Dark Matter Compact Objects

(Where particle physics, cosmology, and astrophysics meet)

C.

Before Major Merger Major Merger Parametric Resonance Detection

ENRICO D. SCHIAPPACASSE
UNIVERSIDAD SAN SEBASTIAN




WHAT DO WE DO (NOT) KNOW?

It is everywhere in the Universe ( ~ 80 % of total matter). Mass (light, heavy).

Non-relativistic, aggregate itself under the effect of gravity. Interactions with ordinary matter.

Weak interacting with standard model particles, such as photons. Spin (bosonic, fermionic).

Strong evidence (astrophysical/cosmological scales).
O‘bs’ervatvio‘ns- y /H/f/%/f/ﬂ

: ,fromstarlight o

Mass scale of dark matter

(not to scale)

56’

Observations from
21 cm:hydrogen

Velocity

' (km 5-1) | ; ) | | QCD axion WDM limit unitarity limit
Wiy . Eipactai fra & 10718y dwicvinio LeV GeV 1w00Tev M) 10-13 M5
the V|s‘|ble disk
it . e —

““Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc) .
non-thermal dark sectors black holes

bosonic fields sterile v

6"58"’425 36° 30 24s | 8s 12s can be thermal

—55°58’

000 20,000 30,000 40,000 .

. Distance (light years)



HOW CAN WE DETECT IT?

Non-gravitational interactions:
Self-interaction
Interaction with SM particles

Expected to be small for DM

Direct Detection
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Indirect Detection

Schematic showing the possible dark matter detection channels.

Looking for DM via solitons

High density
Populate galactic halos
Sizeable fraction of DM



DARK 7-7 INTERACTIONS

1 1 1
S[XM(X), A,u(x)’ gMU(X)] = J'd4x1 fi [_ZX,MI/X/W e EWLZX XH — ZF,MI/FIMU EmélR o gint]

Take the dark photon field X, = (X, X) masses m < eV being CDM.
Non-relativistic regime: k < m and 1 < 2n/m.
Apply perturbative expansion: | VX | ~ /1_1Xﬂ K mX, ~ Xﬂ.

Relevant interactions via Zjn¢ = gzﬁi (electromagnetic gauge invariance)
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o, EFMUF””XaX“ ~ 2(E - B)(X - X)
I
0, =~ ZF, XX~ (E-E)X-X) - B B)X - X)

Dimension 6 :
Oy=F, F"X'X,~ B -B)X X) - (E-X)*-B-X)

Oy=F, F*X'X,~(E-E)X -X) - (E-X)*- B X)*

In the EFT, we may not consider gfi)t = gzﬁi for sufficiently small coupling g°.

The system acquires a nonzero vacuum expectation value (X) ~ X, which causes a
contribution to lower-order operators.

EFT condition: g%X* <« 1



DARK PHOTON SOLITONS
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S[Xﬂ(x),gw(x)] Jd A [ 4XWX 2m X, X" + szIR
For m < eV, the field is well described by Classical field theory.
In the non-relativistic regime we use et diag( — (1 + 2P), (1 — 2P)o,).
Express the vector field in terms of a slowly varying function as  X(7,x) = [e_im’X(t, X) +e X (s X)]
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From the non-relativistic action of above, we obtain the 3-component SP system:

2 1 e P o) m 5 iy
iX = ——V*X+mX® and VD = Xt X
2m 2m?

pl
: 1 .
X(t,0) == ) [c"X(e' ™ el +h.c.]
2 A

The field amplitude oscillate in time with an angular frequency w =~ m.

The radial profile and Newtonian potential satisfy the time-independent SP system:

¥ 9 0% L9 0N m
—(m—w)X = — r — | + m®X, and a e X
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Oscillating coherent field N ~ 109 M,
Lowest energy states at fixed N.
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SOLITON PARAMETRIC

RESONANCE
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In the background of a coherent oscillating soliton, Floguet Lk (m)
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What about the soliton size? Resonance condition: ﬂﬂ%';'g > Uasc
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Since I'mepg pzDM’ we expect a significant

enhancement of this rate under favorable scenarios
(< 10719 day 'galaxy™! in NFW DM halo galaxies).

Nearly all large galaxies host supermassive black holes
(SMBHs) at their centers .

The growth of these astrophysical bodies can lead to a
highly concentrated dark matter profile in the central
regions of galaxies.

