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<latexit sha1_base64="uN3NN9gqDXXIx3/GMqoPjNrx/Tw=">AAAB/HicbVDLSgMxFM3UV62v0S7dBFuhLiwzFR/LYjfurGAf0A4lk6ZtaJIZkowwDPVX3LhQxK0f4s6/MdPOQqsHAodz7uWeHD9kVGnH+bJyK6tr6xv5zcLW9s7unr1/0FZBJDFp4YAFsusjRRgVpKWpZqQbSoK4z0jHnzZSv/NApKKBuNdxSDyOxoKOKEbaSAO7WO5zpCeSJ43bGaycndZOygO75FSdOeBf4makBDI0B/ZnfxjgiBOhMUNK9Vwn1F6CpKaYkVmhHykSIjxFY9IzVCBOlJfMw8/gsVGGcBRI84SGc/XnRoK4UjH3zWSaVC17qfif14v06MpLqAgjTQReHBpFDOoApk3AIZUEaxYbgrCkJivEEyQR1qavginBXf7yX9KuVd2L6vldrVS/zurIg0NwBCrABZegDm5AE7QABjF4Ai/g1Xq0nq03630xmrOynSL4BevjGy4+kys=</latexit>

CO(3� 2)

<latexit sha1_base64="QCSDpQImNcCdYkmS1DUs1QAKHEA=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYtUBqqkPMeKLmwUiT6kNqoc12mt2klkO0hRVH6FhQGEWPkQNv4Gp80ALUeydHTOvbrHxw0Zlcqyvo3cyura+kZ+s7C1vbO7Z+4ftGUQCUxaOGCB6LpIEkZ90lJUMdINBUHcZaTjThqp33kkQtLAf1BxSByORj71KEZKSwOzWO5zpMaCJ427Kaycn56dlAdmyapaM8BlYmekBDI0B+ZXfxjgiBNfYYak7NlWqJwECUUxI9NCP5IkRHiCRqSnqY84kU4yCz+Fx1oZQi8Q+vkKztTfGwniUsbc1ZNpUrnopeJ/Xi9S3rWTUD+MFPHx/JAXMagCmDYBh1QQrFisCcKC6qwQj5FAWOm+CroEe/HLy6Rdq9qX1Yv7Wql+k9WRB4fgCFSADa5AHdyCJmgBDGLwDF7Bm/FkvBjvxsd8NGdkO0XwB8bnDzFMky0=</latexit>

CO(4� 3)

<latexit sha1_base64="Avo7Q2bQw8XwfAk/iyOs/GQ4Joo=">AAAB/HicbVDLTsJAFJ3iC/FVZelmIpjgQtISUZdENu7ERB4JNGQ6TGHCdNrMTE2aBn/FjQuNceuHuPNvnEIXCp5kkpNz7s09c9yQUaks69vIra1vbG7ltws7u3v7B+bhUUcGkcCkjQMWiJ6LJGGUk7aiipFeKAjyXUa67rSZ+t1HIiQN+IOKQ+L4aMypRzFSWhqaxfLAR2oi/KR5N4OV+vnFWXlolqyqNQdcJXZGSiBDa2h+DUYBjnzCFWZIyr5thcpJkFAUMzIrDCJJQoSnaEz6mnLkE+kk8/AzeKqVEfQCoR9XcK7+3kiQL2Xsu3oyTSqXvVT8z+tHyrt2EsrDSBGOF4e8iEEVwLQJOKKCYMViTRAWVGeFeIIEwkr3VdAl2MtfXiWdWtW+rNbva6XGTVZHHhyDE1ABNrgCDXALWqANMIjBM3gFb8aT8WK8Gx+L0ZyR7RTBHxifPzRaky8=</latexit>

CO(5� 4)

<latexit sha1_base64="t7kLw+IiFdGsH0eT/R3PFi1zxsE=">AAAB/HicbVDLTsJAFJ3iC/FVZelmIpjgQtKSgC6JbNyJiTwSaMh0mMKEmbaZmZo0Df6KGxca49YPceffOIUuFDzJJCfn3Jt75rgho1JZ1reR29jc2t7J7xb29g8Oj8zjk64MIoFJBwcsEH0XScKoTzqKKkb6oSCIu4z03Fkr9XuPREga+A8qDonD0cSnHsVIaWlkFstDjtRU8KR1N4eVxmX9ojwyS1bVWgCuEzsjJZChPTK/huMAR5z4CjMk5cC2QuUkSCiKGZkXhpEkIcIzNCEDTX3EiXSSRfg5PNfKGHqB0M9XcKH+3kgQlzLmrp5Mk8pVLxX/8waR8q6dhPphpIiPl4e8iEEVwLQJOKaCYMViTRAWVGeFeIoEwkr3VdAl2KtfXifdWtVuVOv3tVLzJqsjD07BGagAG1yBJrgFbdABGMTgGbyCN+PJeDHejY/laM7IdorgD4zPHzdokzE=</latexit>

CO(6� 5)

<latexit sha1_base64="m408trD1aJsloH/uv+R/pwqw5tk=">AAAB/HicbVDLTsJAFJ3iC/FVZelmIpjgQtKSCC6JbNyJiTwSaMh0mMKEmbaZmZo0Df6KGxca49YPceffOIUuFDzJJCfn3Jt75rgho1JZ1reR29jc2t7J7xb29g8Oj8zjk64MIoFJBwcsEH0XScKoTzqKKkb6oSCIu4z03Fkr9XuPREga+A8qDonD0cSnHsVIaWlkFstDjtRU8KR1N4eVxmX9ojwyS1bVWgCuEzsjJZChPTK/huMAR5z4CjMk5cC2QuUkSCiKGZkXhpEkIcIzNCEDTX3EiXSSRfg5PNfKGHqB0M9XcKH+3kgQlzLmrp5Mk8pVLxX/8waR8q6dhPphpIiPl4e8iEEVwLQJOKaCYMViTRAWVGeFeIoEwkr3VdAl2KtfXifdWtWuV6/ua6XmTVZHHpyCM1ABNmiAJrgFbdABGMTgGbyCN+PJeDHejY/laM7IdorgD4zPHzp2kzM=</latexit>

CO(7� 6)

