a group of galaxies with satellite fraction f, is
oo = (1 = faa)ées' + fsulss- Therefore, we separately
measure 5;‘5‘ and é;%“ for each group in the right panel
of Fig. 5. After the separation, we do not find any clear
deviation among different groups in either f;‘; or &g5'. This
indicates that f, can explain the behavior &, for different
galaxy populations in the left panel.

We further investigate whether the difference in large-
scale clustering amplitude between the two populations
(Fig. 5) may be a form of assembly bias. We predict mean
linear bias of the two populations from the Tinker et al. [45]
halo bias averaged over their respective host halo mass
M,, distributions. This calculation predicts a relative bias
between the max-1/3 and the min-1/3 galaxies to be
1.0634, which is statistically consistent with our &u;
measurements, and thus provides no indication for large-
scale assembly bias.

VI. DISCUSSION

We have presented the measurements of GI and II
analogs on TNG galaxies, which do not show any evidence
of TED systematic for KL.. We note that these conclusions
are subject to the statistical limitation of a 75 h~! Mpc
simulation box and the galaxy formation model
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implemented in TNG. Increasing the box size will increase
the sample size, potentially leading to detection at small
separations in Fig. 4. The role of the galaxy formation
model is much more complicated. Although TNG and other
cosmological simulations broadly reproduce the observed
galaxy properties, different models still give slightly differ-
ent predictions on the environmental dependence in terms
of strength and correlation among different properties
[e.g. [46] ]. Furthermore, different simulations give differ-
ent predictions on the intrinsic alignment of spiral galaxies
[e.g. [47]].

We also emphasize that the measurements presented in
Fig. 4 are only projected along the simulation snapshot,
which enhances the significance of any TED correlations.
In practice, the projection of angular shear two-point
statistics along the light cone will average out the TED
correlation as described in Sec. IV. Hence, the tests
presented here provide a conservative assessment of
TED systematics.

Furthermore, our choices during the sample selection
and extracting the environment may bias our conclusions.
To test the robustness of our results, we vary the definitions
of the environments and the choice of sample selection
criteria.

A. Definition of environment

Different galaxy formation mechanisms are dominant at
different physical scales. Thus, choosing a specific R,
presumably targets certain processes and smears out other
minor effects, leading to biased conclusions. Since this
work aims to robustly investigate the possibility of TED
leading to a GI analog, it is essential that our conclusion in
Sec. IV is not affected by the choice of R;. We test the
robustness with three different R : 0.5, 1.0, and
5.0 h~! Mpc. We measure the GI analog for each defi-
nition and calculate the corresponding y? value to quantify
how significantly the correlation function deviates from
the zero.

We do not observe any signal of correlation between
€D and « at these different R,. The larger R, leads to a
smaller correlation function amplitude and smaller uncer-
tainties. Even though the uncertainties shrink as R;
increases, the reduced y? suggests that the associate
correlation function is still consistent with zero. We repeat
the same test on ¢; and find the same conclusion. In both
cases, the variation of R, does not result in any GI analog.

B. Galaxy selection

The sample selection can impact Atg, the alignment, or
the clustering of galaxies. We start with the variation in Atg
to look for potential variables of selection criteria worth
investigating and then measure the two-point correlation
functions to understand the influence on the alignment and
the clustering.

The selection criteria are based on four galaxy proper-
ties: k.o, SSFR, N, and M. We calculate the correlation
coefficients between Arr and the four properties.
Most importantly, none of the four properties has a
statistically significant correlation with Agg, suggesting
that the TF is robust against variation of the aforemen-
tioned variables. Among the four, Arg most strongly
correlates with M. N, shows the second highest corre-
lation, mainly associated with the tight relation between
N, and M, followed by «,,. SSFR shows the least and
almost zero relation to Arg.

In addition to the selection effect on the TED, we also
look for its influence on IA. Since massive galaxies
generally form earlier, they are more likely aligned by
their host dark matter halos than less massive galaxies.
On the other hand, a more rotation-dominated system is
more affected by the tidal torque. Thus, we investigate the
impact on the GI analog in two cases: massive galaxies
where M > 10">M and the highly rotation-dominated
systems where k., > 0.7. The reduced y> values are
0.72 and 1.11, respectively, implying no detection of
TED systematic.

VII. CONCLUSION

KL is a promising technique for probing cosmic struc-
ture formation with high statistical precision. It is also
insensitive toward observational uncertainties that affect
traditional weak lensing, such as shear calibration and
photo-z errors. However, if deviations from the TF relation
are spatially correlated with large-scale structure, this may
induce an IA-like contamination to the KL. measurement.
This is the first paper to study this astrophysical system-
atics, termed TED (Tully Fisher environmental depend-
ence), analytically and with state-of-the-art hydrodynamic
simulations TNG.

We first show how TED may bias KL analogously to IA
in traditional WL by deriving the TED-induced ellipticity
€D, Our derivation shows that both TED and intrinsic
alignment for disk galaxies on ~10 A~! Mpc scales must
exist for the bias to be nonzero. We further quantify the
TED systematic by measuring the GI and II analogs from
TNG galaxies. For the GI analogs, we measure the cross-
correlation for (ke™P) and (g,e™P), respectively. For the
II analogs, we measure the autocorrelation ("*PeTEP) and
the cross-correlation (e™®Pe™). We find the reduced y?
values for both measurements to be consistent with zero
within the measurement error, meaning that we do not find
any coherent TED systematic that would bias KL mea-
surements. Finally, we demonstrate the robustness of the
definition of both x and ¢, and sample selection.

We also report a different type of TED that does not lead
to spatial coherent signals in the two-point shear measure-
ment. We find that galaxies rotating more slowly than the
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TF prediction tend to live in denser environments. We
attribute this dependence to the satellite fraction of each
population.

In summary, this work indicates that an environmental
dependence of the Tully-Fisher relation does not cause
systematic biases for KL.. As our results are limited by the
statistical power of the TNG100 simulation, future KL
analyses should validate these findings with a larger
simulation volume to reduce the statistical uncertainties
and include realistic mock observations to account for
potential systematic biases due to kinematic substructure.
The TED systematic can also be tested observationally with
KL measurements on nearby well-resolved galaxies, for
which we do not expect shear detection but only system-
atics if they exist.
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