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The shape of the dark matter (DM) halo is key to understanding the

hierarchical formation of the Galaxy. Despite extensive effortsin recent
decades, however, its shape remains a matter of debate, with suggestions
ranging from strongly oblate to prolate. Here, we present a new constraint
onits present shape by directly measuring the evolution of the Galactic
disk warp with time, as traced by accurate distance estimates and precise
age determinations for about 2,600 classical Cepheids. We show that the
Galacticwarp is mildly precessing ina retrograde direction at a rate of
w=-2.1+0.5 (statistical) + 0.6 (systematic) km s kpc™ for the outer disk
over the Galactocentric radius [7.5, 25] kpc, decreasing with radius. This
constrains the shape of the DM halo to be slightly oblate with a flattening
(minor axis to major axis ratio) in the range 0.84 < g, < 0.96. Given the
young nature of the disk warp traced by Cepheids (less than 200 Myr), our
approach directly measures the shape of the present-day DM halo. This
measurement, combined with other measurements from older tracers,
could provide vital constraints on the evolution of the DM halo and the
assembly history of the Galaxy.

Adiskwarpisaubiquitous large-scale feature of disk galaxies, includ-
ing our own'”. Theoretically, these warps are the response of the
disk to external torques from a variety of sources, including cosmic
infall®*"'°, misalignment between a nonspherical dark matter (DM)
halo and the disk™"?, interactions with satellite galaxies™ and the
intergalactic magnetic field". Among them, the torque exerted by
the DM halo plays a major role’. This latter torque can be probed by
the precession of the warp. The Galactic disk warp has long been
expected to precessin theretrograde direction®>", that is, opposite

tothe Solar rotational motion. Using anindirect kinematic approach,
recent efforts have unexpectedly found a precessionin the prograde
direction''®. However, these measurements used old giant stars as
stellar tracers. Such stars may suffer from complex heating and per-
turbation histories that could invalidate the results. Furthermore,
that approach, which depends on mapping the vertical motion pat-
terns of stellar tracers at different disk locations, usually has rather
large uncertainties”, even with young tracers such as Cepheids™
(Methods).
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Fig.1| The Milky Way’s three-dimensional disk warp and its precession
traced by Cepheids. a, The disk-warp structure revealed by our full sample

of 2,613 Cepheids (cyan dots). The grey grid is the best-fitting model
(described by equation (1)). The blue line denotes the LON with the best-fitting
¢, =10.06 £ 0.93°. The purple dashed line connects the Sun (red star) and
Galactic centre (black dot). b, The disk-warp structure revealed by the young
Cepheid sample (20 to 120 Myr). The best-fitting ¢,, for the LON is 6.14 + 1.34°.
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¢, The disk-warp structure revealed by the old Cepheid sample (120 to 220 Myr).
The best-fitting ¢,, for the LON is 13.29 +1.34°.d, Measured LON as a function of
median age for different bins of Cepheids. The error bars represent 1o confidence
regions. The cyan dotted-dashed line represents alinear fit to the data points,
yielding a precessionrate w =-2.07 + 0.51 km s ' kpc™. The residuals (Res.)
between the measured LON and the linear fit are shown in the bottom part of the
panel.

Inthis study, we develop a ‘motion-picture’ technique totrace the
changing orientation of the disk warp using stellar tracers of different
ages, and we computeits precession rate directly by examiningits line
of nodes (LON) at different times. For stellar tracers, we analysed clas-
sical Cepheids, which are relatively recently born compared to giant
stars, as their distances and ages can be measured well by calibrated
period-luminosity and period-age-metallicity (PAZ) relations. The
data for the classical Cepheids used here were taken from the newly
released Gaia Data Release 3 (DR3)*%°. The distances to these classical
Cepheids were precisely determined using the period-Wesenheit (PW)
relations®® (Methods). A comparison with the Cepheidsin open clusters
(OCs) showed that the PW distances are in excellent agreement with
those determined by parallax measurements or isochrone fitting®, with
anegligible offset of about 1.4% and a small scatter of 6.8%. Further,
weremoved Cepheidsin high-extinction regions, those with distance
errors larger than 6% and other significant outliers, leading to a final
sample of 2,613 classical Cepheids. As shown in Fig. 1a—c, the Galactic