<latexit sha1_base64="+6XIZCE4NS079GfP7JxAvVM0j8A=">AAAB/HicbVDLTsJAFJ3iC/FVZelmIpjgQtKSKCyJbNyJiTwSaMh0mMKEmbaZmZo0Df6KGxca49YPceffOIUuFDzJJCfn3Jt75rgho1JZ1reR29jc2t7J7xb29g8Oj8zjk64MIoFJBwcsEH0XScKoTzqKKkb6oSCIu4z03Fkr9XuPREga+A8qDonD0cSnHsVIaWlkFstDjtRU8KR1N4eVxmX9ojwyS1bVWgCuEzsjJZChPTK/huMAR5z4CjMk5cC2QuUkSCiKGZkXhpEkIcIzNCEDTX3EiXSSRfg5PNfKGHqB0M9XcKH+3kgQlzLmrp5Mk8pVLxX/8waR8hpOQv0wUsTHy0NexKAKYNoEHFNBsGKxJggLqrNCPEUCYaX7KugS7NUvr5NurWpfV6/ua6XmTVZHHpyCM1ABNqiDJrgFbdABGMTgGbyCN+PJeDHejY/laM7IdorgD4zPHz2EkzU=</latexit>

CO(8� 7)

<latexit sha1_base64="hmQf0zhsEl3NM+/XZiLTKvnhHnY=">AAAB/HicbVDLSsNAFJ3UV62vaJduBluhLixJQa27YjfurGAf0IYymU7aoZNJmJkIIdRfceNCEbd+iDv/xkmbhbYeGDiccy/3zHFDRqWyrG8jt7a+sbmV3y7s7O7tH5iHRx0ZRAKTNg5YIHoukoRRTtqKKkZ6oSDIdxnputNm6ncfiZA04A8qDonjozGnHsVIaWloFssDH6mJ8JPm3QxWrs/rZ+WhWbKq1hxwldgZKYEMraH5NRgFOPIJV5ghKfu2FSonQUJRzMisMIgkCRGeojHpa8qRT6STzMPP4KlWRtALhH5cwbn6eyNBvpSx7+rJNKlc9lLxP68fKa/uJJSHkSIcLw55EYMqgGkTcEQFwYrFmiAsqM4K8QQJhJXuq6BLsJe/vEo6tap9Wb24r5UaN1kdeXAMTkAF2OAKNMAtaIE2wCAGz+AVvBlPxovxbnwsRnNGtlMEf2B8/gBAkpM3</latexit>

CO(9� 8)

<latexit sha1_base64="XyrbJbznTlTNsu/VBScY5gspHHM=">AAAB/XicbVDLSgMxFM3UV62v8bFzE2yFurDMFHztit24s4J9QDuUTJq2oUlmSDJCHYq/4saFIm79D3f+jZl2Ftp6IHA4517uyfFDRpV2nG8rs7S8srqWXc9tbG5t79i7ew0VRBKTOg5YIFs+UoRRQeqaakZaoSSI+4w0/VE18ZsPRCoaiHs9DonH0UDQPsVIG6lrHxQ6HOmh5HH1dgKLrnN6dVLo2nmn5EwBF4mbkjxIUevaX51egCNOhMYMKdV2nVB7MZKaYkYmuU6kSIjwCA1I21CBOFFePE0/gcdG6cF+IM0TGk7V3xsx4kqNuW8mk6hq3kvE/7x2pPuXXkxFGGki8OxQP2JQBzCpAvaoJFizsSEIS2qyQjxEEmFtCsuZEtz5Ly+SRrnknpfO7sr5ynVaRxYcgiNQBC64ABVwA2qgDjB4BM/gFbxZT9aL9W59zEYzVrqzD/7A+vwBqYuTag==</latexit>

CO(10� 9)

<latexit sha1_base64="jAps7+RBSn78B+z14JFT9lcfF2w=">AAAB/nicbVDLSgMxFM3UV62vUXHlJtgKdWGZFHwsi924s4J9QDuUTJppQ5OZIckIZSj4K25cKOLW73Dn35hpZ6GtBwKHc+7lnhwv4kxpx/m2ciura+sb+c3C1vbO7p69f9BSYSwJbZKQh7LjYUU5C2hTM81pJ5IUC4/Ttjeup377kUrFwuBBTyLqCjwMmM8I1kbq20elnsB6JEVSv5vCMkLnyDkr9e2iU3FmgMsEZaQIMjT69ldvEJJY0EATjpXqIifSboKlZoTTaaEXKxphMsZD2jU0wIIqN5nFn8JTowygH0rzAg1n6u+NBAulJsIzk2lWteil4n9eN9b+tZuwIIo1Dcj8kB9zqEOYdgEHTFKi+cQQTCQzWSEZYYmJNo0VTAlo8cvLpFWtoMvKxX21WLvJ6siDY3ACygCBK1ADt6ABmoCABDyDV/BmPVkv1rv1MR/NWdnOIfgD6/MHEtaTnQ==</latexit>

CO(11� 10)

<latexit sha1_base64="DQfuS8EN49/MoAthpNr80TADA1U=">AAAB+nicbVC7TsMwFHV4lvJKYWSxaJGYqqQSj7GiC92KRB9SGlWO67RWbSeyHVAV+iksDCDEypew8Tc4bQZoOZKlo3Pu1T0+Qcyo0o7zba2tb2xubRd2irt7+weHdumoo6JEYtLGEYtkL0CKMCpIW1PNSC+WBPGAkW4waWR+94FIRSNxr6cx8TkaCRpSjLSRBnap4vU50mPJ0wZsNv1ZZWCXnaozB1wlbk7KIEdrYH/1hxFOOBEaM6SU5zqx9lMkNcWMzIr9RJEY4QkaEc9QgThRfjqPPoNnRhnCMJLmCQ3n6u+NFHGlpjwwk1lMtexl4n+el+jw2k+piBNNBF4cChMGdQSzHuCQSoI1mxqCsKQmK8RjJBHWpq2iKcFd/vIq6dSq7mX14q5Wrt/kdRTACTgF58AFV6AObkELtAEGj+AZvII368l6sd6tj8XompXvHIM/sD5/APz2ky8=</latexit>

[CII]

