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High-resolution infrared data have revealed several young stars in close proximity to Sgr A*. These stars
may encounter extremely high dark matter densities. We examine scenarios where dark matter scatters on
stellar gas, accumulates in stellar cores, and then annihilates. We study the stars S2, S62, S4711, and S4714
and find three observable effects. First, dark matter interactions can inhibit in situ star formation close
to Sgr A*, favoring scenarios where these stars migrate into the Galactic Center. Second, dark matter
interactions can delay main sequence evolution, making stars older than they appear. Third, very high dark
matter densities can inject enough energy to disrupt main sequence stars, allowing S-star observations to

constrain the dark matter density near Sgr A*.
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I. INTRODUCTION

Stars are among the densest objects in the Universe,
making them unique targets for dark matter searches [1-14].
Within this context, their luminosities are both a blessing
and a curse; stars are observable at large distances and in
diverse dark matter environments. However, the vast
majority of their flux stems from baryonic effects that
are unrelated to any feeble dark matter interactions. Thus,
stellar probes of dark matter either focus on very local
sources, for which precise observations are possible (e.g.,
the Sun [15-28]), or on stars in special targets where dark
matter interactions may be enhanced (e.g., dwarf galaxies,
the Galactic Center, or in the early Universe) [1-4,29-39].

Over the last decade, advances in ultrahigh-resolution
infrared observations have unlocked our ability to detect
stars that lie extremely close to Sagittarius A* (Sgr A*), the
supermassive black hole at the center of our Galaxy [40—46].
These stars, known as the S stars, have relatively high masses
(likely a selection effect due to the optical attenuation in
the Galactic Center) and high eccentricities of e = 0.9.
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The origin of the S stars is debated and may be due to
in situ formation, gas infall, or binary/triple interactions after
star formation [47-49].

The extreme proximity of these stars to Sgr A*
(<1000 A.U.), in particular, at pericenter, provides a
unique opportunity to study dark matter in a region where
the dark matter density may be extremely large. In such a
scenario, the total energy injection from capture and sub-
sequent annihilation can compete with nuclear fusion and
significantly affect the energetics of the star itself [1-3].
Notably, systems near the Galactic Center might even
become “weakly interacting massive particle (WIMP)
burners” [1-3], where the stellar luminosity is driven
primarily by dark matter annihilation, making these sys-
tems a near-universe version of “dark stars” [4,29,30,32].

In this paper, we use S-star observations to constrain
annihilating dark matter being captured by stars. Our
results depend sensitively on the dark matter density near
Sgr A*, as shown in Fig. 1, and can be divided into three
regimes. First, for relatively standard dark matter density
profiles, dark matter annihilation can prevent in sifu star
formation near Sgr A* [3], providing support for astro-
physical models where these stars migrate from larger radii.
Second, dark matter annihilation can delay main sequence
stellar evolution, allowing these stars to survive up to twice
as long as expected for their mass. Third, steeply peaked
dark matter profiles can inject so much energy that main
sequence stars are entirely disrupted, allowing S-star
observations to strongly constrain the dark matter scattering
cross section for well-motivated dark matter models.
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FIG. 1. Schematic of our findings on the impact of dark matter
in stars. For low dark matter densities, stellar evolution follows
the standard scenario. As the dark matter density increases, stars
that form in situ are partially powered by dark matter annihilation
and become longer-lived, and for large enough dark matter
densities instead fail to form. Main sequence stars formed in a
lower density region can migrate to a high-density region and, as
the dark matter density increases, become longer-lived or dis-
rupted when dark matter annihilation overpowers nuclear fusion.

Our paper is organized as follows. In Sec. II, we
qualitatively summarize the setup of our investigation. In
Sec. III, we describe the input from dark matter inter-
actions, including dark matter profiles and capture rates.
We then detail the measured properties of our S-cluster
stars in Sec. IV and describe the stellar modeling and
evolution process we simulate with MESA. We discuss our
results in Sec. V and conclude in Sec. VI.

II. PHYSICAL PICTURE

A. Dark matter—stellar interactions

Our study focuses on classes of WIMP-like dark matter
models that have both a nuclear scattering cross section and
an annihilation cross section. We generally consider model
classes that are motivated by thermal-relic considera-
tions [50,51], but note that the high concentration of dark
matter within stellar cores implies that the exact strength of
the annihilation cross section plays a negligible role in
determining whether dark matter that has been accreted
within the star subsequently annihilates.

The sequential steps of our dark matter/stellar inter-
actions are as follows:

(1) Dark matter surrounding Sgr A* encounters a given
star. The dark matter particle scatters with a baryon,
robbing energy from the dark matter and trapping it
within the star.

(2) Over a short time, further interactions can occur and
decrease the dark matter kinetic energy, causing it to
primarily fall into the stellar core [11,52-55].

(3) The rising dark matter density in the stellar core
induces efficient dark matter annihilation even for
small annihilation cross sections. Because the anni-
hilation rate goes as the dark matter density squared
and removes two dark matter particles, while nuclear
scattering only adds a single particle, the annihila-
tion and capture rates generally can easily and
rapidly reach an equilibrium.

