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Can dissipative dark matter affect the growth of  
supermassive black holes?



Can dissipative dark matter  

affect the growth of supermassive black holes?

Motivated by small-structure

5% DDM 
95% CDM

Fan, Katz, Randall & Reece  ‘13me0 , mp0 , ↵0

ne0 ⇡ np0 � nē0 , np̄0
<latexit sha1_base64="jwQaA8D0J2247uJzQDEov/r2Vbk=">AAACKnicbZC7TgMxEEVneRNeAUoai4dCgaINDdAhaChBIgQpG0VeZ5JY8Xot24uIVvs/NLTUfAEFFBDR8gv0OA8kCFzJ0vWZGdlzQyW4sb7f8yYmp6ZnZufmcwuLS8sr+dW1KxMnmmGZxSLW1yE1KLjEsuVW4LXSSKNQYCXsnPbrlRvUhsfy0nYV1iLakrzJGbUO1fMnsp4GOiJYyAKqlI5vyYgoR1qt71sQUp1iVsj2fhHlSD2/5Rf9gchfUxqZrePtz4dHADiv55+DRsySCKVlghpTLfnK1lKqLWcCs1yQGFSUdWgLq85KGqGppYNdM7LjSIM0Y+2OtGRAf06kNDKmG4WuM6K2bcZrffhfrZrY5mEt5VIlFiUbPtRMBLEx6QdHGlwjs6LrDGWau78S1qaaMuvizbkQSuMr/zXl/eJR0b9wYZzAUHOwAZuwCyU4gGM4g3MoA4M7eIJXePPuvRev570PWye80cw6/JL38QWBX6ph</latexit><latexit sha1_base64="700mfyTJA6SIemgLqI8G/ZTlpkA=">AAACKnicbZDLTgIxFIY7eAcvqEs3jWhwYcjgRt0R3LjURJSEIaRTDtDQ6TRth0gm8z5u3PoC7l3oQo1bX0HXlouJgH/S5O93zkl7fl9ypo3rvjupufmFxaXllXRmdW19I7u5da3DSFGo0JCHquoTDZwJqBhmOFSlAhL4HG787tmgftMDpVkorkxfQj0gbcFajBJjUSNbFo3YUwGGfOIRKVV4i8dEWtJu/948n6gYknxyOEGkJY1szi24Q+FZUxybXGnv6+Gxl/m+aGSfvWZIowCEoZxoXSu60tRjogyjHJK0F2mQhHZJG2rWChKArsfDXRO8b0kTt0JljzB4SP9OxCTQuh/4tjMgpqOnawP4X60WmdZJPWZCRgYEHT3Uijg2IR4Eh5tMATW8bw2hitm/YtohilBj403bEIrTK8+aylHhtOBe2jDKaKRltIN20QEqomNUQufoAlUQRXfoCb2iN+feeXHenY9Ra8oZz2yjCTmfP3iFq9s=</latexit><latexit sha1_base64="700mfyTJA6SIemgLqI8G/ZTlpkA=">AAACKnicbZDLTgIxFIY7eAcvqEs3jWhwYcjgRt0R3LjURJSEIaRTDtDQ6TRth0gm8z5u3PoC7l3oQo1bX0HXlouJgH/S5O93zkl7fl9ypo3rvjupufmFxaXllXRmdW19I7u5da3DSFGo0JCHquoTDZwJqBhmOFSlAhL4HG787tmgftMDpVkorkxfQj0gbcFajBJjUSNbFo3YUwGGfOIRKVV4i8dEWtJu/948n6gYknxyOEGkJY1szi24Q+FZUxybXGnv6+Gxl/m+aGSfvWZIowCEoZxoXSu60tRjogyjHJK0F2mQhHZJG2rWChKArsfDXRO8b0kTt0JljzB4SP9OxCTQuh/4tjMgpqOnawP4X60WmdZJPWZCRgYEHT3Uijg2IR4Eh5tMATW8bw2hitm/YtohilBj403bEIrTK8+aylHhtOBe2jDKaKRltIN20QEqomNUQufoAlUQRXfoCb2iN+feeXHenY9Ra8oZz2yjCTmfP3iFq9s=</latexit>



Can dissipative dark matter  

affect the growth of supermassive black holes?

Active galactic nuclei (AGN) 
Accretion dynamics 
Observations

Event Horizon Telescope Collaboration



Active Galactic Nuclei galaxies that harbor supermassive black holes 
(SMBHs) with MBH ∼ 106M⊙ − 1010M⊙

Krawczynski and Treister ‘13



Krawczynski and Treister ‘13

Active Galactic Nuclei galaxies that harbor supermassive black holes 
(SMBHs) with MBH ∼ 106M⊙ − 109M⊙

Accretion disk



Accretion

The rest of the energy is 
absorbed by the black hole
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An element     from the disk falls into the black 
hole and releases energy      in form of radiation.
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δE = η δM

·MBH =
1 − η

η
LBH

But the accretion is not 
continuous. 

D 2 [0, 1]Duty cycle:⟨ ·MBH⟩ = D ×
1 − η

η
LBH

Luminosity
LBH
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What’s the maximum luminosity? 

fgrav
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2.1 Basic AGN concepts

A simple picture consists of a thin accretion disk, with a sub-parsec radius. The disk

contains ionized gas which, due to viscosity, loses angular momentum and falls towards the

BH. As matter falls into the BH, part of its gravitational potential energy is converted into

radiation, which is observed as the AGN luminosity,

L = −ηṀdisk . (2.1)

Here η is the radiative efficiency, which ranges from 0.057 to 0.42 [77] and depends solely

on the BH geometry, Mdisk is the disk mass, and the overdot denotes a time derivative.

Conventionally, L has an upper limit, the Eddington luminosity, corresponding to the

configuration in which the outward radiation pressure equals the inward gravitational pull,3

LEdd = 4πGN
MBHmp

σT
, (2.2)

where GN is Newton’s constant, MBH the BH mass, mp the proton mass and σT the

Thomson scattering cross section. The BH accretion rate can be written as

ṀBH = −(1− η)Ṁdisk =
1− η

η

L

LEdd

MBH

τSal
, (2.3)

where

τSal ≡
σT

4πGNmp
≃ 4.5× 108 yr (2.4)

is the Salpeter time [78]. The accretion is not necessarily continuous. In general, there are

active and inactive phases for a galactic nucleus, called duty-cycles. In this study, we are

mostly interested in the long time behavior, in which case these phases can be taken into

account by using a time-averaged growth rate,

⟨ṀBH⟩ =
1− η

η

L

LEdd

MBH

τSal
D , (2.5)

where 0 < D < 1 is the (time averaged) duty cycle. Its value can be inferred statistically,

at various redshifts, by measuring the BH mass distribution of active galaxies at different

cosmic epochs. Under the assumptions of η = 0.1 and either constant L or constant

L/LEdd, measurements point towards values of D on the order of O(0.1) at z ! 6 [60].