Table 1| Measured LON in each age bin yielded by the
best-fitting model

Age bin Number Median age LON

(Myr) (Myr) (degrees)
(0,100) 1175 79.6+19.9 5.59+1.71
(20,120) 1,603 89.5+23.3 6.14+1.34
(40,140) 1,806 98.6+24.5 7.56+11
(60, 160) 1,800 106.3+24.8 10.26+1.02
(80, 180) 1,657 113.9+24.1 10.31£1.02
(100, 200) 1123 1281+23.8 1.45+£1.14
(120, 220) 726 1441243 13.29+1.34
(140, 240) 465 161.4+26.5 14.93+1.70

Note: The uncertainties of the median age were calculated as the standard deviation of ages
in each bin.
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Fig. 2| Constraining the shape of the DM halo from the measured precession
rates. a, The precession rate of the disk warp as a function of Galactocentric
distance R. The error bars denote 1o confidence regions. As an example, the blue
line denotes the contributions from both the thin and thick disks on the warp’s
precession by adopting R, i, = 4 kpc. The dark cyan-shaded region represents
the best-fitting radially dependent precession rates of the disk warp to the data
points (red dots), which is the sum of the contributions from the Galactic disk

9o

(blue line) and the DM halo (gold shaded region). For other choices of R ,,, the
fitting results are presented in Supplementary Fig. 8. b, The best-fitting interval
of the shape of the DM halo. The flattening (minor axis to major axis ratio) of

the equipotential surface g, is from 0.84 to 0.96 (grey shaded region). Recent
estimates of g, from the kinematics of globular clusters (green dots), stellar
streams (red dots) and the six-dimensional distributions of halo stars (blue dots)
are overplotted for comparison. The error bars are the 1o standard deviations.

disk warpis clearly presentin the spatial distributions of the full sample
and subsamples with different ages.

Ageisthekey to measuring the precession rate of the disk warp. The
age of Cepheids can be precisely determined by the PAZ relation®. How-
ever, only about one-third of our sample of stars have metallicity estimates
([Fe/H]) in the Gaia Cepheid catalogue. For the remaining two-thirds,
their metallicities were estimated based on their Galactocentric radius
Rbyadoptinga Galactic radial metallicity distribution (Methods). Inthis
way, age estimates were derived for all sample stars with a precision better
than20%. The derived ages for Cepheidsin OCs agree very well with ages
determined byisochronefitting, withascatter ofabout 18%, consistent
withtheexpected uncertainty of this relation (Methods). The median age
of the fullsampleis about100 Myr; 85% of themare younger than200 Myr
(Extended Data Fig. 1). These Cepheid stars are sufficiently young that
they do not experience complex heating or have perturbation histories,
in contrast to the much older giant stars. Thus, they retain information
about the shape of the warp at the time of their birth.

We obtained a motion picture of the disk warp by mapping the
three-dimensional distributions for Cepheid samples of different ages.
We adopted a canonical model to describe the shape of the warp*":

c(R—Ry)"sin(@ — ¢,). R> R,
7= @
0, R<R,.

Inthismodel, the vertical displacement Zfrom the disk planeincreases
as a power law with an index of a, varies in a sinusoidal fashion with
respect to the Galactic azimuth ¢ and begins to warp at radius R,. The
¢, parameter is the phase angle of the LON along which the vertical
displacement s zero. As afirst step, this model was fitted to the full Cep-
heid sample, whichincludes stars of all ages, using aleast-squares algo-
rithm. We verified that the fitting was insensitive to the warp-starting
radiusR,, soit was fixed to 7.5 kpc after careful checks (Methods). The
best-fitting model yields a power-law index of 1.40 + 0.05 and a LON
with ¢, =10.06 + 0.93°. These geometric parameters are consistent
with previous measurements from various tracers>**, As shown in
Fig.1aand Extended DataFig. 2, such awarp model describes the spatial
distribution of Cepheids quite well.