(4) The dark matter annihilation energy at the stellar
core, primarily in the form of charged particles and
y rays, cannot escape (assuming short-range inter-
actions). This energy instead thermalizes and pro-
duces a significant new heat source for the star,
which competes with stellar fusion and affects the
subsequent stellar evolution.

B. Overview of stellar evolution

In order to understand the impact of dark matter heating
on stellar evolution, we give a brief overview of the
standard stellar evolution picture. A useful visualization
of the different evolutionary stages are Hertzprung-Russell
(HR) diagrams, that show the stellar luminosity against the
effective stellar temperature (on a reversed axis). A newly
forming star (pre-main-sequence star) starts out at low
temperatures and low luminosities (i.e., at the bottom right
of the HR diagram; the exact position depends on the initial
stellar mass). As this star gravitationally contracts further,
its luminosity decreases, which results in an approximately
vertical downward motion on the HR diagram, called the
Hayashi track. Once the forming star has contracted enough
to ignite hydrogen fusion in its core, temperature and
luminosity increase rapidly (i.e., the star moves toward the
left side of the HR diagram), until the star reaches its main
sequence stage.

Once on the main sequence, the star undergoes hydrogen
fusion in the core in order maintain hydrostatic equilibrium,
and gravitational forces and radiation pressure balance each
other out so that the star is stable and its luminosity and
temperature are steady. The star spends most of its lifetime
on the main sequence, but eventually the hydrogen in the
core is exhausted. Instead, the star undergoes hydrogen
fusion in a shell around the core. This causes the star to
expand and results in a temperature decrease and luminos-
ity increase (i.e., the star moves toward the upper right
of the HR diagram, away from the main sequence). When
the hydrogen in the shell is depleted as well, helium
burning ignites in the stellar core (indicated by a so-called
helium flash), and the stellar temperature increases once
again. The star expands to hundreds of times its original
main sequence size and becomes a red giant. The sub-
sequent evolutionary stages depend on the star’s mass;
lighter stars cool and become white dwarves, while more
massive stars turn into neutron stars. However, in this study,
we only focus on stellar evolution before and on the main
sequence.
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II1. DARK MATTER INTERACTIONS
A. Dark matter profiles

First, to calculate the rate in which dark matter is
captured along the stellar orbit, and hence the dark matter
annihilation rate, we need to know how dark matter is
distributed in our Galaxy. We utilize a dark matter density
profile that is based on a standard Navarro, Frenk, and
White (NFW) profile [56] with a free profile index y, since
the exact profile is not known,

) ()
pLr) = p; —_— + ;
seate Rscale Rscale

with the scale density

o) ()
Prcale = P L+ » (2)
e © <R scale R scale

where r is the distance from the Galactic Center, Ry, =
20 kpc is taken as the scale radius, py = 0.4 GeV/cm®
[57] is the local dark matter density, Ry = 8.5 kpc is the
approximate distance of the Sun from the Galactic Center
[57,58], and y is the profile index, where y = 1 returns the
standard NFW profile [56]. To bracket a wide range of
possible dark matter profiles, we consider values for y that
span from 0.5 to 1.5 [59-63].

To test a range of dark matter profiles, we will also
consider a separate case where the dark matter profile has a
density spike in the Galactic Center. Such profiles have
been proposed as dark matter would be accreted by the
black hole, strongly increasing the dark matter density
toward the inner Galaxy [64]. Here, we follow the spike
model from [65],

O r<< 2RS
r ~Vspike
Pspike(r) = P(Rspike) (K) 2Rs <r <Rgire (3)
p(r) rz Rspike

where Ry and ygi. are the spike parameters. In our
default model we take ygye =7/3 and Ry = 10 pc,
but will also consider values for Ry, between 0.01 and
100 pc [63,65,66]. The dark matter profile of the halo p(r)
is given by Eq. (1), and Ry is the Schwarzschild radius of
the black hole given by

 2GMgy

R , 4
S C2 ()

where Mgy ~ 4 x 10% M, is the mass of Sgr A*, G is the
gravitational constant, and c is the speed of light.

The spiked dark matter density can, in fact, become so
high that the dark matter particles annihilate away, resulting
in a flattening of the dark matter profile toward the Galactic
Center. This saturation density is

<GZ;);BH ’ ®)

Psaturation —

where 15y is the age of Sgr A*, tgy ~ 100 yr. For example,
for a dark matter particle with mass m,, = 1 TeV and the
velocity averaged dark matter annihilation cross section
{ov) ~ 10726 ¢cm?/s, the maximum density is Pguration ~

3.2 x 10" GeV/cm?.

B. Dark matter capture rate in the star

Given the dark matter density distributions above, we
can calculate the dark matter capture rate for a star along its
orbit around Sgr A*. The dark matter particles scatter inside
the star, lose energy, and become trapped. Here we describe
the calculation of the dark matter capture rate and the
conversion of capture rates to interaction cross sections
between the dark matter particles and the nucleons in the
star [54,67], following Ref. [55].