Studies show that the value of L/LEdd could change as a function of redshift and BH

mass. Specifically, it is predicted that there could be an anti-correlation between MBH

and L/LEdd [79–83]; however, a common assumption in the literature is that of a constant

L/LEdd [60, 84]. Under this assumption, the luminosity (and therefore the accretion) scales

with SMBH mass, resulting in an exponential growth rate of the mass. Consequently, the

time for a BH to grow to a mass MBH from the initial Mseed follows from eq. (2.5),

tgrow =
τSal
D

η

1− η

(
L

LEdd

)−1

ln

(
MBH

Mseed

)
. (2.6)

From eq. (2.6), one can derive an upper bound on the growth rate by taking D = 1.

3This expression is obtained under the assumption of spherical accretion, which is not the case for

accretion disks. However, observed AGN luminosities rarely exceed the Eddington limit, and even then, by

no more than an order one factor. This result is therefore commonly used in the literature and provides a

conservative limiting rate at which accretion can occur even in the case of disk geometries.

– 4 –

D = 0.5, η = 0.1

Black hole formation: 
remnants of population III stars  

mergers of dense stellar clusters 

collapse of primordial gas clouds  

Mseed ∼ 10M⊙ − 102M⊙

Mseed ∼ 103M⊙

Mseed ∼ 106M⊙ zformation ⇠ 20 Mseed ⇠ 102�6M�



D = 0.5, η = 0.1

Black hole formation: 
remnants of population III stars  

mergers of dense stellar clusters 

collapse of primordial gas clouds  

Mseed ∼ 10M⊙ − 102M⊙

Mseed ∼ 103M⊙

Mseed ∼ 106M⊙

Change this: 
Collapse of SIDM into a BH

Pollack, Spergel, and Steinhardt ’15

Change this: 
Super-Eddington accretion

Solutions?

Dissipative DM
Outmezguine, Slone, Tangarife 
and Volansky, ‘18



Accretion of Dissipative Dark Matter

Assume: 5% DDM 
95% CDM
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Dissipative DM cools down by bremsstrahlung and Compton scattering of 
dark CMB radiation.
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<latexit sha1_base64="6qO+yFIM6Ok8tbgycb5CL7veA8s=">AAAB7XicbVA9SwNBEJ2LXzF+Ra3EZjEIVuFio3YBG8sIngkkx7m3t5cs2ds7dueEcKS2trFQsfX/2Plv3HwUmvhg4PHeDDPzwkwKg6777ZRWVtfWN8qbla3tnd296v7BvUlzzbjHUpnqTkgNl0JxDwVK3sk0p0koeTscXk/89iPXRqTqDkcZ9xPaVyIWjKKV2nFQaBqNg2rNrbtTkGXSmJNa8+gpeACAVlD96kUpyxOukElqTLfhZugXVKNgko8rvdzwjLIh7fOupYom3PjF9NwxObVKROJU21JIpurviYImxoyS0HYmFAdm0ZuI/3ndHONLvxAqy5ErNlsU55JgSia/k0hozlCOLKFMC3srYQOqKUObUMWG0Fh8eZl45/Wruntrw2jCDGU4hhM4gwZcQBNuoAUeMBjCM7zCm5M5L8678zFrLTnzmUP4A+fzBykokSA=</latexit><latexit sha1_base64="9879T7bbb7sEduW/W0xQcaOU3vU=">AAAB7XicbVA9SwNBEJ2LXzF+Ra3EwsUgWIU7G7UL2FhG8EwgOY69vb1kyd7usbsnhCO1tY2Fiq3/J52/wz/g5qPQxAcDj/dmmJkXZZxp47pfTmlldW19o7xZ2dre2d2r7h88aJkrQn0iuVTtCGvKmaC+YYbTdqYoTiNOW9HgZuK3HqnSTIp7M8xokOKeYAkj2FiplYSFwvEorNbcujsFWibenNQaR0+hHJ98N8PquBtLkqdUGMKx1h3PzUxQYGUY4XRU6eaaZpgMcI92LBU4pToopueO0JlVYpRIZUsYNFV/TxQ41XqYRrYzxaavF72J+J/XyU1yFRRMZLmhgswWJTlHRqLJ7yhmihLDh5Zgopi9FZE+VpgYm1DFhuAtvrxM/Iv6dd29s2E0YIYyHMMpnIMHl9CAW2iCDwQG8Ayv8OZkzovz7nzMWkvOfOYQ/sD5/AHB8pMT</latexit><latexit sha1_base64="9879T7bbb7sEduW/W0xQcaOU3vU=">AAAB7XicbVA9SwNBEJ2LXzF+Ra3EwsUgWIU7G7UL2FhG8EwgOY69vb1kyd7usbsnhCO1tY2Fiq3/J52/wz/g5qPQxAcDj/dmmJkXZZxp47pfTmlldW19o7xZ2dre2d2r7h88aJkrQn0iuVTtCGvKmaC+YYbTdqYoTiNOW9HgZuK3HqnSTIp7M8xokOKeYAkj2FiplYSFwvEorNbcujsFWibenNQaR0+hHJ98N8PquBtLkqdUGMKx1h3PzUxQYGUY4XRU6eaaZpgMcI92LBU4pToopueO0JlVYpRIZUsYNFV/TxQ41XqYRrYzxaavF72J+J/XyU1yFRRMZLmhgswWJTlHRqLJ7yhmihLDh5Zgopi9FZE+VpgYm1DFhuAtvrxM/Iv6dd29s2E0YIYyHMMpnIMHl9CAW2iCDwQG8Ayv8OZkzovz7nzMWkvOfOYQ/sD5/AHB8pMT</latexit>