<latexit sha1_base64="0M2PHkpacoFZ7JNriA664FZHAFo=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBFvBVZkp+FiWduNGqGAf0I4lk2ba0ExmSDJKGfofblwo4tZ/ceffmGlnoa0HAodz7uWeHC/iTGnb/rZya+sbm1v57cLO7t7+QfHwqK3CWBLaIiEPZdfDinImaEszzWk3khQHHqcdb9JI/c4jlYqF4l5PI+oGeCSYzwjWRnoo9wOsxzJIGrf1WXlQLNkVew60SpyMlCBDc1D86g9DEgdUaMKxUj3HjrSbYKkZ4XRW6MeKRphM8Ij2DBU4oMpN5qln6MwoQ+SH0jyh0Vz9vZHgQKlp4JnJNKRa9lLxP68Xa//aTZiIYk0FWRzyY450iNIK0JBJSjSfGoKJZCYrImMsMdGmqIIpwVn+8ippVyvOZeXirlqq1bM68nACp3AODlxBDW6gCS0gIOEZXuHNerJerHfrYzGas7KdY/gD6/MHuwSSBQ==</latexit>
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<latexit sha1_base64="+LUIBOW401Ls9doHH5PjIrOTR6I=">AAAB7XicbVDJSgNBEK1xjXGLevTSGARPYUbcjgEvejKCWSAZQk+nJ2nTy9DdI4Qh/+DFgyJe/R9v/o2dZA6a+KDg8V4VVfWihDNjff/bW1peWV1bL2wUN7e2d3ZLe/sNo1JNaJ0ornQrwoZyJmndMstpK9EUi4jTZjS8nvjNJ6oNU/LBjhIaCtyXLGYEWyc1OneC9nG3VPYr/hRokQQ5KUOOWrf01ekpkgoqLeHYmHbgJzbMsLaMcDoudlJDE0yGuE/bjkosqAmz6bVjdOyUHoqVdiUtmqq/JzIsjBmJyHUKbAdm3puI/3nt1MZXYcZkkloqyWxRnHJkFZq8jnpMU2L5yBFMNHO3IjLAGhPrAiq6EIL5lxdJ47QSXFTO78/K1ds8jgIcwhGcQACXUIUbqEEdCDzCM7zCm6e8F+/d+5i1Lnn5zAH8gff5A2SMjww=</latexit>

⌦

Tomography with LIM

Roy+ (2024, 2023) 
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<latexit sha1_base64="9hyu+Ve1vcacfSr0VJBak15b/JE=">AAAB8nicbVDJSgNBEO2JW4xb1KOXxiB4CjPidgx68RjBLJAMoafTkzTpZeiuEeKQz/DiQRGvfo03/8ZOMgdNfFDweK+KqnpRIrgF3//2Ciura+sbxc3S1vbO7l55/6BpdWooa1AttGlHxDLBFWsAB8HaiWFERoK1otHt1G89MmO5Vg8wTlgoyUDxmFMCTuo8dS2XOAh8H/fKFb/qz4CXSZCTCspR75W/un1NU8kUUEGs7QR+AmFGDHAq2KTUTS1LCB2RAes4qohkNsxmJ0/wiVP6ONbGlQI8U39PZERaO5aR65QEhnbRm4r/eZ0U4usw4ypJgSk6XxSnAoPG0/9xnxtGQYwdIdRwdyumQ2IIBZdSyYUQLL68TJpn1eCyenF/Xqnd5HEU0RE6RqcoQFeohu5QHTUQRRo9o1f05oH34r17H/PWgpfPHKI/8D5/AHbFkBM=</latexit>

z ⇠ 1100<latexit sha1_base64="s329mM92QZ4EX8o/DduWUMyu4qw=">AAAB8HicbVDLTsMwENyUVymvAkcuFhUSpyjhUThWcOFYJPpAbVQ5rtNatZ3IdpBK1K/gwgGEuPI53Pgb3DYHKIy00mhmV7s7YcKZNp735RSWlldW14rrpY3Nre2d8u5eU8epIrRBYh6rdog15UzShmGG03aiKBYhp61wdD31Ww9UaRbLOzNOaCDwQLKIEWysdP/Y1UygU7faK1c815sB/SV+TiqQo94rf3b7MUkFlYZwrHXH9xITZFgZRjidlLqppgkmIzygHUslFlQH2ezgCTqySh9FsbIlDZqpPycyLLQei9B2CmyGetGbiv95ndREl0HGZJIaKsl8UZRyZGI0/R71maLE8LElmChmb0VkiBUmxmZUsiH4iy//Jc0T16+657dnldpVHkcRDuAQjsGHC6jBDdShAQQEPMELvDrKeXbenPd5a8HJZ/bhF5yPb7VPj7Q=</latexit>

z ⇠ 3.6
<latexit sha1_base64="RtnyN8of2NF99dQdxv7YK3m8brA=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgadkNvo5BLx4jmAcmS5idzCZDZmaXmVkhLvkLLx4U8erfePNvnCR70MSChqKqm+6uMOFMG8/7dgorq2vrG8XN0tb2zu5eef+gqeNUEdogMY9VO8SaciZpwzDDaTtRFIuQ01Y4upn6rUeqNIvlvRknNBB4IFnECDZWenjqaiaQ5/rVXrniud4MaJn4OalAjnqv/NXtxyQVVBrCsdYd30tMkGFlGOF0UuqmmiaYjPCAdiyVWFAdZLOLJ+jEKn0UxcqWNGim/p7IsNB6LELbKbAZ6kVvKv7ndVITXQUZk0lqqCTzRVHKkYnR9H3UZ4oSw8eWYKKYvRWRIVaYGBtSyYbgL768TJpV179wz+/OKrXrPI4iHMExnIIPl1CDW6hDAwhIeIZXeHO08+K8Ox/z1oKTzxzCHzifPxzCj+g=</latexit>

z ⇠ 0.12

Multiple frequency channels                 Observation of multiple lines               Tomography of the Universe