For an evolving disk warp, ¢, is a linear function of cosmic time
t: (0 =y, + w(t-ty). Here, ¢, , represents the current LON of the

Galactic warp, w is the precession rate, ¢, is the cosmic age of the uni-
verseandt - t,=-{1), where (1) isthe medianage of the stellar sample.
Toderive w, we measured ¢, for Cepheid subsamples of different ages.
The sample stars were divided into eight age bins of width 100 Myr
(Table 1). The bins overlap each other with a running step of 20 Myr
to ensure there were sufficient numbers of Cepheids in each bin. The
median ages of these bins range from 80 to 160 Myr, with an entire
age span of about 80 Myr. As in the analysis of the full sample, the
warp model was then fitted to Cepheid subsamples of different ages.
Thefitting results are presented in Table 1 and shownin Fig. 1d. As the
Cepheid subsamples become younger, the LON ¢,, tends to become
smaller, which means that the disk warp is precessing in a retrograde
fashion, as long expected®”".

To quantitatively measure the precession rate w, a linear fit was
applied to the measured ¢, (), as shown in Fig. 1d. Given the wide
range of the age bins, Deming regression was employed to account for
uncertaintiesinboth age and LON during the linear fitting. This analysis
yielded amildly retrograde precessionrate of w=-2.1+ 0.5 kms™ kpc™
(equal to 0.12 + 0.03° Myr™). The systematic error is smaller than
0.6 kms™ kpc™, which was estimated by considering uncertainties
from the choices of different values of R,, determinations of Cepheid
distances and ages, and potential selection effects in the tracer sam-
ple (Methods). In contrast to this result, a large prograde precession
rate of w =10.86 + 0.03 (statistical) + 3.20 (systematic) km s kpc™
was found from an analysis of old giant stars based on a kinematic
approach®. To verify our results, we remeasured the precession rate
of the disk warp based on the kinematic approach, but using young
stellar tracers, namely around 1,200 Cepheids with high-quality
radial velocity measurements from Gaia DR3 (Methods). The result-
ingw=-1.1+£1.9 km s kpcis consistent with our own measurement
but with uncertainties much larger than those obtained through our
motion-picture approach.

Our more accurate measurement for the warp’s precession rate
offers a unique opportunity to constrain the shape of the DM halo.
We adopted a simple model to calculate the precession rate at dif-
ferent radii analytically, with major contributions from the Galactic
disk and the DM halo (Methods). The former can be directly derived,
as the structural parameters and total mass of the disk are relatively
wellmeasured, whereas the latter is highly dependent on the shape of
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the DM halo, which is usually characterized by the flattening (minor
axis to major axis ratio) g,,. Note that the shape of the DM halo may be
non-axisymmetric, and this asymmetry could possibly induce the disk
warp?’. To constrain g,, we further divided the Cepheid sample into
three radial bins: 11.8 <R <18.8 kpc, 14 <R <21 kpcand R>15.5 kpc.
The choice of three bins was a trade-off between the number of stars
and having asufficientrange to detect a clear signal of the warp and its
precession. The procedure to measure the warp-precession rate was
applied to the three bins. The results show a decreasing trend with R
(Fig. 2a). By subtracting the contributions from disks, the residual
precession rates are clearly retrograde, with values ranging from -1.5
to-1.0 km s kpc™ (Extended Data Fig. 3), suggesting that the DM halo
isoblate rather than spherical or prolate. By comparing the measured
precession rates with our toy model, the flattening of the DM halo was
found tobeintherange 0.84 < g, < 0.96 (Methods).

Our measurement of g, from the disk-warp precession revealed
thatthe DM haloisslightly oblate. Thisresultis largely consistent with
measurements from stellar-stream analysis within errors®** but is
inconsistent with measurements based on halo stars**** or globular
clusters®. Such inconsistencies may be caused by unaccounted-for
systematicerrorsin the different methods or may reflect the intrinsic
evolution of the DM halo shapeitself*, as different measurements are
sensitive to torques at different cosmic times or intervals of times. Our
measurement probes the present-day shape (in the past 200 Myr) and
provides an anchoring point across cosmic history. If other measure-
ments can be accurately time-tagged in future studies, the evolution
of the DM halo shape may be fully revealed, which may shed light on
the assembly history of the Galaxy.