H
<latexit sha1_base64="uKXrZJYMSGaQS0/eSXkjWhNvTGU=">AAAB53icbVA9TwJBEJ3DL8Qv1NJmIzGxInc2aiWJDSUknpDAhewtc7Cy95HdPRO88AtsLNTY+l/8BXaW/hP3gELBl0zy8t5MZub5ieBK2/aXVVhZXVvfKG6WtrZ3dvfK+we3Kk4lQ5fFIpZtnyoUPEJXcy2wnUikoS+w5Y+uc791j1LxOLrR4wS9kA4iHnBGtZGa9V65YlftKcgyceakcvXx8F0DgEav/NntxywNMdJMUKU6jp1oL6NScyZwUuqmChPKRnSAHUMjGqLysumhE3JilD4JYmkq0mSq/p7IaKjUOPRNZ0j1UC16ufif10l1cOFlPEpSjRGbLQpSQXRM8q9Jn0tkWowNoUxycythQyop0yabkgnBWXx5mbhn1cuq3bQrtTyJHEU4gmM4BQfOoQZ1aIALDBAe4RlerDvryXq13matBWs+cwh/YL3/AJDfjzc=</latexit><latexit sha1_base64="ajPd2YHUjC6DB+5G3opaH3ULLJQ=">AAAB53icbZA7TsNAEIbH4RXCKzw6GosIiSqyaYCKSBSkTCRMIiVWtN6MkyXrtbW7RgpWTkBDAYiWC3AKTkBHyU3YPAoI/NJKn/5/RjszQcKZ0o7zaeUWFpeWV/KrhbX1jc2t4vbOtYpTSdGjMY9lMyAKORPoaaY5NhOJJAo4NoLBxThv3KJULBZXepigH5GeYCGjRBurXu0US07Zmcj+C+4MSufvd1+Xb3tZrVP8aHdjmkYoNOVEqZbrJNrPiNSMchwV2qnChNAB6WHLoCARKj+bDDqyD43TtcNYmie0PXF/dmQkUmoYBaYyIrqv5rOx+V/WSnV46mdMJKlGQacfhSm3dWyPt7a7TCLVfGiAUMnMrDbtE0moNrcpmCO48yv/Be+4fFZ26k6pUoGp8rAPB3AELpxABapQAw8oINzDIzxZN9aD9Wy9TEtz1qxnF37Jev0GQNKQew==</latexit><latexit sha1_base64="ajPd2YHUjC6DB+5G3opaH3ULLJQ=">AAAB53icbZA7TsNAEIbH4RXCKzw6GosIiSqyaYCKSBSkTCRMIiVWtN6MkyXrtbW7RgpWTkBDAYiWC3AKTkBHyU3YPAoI/NJKn/5/RjszQcKZ0o7zaeUWFpeWV/KrhbX1jc2t4vbOtYpTSdGjMY9lMyAKORPoaaY5NhOJJAo4NoLBxThv3KJULBZXepigH5GeYCGjRBurXu0US07Zmcj+C+4MSufvd1+Xb3tZrVP8aHdjmkYoNOVEqZbrJNrPiNSMchwV2qnChNAB6WHLoCARKj+bDDqyD43TtcNYmie0PXF/dmQkUmoYBaYyIrqv5rOx+V/WSnV46mdMJKlGQacfhSm3dWyPt7a7TCLVfGiAUMnMrDbtE0moNrcpmCO48yv/Be+4fFZ26k6pUoGp8rAPB3AELpxABapQAw8oINzDIzxZN9aD9Wy9TEtz1qxnF37Jev0GQNKQew==</latexit>

H
0

<latexit sha1_base64="SkF9GpRuq70z3z4jDmiWcLj0dnE=">AAAB6HicbVA9TwJBEJ3FL8Qv1NJmIzFakTsbtZLEhhKNJyRwIXvLHmzY27vs7pnghX9gY6HG1t/iL7Cz9J+4BxQKvmSSl/dmMjMvSATXxnG+UGFpeWV1rbhe2tjc2t4p7+7d6ThVlHk0FrFqBUQzwSXzDDeCtRLFSBQI1gyGV7nfvGdK81jemlHC/Ij0JQ85JcZKN/XjbrniVJ0J8CJxZ6Ry+fHwXQOARrf82enFNI2YNFQQrduukxg/I8pwKti41Ek1Swgdkj5rWypJxLSfTS4d4yOr9HAYK1vS4In6eyIjkdajKLCdETEDPe/l4n9eOzXhuZ9xmaSGSTpdFKYCmxjnb+MeV4waMbKEUMXtrZgOiCLU2HBKNgR3/uVF4p1WL6rOtVOp5UnkKMIBHMIJuHAGNahDAzygEMIjPMMLGqIn9Irepq0FNJvZhz9A7z/w/49o</latexit><latexit sha1_base64="ZBzGzPtFabDwxvuzPh1JqSbaICs=">AAAB6HicbZA7TgMxEIZneYbwCo+OxiJCUEW7NEBFJApSBsSSSMkq8jrexIrXXtlepLDKDWgoANFyAE7BCegouQnOo4CEX7L06f9n5JkJE860cd0vZ25+YXFpObeSX11b39gsbG3fapkqQn0iuVT1EGvKmaC+YYbTeqIojkNOa2HvYpjX7qjSTIob009oEOOOYBEj2FjrunLYKhTdkjsSmgVvAsXzj/vvy/fdrNoqfDbbkqQxFYZwrHXDcxMTZFgZRjgd5JuppgkmPdyhDYsCx1QH2WjSATqwThtFUtknDBq5vzsyHGvdj0NbGWPT1dPZ0Pwva6QmOg0yJpLUUEHGH0UpR0ai4dqozRQlhvctYKKYnRWRLlaYGHucvD2CN73yLPjHpbOSe+UWy2UYKwd7sA9H4MEJlKECVfCBQAQP8ATPTs95dF6c13HpnDPp2YE/ct5+AKDykKw=</latexit><latexit sha1_base64="ZBzGzPtFabDwxvuzPh1JqSbaICs=">AAAB6HicbZA7TgMxEIZneYbwCo+OxiJCUEW7NEBFJApSBsSSSMkq8jrexIrXXtlepLDKDWgoANFyAE7BCegouQnOo4CEX7L06f9n5JkJE860cd0vZ25+YXFpObeSX11b39gsbG3fapkqQn0iuVT1EGvKmaC+YYbTeqIojkNOa2HvYpjX7qjSTIob009oEOOOYBEj2FjrunLYKhTdkjsSmgVvAsXzj/vvy/fdrNoqfDbbkqQxFYZwrHXDcxMTZFgZRjgd5JuppgkmPdyhDYsCx1QH2WjSATqwThtFUtknDBq5vzsyHGvdj0NbGWPT1dPZ0Pwva6QmOg0yJpLUUEHGH0UpR0ai4dqozRQlhvctYKKYnRWRLlaYGHucvD2CN73yLPjHpbOSe+UWy2UYKwd7sA9H4MEJlKECVfCBQAQP8ATPTs95dF6c13HpnDPp2YE/ct5+AKDykKw=</latexit>