The initial DM halo density around the SMBH is taken
PDM ~ T

SOLITONS AND
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Before Major Merger Major Merger Parametric Resonance Detection

Since the produced radiation is brief, sharp, and spectrally confined, it is an ideal target for transient radio surveys.

Existing FRB experiments, such as CHIME, ASKPA and Parkes, have already scanned large regions of the sky with
enough sensitivity to detect such bursts (yet, none have been observed).

Using this radio silence, we can then constrain fpm or g. 4
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TOTAL MERGER RATE IN DM SPIKES
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CONSTRAINTS ON fpm AND g
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CONCLUSIONS

First constraints on the dark matter
fraction in spin-1 dark photon solitons
by considering their mergers in the
dense astrophysical environments
surrounding supermassive black holes.

Using the non-observation of such
radio transients—radio silence—in
fast radio burst (FRB) surveys, we
statistically constrained the soliton
merger rate and fpM.
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BACK UP SLIDES



DARK PHOTON-PHOTON ACTION

| 1 |
SIX,(x), A,(x), g, (X)] = [d“x1 /=g l—ZXWX”” - Emzx R EmélR T

Take the dark photon field X, = (X, X) masses m < eV being CDM.
Allow interactions between Xﬂ(x) and the electromagnetic field Aﬂ(x).

Enumerate the relevant interactions via Z£j¢.
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NON-RELATIVISTIC MODES FOR X,,(x)

Only non-relativistic modes will propagate: k < m and A < 2n/m.
: g 1 :

Apply perturbative expansion: | VX, | ~ 47X < mX ~ X .

At leading order, we set VX, = 0.

In terms of theories that we study: X, = (V= mh ) (V- X))

We set X(x) = O at leading order in the gradient expansion.
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I ERAL FIONS MVELFEEEFC FROMAGINE FISHM

Working in an EFT:
Operators respecting electromagnetic gauge invariance.

Organizing them via their mass dimension &+ = g°0..

Dimension 4 : gint D X

Dimension5 : odd numbers of Lorentz indices
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Dimension 6 :

Dropping terms containing X;, VX,
1
O =— EFWF/“’X X~ 2(E-B)X - X)

6, = — %FWF/’”’X X~ (E-E)X-X)= B-B)X-X)

O, =F, F"X'X,~ (B-B)X-X) - (E-X)*-(B:X)*

Oy=F, F*X'X,~ (E-E)X-X) - (E-X)*- (B :X)*
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We write Zijne = g°0; and study the effect of each operator one at a time.

In the EFT, we may not conslder ffﬁ?t = gzﬁi for sufficiently small coupling g°.

We take g to be the DM-photon coupling with g% < Gy 107°GeV ™2

The system acquires a nonzero vacuum expectation value (X) ~ X, which causes a
contribution to lower-order operators.

EFT condition: g°X* <« 1

24



DARK PHOTON SOLITONS




YWAVE LIARK MAT TER

Particle Dark Matter Light Dark Photon Dark Matter

PDMAdB 5 1030(1()6 eV

For m < eV, the field
is well described by
Classical field theory.
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NONRELATIVISTIC ACTION

I I I
SIX,(x), g,,(0)] = Jd“x1 /=8 [—ZXWX”” — EmZXﬂX” + Emé R

In the non-relativistic regime we use a perturbed Minkoswki metric as

s diag( — (1 4+ 2®), (1 — 2613)51:]-).

The real vector field is expressed in terms of a slowly varying function as

1 S Ve
X(t,X) = e X(t, %) + e X*(1, X)|
2m
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f i
XWX—X-XT) 2 (VXT-VX—mcDXT-X)]
m

SIX,(x), g, (0)] = Jd4x [mé OV +% (

From the non-relativistic action of above, we obtain the 3-component SP system:

5 Voaie 5 2 o
= VX +mX®P and VD = X X
2m 2mé|

The symmetries in the non-relativistic effective theory are linked to conservation laws.

Particle number/Energy/Spin angular momentum/Orbital angular momentum.

No= [aﬁxfﬁ X

28



PCILARAELD VEC LR SOOI S

X(t,x) = % ) [cXine el 1+ hc |
A

X(r) [cl L a e s }
Nl X )= (cos(a)t)x — sm(a)t)y) + ¢ 'cos(wt)Z - (cos(a)t)x + sm(a)t)y)

m (V2 V2

The field amplitude oscillate in time with an angular frequency w =~ m.