Methods

Coordinate systems

In this study, two sets of coordinate systems were adopted: (1) a
right-handed Galactocentric Cartesian coordinate system (X, Y, Z), with
positive Xdirection pointing towards the Galactic centre fromthe Sun, Y
pointing towards the direction of Galactic rotation of the Sunand Z point-
inginthedirection of the north Galactic pole; (2) aGalactocentric cylindri-
calsystem (R, ¢, Z), with Rincreasing radially outwards, ¢ the azimuthal
angle pointinginthe direction of Galacticrotation and Zthe same as that
inthe Cartesian system. The Sunwas fixed at (-8.178, 0,0.025) kpcin Car-
tesian coordinates®*”. The Galactocentric velocity of the Sun was fixed to
Vio=1L1kms™ (ref.38), V, ,=245.6 kms™and V,,=7.8 kms™ (ref. 39).

Cepheid sample, distance estimates and validation

Our Cepheid sample was from the Gaia DR3 Cepheid catalogue®,
which was downloaded from the Gaia Archive (https://gea.esac.esa.
int/archive/). Based on multi-band time-series photometry, Gaia DR3
containsasample of 15,006 Cepheids of all types, as yielded by the SOS
Cep&RRL pipeline’®, We selected only the Milky Way classical Cepheids
(labelled as ‘DCEP’ in the catalogue) with a Gaia renormalized unit
weighterror <1.4, which guards against poor astrometry. The complete-
ness of this sample was greater than 85%, and the contamination was
atthelevel of only afew per cent.

To reduce the uncertainties of extinction corrections, the PW
relations were adopted to derive the distances of the Cepheids, thanks
to the accurate multi-band time-series photometry provided by Gaia.
The Wesenheit magnitude was defined to be exti/pction free and here
isexpressed asw =G — k(Ggp — Ggp), Where k = m =190 (ref. 20),
and G, Ggpand Ggpare the intensity-averaged magnitudes from the light
curves®. The absolute Wesenheit magnitudes of Cepheids can be
predicted by their well-determined periods based onthe PW relations:
W = a + Blog(P), for which the values of a and ff were properly recali-
brated using the Gaia DR3 data for all-sky Cepheids®. Finally, the dis-
tances of Cepheids were derived with d = 10%*“™"*_The distance
distribution of the full Cepheid sample is presented in Supplementary
Fig.1. The most distant stars are as far as 25 kpc from the Sun.

To examine the robustness of distance estimates from the PW
relations, we checked the distances of Cepheids by cross-matching our
sample to the compiled catalogue of Cepheid-OC pairs?. Using a
matching radius of 10 to 15 arcsec, 21 Cepheid-OC pairs were found.
As shown in Supplementary Fig. 2, the distances of these 21 Cepheids
yielded by the PW relations are in excellent agreement with 19 nearby
OCs (woc > 0.15mas), as measured from the mean parallaxes of their
members. The distances of two distant OCs (woc < 0.15 mas) were
determined by isochrone fitting®*'. The overall offset of the relative
distance differences was 1.4% with a scatter of 6.8%. This comparison
clearly demonstrates the robustness of the distance estimates derived
by applying the PW relations to the classical Cepheids in this study.

Age estimates and validation
The ages of the Cepheids were derived from the PAZ relation, which was
properly calibrated based on pulsation models for classical Cepheids™:
log(1) = (8.423 + 0.006) — (0.642 + 0.004) log P
—(0.067 + 0.006)[Fe/H].

2

Notethat thisrelationis valid only for fundamental-mode Cepheids. To
derive ages of first-overtone-mode Cepheids, their periods were fun-
damentalizedwiththeempiricalrelation*’: P = P,5/(0.716 — 0.027 log P;o)
where P and P, are, respectively, the periods of the fundamental and
first-overtone modes.

Toderive the ages of Cepheids, metallicity informationis required
inadditionto the periods. Inthe Gaia Cepheid sample, the metallicities
for one-third of the sample stars were properly estimated from their
light curves®. For the remaining two-thirds, we assigned metallicities
accordingto their radial positions on the disk plane by comparing them
with the radial distribution of [Fe/H] using the one-third of sample stars
with known metallicity. The radial metallicity distribution, presented
in Supplementary Fig. 3, shows a clear negative radial gradient for R
within about 16 kpc and then tends to flatten outside this radius. This
distribution is like the results found with other disk tracers****. To
quantitatively describe this distribution, the sample stars were divided
intoradial binswithawidth of 1kpcfor 6 <R <20 kpc. Over the ranges
4 <R<6kpcand 20 <R <25kpc, the radial bins were assigned larger
widths to include a sufficient number of stars. In each radial bin, the
values of the median and scatter of the metallicity distribution were
calculated after 2oto 3o clipping. A piecewise function was applied to
this radial trend of the median metallicity:

kR+zy, R<R,,
[Fe/H] = 3
ka + Zp, R > Rb,

wherealinear function was used to describe the radial negative metal-
licity gradient for R <R, and a flat function was used for R > R,. The
fits are shown in Supplementary Fig. 3 and yield a radial metallicity
gradientk=-0.037 + 0.005 dex kpc™, abreak radius R, =16.4 + 1.2 kpc
and aninterceptz, = 0.44 + 0.05. The metallicities for these stars were
then assigned by assuming a Gaussian distribution with a mean value
derived from equation (3) and a dispersion taken from the scatter at
itsassociated radial bin. The metallicity distribution for the two-thirds
of the Cepheids derived from the radial metallicity distribution is
shown in Supplementary Fig. 4, which very closely resembles that
for the one-third of the sample stars with known metallicity from the
Gaia catalogue.

The metallicity estimated for the two-thirds of the sample stars
where it was inferred but not measured was associated with a large
uncertainty (typically of the order 0.18 dex). However, this had negli-
gible effects on the age determinations of Cepheids. The contribution
of the metallicity term in the PAZ relation (equation (2)) had a minor
impact on the Cepheid age, only about one-tenth of the contribution
of the period term. Thus, the uncertainty in the age estimate was no
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morethan10%, evenif the metallicity of a Cepheid star wasincorrectly
estimated by as much as 0.5 dex.

With the metallicity determined as above, we derived age esti-
mates for all sample stars using equation (2). The final age distribu-
tionis presented in Extended Data Fig. 1. Most of the sample stars are
younger than 200 Myr, with the oldest one no more than 600 Myr. To
validate the age estimates, Cepheid-OC pairs were again used. We
cross-matched our sample stars to two compiled catalogues® >, finding
25 Cepheid-OC pairs with ages properly estimated fromisochrone fit-
ting. Asshownin Supplementary Fig. 2, our age estimates of Cepheids
are quite consistent with those of OCs determined by isochrone fitting,
with a small scatter of 18.4% (0.08 dex in log 7). The systematic differ-
ence was about 40% (0.15 dex in log 7), which could be due to various
reasons. Forexample, it could easily have been caused by the different
stellar-evolution models adopted for the isochrone fitting. As discussed
inthe next section, this mild systematic difference regarding ages had,
however, only a very minor effect on our measurement of the preces-
sion rate of the Galactic warp.

Robustness of the warp-model fits and the systematic error of
the precessionrate

Therobustness of the warp-model fits on determinations of the LON for
different age populationsis discussed in Main, which considers several
different effects. The first is the different choices of starting radius
R,. Supplementary Fig. 5 shows the R versus Z distribution of sample
stars with azimuth angle 10° < || < 90°. The warp signal is very clear
inthe two directions (warp down at negative azimuth and warp up at
positive azimuth). The sample stars were divided into different radial
bins with awidth of 0.5 kpc. The median vertical distance, calculated
at each radial bin, is largely close to the disk plane (Z=0) for R within
7.5 kpcandtendsto deviate from the disk plane beyond this radius. The
starting radius wasthen set to 7.5 kpcin our warp model (equation (1)).
We repeated the analysis of warp-model fits by choosing different
values of R, from 7 to 9 kpc. The tests exhibited only a minor effect on
determinations of the LON for different age populations. The overall
changeinthe measurement of the trend between the LON and median
age of different populations, that s, the precession rate w, wasno more
than0.2kms™ kpc™.