The capture rate after N or fewer scatters is given by [55]

= 7R? [ -2y .
Cx=aRpy(@) Y [ fluult +w)gi(u)du. (6
i=1 /0

where f(u) is the dark matter (DM) velocity distribution,
and at exactly the Nth scatter,

O JER P — 10[1]N_1 (7)
u)=1-- ,
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with w = u/v.,. where u is the velocity of the incoming
dark matter particle, v is the stellar escape velocity, and

4mSMmZ

f=——""= (8)

(mem +m,)

where m,, is the dark matter mass, and mgy; is the mass of
the standard model target particles in the star. Finally, in
Eq. (6), the probability of a dark matter particle undergoing
N scatters in the star is given by

pn(7) = ZAIWW )

where y takes into account the incident angle of the dark
matter particle. The dark matter—nucleon scattering cross
section o,y enters the formalism through the optical depth,
30
=228 (10)
2 oy
where the transition cross section that marks the switch
between the single and multiscatter capture regime is

_ nR?

- (1)

Oy
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TABLE L

Stellar information for S2, S62, S4711, and S4714 [45,46,69]. We list the stellar age, mass M, radius R, effective

temperature T, log luminosity with solar luminosity ratio, pericenter distance r,, apocenter distance r,, pericenter velocity v, (in both
km/s and percentage of the speed of light), the apocenter velocity v, (in km/s, calculated from elliptic orbit), the eccentricity e, and the
orbital period #pei0q. Some parameters are derived from others, e.g., R ~ MO8 for main sequence stars.

S2 S62 S4711 S4714
Age (Myr) 6.6134 e
M (Mg) 13.672 6.1 22 2.0
R (Ro) 5.53%78
Ter (K) 285132388
logL/Lg 4357018
r, (AU 119.3+0.3 178 £7.4 143.7 £+ 18.8 126 £9.3
r, (A.U.) 19499 £2.8 14624 £11.0 1094.7 + 28.7 1670 £ 10
v, (km/s), % ¢ 7582 £8, 2.527 +0.003 20124 £4244, 6.7+ 1.4 6693 +494, 2.2 +£0.2 23928 + 8840, 8 £3
v, (km/s) 413.3 246.8 884.2 183.6
e 0.890 £+ 0.005 0.976 + 0.01 0.768 £+ 0.030 0.985 +£0.011
period (Y1) 15.9+0.4 9.9+0.3 76+03 12.0£0.3
with R the stellar radius and N 4 the number of stellar atoms 3

. . 4 zR

of mass A. We consider main sequence stars and thus leg =\|7m—— (13)

assume as a simplifying case that the stars are entirely
composed of hydrogen.

The total capture rate is then found by summing Eq. (6)
up to a maximal number of scatters N, as

Nlnﬂx
Ctotal = Z CN‘ (12)
N=

We implement the capture formalism using the ASTERIA
package [55], which also includes reflection of light dark
matter in the strong interaction regime (which is based on
simulations in Ref. [55] which we have not detailed here).
As per Ref. [55], we do not include thermal effects of the
stellar nuclei, however, this choice is conservative as their
inclusion overall tends to increase the capture rate, see,
e.g., Ref. [68].

We will describe our stars of interest shortly, but note that
the orbits of our stars are highly eccentric, which means that
the dark matter capture rate varies strongly between the
pericenter and apocenter distances of the star. At pericenter,
the stellar velocities reach several percent of the speed of
light. In our computations, we use the average dark matter
capture rate and density integrated along the orbit. For the
kinematics of the interaction, the dark matter velocity will be
negligible compared to the stellar velocity which is very fast.
We therefore use the stellar velocity only in the kinematics.

C. Dark matter equilibrium and annihilation

Inside the star, the dark matter annihilates and thus
provides extra power to the star additionally to nuclear
fusion. The dark matter capture and annihilation process
can fall into equilibrium, where the two rates are equal. The
equilibrium timescale can be estimated from

3 Ctotal <GU> ’

which gives 7.4 ~ O(100-1000) yr for the dark matter
mass range and annihilation cross sections relevant here.
This is longer than the orbital period of our stars of interest
[?perioa ~ O(10) yr, see Table I], and so we assume that the
dark matter annihilation rate is equal to the dark matter
capture rate throughout our analysis. Furthermore, while
the capture rate changes along the orbit according to the
stellar velocity and dark matter density, we do not expect any
stellar observable to change significantly over the course of
the stellar orbit, given that both the relaxation scale for dark
matter capture and the stellar photon diffusion timescale
typically exceed the ~10 yr orbital cycle.

IV. S-STAR OBSERVATIONS AND MODELING

A. Observations of stars near Sgr A*

Observations over the last 20 years have uncovered a
young star cluster that lies extremely close to Sgr A*
[40,70,71]. This “S cluster” has at least 20 known mem-
bers. The quintessential system, S2, has an observed mass
of 13.6 M and has a pericenter passage of Sgr A* of only
120 A.U. This close proximity allows us to place strong
constraints on the characteristics of the supermassive black
hole [42,43]. Spectroscopic observations indicate that the
majority of observed S-cluster stars are B-type main
sequence stars, with putative ages of ~1 Myr [72]. Their
close proximity to Sgr A* reveals a “paradox of youth.”
Their low ages suggest that the stars were formed in situ
very close to Sgr A* [45]. However, standard models
indicate that star formation cannot occur so close to a
central black hole, indicating that the stars should have
migrated from larger radii [40]. More recent observations
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have discovered several less-luminous and less-massive
stars that pass even closer to Sgr A*.