<latexit sha1_base64="mnA2RbXCMHG043006T6JCOX/IQQ=">AAACA3icbVDLSsNAFJ3UV62vqDvdDLaCCylJ8bURii7ssoJ9QBPCZDpph04mYWYi1FBw46+4caGIW3/CnX/jtM1CWw9cOJxzL/fe48eMSmVZ30ZuYXFpeSW/Wlhb39jcMrd3mjJKBCYNHLFItH0kCaOcNBRVjLRjQVDoM9LyB9djv3VPhKQRv1PDmLgh6nEaUIyUljxzr+TwxEsdEcLIlyN4CU9sq+Qc39QePLNola0J4DyxM1IEGeqe+eV0I5yEhCvMkJQd24qVmyKhKGZkVHASSWKEB6hHOppyFBLpppMfRvBQK10YREIXV3Ci/p5IUSjlMPR1Z4hUX856Y/E/r5Oo4MJNKY8TRTieLgoSBlUEx4HALhUEKzbUBGFB9a0Q95FAWOnYCjoEe/bledKslO2z8ultpVi9yuLIg31wAI6ADc5BFdRAHTQABo/gGbyCN+PJeDHejY9pa87IZnbBHxifPwe1ldc=</latexit>

⌫obs = 410GHz



3

<latexit sha1_base64="mMeYHZP/yTYC0IOwVNeZZZrgJOA=">AAACEXicbVDLSsNAFJ3UV62vqEs3g0UoCCURXxuh6MZlBfuAJpTJdNIOnZmEmYlQQ37Bjb/ixoUibt2582+ctkG09cCFwzn3cu89Qcyo0o7zZRUWFpeWV4qrpbX1jc0te3unqaJEYtLAEYtkO0CKMCpIQ1PNSDuWBPGAkVYwvBr7rTsiFY3ErR7FxOeoL2hIMdJG6toVTyTd1JMcRoHK4AX0Qolw+qMSnmWpe3ifde2yU3UmgPPEzUkZ5Kh37U+vF+GEE6ExQ0p1XCfWfoqkppiRrOQlisQID1GfdAwViBPlp5OPMnhglB4MI2lKaDhRf0+kiCs14oHp5EgP1Kw3Fv/zOokOz/2UijjRRODpojBhUEdwHA/sUUmwZiNDEJbU3ArxAJlItAmxZEJwZ1+eJ82jqntaPbk5Ltcu8ziKYA/sgwpwwRmogWtQBw2AwQN4Ai/g1Xq0nq03633aWrDymV3wB9bHN4R7nXg=</latexit>

⌫obs =
⌫em
1 + z

<latexit sha1_base64="egOE8cyy5ORiwk5ufyf18L+3EeA=">AAAB83icdVDLSgMxFL1TX7W+qi7dBIvgapjRtuqu2I3dVbAP6Awlk6ZtaDIzJBmhDP0NNy4UcevPuPNvzLQVVPRA4HDOvdyTE8ScKe04H1ZuZXVtfSO/Wdja3tndK+4ftFWUSEJbJOKR7AZYUc5C2tJMc9qNJcUi4LQTTOqZ37mnUrEovNPTmPoCj0I2ZARrI3mewHosRVpvNGb9YsmxrzKcowWpZsQpu45bQa7tzFGCJZr94rs3iEgiaKgJx0r1XCfWfoqlZoTTWcFLFI0xmeAR7RkaYkGVn84zz9CJUQZoGEnzQo3m6veNFAulpiIwk1lG9dvLxL+8XqKHl37KwjjRNCSLQ8OEIx2hrAA0YJISzaeGYCKZyYrIGEtMtKmpYEr4+in6n7TPbLdqV27Lpdr1so48HMExnIILF1CDG2hCCwjE8ABP8Gwl1qP1Yr0uRnPWcucQfsB6+wSagpIW</latexit>

CII

<latexit sha1_base64="U9o3VwAGjfmGtE60n1kHZb2jvUE=">AAAB9HicdVDLSgMxFL1TX7W+qi7dBIvgapjRtuqu6MaurGAf0A4lk6ZtaCYzJplCGfodblwo4taPceffmGkrqOiBwOGce7knx484U9pxPqzM0vLK6lp2PbexubW9k9/da6gwloTWSchD2fKxopwJWtdMc9qKJMWBz2nTH12lfnNMpWKhuNOTiHoBHgjWZwRrI3mdAOuhDJKbarU67eYLjn2R4hTNSTklTtF13BJybWeGAixQ6+bfO72QxAEVmnCsVNt1Iu0lWGpGOJ3mOrGiESYjPKBtQwUOqPKSWegpOjJKD/VDaZ7QaKZ+30hwoNQk8M1kGlL99lLxL68d6/65lzARxZoKMj/UjznSIUobQD0mKdF8YggmkpmsiAyxxESbnnKmhK+fov9J48R2y3bptlioXC7qyMIBHMIxuHAGFbiGGtSBwD08wBM8W2Pr0XqxXuejGWuxsw8/YL19AkUNknU=</latexit>

OIII
<latexit sha1_base64="ZpBm5B5si3K+kpSVAEmpcuf7S/U=">AAAB+XicdVDLSgMxFM34rPU16tJNsAh14ZDRtuqu2I07K9gHtEPJpJk2NJkZkkyhDP0TNy4UceufuPNvzLQVVPRA4HDOvdyT48ecKY3Qh7W0vLK6tp7byG9ube/s2nv7TRUlktAGiXgk2z5WlLOQNjTTnLZjSbHwOW35o1rmt8ZUKhaF93oSU0/gQcgCRrA2Us+2uwLroRRp7bbonqKTac8uIOcqwzmck0pGUMlFbhm6DpqhABao9+z3bj8iiaChJhwr1XFRrL0US80Ip9N8N1E0xmSEB7RjaIgFVV46Sz6Fx0bpwyCS5oUaztTvGykWSk2EbyaznOq3l4l/eZ1EB5deysI40TQk80NBwqGOYFYD7DNJieYTQzCRzGSFZIglJtqUlTclfP0U/k+aZ45bccp3pUL1elFHDhyCI1AELrgAVXAD6qABCBiDB/AEnq3UerRerNf56JK12DkAP2C9fQKk/5ML</latexit>

CO(1� 0)