To test the effects arising from errors in the distance estimates
of the Cepheids, the analysis in Main was checked by changing the
distances assuming a systematic error of 10%, seven times larger than
that from the comparison with Cepheid-OC pairs. The trend of the
varying LON with median age for different populations held very well,
andthe overall effect onthe precession-rate measurement was no more
than 0.3 kms™ kpc™. For the effects from age determinations, we first
performed a similar test by changing ages and adopting the system-
atic error found by the check with OC-Cepheid pairs. The measured
precession rate closely matches the value reported in Main, roughly
falling within the 1o uncertainty. Furthermore, two different priors
were adopted to assign metallicities for the sample Cepheids when
calculating their ages. The first prior was based onametallicity distribu-
tionfunction constructed fromasmallsample of Cepheids with [Fe/H]
measured from high-quality high-resolution spectroscopy*. The sec-
ond onesimply took the mean value of this distribution ([Fe/H] = -0.07)
forallthe Cepheids. Under both priors, the measured warp-precession
rates changed by nomore than 0.3 km s kpc™.

We also checked for potential selection effects of the sample
stars on the measurement of the precession rate. The distant sample
stars were more important than the nearby ones for constraining the
model parameters, especially the LON, although the number of the
former was much smaller than that of the latter. To show that all the
data points, especially the distant sample stars, were properly fitted
by our best-fitting models, detailed comparisons between observa-
tions and models as a function of different bins of azimuth range are
showninSupplementary Fig. 6, using the young (20-120 Myr) and old

(120-220 Myr) populations as examples. Generally, the model predic-
tions reproduce the observations at all distances very well. We also
repeated the fitting process by adding weights to the distant sample
stars. All the results were quite close to those found in the canonical
case.

Finally, we checked the effect of different quality cuts, better than
5% to 10%, on the distances used for the warp-model fitting analysis.
Allthe above tests resulted in changes of no more than 0.2 km s kpc™
to the measured warp-precessionrate.

To conclude, the above comprehensive checks demonstrate the
robustness of our measurements of the precession rate of the Galactic
warp and show that the overall potential systematic error is within
0.6kms™kpc™.

Constraining the disk-warp-precession rate from the
kinematic method

Here, we attempt to constrain the precessionrate of the disk warp based
on the canonical kinematic method from our Cepheid sample stars
with high-quality radial velocity measurements from Gaia DR3. For a
kinematic-warp model with precession (see the details in Methods in
ref.15), the vertical velocity distribution can be expressed as:

Vz = (92 — @) (R — Ry)" cos(¢ — ), “)
where wis the precession rate of the disk warp and

¢w(t) = ¢O,w +w(t - tO)- (5)

Here, Q; represents the circular frequency of the adopted tracers atR,
which can be calculated from the mean azimuthal velocity V,, over the
radius R. Weset V,, = V,for these young Cepheids, given their negligible
asymmetric drifts due to their young and kinematically cold nature. The
V., parameter was adopted from a recent determination*® with a weak
decline withincreasing R, namely V,(R) =234.04 -1.83(R-R,) kms™.

To determine w kinematically, we first selected sample stars with
reliable mean radial velocity measurements in Gaia DR3. Given the
pulsational nature of Cepheids, the number of radial velocity measure-
ments must be greater than eight to minimize the effects of pulsation.
Second, we focused on the sample stars with 7.5 <R <16 kpc to ensure
that we had notable warp signals. Here, 7.5 kpc corresponds to the
starting radius of the geometric warp. The distance cut was to ensure
the accuracy of the vertical velocity, which is the key to measuring w
kinematically.Intotal, 1,268 Cepheid stars were left after the two cuts.
The three-dimensional velocities (V4, V,, V) in Galactocentric cylin-
drical coordinates were derived for these stars from their observed
positions, proper motions and radial velocities.