Table I lists the properties of the stars we focus on in our
study: S2, S62, S4711, and S4714 [45,46,69]. These stars
have the closest average distance to Sgr A* and span
several mass ranges: S4711 and S4714 are both ~2 M,
S62is ~6.1M, while S2 is the best-measured object with a
mass of ~13.6 M. Note that the detection and exact
characteristics of the three stars S62, S4711, S4714 are
currently debated, see, e.g., Refs. [46,73-76]. In any case,
our analysis of these stars is representative for S-cluster
stars. The discovery of low-mass stars is especially ben-
eficial, as previous studies have found that low-mass stars
are more strongly affected by dark matter annihilation in
their cores [1-3]. Because each star has a high eccentricity
(spanning 0.768-0.985), we calculate the average dark
matter interaction with each star by integrating over their
7-16 yr orbits. Note that the parameters in Table I are
computed based on models that do not include dark matter
annihilation, the addition of a new dark matter annihilation
term may modify some model parameters, but typically
only negligibly in the case that the star still appears as a
main sequence star (an important exception is the age,
which we will show can be much older with dark matter). In
the case that dark matter disrupts the stellar evolution, these
stars will not have the same properties, as we will show
shortly. In general, we find that once dark matter annihi-
lation begins to disrupt the star, the magnitude of change in
the stellar parameters is so extreme that small variations in
the specific attributes of the original star are not important
for our constraints.

B. Stellar evolution models

We investigate the effect of additional energy injection
due to dark matter annihilation on the evolution of our stars
listed above, using the stellar modeling and evolution code
MESA [77-82], version 122.11.1 with software development
kit version 22.10.1. We use the default work model and
simulate stars with masses according to Table I for their
main sequence phase, and MESA evolves the radius and
luminosity accordingly. In our default models we assume
an initial stellar metallicity value of Z = 0.02. We have
checked the impact of evolution also with extreme cases of
Z =0 and Z = 0.1, finding that our results on the maxi-
mum dark matter energy injection vary only by a factor of a
few across the entire range.

To take into account the extra power created by the dark
matter annihilation inside the star, we use the parameter
inject_uniform_extra_heat as well min_qg_for_uniform_
extra_heat and max_qg_for_uniform_extra_heat to set a
mass region inside the star where the extra power is
injected, i.e., where the dark matter accumulates and
annihilates. We consider injection in the stellar core, which
we take to correspond to the inner 10% of the star mass. We
have also tested the effect of injection regions ranging

through 1%-100% of the star mass and find that such
variations only have minor effects on the results.
Specifically, for injection in the inner 1% of the stellar
mass, the change compared to injecting in the inner 10% is
less than a factor of 1, while at 100%, the annihilation
power a star can survive increases by a factor of about 2-3.
Especially as the bulk of dark matter scenarios lead to dark
matter dominantly accumulating in the core, we expect the
uncertainty from the dark matter annihilation position
within the star to be small.

V. RESULTS AND DISCUSSION

Figure 1 summarizes our findings. Dark matter accu-
mulation and subsequent annihilation can provide a sig-
nificant new energy source to the star in regions with high
dark matter density. This can affect the star in three
main ways:

(1) Pre-main-sequence stars are particularly susceptible
to extra sources of energy injection, and dark matter
annihilation during this period can freeze the star in
the Hayashi track (as shown for low-mass WIMP
burners in Ref. [3] and previously estimated ana-
Iytically in Ref. [1]), preventing them from ever
forming and entering the main sequence. We define
this freezing point within the MESA code as the point
when a star does not reach the main sequence even
after ten billion years (about the age of the Galaxy).

We note that we base our conclusion on the fact
that MESA fails to evolve a star even after billions of
years for the standard conditions, but different stellar
collapse conditions might give varying results. We
further note that we base our limits on prevented
star formation on the scenario that a pre-main-
sequence star cannot move onto the main sequence,
as MESA starts out the simulation with pre-main-
sequence stars. However, at similar dark matter
densities, already earlier stellar evolution stages
might be disrupted, thus even preventing the pre-
main-sequence star from forming.

(2) The stellar evolution is slowed down, as a fraction of
the nuclear fusion needed to sustain the hydrostatic
equilibrium of the star is replaced by the annihilating
dark matter, resulting in the star using up its hydro-
gen more conservatively.

(3) Similarly, stars that are created in a region where the
dark matter density is low, but migrate during their
main sequence phase to a higher density region, can
extend their lifetime or be disrupted if the dark matter
density is so high that the gravity of the star cannot
counteract the dark matter annihilation power.