frad0
<latexit sha1_base64="T9lEJ3wT2xf3UIfen2IUkZaEeGU=">AAAB7nicbVA9T8MwEL2Ur1K+CkyIxaJCMFUJC7BVYmEsEqGV2ig4jtNadexgO0hV1JmdhQEQK7+HjX+D+zFAy5NOenrvTnf3oowzbVz32yktLa+srpXXKxubW9s71d29Oy1zRahPJJeqHWFNORPUN8xw2s4UxWnEaSsaXI391iNVmklxa4YZDVLcEyxhBBsrtZOwUDg+GYXVmlt3J0CLxJuRWuPgKbwHgGZY/erGkuQpFYZwrHXHczMTFFgZRjgdVbq5phkmA9yjHUsFTqkOism9I3RslRglUtkSBk3U3xMFTrUeppHtTLHp63lvLP7ndXKTXAQFE1luqCDTRUnOkZFo/DyKmaLE8KElmChmb0WkjxUmxkZUsSF48y8vEv+sfll3b2wYDZiiDIdwBKfgwTk04Bqa4AMBDs/wCm/Og/PivDsf09aSM5vZhz9wPn8Ai6qRUQ==</latexit><latexit sha1_base64="a6PaLFcuw9fNUE2rNUCTBVWkBLA=">AAAB7nicbVA9SwNBEJ2LXzF+Ra3EwsUgWoU7G7UL2FhGMCaQHMfe3l6yZG/33N0TwpHa3sZCxdbfk87f4R9w81Fo4oOBx3szzMwLU860cd0vp7C0vLK6VlwvbWxube+Ud/futcwUoQ0iuVStEGvKmaANwwynrVRRnIScNsP+9dhvPlKlmRR3ZpBSP8FdwWJGsLFSKw5yhaPTYVCuuFV3ArRIvBmp1A6eAjk6+q4H5VEnkiRLqDCEY63bnpsaP8fKMMLpsNTJNE0x6eMubVsqcEK1n0/uHaITq0QolsqWMGii/p7IcaL1IAltZ4JNT897Y/E/r52Z+NLPmUgzQwWZLoozjoxE4+dRxBQlhg8swUQxeysiPawwMTaikg3Bm395kTTOq1dV99aGUYMpinAIx3AGHlxADW6gDg0gwOEZXuHNeXBenHfnY9pacGYz+/AHzucPJIOTRA==</latexit><latexit sha1_base64="a6PaLFcuw9fNUE2rNUCTBVWkBLA=">AAAB7nicbVA9SwNBEJ2LXzF+Ra3EwsUgWoU7G7UL2FhGMCaQHMfe3l6yZG/33N0TwpHa3sZCxdbfk87f4R9w81Fo4oOBx3szzMwLU860cd0vp7C0vLK6VlwvbWxube+Ud/futcwUoQ0iuVStEGvKmaANwwynrVRRnIScNsP+9dhvPlKlmRR3ZpBSP8FdwWJGsLFSKw5yhaPTYVCuuFV3ArRIvBmp1A6eAjk6+q4H5VEnkiRLqDCEY63bnpsaP8fKMMLpsNTJNE0x6eMubVsqcEK1n0/uHaITq0QolsqWMGii/p7IcaL1IAltZ4JNT897Y/E/r52Z+NLPmUgzQwWZLoozjoxE4+dRxBQlhg8swUQxeysiPawwMTaikg3Bm395kTTOq1dV99aGUYMpinAIx3AGHlxADW6gDg0gwOEZXuHNeXBenHfnY9pacGYz+/AHzucPJIOTRA==</latexit>

Lh

BH
<latexit sha1_base64="NOiIZVeaWEuof63HU4MP1z/YQ9Q=">AAAB8HicdVDLTgIxFO3gC/GFunTTCCauSBkIjx3BDQsXmDhChJF0SgcaOp1J2zEhE/7CjQs1bv0cd/6N5WGiRk9yk5Nz7s2993gRZ0oj9GGl1tY3NrfS25md3b39g+zh0Y0KY0moQ0Ieyq6HFeVMUEczzWk3khQHHqcdb3Ix9zv3VCoWims9jagb4JFgPiNYG+k2fzlImq3Z3Tg/yOZQoVSxUbkEDanVy1VkSL1sVysVWCygBXJghfYg+94fhiQOqNCEY6V6RRRpN8FSM8LpLNOPFY0wmeAR7RkqcECVmywunsEzowyhH0pTQsOF+n0iwYFS08AznQHWY/Xbm4t/eb1Y+zU3YSKKNRVkuciPOdQhnL8Ph0xSovnUEEwkM7dCMsYSE21CypgQvj6F/xPHLtQL6MrONZqrNNLgBJyCc1AEVdAALdAGDiBAgAfwBJ4tZT1aL9brsjVlrWaOwQ9Yb59ShZA9</latexit><latexit sha1_base64="NOiIZVeaWEuof63HU4MP1z/YQ9Q=">AAAB8HicdVDLTgIxFO3gC/GFunTTCCauSBkIjx3BDQsXmDhChJF0SgcaOp1J2zEhE/7CjQs1bv0cd/6N5WGiRk9yk5Nz7s2993gRZ0oj9GGl1tY3NrfS25md3b39g+zh0Y0KY0moQ0Ieyq6HFeVMUEczzWk3khQHHqcdb3Ix9zv3VCoWims9jagb4JFgPiNYG+k2fzlImq3Z3Tg/yOZQoVSxUbkEDanVy1VkSL1sVysVWCygBXJghfYg+94fhiQOqNCEY6V6RRRpN8FSM8LpLNOPFY0wmeAR7RkqcECVmywunsEzowyhH0pTQsOF+n0iwYFS08AznQHWY/Xbm4t/eb1Y+zU3YSKKNRVkuciPOdQhnL8Ph0xSovnUEEwkM7dCMsYSE21CypgQvj6F/xPHLtQL6MrONZqrNNLgBJyCc1AEVdAALdAGDiBAgAfwBJ4tZT1aL9brsjVlrWaOwQ9Yb59ShZA9</latexit><latexit sha1_base64="NOiIZVeaWEuof63HU4MP1z/YQ9Q=">AAAB8HicdVDLTgIxFO3gC/GFunTTCCauSBkIjx3BDQsXmDhChJF0SgcaOp1J2zEhE/7CjQs1bv0cd/6N5WGiRk9yk5Nz7s2993gRZ0oj9GGl1tY3NrfS25md3b39g+zh0Y0KY0moQ0Ieyq6HFeVMUEczzWk3khQHHqcdb3Ix9zv3VCoWims9jagb4JFgPiNYG+k2fzlImq3Z3Tg/yOZQoVSxUbkEDanVy1VkSL1sVysVWCygBXJghfYg+94fhiQOqNCEY6V6RRRpN8FSM8LpLNOPFY0wmeAR7RkqcECVmywunsEzowyhH0pTQsOF+n0iwYFS08AznQHWY/Xbm4t/eb1Y+zU3YSKKNRVkuciPOdQhnL8Ph0xSovnUEEwkM7dCMsYSE21CypgQvj6F/xPHLtQL6MrONZqrNNLgBJyCc1AEVdAALdAGDiBAgAfwBJ4tZT1aL9brsjVlrWaOwQ9Yb59ShZA9</latexit>