Accordingtoequation (4), V,is expected tobe afunction of ¢ and
R. We first divided the sample stars into different azimuthal bins. We
focused on the azimuth range -70° < ¢ < 50° for which the number of
stars was sufficiently large. By choosing a width of 10°, we had 12 azi-
muthal bins in total. For each azimuthal bin, the sample stars were
further subdivided into seven radial bins, with the first bin covering R
between 7.5 and 9 kpc, and the remaining six radial bins having equal
numbers of stars. The median radius, azimuthal angle and vertical
velocity were calculated for 84 individual bins (Supplementary Fig. 7).
Thekinematic model described by equation (4) was thenfitted to these
bins by adding anaverage source vertical velocity offset V3. The offset
velocity adopted here was used to correct for the possible non-zero
vertical velocity at the starting radius. Inspection of the full Cepheid
sample across the entire outer disk led to an estimate of
Vs = —4.2+0.8kms™ . Intheend, thebestfityielded awarp-precession
rate w =-1.1+1.9 km s kpc™. The measured value of w is consistent
with our motion-picture measurementwithin the uncertainty. However,
duetothelarge measurementerrors, we cannot rule out the possibility
that the disk warp is not precessing, based solely on this analysis.
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The original data points and the bin results are shown in Supple-
mentary Fig. 7.In general, the scatter of the vertical velocities is quite
large, as high as 5 to 10 kms™, for all radial bins and azimuthal direc-
tions. Moreover, the distribution of the vertical velocity isnot smooth
but has notable jumps or dips, for example the mean vertical velocity
at R=13 kpc of -10° < ¢ < 0°. The above behaviours, as well as the
non-zero V3, were at least partly caused by another vertical disequilib-
riumsource (other than the warp), the well-known snail-shell or phase
spiral¥. For these reasons, the kinematic method cannot precisely
determine the precession rate with a high accuracy (better than a few
km s™). However, the overall trends of the vertical velocities clearly
disfavour the large precessionrate inthe prograde direction found by
recent estimates of 10.83 + 0.03 (statistical) + 3.20 (system-
atic) kms™ kpc™ from Gaia giant stars®” and of 5.9-11.4 km s ' kpc™ at
the guiding centre radius 10-14 kpc using Cepheid stars’®, like those
used here.

Constraining g, from the disk-warp-precession rate
Following ref. 8, the Galactic disk was assumed to be composed of a
series of rigid rings (or annuli). The precessionrate of each ring at radius
Randinclination angle i (relative to the symmetry plane of the torquing
source) was calculated analytically from the torques provided by the
massive disk and DM halo. The details are given in Appendix A of ref.
8.Inshort, the precession rate was calculated by:

o= 0T ©)

Lsini  RV.sini

where I, is the rotation curve, again adopted from ref. 46, and {T) is
the azimuthally averaged torque on the rigid ring:

(T)= 3 Tow = 3P0 =2 52, %
where 8 =1/2 - i. The precession rates computed by this simple
rigid-ring model have been validated well by N-body numerical simula-
tions that properly consider the self-gravity and random motions of
diskstars®'°.Note that cosi ~ 1is assumed in the following derivations
of Wy and wy,,, given the small value of i (only about 2.9°at R =15 kpc).

The massive disk was assumed to contain two exponential com-
ponents: a thin disk and a thick disk. By substituting their potentials
(see equation (7) of ref. 8) into equations (6) and (7), the precession
rates contributed by the two disks at large radius can be calculated by:

3 3R% GM,

wdlSKN_Eﬁ R (RV) (8)

where Ryand M, represent the disk scale length and the total disk mass.
Thetotal disk mass can be calculated by M, = 2nx,R2, where 2, repre-
sents the disk central surface density. For the two disks, most of their
parameters have been well measured. For the surface densities, we
adopted thelocal measurements of S in = 30.4 Mg pc=2(refs. 48,49)
and g, mick = 7 Mg, pc~2(ref. 48) for the thin disk and thick disk, respec-
tively. In principle, the scale lengths of both the thin and thick disks
canbe derived by fitting amass model to the Galactic rotation curve*.
However, they are strongly degenerate with the parameters of the DM
halo. Tobreak this degeneracy, the scale length of the thin disk and the
total disk mass were fixed, based on independent measurements, when
calculating the disk-warp precession contribution from the Galactic
disks. The present measurements of disk scale lengths for both disks
have not yet reached convergence. Therefore, we set the scale length
of the thin disk in the range 2 to 4 kpc, an interval that covers almost
the full range of existing measurements®’. The scale length of the thick
disk was then calculated to ensure that the total disk mass matched the
recent direct dynamical measurement™*: phin+thick = 51 % 1010 M, In
this way, the contributions of the two disks on the warp precession
were computed under different choices of Ry ., reaching about
-0.98 km s kpc™ (Ry min = 4 kpc; Fig. 2a) to -0.55 km s™ kpc™

(R4 min=2kpc; Supplementary Fig. 8) at R=14 kpc. After subtracting
the disk contributions from the measured precessionrates, the residu-
als exhibited negative values spanning from -1.5 to -1.0 km s 'kpc™
(Extended Data Fig. 3), suggesting that there is a substantial contribu-
tion from an oblate DM halo.