Within the context of our models, a stellar dis-
ruption occurs when the star begins evolving back-
ward along the HR diagram and reenters the
pre-main-sequence solution. This occurs due to the
fact that the dark matter accumulation rate is constant,
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FIG. 2. The critical dark matter annihilation rate for two
dramatic outcomes as labeled, as a function of stellar mass.
Solid lines indicate where the dark matter annihilation power
prevents star formation and dashed lines where the dark matter
annihilation power disrupts the star after migration. Less-massive
stars are affected already at lower dark matter annihilation rates
than more massive stars.

and once dark matter annihilation exceeds the stellar
equilibrium energy and produces stellar expansion,
there is no new equilibrium that can be established
until the stellar gas is driven away from the star. We
stress that this expansion will happen on timescales
far longer than the timescales of standard time-
domain astronomy searches, and the star will not
“explode” in a single time step. We further note that,
while the MESA solutions near disruption may be
uncertain, this has little effect on our results, because
disrupted stars will not look anything like observed
S-cluster stars.

Figure 2 shows the critical dark matter annihilation rate
for each of our scenarios as a function of the zero-age main
sequence stellar mass. Solid lines represent the minimum
dark matter annihilation rate at which the star is prevented
from forming, and the dashed lines represent the minimum
dark matter annihilation rate at which a star that success-
fully formed elsewhere and migrated inward would be
disrupted. Depending on the stellar mass, an annihilation
rate of ~10°7 GeV/s is sufficient to prevent and disrupt a
1 M, star, while a more massive star of 20 M, survives
dark matter annihilation power up to ~10*' GeV/s.

Figure 3 HR diagrams (left), as well as the effective
temperature as a function of the stellar age (right) for the
stars S2, S62, S4711, and S4714 (from top to bottom,
respectively) for up to their main sequence phase. HR
diagrams are useful to understand stellar evolution and

show the luminosity of the star against the stellar temper-
ature (on a reversed x axis). Newly forming stars start out at
low temperatures and low luminosities (to the bottom right
of the plot), but as hydrogen fusion is ignited in the stellar
core, temperature and luminosity increase quickly, until
the star reaches the main sequence, where temperature and
luminosity barely change as the star undergoes hydrogen
fusion in the core. When the hydrogen in the core is
exhausted, hydrogen shell burning begins to maintain
hydrostatic equilibrium, and the temperature decreases
while the luminosity increases. When hydrogen shell
burning becomes inefficient, at the next turnover point,
the helium flash, helium burning starts in the core, and the
star becomes a red giant, expanding hundredfold in size.
More evolutionary stages follow, but here, we focus on
stars during their main sequence phase.

In each plot of Fig. 3, the standard stellar evolution (i.e.,
without dark matter) is shown in black. For the dark matter
contribution, we consider two cases:

(1) Blue lines indicate the evolution in in situ scenarios
where the dark matter is already present during the
pre-main-sequence stages of stellar evolution. In this
case, the lighter shade represents a smaller dark
matter annihilation power, and the darker blue line
includes a dark matter annihilation power that is just
below the value that would prevent the star from
forming.

(2) Orange lines indicate migration scenarios where a
large dark matter annihilation power is only present
after the star reaches the main sequence. By default,
we choose to begin the phase with the dark matter
annihilation power when the star is well within its
main sequence phase, after 1 Myr for S2, 10 Myr for
562, and 100 Myr for S4711 and S4714. We have
separately checked that a more gradual dark matter
injection (which more closely reflects the migration
process) gives comparable results. This is expected
as disruption is only observed once the dark matter
annihilation becomes comparable to or larger than
nuclear fusion, and injecting dark matter below this
threshold has little effect on the star. The phase
before dark matter injection follows the black line,
and the beginning of the dark matter phase is
indicated by the orange diamond marker. The dark
orange dash-dotted line shows a model where dark
matter significantly increases the main sequence
lifetime of the star. The orange dotted line shows
the minimum dark matter injection energy that
disrupts the star—note that the star moves “back-
ward” on the HR diagram toward lower luminosities
and temperatures, as it is disrupted. For the exact
extra power from the dark matter annihilation, see
the legend in each plot.

The results in Fig. 3 show how dark matter annihilation

affects the evolution of the stars. While dark matter
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FIG. 3. The effect of dark matter on stellar evolution, for the stars S2, S62, S4711, and S4714 (top to bottom rows). For a given row,
the left panel shows the HR diagram and the right panel shows the effective temperature against age for the labeled star. Black lines show
the standard stellar evolution without dark matter, the other lines include dark matter annihilation with conditions as indicated in the
legend. Blue lines show the case where dark matter is present from stellar birth for a smaller (light blue) and larger (dark blue) amount of
dark matter. Orange lines represent stars that are affected by dark matter after they formed: First, the evolution follows the standard
stellar evolution (black line), but at the orange diamond marker, dark matter is injected, and the evolution diverges from the standard
scenario, for a high dark matter density (orange dot-dashed lines) and the disruption of the star when it migrates to a high-density region
(orange dotted lines).
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FIG. 4. The dark matter density as a function of Galactic Center distance for dark matter profiles with y = 0.5 (light green), y = 1
(medium green), y = 1.5 (dark green), shown for models both with (dashed) and without (solid) a spike [65]. For the stars S2, S62,
S4711, and S4714 we show the dark matter density above which dark matter annihilation prevents the star from forming (left) and above
which a star that formed elsewhere and migrated to this region is disrupted (right). For reference, the distances covered by each stellar
orbit are indicated in shaded bands. The dark matter saturation limit (gray, dashed) indicates the highest possible dark matter density
before dark matter annihilation saturates the density (i.e., the spike would be flattened), here given as an example for a dark matter mass

of 1 TeV and annihilation cross section of 10726 cm?/s.