<latexit sha1_base64="ho8HHbQUgpCAoJhwlyPZOJwSQyU=">AAACKHicbVDLSgMxFM3UV62vqks3wVaoCGWmi+pGLAriwkV99AGdUjJppg3NTIYkI5RhPseNv+JGRJFu/RIz7Sxq9UDgnHPvTXKPEzAqlWlOjMzS8srqWnY9t7G5tb2T391rSh4KTBqYMy7aDpKEUZ80FFWMtANBkOcw0nJGV0m99USEpNx/VOOAdD008KlLMVLa6uUvijbjA3jbi2zhweSWGJ5DNJPcdWN4Ap05lXRPVenh+v44LvbyBbNsTgH/EislBZCi3su/232OQ4/4CjMkZccyA9WNkFAUMxLn7FCSAOERGpCOpj7yiOxG00VjeKSdPnS50MdXcOrOT0TIk3LsObrTQ2ooF2uJ+V+tEyr3rBtRPwgV8fHsITdkUHGYpAb7VBCs2FgThAXVf4V4iATCSmeb0yFYiyv/Jc1K2aqWq3eVQu0yjSMLDsAhKAELnIIauAF10AAYPINX8AE+jRfjzfgyJrPWjJHO7INfML5/AObxpKg=</latexit>

logLline = ao↵ + bo↵ log (SFR)
Roy+ (2023)

General steps for LIM modeling



<latexit sha1_base64="gD6g4Rq1EKAnU59cDvIXXgHbwZE=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBDiJeyKr2PQi8cI5oFJCLOT3mTI7OwyMxsIS/7CiwdFvPo33vwbJ8keNLGgoajqprvLjwXXxnW/nZXVtfWNzdxWfntnd2+/cHBY11GiGNZYJCLV9KlGwSXWDDcCm7FCGvoCG/7wbuo3Rqg0j+SjGcfYCWlf8oAzaqz0FJTaI2TpcHLWLRTdsjsDWSZeRoqQodotfLV7EUtClIYJqnXLc2PTSakynAmc5NuJxpiyIe1jy1JJQ9SddHbxhJxapUeCSNmShszU3xMpDbUeh77tDKkZ6EVvKv7ntRIT3HRSLuPEoGTzRUEiiInI9H3S4wqZEWNLKFPc3krYgCrKjA0pb0PwFl9eJvXzsndVvny4KFZuszhycAwnUAIPrqEC91CFGjCQ8Ayv8OZo58V5dz7mrStONnMEf+B8/gAthZCc</latexit>

f(~k)

redshiftplane of observation

<latexit sha1_base64="WIg8dREIJlS3SfiLWCmaaGI3+Zo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYMSz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJIJr47pfTmFpeWV1rbhe2tjc2t4p7+41dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6nvqtB1Sax/LejBP0IzqQPOSMGivdjXqPvXLFrbozkL/Ey0kFctR75c9uP2ZphNIwQbXueG5i/Iwqw5nASambakwoG9EBdiyVNELtZ7NTJ+TIKn0SxsqWNGSm/pzIaKT1OApsZ0TNUC96U/E/r5Oa8NLPuExSg5LNF4WpICYm079JnytkRowtoUxxeythQ6ooMzadkg3BW3z5L2meVL3z6tntaaV2lcdRhAM4hGPw4AJqcAN1aACDATzBC7w6wnl23pz3eWvByWf24Recj29mvo3k</latexit>

kx

<latexit sha1_base64="blFS9+NkzmHN4+DDKVVmvvgQlLo=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYnvcmQ2dllZlYISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSATXxnW/ncLK6tr6RnGztLW9s7tX3j9o6jhVDBssFrFqB1Sj4BIbhhuB7UQhjQKBrWB0O/VbT6g0j+WjGSfoR3QgecgZNVZ6GPXGvXLFrbozkGXi5aQCOeq98le3H7M0QmmYoFp3PDcxfkaV4UzgpNRNNSaUjegAO5ZKGqH2s9mpE3JilT4JY2VLGjJTf09kNNJ6HAW2M6JmqBe9qfif10lNeO1nXCapQcnmi8JUEBOT6d+kzxUyI8aWUKa4vZWwIVWUGZtOyYbgLb68TJpnVe+yenF/Xqnd5HEU4QiO4RQ8uIIa3EEdGsBgAM/wCm+OcF6cd+dj3lpw8plD+APn8wdoQo3l</latexit>

ky

<latexit sha1_base64="bobb7kLHQM3OxL4wrV1Q9tkX8vk=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllpleISz7BiwdFvPpF3vwbJ8keNFrQUFR1090VJFIYdN0vp7C0vLK6VlwvbWxube+Ud/eaJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR9dRvPXBtRKzucZxwP6IDJULBKFrpbtR77JUrbtWdgfwlXk4qkKPeK392+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oQcWaVPwljbUkhm6s+JjEbGjKPAdkYUh2bRm4r/eZ0Uw0s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3z5L2meVL3z6tntaaV2lcdRhAM4hGPw4AJqcAN1aACDATzBC7w60nl23pz3eWvByWf24Recj29pxo3m</latexit>

kz
Simulations Summary Statistics

<latexit sha1_base64="d/RhcRSMbEv4ivpbAndL8To6sfA=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVR71S2a24M5Bl4uWkDDlqvdJXtx+zNEJpmKBadzw3MX5GleFM4KTYTTUmlI3oADuWShqh9rPZoRNyapU+CWNlSxoyU39PZDTSehwFtjOiZqgXvan4n9dJTXjjZ1wmqUHJ5ovCVBATk+nXpM8VMiPGllCmuL2VsCFVlBmbTdGG4C2+vEya5xXvqnJZvyhXb/M4CnAMJ3AGHlxDFe6hBg1ggPAMr/DmPDovzrvzMW9dcfKZI/gD5/MH1cWM+Q==</latexit>

k
<latexit sha1_base64="iYkUQidMsVDinankJZAWZ5ZU/JI=">AAAB8HicbVDLSgNBEOyNrxhfUY9eBoMQL2HX9zGoB48RzEOSJcxOZpMhM7PLzKwQlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXEHOmjet+O7ml5ZXVtfx6YWNza3unuLvX0FGiCK2TiEeqFWBNOZO0bpjhtBUrikXAaTMY3kz85hNVmkXywYxi6gvclyxkBBsrPda66entuDw87hZLbsWdAi0SLyMlyFDrFr86vYgkgkpDONa67bmx8VOsDCOcjgudRNMYkyHu07alEguq/XR68BgdWaWHwkjZkgZN1d8TKRZaj0RgOwU2Az3vTcT/vHZiwis/ZTJODJVktihMODIRmnyPekxRYvjIEkwUs7ciMsAKE2MzKtgQvPmXF0njpOJdVM7vz0rV6yyOPBzAIZTBg0uowh3UoA4EBDzDK7w5ynlx3p2PWWvOyWb24Q+czx+54I+4</latexit> P
3
D
(k
)<latexit sha1_base64="7gXSk0h0IUjwM94IcXV+ZFo1OUA="></latexit>