To quantitatively constrain the oblateness, a Navarro-Frenk-
White model® (modified by adding a flattening parameter), rather
than the torus model inref. 8, was adopted to represent the density
profile of the DM halo. The potential in this model can be expressed as:

AnGpr? R+ 2/q%
P =— Inf1+ - ,
R+ 213 s

where r, and p, represent the scale radius and the characteristic DM
density, respectively, and g, is the flattening parameter (minor axis
to major axis ratio) that describes the shape of the DM halo. By again
substituting this potential into equations (6) and (7), the precession
due to the DM halo can be calculated by:

1(1
1 Yangor & L i1 B)-
2(‘7@ ) pury V R Ts

9)

Whalo ® — 5

R+rg ] a0

When calculating the precession rates due to the DM halo, the scale
radius ryand the characteristic density p, must be known. Rather than
adopting fixed values from the literature, the two parameters were
determined by fitting a mass model of the Milky Way to the latest
measurements of the Galactic rotation curve from ref. 46. This mass
model consists of three components: two disks,a DM halo and a bulge.
The disks and DM halo are the same as these adopted for computing
the warp-precession rates. A Plummer bulge (Pouige = m) was
adopted with b=0.3 kpc and M, =1.067 x 10" M, (ref. 46). Note that
this bulge does not contribute to the warp precession due to its spheri-
calnature. Ateach choice of R ,,, the flattening parameter g, was then
derived by fitting the above warp-precession model (equations (8) and
(10)) to the measured precession rates (see Fig. 2 and Supplementary
Fig. 8 asexamples) with DM density parametersr,and p,already known
from fitting the mass model to the Galactic rotation curve (see Sup-
plementaryFig. 9 as anexample). All fits were performed with aMarkov
chain Monte Carlo approach. The 16th and 84th percentiles from the
resulting posterior probability distribution function were adopted to
define theinterval for g,. By taking astep of 0.1 kpc at Ry i, a series of
intervals were found. The final range for q,,, determined as [0.84, 0.96],
was given by the combined set of these obtained intervals.

The current analysis focused on exploring the oblateness of the
DM halo, as it primarily influences the warp precession'®. We will con-
tinue toimprove the entire analysis by (1) studying more complicated
halo models (for example, a triaxial halo with two flattening param-
eters and an orientation angle as mentioned in a recent study”) with
advanced N-body numerical simulations and (2) exploring alternative
mechanisms that may contribute to the warp precession.

Note that some authorsintheliterature constrain the shape of the
DM halo usmg the axis ratio of the isodensity contour g,. Here, the
1-go » -(1 gp)transformation was adopted for those estimates using
q, (Fig. 2b ref.52).

Data availability

The Cepheids data used in this paper are publicly available from the
Gaia Archive: https://archives.esac.esa.int/gaia. The other data sup-
porting the plots in this paper and other findings of this study are
available from the corresponding authors upon reasonable request.

Code availability
We use standard dataanalysis toolsin the Pythonenvironments, includ-
ingmethods in Astropy, NumPy, Matplotlib, SciPy and emcee. All these
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packages are publicly available through the Python Package Index
(https://pypi.org). Specifically, the fit analysis in this study was per-

formed using the Python package scipy.curve_fitand emcee.
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Extended DataFig.1| The age distribution of our final Cepheid sample. Their ages are derived by the PAZ relation. Most of our sample stars are younger than 200 Myr.
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Extended Data Fig. 2| The spatial distribution of the final sample of 2,613 Thered line denotes the best-fit model with Galactic azimuth angle ¢ = + 50°.
Cepheids. (a) The X -Y projection. The black dot and red star represent the Note that the warp amplitude is exaggerated, as the Y - Z axes are not on the same
location of the Galactic centre and the Sun, respectively. (b) The Y - Z projection. scale.
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Extended DataFig. 3| Theresidual precession rates, after subtracting the disk contributions, in the three radial bins. In the range of 2 to 4 kpc for Ry 4, all the
residual precession rates are clearly non-zero.
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