Lv

BH
<latexit sha1_base64="XpyN2ulzvSD+Bqp+aYXegLuDgPs=">AAAB7nicdVBNS0JBFL3Pvsy+rJZthiRwJfOs0LcT27hoYZAp6EvmjaMOzvtoZp4gD/9EmxYVbfs97YIW/ZRGLaioAxcO59zLvfd4keBKY/xqpZaWV1bX0uuZjc2t7Z3s7t6VCmNJWYOGIpQtjygmeMAammvBWpFkxPcEa3qjs5nfHDOpeBhc6knEXJ8MAt7nlGgjtc67SbU2vR53szlccOxjB9vIkOKJXcKGFMtO+bSI7AKeI1c5zL+9A0C9m33p9EIa+yzQVBCl2jaOtJsQqTkVbJrpxIpFhI7IgLUNDYjPlJvM752iI6P0UD+UpgKN5ur3iYT4Sk18z3T6RA/Vb28m/uW1Y90vuwkPolizgC4W9WOBdIhmz6Mel4xqMTGEUMnNrYgOiSRUm4gyJoSvT9H/pFEsOAV8YcKowgJpOIBDyIMNJahADerQAAoCbuEeHqwb6856tJ4WrSnrc2YffsB6/gC2hZIw</latexit><latexit sha1_base64="uGqXPcAaGoRMAPxSYjCoKK5XouM=">AAAB7nicdVBNT8JAEN36ifiFevSygZhwalrUQG8ELxw8YGKFBCrZLlvYsN3W3S0JafgTXjyg8epf8erN6I9xAU3U6EsmeXlvJjPz/JhRqSzr1VhaXlldW89sZDe3tnd2c3v7VzJKBCYujlgkWj6ShFFOXEUVI61YEBT6jDT94dnMb46IkDTil2ocEy9EfU4DipHSUuu8m9bqk+tRN1ewTMc+diwbalI6scuWJqWKUzktQdu05ihU88X3t/LztNHNvXR6EU5CwhVmSMq2bcXKS5FQFDMyyXYSSWKEh6hP2ppyFBLppfN7J/BIKz0YREIXV3Cufp9IUSjlOPR1Z4jUQP72ZuJfXjtRQcVLKY8TRTheLAoSBlUEZ8/DHhUEKzbWBGFB9a0QD5BAWOmIsjqEr0/h/8QtmY5pXegwamCBDDgEeVAENiiDKqiDBnABBgzcgim4N26MO+PBeFy0LhmfMwfgB4ynD9MDk8Y=</latexit><latexit sha1_base64="uGqXPcAaGoRMAPxSYjCoKK5XouM=">AAAB7nicdVBNT8JAEN36ifiFevSygZhwalrUQG8ELxw8YGKFBCrZLlvYsN3W3S0JafgTXjyg8epf8erN6I9xAU3U6EsmeXlvJjPz/JhRqSzr1VhaXlldW89sZDe3tnd2c3v7VzJKBCYujlgkWj6ShFFOXEUVI61YEBT6jDT94dnMb46IkDTil2ocEy9EfU4DipHSUuu8m9bqk+tRN1ewTMc+diwbalI6scuWJqWKUzktQdu05ihU88X3t/LztNHNvXR6EU5CwhVmSMq2bcXKS5FQFDMyyXYSSWKEh6hP2ppyFBLppfN7J/BIKz0YREIXV3Cufp9IUSjlOPR1Z4jUQP72ZuJfXjtRQcVLKY8TRTheLAoSBlUEZ8/DHhUEKzbWBGFB9a0QD5BAWOmIsjqEr0/h/8QtmY5pXegwamCBDDgEeVAENiiDKqiDBnABBgzcgim4N26MO+PBeFy0LhmfMwfgB4ynD9MDk8Y=</latexit>



Accretion of Dissipative Dark Matter

fgrav
<latexit sha1_base64="u7t6fWA2dIiaGWABVOtOcHnEpLI=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tlgTBKtzZqF3AxjKCZwLJEeY2e8mSvb1zdy8QjnT+AhsLFbHz99j5b9x8FJr4YODx3gwz88JUcG1c99sprK1vbG4Vt0s7u3v7B+XDo3udZIoynyYiUa0QNRNcMt9wI1grVQzjULBmOLye+s0RU5on8s6MUxbE2Jc84hSNlVpRN+8rHE265apbc2cgq8RbkGq98vEIFo1u+avTS2gWM2moQK3bnpuaIEdlOBVsUupkmqVIh9hnbUslxkwH+ezeCTm1So9EibIlDZmpvydyjLUex6HtjNEM9LI3Ff/z2pmJLoOcyzQzTNL5oigTxCRk+jzpccWoEWNLkCpubyV0gAqpsRGVbAje8surxD+vXdXcWxtGHeYowglU4Aw8uIA63EADfKAg4Ale4NV5cJ6dN+d93lpwFjPH8AfO5w/oPJGL</latexit><latexit sha1_base64="Grbjp8TFhvVbNH5yWRp9+8Crwak=">AAAB7nicbVA9SwNBEJ2LXzF+RS0FWRIEq3Bno3YBG8sIngkkR9jb20uW7O2eu3uBcKTyH9hYqIidv8fOn2Ln5qPQxAcDj/dmmJkXppxp47pfTmFldW19o7hZ2tre2d0r7x/caZkpQn0iuVStEGvKmaC+YYbTVqooTkJOm+HgauI3h1RpJsWtGaU0SHBPsJgRbKzUirt5T+HhuFuuujV3CrRMvDmp1ivvD9/HkWx0y5+dSJIsocIQjrVue25qghwrwwin41In0zTFZIB7tG2pwAnVQT69d4xOrBKhWCpbwqCp+nsix4nWoyS0nQk2fb3oTcT/vHZm4osgZyLNDBVktijOODISTZ5HEVOUGD6yBBPF7K2I9LHCxNiISjYEb/HlZeKf1S5r7o0Now4zFOEIKnAKHpxDHa6hAT4Q4PAIz/Di3DtPzqvzNmstOPOZQ/gD5+MHdWSTdA==</latexit><latexit sha1_base64="Grbjp8TFhvVbNH5yWRp9+8Crwak=">AAAB7nicbVA9SwNBEJ2LXzF+RS0FWRIEq3Bno3YBG8sIngkkR9jb20uW7O2eu3uBcKTyH9hYqIidv8fOn2Ln5qPQxAcDj/dmmJkXppxp47pfTmFldW19o7hZ2tre2d0r7x/caZkpQn0iuVStEGvKmaC+YYbTVqooTkJOm+HgauI3h1RpJsWtGaU0SHBPsJgRbKzUirt5T+HhuFuuujV3CrRMvDmp1ivvD9/HkWx0y5+dSJIsocIQjrVue25qghwrwwin41In0zTFZIB7tG2pwAnVQT69d4xOrBKhWCpbwqCp+nsix4nWoyS0nQk2fb3oTcT/vHZm4osgZyLNDBVktijOODISTZ5HEVOUGD6yBBPF7K2I9LHCxNiISjYEb/HlZeKf1S5r7o0Now4zFOEIKnAKHpxDHa6hAT4Q4PAIz/Di3DtPzqvzNmstOPOZQ/gD5+MHdWSTdA==</latexit>

frad
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timescale for the DDM to reach the region within the BH’s radius of influence. For

any redshift, this cooling time must be shorter than the age of the universe at that

redshift, τcool ! τuniv, but larger than the equilibration time, τeq ! τcool, in order for

accretion to ignite.