produces only small changes (both increases and decreases)
in the luminosity and temperature of stars along the main
sequence, the fact that dark matter provides a new energy
source significantly slows down stellar evolution, making
stars appear younger than they actually are. This may
help relax the tension in the paradox of youth problem
[3.33,40,72,83], by giving stars extra time to migrate into
the Galactic Center region. For example, in the case where
S2 spends its entire lifetime in an environment that provides
6 x 10* GeV/s (Fig. 3 top panels, dark blue line), which is
just below the annihilation rate that would prevent the star
from forming, the main sequence lifetime is extended by
about a factor of 15%, from 12.4 Myr in the standard
evolution scenario (black line) to 14.3 Myr in the dark
matter case. In the maximum migration scenario, the
lifetime is even more extended. For a dark matter annihi-
lation power of 3 x 10%° GeV/s, just below the power that
would disrupt the star, S2 does not exit the main sequence
until 37.3 Myr, which is a factor of 3 slower than the
scenario without dark matter annihilation. The results
shown in Fig. 3 are based on the specific dark matter
annihilation power that is needed to noticeably affect the
stellar evolution, but it is not necessary to assume a specific
dark matter model (i.e., dark matter mass, dark matter—
nucleon scattering cross section and dark matter density).
Rather, any model that reproduces the annihilation power
is valid.

Figure 4 shows the dark matter density as a function of
the distance from Sgr A* for different dark matter profiles.
Solid lines indicate the standard dark matter profile given in
Eq. (1) for different profile indices y, while dashed lines
represent the spike model given in Eq. (3). The gray dashed
line shows the saturation limit [see Eq. (5)] for an example

1 TeV annihilating dark matter particle with an annihilation
cross section of 1072 cm?/s. Above this limit, the dark
matter density cannot increase because it is counteracted by
the dark matter annihilation rate. The dash-dotted lines
indicate the dark matter density at which the dark matter
annihilation power is so high that the stars are prevented
from forming (left panel) and stars that successfully formed
elsewhere are disrupted after moving toward the inner
region with higher dark matter density (right panel) for S2
(teal), S62 (dark blue), S4711 (purple), and S4714 (red).
The shaded bands cover the stellar orbits. For this figure,
we assume the geometric dark matter capture rate (i.e.,
all dark matter particles that pass through the star are
captured).

Figure 5 further demonstrates the stellar survival given a
dark matter profile. The bottom axis shows the distance
from the Galactic Center, and the top axis shows the
corresponding dark matter density predicted by the chosen
dark matter profile for that plot. For each star, we indicate
where the dark matter annihilation power: (1) corresponds
to the nuclear fusion power of a star that has no dark matter
contribution (star marker), (2) prevents the star from
forming (circle marker), and (3) disrupts the star (diamond
marker). The dashed boxes cover the stellar orbit and the
vertical dotted lines indicate the average dark matter
density throughout the orbit. Typically, stellar formation
is prevented when the dark matter annihilation rate reaches
a fraction of the nuclear fusion power, and the star is
disrupted when the dark matter annihilation power is
comparable to the nuclear fusion power. Note that, in a
star, the dark matter power may, at times, be slightly
stronger than the nuclear fusion power without disrupting
the star.
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FIG. 5. The dark matter density (top axis) and distance to the Galactic Center (bottom axis) corresponding to certain events in the
stellar evolution of our four stars. The shaded bars indicate the range of distances from the Galactic Center where three events occur:
(1) the nuclear fusion power is exceeded by the dark matter annihilation power compared to a star without any dark matter (labeled with
a star), (2) the dark matter annihilation power prevents the star from forming (circle), and (3) the dark matter annihilation power disrupts
the star that formed further away and migrated to within this distance (diamond). Dashed boxes indicate the distance covered by the
star’s orbit with the dotted line representing the average dark matter density encountered along the orbit. Constraints on the dark matter
density profile can be obtained where the stellar orbit is within the shaded bars, i.e., where the dark matter annihilation dominates stellar
processes and has a significant effect on the stellar evolution. We consider three dark matter profiles: NFW, y = 1 (top left), y = 1.5 (top
right), y = 1 with spike ygy. = 7/3 and Ry = 10 pe (bottom).

within the formation and disruption limit where they are
dominated by the dark matter annihilation power. This
means that, at these dark matter densities and distances to
Sgr A*, these stars would not be able to exist. Note that
these constraints are dependent mainly on two stellar
parameters: the stellar mass and the stellar orbit. The stellar
mass determines how much extra power from dark matter
annihilation a star can survive, with more massive stars
being able to withstand higher densities. The stellar orbit