The radial profile and Newtonian potential satisfy the time-independent SP system:

I =0 0X 1 o 0D
—(m—w)X = — <r2—> + m®dX, and (rz ) o X

2mr? o or e 0 2m|23|

r r
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SEICE DARK AL FER AROVINID SPRH

Since ['epg péM, we anticipate a significant enhancement of this rate under favorable
astrophysical scenarios.

Nearly all large galaxies host supermassive black holes (SMBHs) at their centers .

Annu. Rev. Astron. Astrophys. 33 (1995); Annu. Rev. Astron. Astrphys. 51 (2013).

The growth of these astrophysical bodies can lead to a highly concentrated dark matter
proﬁle N the central regions Of gaIaXieS. Phys. Rev. Lett. 83 (1999)..; Mon. Not. Roy. Astron. Soc. 337 (2002); Z..Zhang et al. (2025) arXiv:2503.02573.

EVidence fOI" DM Spike arOUHd the SMBH I OJ 287 Astrophys. J. Lett. 962 (2024).
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A SMBH adiabatically grows placed at the
galactic center.

The initial DM halo density around the
SMBH is taken ppMm ~ 7.

0.9 < y < 1.5 (N-body baryonic
simulations), 1.7 <y < 2.1 (N-body
baryonic-DM simulations).

Nature 454 (2008); Mon.Not.Roy.Astron.Soc. 402 (2010); Phys. Rev. D 74 (2006).
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PIERGER RA E N SEIKES

2
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LIMITS FOR M| AND g

M| upper limit to be within the non-
relivistic limit.

o 10:2eV
Mgo) S 1077 Mg

m

g upper limit from soliton tidal resistance.
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FAST RADICI BUSRITS SURVETS

We can compare the characteristics of the electromagnetic radiation emitted during soliton
mergers to those of FRBs.

FRBs are also brief and highly energetic bursts of radio-frequency energy whose astrophys-
ical Origins remain mYSter’ious. Prog. Part. Nucl. Phys. 103 (2018); Astron. Astrophys. Rev. 27 (2019).

Frequency range ~ (100 MHz — 10 GHz), with durations of ~ 1 ms and flux densities and
fluences in the range of (5 X 107* — 10%) ]y and (5 X 10™* — 10?) Jy ms, respectively.

Extremal observed values are ~ 10°]y and ~ 10°]y ms for FRB200428 (3 x 10%ly).

Nature 587 (2020); Publ. Astron. Soc. pac. 132 (2020).
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We cannot claim to explain FRBs with soliton mergers.

To produce ~ 1 ms bursts, we already saturate our allowed parameter space, requiring
m~ 10"%eVand g ~ 1072 GeV L.

For the flux density and fluence, we fiducialize to our largest considered cosmic distances at
z=4(D, ~ 10Gpc). Our best recovered quantities are S; ~ 10’ Jy and F ~ 10° Jy ms
(larger than the extremal values from FRB 200428).

The non-observation of our predicted signals provides a powerful means of constraining the
merger rate, and in turn, the dark matter fraction in vector solitons.
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The number of events detected within a patch of T
P 5= 79 LTOTAL ¢

the sky N should follow a Poisson distribution, 4y ~ Merg
N ~ Pois(A).
rTOTAL . (TOTAL _ ;47
A 95 % confidence level limit of non-observation,
we requiere an expectation value distribution merg
lim
AR /DM 3
\ i - Msor: /oM = D
We write the upper limit on the merger rate
taking a comoving volume for z = 4.
Telescope e [deg? hr] f |GHz]
For each soliton mass, we identify an upper limit Lorimer et al. 13 x 10° 1.23-1.52
on the fraction of dark matter fraction that CHIME PF 24 10° 0.400-0.800
; lim HTRU 1.7 x 10° 1.23-1.52
solitons can compose, fDM’ e.g.a lower bound for . proi S 3 10° 0.4000.800

Msol

: : | 4 )
given the DM fraction, Mlsc:)\iver. GBT (Proj) 1.0 x 10 4.00-8.00
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First constraints on the dark matter fraction in spin-1 dark photon solitons by considering
their mergers in the dense astrophysical environments surrounding supermassive black
holes.

Using the non-observation of such radio transients—radio silence—in fast radio burst
(FRB) surveys, we statistically constrained the soliton merger rate.

Combining these observational limits with our theoretical predictions, we derived upper
bounds on the fraction of dark matter fym that can reside in vector solitons.