3. Large duty cycles. Once the DDM substructure forms, it can accrete onto the BH.

We denote by τacc the timescale for the accretion of the mass within the bound

substructure. This accretion timescale must be shorter than the age of the universe

for any redshift, τacc ! τuniv. At the same time, the cooling timescale must be of

order, or shorter than the accretion timescale, τcool ! τacc, in order to allow for the

formation of a long lasting dark disk (otherwise any formed disk will be accreted

before additional mass reaches its vicinity). The dark duty cycle, Dh, should depend

on the ratio τacc/τcool, and is expected to be unity when the rate of cooling is faster

than the accretion rate, i.e. when τcool < τacc.

We begin with a calculation of the BH growth rate requiring only point (1) and as-

suming that points (2) and (3) are automatically satisfied. The calculation is a simple

generalization of that presented in section 2 and is meant to provide an intuitive picture.

We then consider the additional constraints arising from requirements (2) and (3) and

study the resulting available parameter space in the simple DDM model we consider. In

what follows, we discuss these requirements in more detail.

4.1 Accretion from an existing dark accretion disk

Accretion disks are the most efficient way to accrete matter with net angular momentum

onto a compact object such as a BH. In analogy with the visible sector, DDM, whose

properties mimic those of baryons, can be expected to have similar viscous properties and

to enhance the accretion rate. Following the simple prescription of section 2, the luminosity,

L from eq. (2.1), now receives two contributions,

L → Lv + Lh, (4.1)

where the superscripts v and h correspond to the visible and hidden sectors respectively.

Since the BH efficiency, η, depends solely on the BH spin [77], eqs. (2.1) and (2.5) still

hold. Extending the definition of the Eddington luminosity to the hidden sector, one can

write the time averaged BH growth rate as

⟨ṀBH⟩ =
1− η

η

(
Dv Lv

Lv
Edd

+ ζDh Lh

Lh
Edd

)
MBH

τSal
, (4.2)

where we have introduced the duty cycles Dv and Dh in both sectors. ζ is the ratio of the

Eddington luminosities in the respective sectors,

ζ ≡
Lh
Edd

Lv
Edd

=
σT /mp

σ′
T /mp′

, (4.3)

with σ′
T the hidden-sector equivalent of the Thomson cross section, σ′

T = (8π/3)(α′2/m2
e′).
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suming that points (2) and (3) are automatically satisfied. The calculation is a simple

generalization of that presented in section 2 and is meant to provide an intuitive picture.

We then consider the additional constraints arising from requirements (2) and (3) and

study the resulting available parameter space in the simple DDM model we consider. In

what follows, we discuss these requirements in more detail.

4.1 Accretion from an existing dark accretion disk

Accretion disks are the most efficient way to accrete matter with net angular momentum

onto a compact object such as a BH. In analogy with the visible sector, DDM, whose

properties mimic those of baryons, can be expected to have similar viscous properties and

to enhance the accretion rate. Following the simple prescription of section 2, the luminosity,

L from eq. (2.1), now receives two contributions,

L → Lv + Lh, (4.1)

where the superscripts v and h correspond to the visible and hidden sectors respectively.

Since the BH efficiency, η, depends solely on the BH spin [77], eqs. (2.1) and (2.5) still

hold. Extending the definition of the Eddington luminosity to the hidden sector, one can

write the time averaged BH growth rate as

⟨ṀBH⟩ =
1− η

η

(
Dv Lv

Lv
Edd

+ ζDh Lh

Lh
Edd

)
MBH

τSal
, (4.2)

where we have introduced the duty cycles Dv and Dh in both sectors. ζ is the ratio of the

Eddington luminosities in the respective sectors,

ζ ≡
Lh
Edd

Lv
Edd

=
σT /mp

σ′
T /mp′

, (4.3)

with σ′
T the hidden-sector equivalent of the Thomson cross section, σ′

T = (8π/3)(α′2/m2
e′).
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Extending the standard assumption of exponential growth [60] to the hidden sector,

we take both Lv/Lv
Edd and Lh/Lh

Edd to be constant. Taking MBH(t = 0) = Mseed and

neglecting the effects of substructure, i.e. assuming the duty cycle is constant (we will

relax this assumption below), eq. (4.2) can be integrated to obtain

log

(
MBH

Mseed

)
=

(1− η)

η

(
Dv Lv

Lv
Edd

+Dhζ
Lh

Lh
Edd

)
t

τSal
. (4.4)

This predicts the BH mass at time t, given the contribution of the DDM which is quantified

by three parameters, ζ, Dh and Lh/Lh
Edd.

In accordance with ref. [60], we set η = 0.1, take values of the visible duty cycle between

0.1−1, and begin by considering Mseed ≤ 104M⊙ at redshift zseed = 20. We further assume

that the hidden accretion rate does not exceed the Eddington limit. Thus, the quantity

DhLh/Lh
Edd falls in the range 0−1. For each of the 40 measured AGN presented in ref. [60],

the ranges of the various parameters above yield a range of consistent ζ via eq. (4.4). The

intersection of all these ranges is translated into a lower bound ζ ! 0.45. Given the value

σT /mp ≃ 0.4 cm2/g in the visible sector, the bound on ζ implies

σ′
T

mp′
" 0.9

cm2

g
(4.5)

in the hidden sector. Allowing for yet larger seed BH masses, Mseed ≤ 106M⊙, the upper

bound on σ′
T /mp′ grows roughly by a factor of two.

It should be noted that eq. (4.5) refers to the Thomson cross section for the scattering

of dark photons off of dark electrons, not to be confused with the self-interaction cross

section for DM-DM processes, σ, often studied in the literature. The latter, for p′ − p′

scattering mediated by a dark photon, is σ ∼ (me′/mp′)2σ′
T ≪ σ′

T and, combined with

the fact that the p′s constitute only a 5% fraction of the total dark matter, has very little

effect on the galactic structure. Thus, the resulting DM-DM scattering is of no concern for

this study.

4.2 Additional conditions for the formation of a dark accretion disk

Next, we address points (2) and (3) presented at the beginning of the section, namely the

formation of a bound substructure, equilibration of DDM and the requirement of large duty

cycles. We begin by considering an initial DDM density profile in hydrostatic equilibrium.

This will be the basis for a conservative estimate of the DDM mass that can collapse down

to form an accretion disk after cooling. We then estimate the timescales corresponding to

cooling, equilibration and accretion, and assess the conditions that allow large duty cycles.