In Fig. 5, we consider various dark matter profiles. In the
top left panel (y = 1), the stellar orbit of S2 does not reach
the distance where the dark matter density is high enough to
disrupt the star, and S62 and S4711 are only somewhat
affected. Only S4714’s orbit covers a dark matter density
high enough to reach the disruption limit. In the top right
panel (y = 1.5) and bottom left panel (spike model with
Yspike = 7/3 and Rgyie = 10 po), all stellar orbits, and the
average dark matter density that they encounter, are well
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FIG. 6. Exclusion limits on the dark matter profile [see Eq. (1)]
for prevented star formation (circle) and star disruption after
migration (diamond) based on the existence of the four stars S2
(teal), S62 (dark blue), S4711 (purple), and S4714 (red). We also
show a hypothetical 1M, star (orange) with an orbit twice as
close to Sgr A* than S4714.

determines how much dark matter is captured for a specific
profile. In this figure, we assume that effectively all dark
matter passing through the star is captured, i.e., the
maximum possible capture rate.

Figure 6 summarizes constraints on the dark matter
profiles for different values of y, assuming no dark matter
spike [see Eq. (1)] and assuming that all the incoming dark
matter is captured. While the weakest constraints are
obtained for S2, excluding profiles above y = 1.3, the
strongest constraints are given by S4714, the star that is
lightest and reaches closest to Sgr A*, excluding all profiles
above y 2 1.0. Even stronger limits can be obtained
assuming that the stars would form in the region of their
current orbits, which excludes all profiles with y 2 0.9.
Additionally, we show the expected limit for a hypothetical
star with a mass of 1 My and an orbit twice as close to
Sgr A* as S4714. This star would only survive dark matter
annihilation rates about an order of magnitude lower than
S4711 and S4714 and encounters a higher dark matter
density around its orbit due to its closer proximity to the
Galactic Center. The discovery of such a star would provide
constraints on the dark matter profile reaching below
y 2 0.8. All spike models are excluded by at least S4714
for the parameters here considered (y = 1, ygpie = 7/3,
and Ry = 0.01-100 pc).

Figure 7 shows constraints on the spike dark matter
profile with y = 1, ygie = 7/3, and Ry = 0.01-100 pc
[see Eq. (3)]. We present the dark matter—nucleon scattering
cross section against R for a dark matter particle with
mass m, = 1 GeV. Limits based on failed star formation

4
are given in solid lines and limits based on stellar disruption

—— Star cannot form
-—- Star is disrupted

001 0.1 1 10 100
Rspike [pc]

FIG. 7. The dark matter—nucleon cross section for different
spike dark matter profiles [see Eq. (3)] for varying Ry and
¥ = 1, Vspike = 7/3 for a fixed dark matter mass of m, = 1 GeV,
for prevented star formation (solid lines) and star disruption after
migration (dashed lines) based on the existence of the four stars
S2 (teal), S62 (dark blue), S4711 (purple), and S4714 (red).

after migration in dashed lines. We include a dark matter
density saturation [see Eq. (5)] with m, =1 GeV and
{ov) = 10726 ¢cm?/s; if dark matter has instead dominantly
p-wave annihilation, these bounds would be stronger due
to the larger dark matter spike not being depleted.
Figure 8 displays our constraints on the dark matter—
nucleon scattering cross section as a function of dark matter
mass. We show constraints for each of the four stars based
on failed star formation (left panel) and stellar disruption
after migration (right panel), for a dark matter profile with
y = 1.5. We obtain the strongest cross section constraints
for S4714, which is the lightest star with the most eccentric
orbit, reaching closest to the Galactic Center. We constrain
cross sections down to 5.9 x 1073 ¢m? based on prevent-
ing in situ star formation and 1.7 x 10737 cm? based on the
disruption of migrated stars. We also show the expected
limits for the hypothetical 1 M, star (orange) with an orbit
twice as close to Sgr A* than S4714. A discovery of such a
star would improve our constraints by about an order of
magnitude. Overall, we see that our most stringent limits
arise from the fact that dark matter scattering and annihi-
lation predicts failed stellar formation. However, it is
important to note that it is currently possible that all these
stars migrated inward from lower densities after forming
elsewhere, and so our constraints from stellar disruption are
more robust. If migration scenarios are ruled out in the
future, the stronger in situ constraints will be applicable.
In Fig. 8, we show complementary constraints from
direct detection experiments on Earth. We display limits
for the spin-independent dark matter—nucleon scattering
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Constraints on the dark matter—nucleon scattering cross section against the dark matter mass as derived from failed star

formation (assuming in situ formation) (left) and disruption of migrated stars (right) for our four S stars: S2, S4711, S62, S4714. For
comparison we show complementary constraints, which arise from direct detection experiments from either spin-independent “SI DD”
or spin-dependent “SD DD” scattering; whether these are applicable will depend on the dark matter particle model. Additionally, we
show projections for a hypothetical 1 M, star (orange) with an even closer orbit around Sgr A*, which would exceed our constraints

from observed stars by another order of magnitude.

cross section from CRESST-III [84], DarkSide [85],
XENON-nT [86], and LZ [87]. We also show limits on the
spin-dependent cross section (assuming pure interactions
with protons) from CRESST-III [88] and PICO-60 [89]. As
we have assumed the simplifying case of pure hydrogen
in our stars, our stellar limits do not change between
spin-independent and spin-dependent scattering, and only
the complementary direct detection bounds will change
depending on whether the dark matter model has spin-
independent or spin-dependent scattering. We see that our
constraints cover more new parameter space in the spin-
dependent scenario, but that we also deliver new sensitiv-
ities for spin-independent models. There are also classes of
dark matter models where these direct detection limits may
not apply, but we show them regardless to facilitate
comparison.