L = 80MPc/h

⌫obs = 280GHz

zobs = 5.8

Mmin = 10
11 M�/h

LIM data analysis 

<latexit sha1_base64="Hax6DjECMn2fuKYrdXMeb+dy+RY=">AAACFnicbVDLSsNAFJ3UV62vqks3g0UQxJIUXxuh6MZlBfuAJobJdNIOmTycmRRj2q9w46+4caGIW3Hn3zhts9DWA8M9nHMvd+5xIkaF1PVvLTc3v7C4lF8urKyurW8UN7caIow5JnUcspC3HCQIowGpSyoZaUWcIN9hpOl4lyO/2Sdc0DC4kUlELB91A+pSjKSS7OKhB8/hwOwTnHrDgeKmuOMy9ez72wo8gJ6dZPVB1aFdLOllfQw4S4yMlECGml38Mjshjn0SSMyQEG1Dj6SVIi4pZmRYMGNBIoQ91CVtRQPkE2Gl47OGcE8pHeiGXL1AwrH6eyJFvhCJ76hOH8memPZG4n9eO5bumZXSIIolCfBkkRszKEM4ygh2KCdYskQRhDlVf4W4hzjCUiVZUCEY0yfPkkalbJyUj6+PStWLLI482AG7YB8Y4BRUwRWogTrA4BE8g1fwpj1pL9q79jFpzWnZzDb4A+3zB/jWnV4=</latexit>

k = |~k| =
q

k2x + k2y + k2z
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LIM data analysis 

Re
ds

hi
ft

plane of observation

<latexit sha1_base64="v88KgJHgzjY/09L8AJJiHV1Y8Ko=">AAAB83icdVDLSgMxFM3UVx1fVZdugkVwNWTq0HYWYlEXLivYB3RKyaRpG5rJDElGKKW/4caFom79DvduxL8xbRVU9MCFwzn3cu89YcKZ0gi9W5mFxaXlleyqvba+sbmV296pqziVhNZIzGPZDLGinAla00xz2kwkxVHIaSMcnk39xjWVisXiSo8S2o5wX7AeI1gbKQjOKdcYBiINgk4ujxy/XPaRB5HjIeSVCoYc+b5fRNB10Az5kxf7OHl8s6ud3GvQjUkaUaEJx0q1XJTo9hhLzQinEztIFU0wGeI+bRkqcERVezy7eQIPjNKFvViaEhrO1O8TYxwpNYpC0xlhPVC/van4l9dKda/cHjORpJoKMl/USznUMZwGALtMUqL5yBBMJDO3QjLAEhNtYrJNCF+fwv9JveC4Rce7dPOVUzBHFuyBfXAIXFACFXABqqAGCEjADbgD91Zq3VoP1tO8NWN9zuyCH7CePwBiUJTx</latexit> �
⌫ Intensity

gr
ow

th
 o

f s
tru

ct
ur

es

How to analyze the LIM dataset to extract 
maximum information encoded in it?

5

<latexit sha1_base64="jmBL0kl9vnJJaGrLsW1mA6UWjXY=">AAACKXicbVDLSgMxFM3UVx1fVZdugkVwIXWmvropFN24qFDBPqAzDJk0bUMzD5KMOA7zO278FTcKirr1R0wfC217INzDOfeSe48bMiqkYXxpmYXFpeWV7Kq+tr6xuZXb3mmIIOKY1HHAAt5ykSCM+qQuqWSkFXKCPJeRpju4GvrNe8IFDfw7GYfE9lDPp12KkVSSk6tUneQhLUNVYlVKhnVkeUj2uZfc1HB63IeWpVedR1iGJ8V5ppPLGwVjBDhLzAnJgwlqTu7N6gQ48ogvMUNCtE0jlHaCuKSYkVS3IkFChAeoR9qK+sgjwk5Gl6bwQCkd2A24er6EI/XvRII8IWLPVZ3DRcW0NxTnee1Idkt2Qv0wksTH44+6EYMygMPYYIdygiWLFUGYU7UrxH3EEZYqXF2FYE6fPEsaxYJ5Xji7Pc1XLidxZMEe2AeHwAQXoAKuQQ3UAQZP4AW8gw/tWXvVPrXvcWtGm8zsgn/Qfn4BtTikdw==</latexit>

Lx = Ly = 80MPc/h

Lz = 320MPc/h
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LIM estimators

<latexit sha1_base64="aG2Qfd91xGC/q5awj/j6mPntBiU=">AAAB73icdVDLSgMxFM34rPVVdekm2Aquhkzta3bFblxWsA9oh5JJM21oJjMmGaEM/Qk3LhRx6++4829MH4KKHrhwOOde7r3HjzlTGqEPa219Y3NrO7OT3d3bPzjMHR23VZRIQlsk4pHs+lhRzgRtaaY57caS4tDntONPGnO/c0+lYpG41dOYeiEeCRYwgrWRuoXGoE85LwxyeWSjsluqFiGyy8hxS5eGuG6tVClDx0YL5MEKzUHuvT+MSBJSoQnHSvUcFGsvxVIzwuks208UjTGZ4BHtGSpwSJWXLu6dwXOjDGEQSVNCw4X6fSLFoVLT0DedIdZj9dubi395vUQHNS9lIk40FWS5KEg41BGcPw+HTFKi+dQQTCQzt0IyxhITbSLKmhC+PoX/k3bRdip25aaYr1+t4siAU3AGLoADqqAOrkETtAABHDyAJ/Bs3VmP1ov1umxds1YzJ+AHrLdPjp2PsA==</latexit>