4.2.1 The initial DDM density profile

In this section, we describe the configuration of the initial DDM galactic profile within the

gravitational potential of the dominant CDM component. This provides an estimate of

the amount of DDM mass in the vicinity of the central SMBH, which will be used below

to determine the BH growth rate originating from DDM accretion. The DDM is expected
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virial temperature is consistent with

Tvir ≃ T̄ =
GMgal

DMmp′

2Rvir
, (4.11)

up to an order one factor. (ii) For r ! Rs, the DDM profile is constant and equal to its

central value ρ0DDM. Hereafter, we adopt a concentration parameter C = 4 for which

ρ0DDM ≃ 4ρ̄ =
3Mgal

DM

πR3
vir

. (4.12)

4.2.2 Cooling and substructure formation

As the DDM gas cools, a substructure bound to the central SMBH is expected to form.

We define the volume of this bound DDM substructure as the region in which the thermal

velocity, vth, of these particles is smaller than the escape velocity, vesc, of the BH+DM

system. As this structure is formed, the gas cools down, and more regions of space around

the SMBH become bound. Thus, the important parameter for cooling processes is the final

temperature, Tf , discussed below. Solving vesc = vth, one finds the radius of the bound

substructure around the SMBH to be

Rsub
DDM ≃ Tvir

Tf

MBH

Mgal
DM

Rvir. (4.13)

Since this radius is much smaller than Rvir, the total DDM substructure mass can be esti-

mated by taking a constant density within Rsub
DDM, which is equal to the central value ρ0DDM,

M sub
DDM ≃ 4π

3
ρ0DDM

(
Rsub

DDM

)3
≃ ρ0DDM

ρ̄

(
MBH

Mvir

)2(Tvir

Tf

)3

MBH. (4.14)

Similarly to baryonic matter, the virialized light DDM particles, e′, can cool down

via inverse Compton scattering with the CMB (in this case the relic of dark radiation)

and via bremsstrahlung radiation. Assuming that these light particles are as abundant as

the heavier particles, i.e. that the number densities are equal ne′ = np′ ≡ n, the cooling

timescale due to these processes is given by (see appendix B for details)

τcool ≃
2

ΓComp + u−1
0 Γbrem

, (4.15)

ΓComp ≃ 8π

45

σ′
T

me′
T ′4
0 (1 + z)4 , Γbrem ≃ α′nσ′

T , (4.16)

where u20 = Tvir/me′ , T ′
0 is the dark CMB temperature today (which must be smaller

than roughly half of the CMB temperature of visible photons to evade cosmological con-

straints [35]), z is the redshift, and σ′
T is the dark Thomson cross section, defined below

eq. (4.3). Noting that tComp has a strong dependence on z, the prediction is that for much

of the evolution of the SMBH, Compton cooling is the dominant process. These cooling

processes remain efficient only for ionized particles; so the above holds as long as the DDM

temperature is larger than the binding energy EB ≈ α′2me′/2. However, the cooling pro-

cesses are not necessarily fast enough to allow for the gas to cool down to the binding
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where in the above we assumed for simplicity mφ ≪ me′u0.6 Here, we have set the

mediator’s coupling to αφ = 4π, the maximal value allowed by unitarity, and replaced

the squared dark photon Debye mass (≃ 4πα′n/Tvir) within the log, by m2
φ. Thus, the

condition of eq. (4.20) becomes

2Γφ ! u30 ΓComp + u20 Γbrem. (4.23)

4.2.3 Large duty cycles

Accretion in the hidden sector occurs only when the inequality τeq < τcool < tuniv holds.

The time it takes to accrete a substructure of mass M sub
DDM onto the BH can be obtained

by integrating eq. (4.2), neglecting the contribution from the visible sector. Doing so,

one obtains,

τacc ≈
η

1− η

τSal
ζ

Lh
Edd

Lh
log

[
1 +

ρ0DDM

ρ̄

(
MBH

Mvir

)2(Tvir

Tf

)3
]
. (4.24)

If accretion is faster than cooling, the substructure will not have enough time to form

before being accreted, in which case accretion cannot be continuous. Therefore, the hidden

duty cycle is approximately the ratio of τacc and τcool with a maximal value of unity. We

define this duty cycle as

Dh = min

[
1,

τacc
τcool

]
Θ(2Γφ − u30 ΓComp − u20 Γbrem)Θ(tuni − τcool) , (4.25)

where the step functions enforce the conditions τeq < τcool < tuniv. This expression depends

on the BH mass through τacc, and on time through the z dependence of tComp. Because of

this, when the expression for Dh is plugged into eq. (4.2), the equation can no longer be

solved analytically as was possible for a constant Dh. Solving the integral numerically, we

obtain additional constraints on the parameter space, which are more stringent than those

obtained earlier following eq. (4.4).

4.3 Allowed parameter space

We show the results of our analysis in figure 2 for the three parameters of our model,

{me′ ,mp′ ,α′} where we have taken the mediator mass to be its minimal allowed value,

mφ = (Rsub
DDM)−1, and the coupling to be maximal, αφ = 4π. In the shaded blue regions,

DDM accretion together with baryonic matter accretion can account for all the 40 BH

masses of ref. [60] measured at redshift z = 4.8, starting from various maximal seed BH

masses between 102 − 106 M⊙ at z = 20 (different opacities correspond to different seed

masses), following the analysis we described in section 4.1. However, this simple analysis

is based on the assumption that a dark accretion disk exists continuously, with enough

DDM at its disposal to fuel the BH growth. Once we take into account the conditions to

form and sustain a dark accretion disk, as discussed in section 4.2, the available parameter

6This assumption is not a necessary requirement. It is only taken here to provide an expression for the

rate, eq. (4.22), analogous to eq. (4.19). Once relaxed, the form of eq. (4.22) changes, but the overall effect

on the result is negligible.
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Extending the standard assumption of exponential growth [60] to the hidden sector,

we take both Lv/Lv
Edd and Lh/Lh

Edd to be constant. Taking MBH(t = 0) = Mseed and

neglecting the effects of substructure, i.e. assuming the duty cycle is constant (we will

relax this assumption below), eq. (4.2) can be integrated to obtain

log

(
MBH

Mseed

)
=

(1− η)

η

(
Dv Lv

Lv
Edd

+Dhζ
Lh

Lh
Edd

)
t

τSal
. (4.4)

This predicts the BH mass at time t, given the contribution of the DDM which is quantified

by three parameters, ζ, Dh and Lh/Lh
Edd.

In accordance with ref. [60], we set η = 0.1, take values of the visible duty cycle between

0.1−1, and begin by considering Mseed ≤ 104M⊙ at redshift zseed = 20. We further assume

that the hidden accretion rate does not exceed the Eddington limit. Thus, the quantity

DhLh/Lh
Edd falls in the range 0−1. For each of the 40 measured AGN presented in ref. [60],

the ranges of the various parameters above yield a range of consistent ζ via eq. (4.4). The

intersection of all these ranges is translated into a lower bound ζ ! 0.45. Given the value

σT /mp ≃ 0.4 cm2/g in the visible sector, the bound on ζ implies

σ′
T

mp′
" 0.9

cm2

g
(4.5)

in the hidden sector. Allowing for yet larger seed BH masses, Mseed ≤ 106M⊙, the upper

bound on σ′
T /mp′ grows roughly by a factor of two.