Telescope Do [Mpc™? day '] fin Mo [Mg] m [eV] Gmax |GeV ]
Lorimer et al. [75] 4.2 x 1071 7.0 x 1072 1x 107192 x107° (5.1-6.3) x 10~° 3.0 x 1078
CHIME PF [77] 7.5 x 10712 9.4 x 1077 4x 10716 x 10~° (1.7-3.3) x 107° 1.6 x 1078
ASKAP [78] 3.5 x 10712 6.4 x 1073 2 x 107192 x 107° (5.2-6.2) x 107° 3.0 x 1078
HTRU [76] 1.1 x 1072 3.5 x 1073 2 x 107192 x 107° (5.1-6.3) x 107° 3.0 x 1078
CHIME (Proj.) [109] 3.4 x 1071 2.0 x 107° 4x1071°-6 x 107° (1.7-3.3) x 10~° 1.6 x 107°
GBT (Proj.) [79] 1.8 x 10~ 1° 4.6 x 1072 1x107"-6x107° (1.7-3.3) x 107° 1.6 x 107
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3(6)

OFERALICIRS

1 1 1 1

S, Al )= / d*z\/—¢g [—ZXWXW — —m* X, XH =~ F F*™ + —mZ R+ Ly

2 4 2

b N s B 0, N e g g B o e 0,000, X

O =—3F,F*(X - X) ~ 2(E - B)(X - X)

Oy = —2F, F*(X - X) ~ (BB X X)) - (B-R)X X
@l O X ~ (B BiX - X~ (E. X (B X~
Op—F F o x (B E (XX = (E X))~ (B X
O — F BT ~(ExB)-X
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U TRAVIOL P BB R ) IINCS

Suppose that X, is the vector potential associated with a dark U(1), gauge symmetry and
suppose that the UV theory includes a dark Higgs field ¢(x) with D ¢ = 0,¢p — ig;X .

If the dark Higgs acquires a nonzero vacuum expectation value (¢) = v/\/z, then O, may
arise from the dimension-8 operator

e 1 —4 2 UU
Ly = = =MD, ' F,, "

In our EFT, we have g% ~ gé;‘vz/M4 ~ m*/M* where m ~ g,v is the mass scale of the dark
photon and M is the UV scale of new physics. 5



FLEC I BOPMAINE FIE
ctQUAITION OF MOTION

Working in the Coulomb gauge V - A = (), the electromagnetic equation of motion admits
a Fourier representation of the form:.

0ij e — a0
5i5+(26% X |?) 84 A=)
Q45 = 4 53—|—( 2g)XX —I—(Q %) ki X A g,
55+ (207 X 2) 635 (Zgz’fkf§> b (2P oe o Lo R0
| 0ij =% O
0 L =g"0
% . (49°X-X) b4y , Lot =62 O3
@ijAj = PijAj ek @Z‘jAj —() Pij=1¢ (—2¢°) XiX;+(—29°) Xi X +(2g T in+(2gZ%> kiX; ; Lot = 9705
(A6 X )0, (22070 X (2 Q)Xin—k(Zgz ’fkf‘) k:z-Xj+(2g2 ’fkf) kX, Lne=g?04
: (—2ig°k-X) 6y hA
k|2 0i5+ (4ig° X - X)) es0kn AR,
k1?6 + (29°| k12| X |?) 64 s O
Qi =19 |k[?6i5+ (—29°(k-X)?) 6i5+ (—29°|k|*) Xs X5+ (29°k- X ) ki X e — g7 05
k|? 65+ (—2¢° (k- X)*+2¢° |k|? | X]?) 65+ (=27 |k°) Xi X;+ (26°k-X ) ki X; | L =g O4
K| 0i5+ (—ig° k- X)) 6y S )
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LG T T FECORT (REFUIC R SE SR

Before applying Floquet theory to analyse the solutions of the Fourier representation of the electromagnetic
modes, we impose K - A = 0 and eliminate A,. Explicity, we have A; = — k3_1(k2A2 + kiA,) for ky # 0.

~

@z’jA]’ —FPijAj +@ijAj — O, where @z’j == @z’j —@igkj/kg (Similarly for ED, @ and i,j — 1, 2).

ke e 0 1
T (38) aais Tt (@1@ @1@) |

f U(t+ T) = U(z) is periodic with period T, then Floquet’s theorem guarantees a general solution
4

of the form q(7) = Z c.P (H)ets where P(t+ T) = P (f) and p, are called Floquet exponents.

s=1

If £(u,) > O for any s, then the equation of motion admits exponentially growing solutions. 43



X (t,z) = X cos(mt) 2,
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