C`
<latexit sha1_base64="y0rZwTt1hkqf7BFsq5Nmq5C3njs=">AAAB7XicdVDLSgMxFM3UV62vqks3wVaomyFTtZ3ZFd24rGAf0A4lk6ZtbGYyJBmhDP0HNy4Ucev/uPNvTB+Cih64cDjnXu69J4g5UxqhDyuzsrq2vpHdzG1t7+zu5fcPmkokktAGEVzIdoAV5SyiDc00p+1YUhwGnLaC8dXMb91TqZiIbvUkpn6IhxEbMIK1kZrFeml8WuzlC8j2vAsXuRDZLkJO+dyQM8/z3Cp0bDRHASxR7+Xfu31BkpBGmnCsVMdBsfZTLDUjnE5z3UTRGJMxHtKOoREOqfLT+bVTeGKUPhwIaSrScK5+n0hxqNQkDExniPVI/fZm4l9eJ9ED109ZFCeaRmSxaJBwqAWcvQ77TFKi+cQQTCQzt0IywhITbQLKmRC+PoX/k2bZdip25aZcqF0u48iCI3AMSsABVVAD16AOGoCAO/AAnsCzJaxH68V6XbRmrOXMIfgB6+0TgdmOdg==</latexit>

P (k)
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LIM Signal

Instrumental Noise

Intensity Distribution Function

The long tail is due to the signal, where the SNR becomes larger.

Several tests are ongoing to determine if we can improve the 
parameter constraints by using more maps through data augmentation.



8
Astro vs Cosmo parameters

Mock signal maps Observation

Parameters (?)Training over summary statistics or 
field level analysis 

<latexit sha1_base64="dXoqlSziyUVtQeTtB7BQrGzlbKE="></latexit>

We produced ⇠ 5000 simulations varying h, ⌦m, ao↵ and bo↵ .

<latexit sha1_base64="rbzcS5adWuCzxCINFpl4wYO2i+U=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsKtCTa2ImJIBEuZG+Zgw27e5fdPRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvTDjTxvO+ndza+sbmVn67sLO7t39QPDxq6ThVFJs05rFqh0QjZxKbhhmO7UQhESHHh3B0PfMfnlBpFst7M04wEGQgWcQoMVZ6LHdvBQ5IT5R7xZJX8eZwV4mfkRJkaPSKX91+TFOB0lBOtO74XmKCCVGGUY7TQjfVmBA6IgPsWCqJQB1M5hdP3TOr9N0oVrakcefq74kJEVqPRWg7BTFDvezNxP+8Tmqiy2DCZJIalHSxKEq5a2J39r7bZwqp4WNLCFXM3urSIVGEGhtSwYbgL7+8SlrVil+r1O6qpfpVFkceTuAUzsGHC6jDDTSgCRQkPMMrvDnaeXHenY9Fa87JZo7hD5zPH6GTkEA=</latexit>

⌦m
<latexit sha1_base64="dtVPlDZhpZ8w8HVu2fxE1W0SIpc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4Irsc0CPRi0eM8khgQ2aHXpgwO7uZmTUhGz7BiweN8eoXefNvHB4HBSvppFLVne6uIBFcG9f9dnIbm1vbO/ndwt7+weFR8fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpoTwq94slt+LOQdaJtyQlWKLRL371BjFLI5SGCap113MT42dUGc4ETgu9VGNC2ZgOsWuppBFqP5ufOiUXVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrVm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFGwI3urL66RVrXi1Su2+WqrfLOPIwxmcwyV4cAV1uIMGNIHBEJ7hFd4c4bw4787HojXnLGdO4Q+czx+IlI1R</latexit>

h
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Astro vs Cosmo parameters

Mock signal maps Observation

Parameters (?)Training over summary statistics or 
field level analysis 

<latexit sha1_base64="dXoqlSziyUVtQeTtB7BQrGzlbKE="></latexit>

We produced ⇠ 5000 simulations varying h, ⌦m, ao↵ and bo↵ .

<latexit sha1_base64="rbzcS5adWuCzxCINFpl4wYO2i+U=">AAAB8XicbVA9TwJBEJ3DL8Qv1NLmIphYkTsKtCTa2ImJIBEuZG+Zgw27e5fdPRNC+Bc2Fhpj67+x89+4wBUKvmSSl/dmMjMvTDjTxvO+ndza+sbmVn67sLO7t39QPDxq6ThVFJs05rFqh0QjZxKbhhmO7UQhESHHh3B0PfMfnlBpFst7M04wEGQgWcQoMVZ6LHdvBQ5IT5R7xZJX8eZwV4mfkRJkaPSKX91+TFOB0lBOtO74XmKCCVGGUY7TQjfVmBA6IgPsWCqJQB1M5hdP3TOr9N0oVrakcefq74kJEVqPRWg7BTFDvezNxP+8Tmqiy2DCZJIalHSxKEq5a2J39r7bZwqp4WNLCFXM3urSIVGEGhtSwYbgL7+8SlrVil+r1O6qpfpVFkceTuAUzsGHC6jDDTSgCRQkPMMrvDnaeXHenY9Fa87JZo7hD5zPH6GTkEA=</latexit>

⌦m
<latexit sha1_base64="dtVPlDZhpZ8w8HVu2fxE1W0SIpc=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIph4Irsc0CPRi0eM8khgQ2aHXpgwO7uZmTUhGz7BiweN8eoXefNvHB4HBSvppFLVne6uIBFcG9f9dnIbm1vbO/ndwt7+weFR8fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPx7cxvP6HSPJaPZpKgH9Gh5CFn1FjpoTwq94slt+LOQdaJtyQlWKLRL371BjFLI5SGCap113MT42dUGc4ETgu9VGNC2ZgOsWuppBFqP5ufOiUXVhmQMFa2pCFz9fdERiOtJ1FgOyNqRnrVm4n/ed3UhNd+xmWSGpRssShMBTExmf1NBlwhM2JiCWWK21sJG1FFmbHpFGwI3urL66RVrXi1Su2+WqrfLOPIwxmcwyV4cAV1uIMGNIHBEJ7hFd4c4bw4787HojXnLGdO4Q+czx+IlI1R</latexit>

h



9Field-level analysis
Preliminary

Low SNR case High SNR case
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Parameter inference
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Inference pipeline is able to estimate the signal 
and noise contribution in the mock map. 

Can we do cosmology with MLIM? 
 YES! 

Can we do precision cosmology with MLIM? 
Probably not! 