It should be noted that eq. (4.5) refers to the Thomson cross section for the scattering

of dark photons off of dark electrons, not to be confused with the self-interaction cross

section for DM-DM processes, σ, often studied in the literature. The latter, for p′ − p′

scattering mediated by a dark photon, is σ ∼ (me′/mp′)2σ′
T ≪ σ′

T and, combined with

the fact that the p′s constitute only a 5% fraction of the total dark matter, has very little

effect on the galactic structure. Thus, the resulting DM-DM scattering is of no concern for

this study.

4.2 Additional conditions for the formation of a dark accretion disk

Next, we address points (2) and (3) presented at the beginning of the section, namely the

formation of a bound substructure, equilibration of DDM and the requirement of large duty

cycles. We begin by considering an initial DDM density profile in hydrostatic equilibrium.

This will be the basis for a conservative estimate of the DDM mass that can collapse down

to form an accretion disk after cooling. We then estimate the timescales corresponding to

cooling, equilibration and accretion, and assess the conditions that allow large duty cycles.

4.2.1 The initial DDM density profile

In this section, we describe the configuration of the initial DDM galactic profile within the

gravitational potential of the dominant CDM component. This provides an estimate of

the amount of DDM mass in the vicinity of the central SMBH, which will be used below

to determine the BH growth rate originating from DDM accretion. The DDM is expected
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where in the above we assumed for simplicity mφ ≪ me′u0.6 Here, we have set the

mediator’s coupling to αφ = 4π, the maximal value allowed by unitarity, and replaced

the squared dark photon Debye mass (≃ 4πα′n/Tvir) within the log, by m2
φ. Thus, the

condition of eq. (4.20) becomes

2Γφ ! u30 ΓComp + u20 Γbrem. (4.23)

4.2.3 Large duty cycles

Accretion in the hidden sector occurs only when the inequality τeq < τcool < tuniv holds.

The time it takes to accrete a substructure of mass M sub
DDM onto the BH can be obtained

by integrating eq. (4.2), neglecting the contribution from the visible sector. Doing so,

one obtains,

τacc ≈
η

1− η

τSal
ζ

Lh
Edd

Lh
log

[
1 +

ρ0DDM

ρ̄

(
MBH

Mvir

)2(Tvir

Tf

)3
]
. (4.24)

If accretion is faster than cooling, the substructure will not have enough time to form

before being accreted, in which case accretion cannot be continuous. Therefore, the hidden

duty cycle is approximately the ratio of τacc and τcool with a maximal value of unity. We

define this duty cycle as

Dh = min

[
1,

τacc
τcool

]
Θ(2Γφ − u30 ΓComp − u20 Γbrem)Θ(tuni − τcool) , (4.25)

where the step functions enforce the conditions τeq < τcool < tuniv. This expression depends

on the BH mass through τacc, and on time through the z dependence of tComp. Because of

this, when the expression for Dh is plugged into eq. (4.2), the equation can no longer be

solved analytically as was possible for a constant Dh. Solving the integral numerically, we

obtain additional constraints on the parameter space, which are more stringent than those

obtained earlier following eq. (4.4).

4.3 Allowed parameter space

We show the results of our analysis in figure 2 for the three parameters of our model,

{me′ ,mp′ ,α′} where we have taken the mediator mass to be its minimal allowed value,

mφ = (Rsub
DDM)−1, and the coupling to be maximal, αφ = 4π. In the shaded blue regions,

DDM accretion together with baryonic matter accretion can account for all the 40 BH

masses of ref. [60] measured at redshift z = 4.8, starting from various maximal seed BH

masses between 102 − 106 M⊙ at z = 20 (different opacities correspond to different seed

masses), following the analysis we described in section 4.1. However, this simple analysis

is based on the assumption that a dark accretion disk exists continuously, with enough

DDM at its disposal to fuel the BH growth. Once we take into account the conditions to

form and sustain a dark accretion disk, as discussed in section 4.2, the available parameter

6This assumption is not a necessary requirement. It is only taken here to provide an expression for the

rate, eq. (4.22), analogous to eq. (4.19). Once relaxed, the form of eq. (4.22) changes, but the overall effect

on the result is negligible.
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Figure 3. The SMBH mass as a function of cosmic time, including the effect of DDM accretion,
demonstrated for two sets of parameter values from the preferred green shaded regions of figure 2.
Left panel : corresponds to the values indicated by the blue dot in the left panel of figure 2, for the
choice of Lh = 0.7 Lh

Edd and for a maximal seed BH mass of 106M⊙. Right panel : corresponds to
the values indicated by the blue dot in the right panel of figure 2, for the choice of Lh = 0.9 Lh

Edd

and for a maximal seed BH mass of 104M⊙. The gray circles represent the measured SMBH masses
from the AGN sample presented and analyzed in [60], the black dots represent the sample mean
and the thin green curves show the regression of each SMBH mass back to z ∼ 20. The curves
have been calculated assuming η = 0.1 and a visible duty cycle D = 0.5. The thick green curves
show the regression in time of the sample’s mean mass. The yellow shaded region in both panels
corresponds to the region that could be covered by allowing the visible duty cycle to vary between
0.1 and 1, while allowing for the same maximal seed BH masses as for the curves in each panel.
Bottom panels : the sample’s mean value of the hidden duty cycle, eq. (4.25), as a function of cosmic
time, for the same parameters as in the top panels. Hidden accretion is quenched whenever this
value goes to zero.

to the region where Lh/Lh
Edd can vary between 0 and 1, the visible duty cycle can vary

between 0.1 and 1 and the maximal seed mass is held fixed. This should be understood

as the region that corresponds to all possible evolutions of SMBHs in the sample, from

some maximal seed, under the assumptions described. Clearly, the addition of DDM to

the accretion history allows for many evolution paths that reach the measured final mass

without requiring too large seeds or super-Eddington accretion. The bottom panels present

the (sample averaged) dark duty cycle as a function of cosmic time. Evidently, for some

DDM parameters, DDM accretion occurs early in cosmological time, essentially turning

off later on (right panel), while for other parameters, DDM accretion ignites at late times

and contributes to later fast growth (left panel). Observations, such as those described in

section 2, point towards a scenario more similar to the former case, i.e. early fast growth.

We learn that DDM accretion, as described in this study, could provide an explanation for

this early growth phase.
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Conclusions

Can dissipative dark matter affect the growth of supermassive black 
holes?

Yes! Or maybe! And it may help SMBHs grow from standard (low) 
seed masses.

What needs to be done?

A lot!
Numerical simulations, turbulences, magnetohydrodynamics, … 

We find that for some regions in the parameter space, the accretion 
history for our SMBHs is consistent with the observation of early 
fast accretion that slows down at later times 

Thank you!