In Fig. 8, we do not include any dark matter evaporation,
as it is highly model dependent [90]. Evaporation truncates
the lightest dark matter mass that is probed by our search,
due to the fact that the thermal kicks imparted to the dark
matter become too large given the gravitational potential
energy of the star, allowing the dark matter to simply leave
the system. While the purpose of our paper is not to
investigate any detailed particle dark matter models, we
provide for reference some evaporation cutoffs in bench-
mark scenarios. In the case that the dark matter scattering is
purely via contact interactions, we find that the evaporation
mass in our parameter space is about a GeV, depending on

the star and the cross section. In the case of attractive long-
range interaction model classes, the evaporation mass can
be sub-MeV [90]. In a similar vein, including enhanced
dark matter capture rates expected from attractive long-
range particle models could increase our cross section
sensitivity by orders of magnitude, depending on the
specific model parameters. However to avoid detailing
any specific model, and to be conservative, we only show
cross section limits under the assumption of capture via
purely contact interactions.

We note that the constraints that we have derived here
operate under the assumption that the S-cluster stars are
typical main sequence stars. This assumption is compatible
with current observational constraints on S-star stellar
parameters [40—46], but it is possible that the extreme
environment near Sgr A* produces stars with extremely
different physical characteristics than assumed in standard
stellar evolution models (e.g., MESA). While this is not
likely given current observations, if future scenarios
strongly affect the structural parameters of these stars,
the limits in this work would need to be reevaluated.

VI. SUMMARY AND OUTLOOK

In this paper, we have shown that stars in close proximity
to Sgr A* are strongly affected by the high dark matter
density in the innermost 1073 pc of the Galactic Center.
Dark matter that is efficiently captured and annihilates in
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the stellar core can provide significant extra power to the
star. Specifically, we have found that (1) stars can be
prevented from forming (i.e., ever reaching the main
sequence), (2) the stellar evolution is slowed down, making
stars appear younger, and (3) stars that successfully form
in a low-density region and migrate during their main
sequence phase to higher density regions in the Galactic
Center can be disrupted.

We have based our study on the observation of four S
stars spanning a variety of stellar masses, closely orbiting
Sgr A* on highly eccentric orbits. Within the context of
standard WIMP dark matter models, the existence of these
stars sets constraints on the dark matter density profile,
as a sufficiently high density would disrupt the stars. Under
the assumption that essentially all incoming dark matter is
captured, we exclude profiles above y ~ 1.0, i.e., we
exclude standard NFW profiles or steeper. Note that when
assuming dark matter masses and dark matter—nucleon
scattering cross sections for which the capture is not
saturated, these constraints can be weakened accordingly.
Furthermore, for a range of dark matter capture fractions,
we place limits on the dark matter—nucleon scattering cross
section that exceed results from direct detection experi-
ments by several orders of magnitude for dark matter
masses below ~3 GeV.

Our results show that lighter stars are disrupted at much
lower dark matter densities than more massive stars.
Notably, the future discovery of a star lighter than
~2 M and/or on an orbit even closer to Sgr A* can place
stronger constraints on the dark matter profile, as demon-
strated by our hypothetical 1 M star. While the dark
matter accumulation rate also depends on the stellar size,
velocity, and orbit, more massive stars can generally
survive a higher dark matter density and could therefore
exist much closer to the Galactic Center than lighter stars,
resulting in a gradient of star masses corresponding to the
dark matter density profile.

We note that we assume that these S-cluster stars are
main sequence stars and that the stars in our scenarios (1)
and (3) (i.e., stars prevented from evolving into main
sequence stars and stars that migrate toward the Galactic
Center as main sequence stars, but are disrupted once they
experience high enough dark matter densities) would be
observationally distinguishable from a main sequence star.

Notably, our result may provide a solution to the paradox
of youth problem. In models with intermediate dark matter
densities, stars would be prevented from forming in situ
near Sgr A*. However, stars that migrate into the Galactic
Center region from further distances may be much older
than expected, weakening the tension in the paradox of
youth problem [3,33,40,72,83].

Finally, we point out that the unexpected paucity of old
stars in the Galactic Center (known as the “conundrum of
old age”) [91,92], as well as the missing pulsar problem
[93], may be explained if main sequence stars are even-
tually disrupted during later stages of their stellar evolution.
We will explore this further in an upcoming publication.
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