Astrophysics

C
os

m
ol

og
y

Roy, Pullen, Somerville+ (in prep.)  
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Target signal and interlopers 

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

Signal

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

Interloper

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

Signal + Interloper

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

0 50 100
X (Mpc/h)

0

50

100

Y
(M

p
c/

h
)

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

lo
g
I

Roy+ (2024) 

10°1 100 101

k [h/Mpc]

108

109

1010

1011

P
(k

)
[M

pc
3 (

J
y/

S
r)

2 ]

bias

Measured signal

True signal

Binned Power Spectrum

The signal is significantly biased 
by interlopers and noise.

Noise bias can be reduced 
through data splitting.How can interlopers be removed?
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Line-line cross-correlations
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The detectability of the cross-correlated signals is 23, 
10, and 5, respectively, for a FYST-like experiment. Roy & Battaglia (2024) 

Two distinct frequency channels                Two or more lines from the same redshift 
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z ⇠ 3.6

Having low-frequency channels, such as 90 GHz and 150 GHz, enables line-
line cross-correlations from z = 0.58 to 7.6, with reduced measurement bias.
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LIM x 21cm

Roy, Pullen, Somerville+ (in prep.)  

Galaxies [CII] 21cm

Fronenberg+ (2024), Drumitru+ (2018) 

The 21cm line probes neutral hydrogen, while [CII] probes ionized regions.
On large scales, these two signals should be anti-correlated.

Will it be possible to constrain parameters related to the 21 cm signal and LIM for SKA-like and FYST-like experiments?
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Parameters from LIM x 21cm

LIM × 21cm could be a direct 
probe to measure the ionization 
fraction at several redshifts.
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Summary and Outlook

LIM modeling is very complex, and the astrophysical uncertainty is huge.  
Current and future LIM experiments will be able to rule out some models. 

Using Semi-Analytic Models of galaxy formation will be useful for parameter inference. 
They enable precise constraints on physical parameters using multi-line observations. 

Combining analysis methods such as the power spectrum, VID, and field-level analysis 
could improve the parameter constraints.  
This is an unexplored territory. The data analysis pipeline needs to be ready soon and thoroughly 
checked. 

It is feasible to do cosmology at low redshift, similar to the 21cm signal. Of course, 
there will always be degeneracies between astrophysical and cosmological parameters.  
Assimilating datasets together, using priors from Planck, will help break degeneracies
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Clarke+ (2024),  Roy+ (2023), 
Karoumpis+ (2022), …. 

 

Comparison of the LIM models

Clarke+ simulated [CII] maps for 
COSMOS 2020 galaxy catalogues

Most of the models are valid for a 
particular redshift range, and 
extrapolation is viable for other 
redshifts.

FYST forecasts a few binned [CII] 
power spectrum detections with S/
N >1 for most models at z~3.6 and 
4.4.

High-redshift [CII] detection 
depends on the models and remains 
challenging.
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P line(k, z) = A(z) +B(z)⇥ Pm(k, z)
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General steps for LIM modeling

Roy+ (2023), Murmu+ (2023),  Leung+ (2020) 

<latexit sha1_base64="LJmhUzm25to4jdCi68JK4wHEEsw="></latexit>

Solid: Mhalo = 1010 M�/h
<latexit sha1_base64="j5B2Yiz0oekYq7Iw9LfHx07U4Dg="></latexit>

Dashed: Mhalo = 1011 M�/h
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Vertical  shaded regions:  FYST’s redshift coverage 
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FYST

Aravena+ (2022) 

CMB Observations: Characterize foregrounds & Rayleigh scattering  

SZ Observations: SZ spectrum from millimeter through to submillimeter 

Line Intensity Mapping: LSS back to Reionization with CII and CO Lines  

CIB Observations: Galaxy formation from the first billion years to Cosmic Noon  

Galactic Polarization: Characterizing magnetic fields and galactic polarization science  

Galactic Ecology: Characterizing cloud and star formation in the MW and nearby galaxies 
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Mitigating the interlopers

Bayesian analysis [e.g., Cheng+ (2024)] 
Utilizes the correlated information to perform joint inference for the relevant lines. 

Line-line cross-correlations [e.g., Roy & Battaglia 2024] 
Cross-correlate two lines originating from the same redshift. The signals are correlated, whereas 
noise and interlopers are not. 

Masking of contaminated pixels [e.g., Karoumpis+ (2024)] 
Masks the bright pixels contaminated by interlopers based on external catalogs, and then attempts 
to extract the target signal from high redshifts. 

Using external tracers [e.g., Bernal+ (2024)] 
   Removes the interlopers by probing the statistical correlations with external tracers on large scales. 
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Outline

• Background 

• Modeling of line intensities 

• Analysis techniques 

• Detection of CO(3-2) using Planck data 

• Cross-correlations with other probes 

• Conclusion
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LIM x 21cm

Roy, Pullen, Somerville+ (in prep.)  

Galaxies [CII] 21cm

Fronenberg+ (2024), Drumitru+ (2018) 

The 21cm line probes neutral hydrogen, while [CII] probes ionized regions.
On large scales, these two signals should be anti-correlated.

Will it be possible to constrain parameters related to the 21 cm signal and LIM for SKA-like and FYST-like experiments?
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Parameters from LIM x 21cm

LIM × 21cm could be a direct 
probe to measure the ionization 
fraction at several redshifts.

Preliminary results
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Back up
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Learning from Galaxy observations

Roy & Lapi (2024) 

We utilized the relationships among the observed stellar mass function, star formation rate, and fundamental metallicity relation

Next, we combine stellar evolution and radiative transfer presicriptions to infer [CII] intensities
<latexit sha1_base64="NzQCMEp/GYQzsVM9q7tTKoCOGBo="></latexit>

hL[CII]i(M?, z) =
R
d log dp

d log ( |M?, z)
R
d logZ dp

d logZ (Z|M?, , z)
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Learning from Galaxy observations

Roy & Lapi (2024) 

We utilized the relationships among the observed stellar mass function, star formation rate, and fundamental metallicity relation

Next, we combine stellar evolution and radiative transfer presicriptions to infer [CII] intensities
<latexit sha1_base64="NzQCMEp/GYQzsVM9q7tTKoCOGBo="></latexit>

hL[CII]i(M?, z) =
R
d log dp

d log ( |M?, z)
R
d logZ dp

d logZ (Z|M?, , z)

Observed Observed
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Learning from Galaxy observations
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This approach can be extended to the other lines such as CO and [OIII]

The best-fit model, along with its uncertainty, falls within the range of other models.


